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A B S T R A C T

Mesoporous silica (mSiO2) micro/nanomotors (MNMs) are a groundbreaking innovation in nanotechnology and 
versatile tools in biomedical science. Combining active propulsion and advanced functionality, they navigate 
complex biological environments, overcome the limitations of traditional therapies, and expand the horizons of 
precision medicine. Central to their versatility is the mSiO2 framework, which offers a high surface area, tunable 
porosity, and inherent biocompatibility. These properties enable efficient drug loading, controlled release, and 
functionalization for advanced therapeutic and diagnostic applications. MNMs are designed with diverse 
structures, including Janus, core-shell, yolk-shell, hollow, and biomimetic architectures, each meticulously 
tailored to meet the demands of specific biomedical applications. Utilizing active propulsion mecha
nisms—chemical, light-driven, magnetic, and hybrid—MNMs achieve precise targeting and enhanced efficacy in 
cancer therapy, cardiovascular treatments, and infection management. This review explores the synthesis 
methods, structural innovations, and biomedical applications of MNMs, emphasizing their transformative role in 
overcoming the limitations of passive systems. By leveraging the adaptability of mSiO2, MNMs effectively 
address critical challenges such as fuel toxicity, hypoxia, dense extracellular matrices, and biofilm resistance. 
Furthermore, the review highlights future prospects, including the integration of multimodal therapies, opti
mization of biocompatibility, and expanding clinical applicability, establishing mSiO2-based MNMs as key tools 
in precision medicine.

1. Introduction

Nanotechnology has emerged as a transformative force in medicine, 
offering tools and techniques that enable precise interventions at the 
molecular and cellular levels [1]. This field integrates physics, chemis
try, and biology to create nanoscale devices capable of addressing some 
of the most pressing challenges in modern healthcare. These include 
enhancing the efficacy of drug delivery systems, improving diagnostic 
precision, and enabling minimally invasive treatments [2].

In traditional medicine, therapeutic agents often face barriers such as 
poor bioavailability, nonspecific targeting, and off-target effects, leading 
to reduced efficacy and undesirable side effects. Nanotechnology ad
dresses these limitations by leveraging structures with tunable proper
ties, such as size, shape, and surface chemistry, to optimize the delivery 
of therapeutic agents directly to target sites.

Micro/Nanomotors (MNMs), first envisioned by Nobel laureate 
Richard Feynman in 1959, are nanoscale machines capable of utilizing 
external stimuli to actively propel through their environment and 
perform specific tasks [3,4]. By manipulating their components and 
structure, MNMs can be synthesized to achieve specific functions, 
making them highly versatile and enabling a wide range of applications, 
particularly in biomedicine [5].

These MNMs represent a significant advancement in nanotech
nology, uniquely converting energy from various sources into mechan
ical motion. Unlike passive nanoparticles, which are limited by poor 
penetration through biological barriers and inefficient targeting, MNMs 
actively navigate biological environments such as blood vessels, tissues, 
and cellular matrices [6–9]. This active mobility allows them to over
come obstacles, access hard-to-reach sites, and achieve precise thera
peutic outcomes. Propulsion mechanisms, including chemical catalysis, 
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magnetic fields, and light-driven methods, further enhance their ca
pacity for efficient drug delivery and advanced imaging applications.

Among the various types of MNMs, mesoporous silica (mSiO2) MSMs 
have garnered significant interest due to their structural advantages and 
functional versatility [10–17]. The high surface area and tunable 
porosity of mSiO2 allow for efficient drug loading and controlled release, 
while their biocompatibility ensures minimal adverse effects [18–20]. 
mSiO2 MSMs combine these features with active propulsion, positioning 
them as a cornerstone of next-generation biomedical devices. Their 
development has unlocked new possibilities for targeted drug delivery 
and cancer therapy [19,21–25], disease treatment [26–28], biofilm 
eradication [13,29,30], treatment of heavy-metal poisoning [31], 
real-time diagnostics [32], and combination therapies [33,34], making 
them highly promising tools for precision medicine [35].

Over the past decade, MNMs have gained attention for their potential 
applications in biomedicine, particularly in drug delivery, diagnostics, 
and minimally invasive therapy [36–39]. Several review papers have 
reported the biomedical applications of MNMs [25,40–44], focusing on 
targeted drug delivery, diagnostics and imaging, regenerative medicine, 
and minimally invasive applications [45]. For instance, Zhang et al. [46] 
provided a comprehensive review of MNMs in cancer therapy and car
diovascular applications, while Dong et al. [47] explored the role of 
photocatalytic MNMs in drug delivery and environmental applications. 
Similarly, Tian et al. [2] and Venugopalan et al. [48] examined the 
advantages of magnetic and intracellular MNMs, respectively.

While previous reviews have explored the biomedical applications of 
MNMs, our work provides a distinct perspective by integrating synthesis 
methodologies with biomedical applications, emphasizing how struc
tural design influences functional performance. This review offers a 
comprehensive analysis of mSiO2-based MNMs, linking synthesis 
methods, propulsion mechanisms, and material properties to their 
effectiveness in precision medicine. We highlight the role of tailored 
synthesis in improving biocompatibility, targeted drug delivery, and 
multifunctionality while addressing underexplored aspects such as 
hybrid propulsion systems and clinical translation. By bridging these 
gaps, this review not only consolidates existing knowledge but also 
provides a forward-looking perspective on the future of MNMs in 

biomedical applications.

2. Synthesis methods of biomedical mSiO2 MNMs

The synthesis of biomedical mSiO2 MNMs involves diverse methods 
that enhance their propulsion, functionality, and adaptability for 
various applications. Below are key approaches used to fabricate these 
nanomotors, each providing unique advantages for tasks.

The structural design of mSiO2 MNMs determines their propulsion 
efficiency, stability, and suitability for specific applications. Various 
architectures—Janus structures, core-shell designs, yolk-shell frame
works, hollow structures, and membrane-coated biomimetic nano
motors—offer unique advantages that enhance their performance. Each 
structural type influences the nanomotor’s function, motion, and overall 
effectiveness, tailored to meet the needs of biomedical and environ
mental applications.

2.1. Fabrication of mSiO2

The synthesis of mesoporous silica nanoparticles (MSNs) is achieved 
through versatile methods, each tailored to specific structural and 
functional requirements. The sol-gel method is a foundational approach 
that involves the hydrolysis and condensation of silica precursors like 
tetraethyl orthosilicate (TEOS) in the presence of surfactants such as 
cetyltrimethylammonium bromide (CTAB), which guide mesopore for
mation (Fig. 1a) [49]. Renowned for its simplicity and scalability, this 
technique serves as the basis for more advanced synthesis strategies. 
Building on sol-gel chemistry, the Stöber method employs TEOS hy
drolysis and condensation in an alcohol-based medium under basic 
conditions, typically catalyzed by ammonia, to produce monodispersed 
silica particles. While initially developed for dense silica particles, the 
introduction of surfactants or block copolymers during synthesis has 
enabled the creation of mesoporous structures, making it a precise 
method for applications requiring uniform porous particles (Fig. 1b) 
[50]. Meanwhile, template-assisted methods utilize templating agents to 
guide pore formation. Soft templates like CTAB form micelles that 
structure the silica framework (Fig. 1c), while hard templates such as 

Fig. 1. Schematic representation of different MSN synthesis methods (a) Sol-gel method, (b) modified Stober method, and (c) soft-template assisted method.
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nanoparticles or polymer spheres are used to create hollow or hierar
chical MSNs by acting as removable core [51]. These approaches 
emphasize structural precision and high loading capacity.

In addition to these foundational methods, specialized techniques 
have emerged to achieve unique MSN architectures. One such innova
tive approach is the bi-phase stratification method, which creates 
asymmetric MSNs by controlling the distribution of silica precursors 
across distinct phases during synthesis [52]. This method enables pre
cise manipulation of mesopore orientation and particle morphology, 
allowing for the design of tailored mesoporous structures optimized for 
specialized applications such as catalysis, targeted drug delivery, and 
advanced therapeutic systems. Together, these methods highlight the 
adaptability and sophistication of MSN synthesis, catering to diverse 
scientific and industrial needs.

2.2. Building up structures: techniques for structural design and 
functionalization

Following the synthesis of MSNs, additional structural modifications 
are crucial to enhance their functionality, propulsion efficiency, and 
adaptability. The key techniques for building these advanced structures 
are as follows.

2.2.1. Janus nanomotors: techniques for controlled asymmetry
Janus structures are defined by their asymmetry, with distinct ma

terials on opposite sides enabling complementary functions. This 
asymmetry disrupts fluid flow, generating directional motion through 
mechanisms like thermophoresis or bubble generation. Metal-deposited 
Janus nanomotors achieve this by asymmetrically coating one side of 
mSiO2 particles with metals, with the choice of metal significantly 
influencing their behavior.

One widely employed method involves sputtering techniques, where 
a thin layer of metal, such as gold or platinum, is selectively deposited on 
one hemisphere of a nanoparticle (Fig. 2a). This approach ensures the 
anisotropic distribution of functional components and is commonly used 
to enhance catalytic activity [51,53–58]. Platinum deposition via 
electron-beam evaporation or sputtering has been demonstrated to 
achieve precise asymmetric configurations suitable for catalytic pro
pulsion [51,59].

Another approach utilizes wax-emulsion systems, where nano
particles are embedded in a wax layer to expose only one side for sub
sequent functionalization or coating. This technique has been used for 
gold or platinum chemisorption and is effective in generating highly 
functional Janus structures [52,60,61].

Advanced fabrication strategies include selective growth of second
ary materials, such as mSiO2 or organo-silica, on one side of the particle. 
For instance, mSiO2 shells were grown asymmetrically on upconversion 

nanoparticles (UCNPs) using a water-oil interface, yielding Janus con
figurations tailored for imaging and drug delivery applications [62]. 
Similarly, organo-silica was selectively deposited on gold nanorods or 
silica-gold nanoparticles to achieve anisotropic functionalization [63,
64]. Additionally, thermodynamic-controlled coating has been 
employed to asymmetrically encapsulate platinum nanoparticles with 
mesoporous organo-silica, providing robust control over material dis
tribution [65].

2.2.2. Core-shell nanomotors: techniques for functional encapsulation
Core-shell nanomotors consist of a functional core enclosed within a 

protective shell, providing stability, environmental protection, and 
controlled cargo release. Advanced synthesis techniques enable precise 
encapsulation, enhancing structural integrity and functionality. MSNs 
are commonly used as cores, and coated using techniques such as vesicle 
fusion with Escherichia coli (E. coli) membranes for a biomimetic shell 
[66], or gold nano-seed deposition followed by seed growth for a uni
form metallic shell [64]. These designs are widely used in drug delivery 
and imaging due to their biocompatibility and optical properties.

Alternatively, MSNs can form shells around other cores to create 
multifunctional nanostructures. UCNPs, synthesized via thermal 
decomposition, are coated with silica using sol-gel methods involving 
TEOS and surfactants, resulting in nanomotors suitable for photo
thermal and photodynamic therapies [67,68]. Hydroxyapatite (Hap) 
cores, produced by calcium carbonate substitution, are coated with 
mSiO2 using CTAB-TEOS systems, creating acid-responsive carriers ideal 
for targeted drug release in tumor environments [69].

2.2.3. Yolk-shell nanomotors: technique for controlled core-shell separation
Yolk-shell nanomotors consist of a functional core enclosed within a 

hollow shell, enabling dynamic core-shell interactions. Tailored with 
various materials, they enhance propulsion, cargo capacity, and stability 
for specific applications. One study synthesized yolk-shell structure 
using a temperature-regulated swelling and asymmetric shrinkage 
strategy. Polydopamine (PDA) nanospheres were prepared via dopa
mine polymerization, serving as the yolk. The nanospheres were swollen 
under controlled reaction temperatures with hexadecyl
trimethylammonium chloride (CTAC) surfactant and chlorobenzene, 
which acted as a swelling agent. A mSiO2 shell was then grown around 
the swollen PDA core using TEOS as the silica precursor. Upon cooling to 
room temperature, the PDA core underwent asymmetric shrinkage due 
to the confinement of the silica shell, resulting in the formation of the 
yolk-shell structure. This synthesis approach provides precise control 
over the hollow cavity’s size and the yolk-shell architecture, making it a 
versatile platform for biomedical and nanomotor applications [70].

2.2.4. Hollow nanomotors: techniques for controlled core removal
Hollow nanomotors, composed of a mesoporous shell with an in

ternal cavity, enable a lightweight structure for fast delivery. Hollow 
nanostructures are synthesized through various strategies that involve 
the controlled removal of a core material, leaving behind a functional 
cavity surrounded by a shell. A common method utilizes polystyrene 
nanoparticles as sacrificial templates. These templates are coated with 
silica using TEOS via a sol-gel process, followed by core removal through 
calcination or dissolution in dimethylformamide [56,71–74]. Alterna
tively, solid silica nanoparticles can serve as templates, with selective 
etching using sodium carbonate employed to create the hollow structure 
[75].

Other approaches incorporate metal oxide cores, such as Fe3O4, 
which are removed using hydrochloric acid etching, enabling the for
mation of mSiO2 shells with unique functionalities [51]. MSNs can also 
be synthesized directly with surfactant-assisted processes, such as 
CTAB-TEOS systems, to achieve inherent porosity and hollow configu
rations. Functionalization with supramolecular host-guest chemistry, 
such as carboxylatopillar [5]arene, further enhances their utility in 
modular applications [58]. These methodologies highlight the 

Fig. 2. Structural designs of mSiO2 nanomotors: (a) Janus, (b) hollow, (c) core- 
shell, (d) yolk-shell, and (e) membrane-coated.
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adaptability in creating hollow nanostructures tailored for drug de
livery, catalysis, and nanomotor applications.

2.2.5. Membrane-coated and biomimetic nanomotors: techniques for 
functional integration

Membrane-coated biomimetic nanomotors combine synthetic cores 
with biological membranes to enhance biocompatibility, immune 
evasion, and targeted delivery. These nanostructures are synthesized 
using advanced techniques that integrate functional cores with biolog
ically inspired coatings. A common approach involves cloaking nano
motors or nanoparticles with natural membranes, such as macrophage 
or platelet membranes. For instance, macrophage membranes were used 
to coat manganese dioxide (MnO2)-Au-mSiO2 nanomotors through a 
coextrusion process, enabling targeted delivery across the blood-brain 
barrier [53,57]. Similarly, platelet membranes were coated onto meso
porous/macroporous silica-platinum cores via ultrasonic treatment, 
allowing for thrombus-specific aggregation [76].

Biomimetic structures can also be engineered using bacterial mem
branes, such as E. coli vesicles, which were fused onto MSNs to create 
hybrid micromotors with chemotactic behavior [66]. Additionally, 
macrophage membrane-coated Janus mSiO2 nanomotors were func
tionalized with PEG to enhance immunological compatibility and cancer 
cell targeting [57,63]. Functional modifications, such as the incorpo
ration of DNA probes or enzymes, further expand the applications of 
these nanostructures. For example, urease-coated nanoparticles deco
rated with gold and radiolabeled with iodine-124 provided imaging 
capabilities and catalytic propulsion [50]. These methods illustrate the 
adaptability of membrane-coated and biomimetic nanostructures, 
enabling their use in advanced biomedical applications, including tar
geted therapy, diagnostics, and nanomotor propulsion.

2.2.6. Enzyme conjugation and nanoparticles addition
The integration of enzymes and nanoparticles into mSiO2 nano

motors requires precise methods to ensure stability, controlled release, 
and adaptability for diverse biomedical and catalytic applications. Sta
ble covalent attachment techniques, such as 1-ethyl-3-(3-dimethylami
nopropyl)carbodiimide (EDC)–N-hydroxysuccinimide (NHS) 
chemistry, create durable amide bonds, enabling long-term stability, as 
seen in catalase enzymes used for H₂O₂ decomposition and carboxylated 
iron oxide nanoparticles facilitating magnetic control [52,72]. Glutar
aldehyde is a widely used cross-linking agent that links amine groups on 
enzymes to the nanomotor surface, creating stable covalent bonds. This 
method has been used to attach enzymes like urease [77–79], lactate 
oxidase [80], enhancing biocatalytic performance across various envi
ronments. Environmentally responsive attachments, such as disulfide 
bonds, provide stability in non-reducing conditions but enable targeted 
release in reductive environments, making them valuable for applica
tions like intracellular magnetic particle delivery [81]. Reversible and 
dynamic attachment methods, including host-guest chemistry, leverage 
non-covalent interactions, such as β-cyclodextrin with 
azobenzene-modified carriers, to allow reversible binding of enzymes 
and nanoparticles for applications requiring functional flexibility [71]. 
Electrostatic adsorption, exploiting natural charges between enzymes 
and nanomotor surfaces, offers non-covalent, reversible binding, 
enabling precise temporal control over enzyme release or replacement 
based on environmental conditions [82]. Together, these approaches 
enable tailored functionality for nanomotors, enhancing their adapt
ability and efficiency in complex applications.

2.3. Drug loading and delivery

mSiO2 nanomotors utilize methods such as electrostatic attraction 
and passive diffusion for effective drug integration and controlled 
release. Electrostatic Attraction enables drug molecules to be loaded into 
nanomotors by taking advantage of charge differences between the 
nanomotor surface and the therapeutic agents. This method is 

particularly effective for drugs that require controlled release, as the 
attraction can hold the drugs within the porous structure until envi
ronmental changes, such as pH shifts, cause release at targeted locations 
[81]. Passive Diffusion is another common technique for drug loading in 
mesoporous nanomotors. In this approach, the drug molecules are 
absorbed into the nanomotor’s porous structure through simple diffu
sion, driven by concentration gradients. This technique is straightfor
ward and allows for high loading capacity, as drugs gradually diffuse 
into the large surface area provided by the mesopores. Once loaded, the 
drugs can be released passively or triggered by stimuli, such as the 
presence of enzymes or pH changes within cellular environments, 
ensuring controlled and localized therapeutic effects [59,83].

3. Propulsion mechanisms

Several propulsion mechanisms can be employed by nanomotors. 
These can utilize either chemical propulsion, light-propulsion, mag
netic-propulsion, electric propulsion, or bio-hybrid propulsion mecha
nisms to convert energy into physical motion in the nanoscale range. 
Self-propulsion mechanisms including chemical propulsion utilize cat
alytic reactions such as the urease-mediated breakdown of urea into 
ammonia and carbon dioxide [69,75], which creates an asymmetric 
pressure gradient around the nanomotor to drive its motion (Fig. 3a). 
The catalytic-driven active propulsion of nanomotors is also achieved by 
functionalization with catalase and glucose oxidase [75]. 
Light-propelled nanomotors use a light source, such as near infrared 
(NIR)-irradiation, to stimulate photothermal agents such as gold in 
Janus nanomotors causing thermophoretic movement, or stimulate the 
decomposition of a pre-loaded chemical fuel, such as ammonium bi
carbonate, to produce carbon dioxide gas for propulsion [56] (Fig. 3b). 
Magnetically-propelled nanomotors use magnetic fields to propel 
nanomotors designed to have a magnetic core or an asymmetric mag
netic nanoparticle coating [84] (Fig. 3c). Electric-propelled nanomotors 
utilize electric fields to generate movement by inducing electrophoretic 
or electroosmotic forces, enabling precise control over their motion at 
the nanoscale (Fig. 3d). Biohybrid nanomotors which incorporate 
cellular components into the nanomotor structure are also synthesized 
to improve its biocompatibility and biodegradability [45].

4. Biomedical applications of mesoporous nanomotors

Nanomotors, with their unique ability to self-propel and actively 
interact with biological environments, hold immense potential for a 
wide range of biomedical applications. By leveraging various propulsion 
methods and incorporating advanced drug-loading and release mecha
nisms, nanomotors can be engineered to serve as highly efficient drug 
delivery systems. These innovations enable precise targeting, controlled 
drug release, and enhanced therapeutic efficacy, making nanomotors 
promising tools for the treatment and diagnosis of numerous diseases 
and infections.

4.1. Cancer therapy and tumor penetration

The capability of mesoporous nanomotors to traverse in complex 
biological environments, release chemotherapeutic drugs specifically to 
target cells, and be loaded with photodynamic and photothermal agents 
makes it a suitable platform for the treatment and mitigation of cancer 
cells. Several studies have focused on improving the efficiency of 
nanomotors in penetrating tumor cells and interacting with the tumor 
microenvironment, increasing its efficiency in tumor therapy (Table 1).

4.1.1. Enhanced tumor penetration and accumulation
One of the primary challenges that hinder the effectivity of 

nanomotor-based cancer treatments is their tumor penetration ability. 
To address this challenge, enzyme-propelled and NIR-propelled nano
motors have been developed, providing nanomotors with improved 
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propulsion for deep tumor penetration. Hortelao et al. [79] developed 
urease-powered MSNs for the delivery of the anticancer drug Doxoru
bicin (Dox). The synthesized nanomotor, with a solid silica core and 
urease-functionalized shell, autonomously moves through the decom
position of urea into ammonia and carbon dioxide, improving drug de
livery in HeLa cells (Fig. 4a). The results of the MTT assay indicated that 
the Dox-loaded nanomotors achieved the half maximal inhibitory con
centration (IC50) at a 10-times lower concentration compared to passive 
nanomotors, indicating enhanced drug delivery and tumor penetration 
due to the nanomotor’s self-propulsion and the presence of ammonia as 
the decomposition by-product. Consequently, Chen et al. [56] synthe
sized a Janus mSiO2 nanomotor propelled by the NIR-activated 
decomposition of NH4HCO3 to CO2 and NH3. The gas-blasting effect 
produced facilitates endosomal escape and undisrupted Dox release in 
the tumor cytoplasm. Experiments in blood vessels and tumor-bearing 
mice models indicated the effective accumulation and penetration of 
nanomotors in tumor cells. NIR irradiation on the targeted tumor sites 
increased nanomotor accumulation, leveraging the enhanced penetra
tion and retention effect for improved cancer therapy (Fig. 4b).

Furthermore, the group of Zhang et al. [85] reported the synthesis of 
rod-shaped Janus nanomotors grafted with urease and hyaluronidase 
(HAase) for the delivery of Dox towards cancer cells. The Janus nano
motor was synthesized through a seed-defined growth of MSNs on one 
side of HAp nanorods. While urease acts as a fuel for the nanomotor 
propulsion, HAase serves as an extracellular matrix (ECM) digesting 
enzyme, facilitating the longer blood circulation, and enhanced reten
tion and tumor penetration capabilities of the nanomotor.

4.1.2. Controlled drug release and targeted delivery towards tumor cells
The ability towards precise targeting of the tumor site, controlled 

drug release, and biocompatibility are essential considerations when 
designing nanomotors for drug delivery. Several studies enhance tumor 
targeting in nanomotors by integrating magnetic-guidance [81], 
receptor-specific binding [69], and pH-sensitive or enzyme-triggered 
drug release mechanism [81,86], ensuring the precise and 
controlled-drug delivery to tumor sites. Li et al. [81] developed mag
netic mSiO2 Janus nanomotors for photodynamic therapy (PDT), tar
geting CCRF-CEM cancer cells. Loaded with methylene blue (MB), 
reactive oxygen species (ROS) are produced from the nanomotor upon 
light exposure, facilitating tumor cell apoptosis. The pH-sensitive 
release of MB, activated by glutathione in the tumor microenviron
ment minimizes the cell toxicity of the PDT effect. Furthermore, Chen 
et al. [69] advanced tumor targeting through the synthesis of 
urease-powered Janus nanomotors modified with hyaluronic acid (HA), 
a tumor-targeting moiety that binds to CD44 receptors overexpressed in 
tumor cells. The pH-sensitivity of the Hap core allows the controlled 
release of Camptothecin in acidic environments, ensuring drug stability. 
The HA-modified nanomotors indicated an increased cellular internali
zation in HepG2 cells, confirming its high specificity. Similarly, a 
pH-responsive boronic-acid gating system on Janus nanomotors is 
developed by Mayol et al. [86] for the targeted delivery of Dox in HeLa 
cells. The Iridium-powered nanomotor catalyzes the decomposition of 
hydrogen peroxide (H2O2), facilitating nanomotor propulsion. Glucose 

oxidase immobilized on the MSN catalyzes the production of gluconic 
acid, which lowers the pH and triggers the release of Dox in the acidic 
tumor microenvironment. The performed assays indicated the 
glucose-dependent, targeted release of Dox, and substantial cancer cell 
death, confirming the nanomotor’s pH-responsive drug delivery mech
anism. Hortelao et al. [49] developed urease-powered mSiO2 nano
motors for targeting 3D bladder cancer spheroids through 
functionalizing the outer surface with urease, polyethylene glycol (PEG) 
and anti- fibroblast growth factor receptor 3 (FGFR3) antibodies. While 
PEG enhances the stability and biocompatibility, the anti-FGFR3 anti
body allows the nanomotor to target and bind FGFR3, which is over
expressed in bladder cancer cells. The targeting capability of the 
nanomotor not only enhanced its internalization efficiency, but also 
inhibited fibroblast growth factor signaling pathways, leading to 
enhanced cell death in spheroids and reduced tumor proliferation.

4.1.3. Synergistic cancer therapies
Nanomotors that integrate different cancer treatment strategies – 

such as photothermal therapy (PTT), PDT, and chemotherapy, demon
strate enhanced therapeutic efficacy due to the synergistic treatment 
effects. The previously mentioned study of Chen et al. [56] synthesized a 
NIR-activated Janus nanomotor loaded with Dox and the photothermal 
agent PDA, which regulates Dox-release and facilitates the propulsion of 
the nanomotor through thermophoresis. This combines both chemo
therapeutic and PTT strategies to induce the targeted killing of cancer 
cells. Li et al. [81] enhanced the effect of PDT by designing Pt-catalyzed 
Janus nanomotors that relieve tumor hypoxia through the decomposi
tion of H2O2 to O2. This boosted oxygen availability and increased the 
production of ROS, which improved the outcome of PDT on cancer cell 
apoptosis (Fig. 5a). In addition to hypoxia alleviation, other strategies 
that employ calcium overload phototherapy along with PDT and PTT 
have been developed to increase the potency of cancer treatments. Wu 
et al. [87] designed a CaO₂ and photosensitizer-loaded nanomotor that 
utilized both chemical and photothermal propulsion to achieve deeper 
penetration into tumor tissues, and at the same time, promote tumor cell 
death through the calcium ion-induced mitochondrial membrane po
tential disruption (Fig. 5b). Another study by Chang at al. [88] reported 
a nanomotor modified with Ce6 photosensitizer, acyl thioreas (AT), and 
PEG which can manipulate the tumor microenvironment including ox
ygen, copper, and ROS levels, alongside PTT and PDT, for the effective 
inhibition of tumor migration and metastasis, particularly in colorectal 
cancer. The effect of tumor microenvironments manipulation of the 
Ce6@AT-PEG-MSN-Pt (CAPMP) nanomotor on tumor treatment was 
evaluated through in vitro experiments wherein it was found that 
CAPMP nanomotors showed higher cytotoxicity levels compared to the 
control groups without photosensitizer and Cu chelator due to the syn
ergistic effect of PTT, PDT, hypoxia relief, and Cu depletion (Fig. 5c).

4.2. Cardiovascular applications

In recent years, MSNs have emerged as promising therapeutic tools 
for the treatment of cardiovascular conditions, such as atherosclerosis 
and vein thrombosis. Through specific modifications and propulsion 

Fig. 3. Propulsion mechanisms of nanomotors: (a) Chemical, (b) Light-driven, (c) Magnetic, and (d) Electric, illustrating various energy sources driving nano
scale motion.
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Table 1 
Nanomotor structures for cancer therapy and tumor penetration.

Structure (classification), Size Schematic illustration Therapeutic Efficacy (Tumor 
Penetration)

Mechanistic Benefits Refs.

mSiO2 partially coated with PDA and loaded with silicon 
phthalocyanine (Janus), 200 nm

94.6 % apoptosis, reduces tumor 
cell proliferation to 10.9 %, tumor 
penetration of 7.53 µm/s

​ [34]

mSiO2 loaded with pH-responsive catalysts) surrounded by 
Au nanoparticles (satellite), with Pt nanoparticles partially 
coating the core (Janus þ core-satellite), 495 nm

​ 13.5 ◦C temperature rise under laser, 
propulsion of 1.26 μm²/s

[36]

mSiO2 functionalized with urease and asymmetrically 
coated with gold nanoparticles (Membrane-Coated), 
507.8 nm.

24–38 % penetration in urea and 
2–8 % in water

​ [50]

Hollow mSiO2 loaded with doxorubicin, coated with PDA 
and ammonium bicarbonate, and asymmetrically covered 
with gold (Janus þ hollow), 337 nm

​ NIR raises temperature by 20.2 ◦C, 
over 20 wt. % Dox loading, no damage 
to healthy tissues observed

[56]

mSiO2 asymmetrically coated with gold, cloaked with 
macrophage cell membranes (Janus þ Membrane- 
Coated), 80 nm

96.2 % cancer cell apoptosis Propels with a force of 1.3 × 10⁻¹⁴ N [57]

Platinum- mSiO2 loaded with Dox and capped with redox- 
sensitive PEG (Janus), 100 nm

​ Propels at speeds up to 19.4 μm/s, 
generates 53 fN propulsion force, 0.7 
μmol/g Dox release

[61]

Platinum-mesoporous organosilica functionalized with 
hyaluronic acid (Janus), 256.4 nm

​ Increases diffusion to 1.49 μm²/s and 
speed to 2.60 μm/s

[65]

Hydroxyapatite-embedded mSiO2 with an asymmetrically 
deposited gold layer, functionalized with catalase (Janus 
þ core-shell), 86 nm

71.4 % tumor reduction, extends 
survival

Enhances deep penetration, reduces 
Ki-67-positive tumor cells to 14.7 %

[69]

Hollow mSiO2 asymmetrically coated with silica and 
functionalized with different enzymes (Janus þ hollow), 
389 nm

​ Enhances diffusion by up to 83 %, 
generates a driving force of 64 fN for 
nanomotor propulsion

[75]

mSiO2 functionalized with urease, loaded with Dox (core- 
shell), 344 nm

Improves drug uptake over 24 h Boosts drug release by 4x, reduces 
cancer cell viability with 10x fewer 
nanobots

[79]

PEGylated gold-coated dendritic mSiO2 loaded with ferrous 
sulfide, lonidamine, and lactate oxidase (Janus), 102 nm

Tumor penetration of 5.44 µm/s increases diffusion coefficient to 0.93 
μm²/s in acidic environments

[80]

Magnetic silica cores asymmetrically coated with Pt 
nanoparticles, loaded with MB (Janus), 120–159 nm

Kills 96 % cancer cells, spares 70 % 
normal cells

Boosts oxygen by 32 %, drug release 
85.5 %, low hemolysis of 1.71 %

[81]

mSiO2 loaded with a dye or doxorubicin, functionalized with 
benzimidazole, and capped with cyclodextrin-modified 
urease (core-shell), 418 nm

Cell viability reduced by 28 % Boosts drug release to 40 % at acidic 
pH

[83]

(continued on next page)
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mechanisms, MSNs have demonstrated remarkable potential in over
coming the limitations of traditional treatment strategies, including 
enhanced drug targeting, bioavailability, and therapeutic outcomes in 
cardiovascular diseases (Table 2) [51,62,76,90].

4.2.1. Atherosclerosis treatment
Atherosclerosis, characterized by the gradual narrowing of arteries 

due to plaque formation, presents significant challenges in treatment. 
Recent advancements in MSN-based therapies have demonstrated their 
potential to address these challenges. For example, Zhang et al. [62] 
developed an NIR-propelled Janus upconversion nanomotor 
(UCNP@mSiO2) for atherosclerosis amelioration, which releases nitric 
oxide (NO) upon NIR irradiation (980 nm) for effective endothelial 
penetration and plaque reduction. The NIR-triggered NO-propulsion 
mechanism of the nanomotor prevents its adherence toward the endo
thelial cell lining in the blood vessels and Reticuloendothelial System 
(RES) capture, increasing the nanomotor’s bioavailability. At the same 
time, the produced NO also alleviated the plaque formation as shown 
through in vivo models, proving the potential of the nanomotor for the 

treatment of atherosclerosis. Likewise, Huang et al. [91] also reported 
platelet-derived NIR-propelled Janus mSiO2 nanomotors loaded with 
paclitaxel (PTX) and anti-VCAM-1 antibody for atherosclerosis combi
nation therapy. The asymmetric coating of the mSiO2 nanomotor with Pt 
allows for NIR-propulsion and photothermal therapy, combining the 
effects of the sustained release of PTX and the NIR-induced heat for the 
eradication of inflammatory macrophages. Furthermore, its biomimetic 
targeting capabilities due to the platelet membrane coating ensures 
targeted drug delivery, enhances the nanomotor circulation time, and 
prevents premature PTX release.

4.2.2. Thrombosis management
Thrombosis, caused by blood clots that obstruct veins or arteries, 

represents another critical cardiovascular condition. MSN-based nano
motors have shown great promise in thrombolysis by leveraging their 
unique structural and functional features. Tao et al. [90] developed 
bowl-shaped mSiO2 nanomotors designed for targeted thrombolysis 
(Fig. 6a), utilizing NO not only as a propellant but also as a therapeutic 
agent for reducing oxidative stress, and enhancing clot dissolution. The 

Table 1 (continued )

Structure (classification), Size Schematic illustration Therapeutic Efficacy (Tumor 
Penetration) 

Mechanistic Benefits Refs.

Iridium- mSiO2 loaded with Dox and gated with glucose 
oxidase for pH-sensitive release (Janus), 109 nm

Induces 83–85 % HeLa cell death Boosts diffusion to 9.8 μm²/s, high 
drug loading, releases 89 μg/mL drug 
in 3 h

[86]

CaO2-loaded MSNs with photosensitizer, 460 nm 79.5 % apoptosis Enhances CD8+ T cells by 2.6-fold, 
shrinks tumors to 18.4 mm³

[87]

Pt- mSiO2 with copper chelator and photosensitizer (Janus), 
150–200 nm

Reduces tumor growth by 90 %, 80 
% survival rate

Boosts ROS, reverses hypoxia, inhibits 
metastasis

[88]

mSiO2 asymmetrically coated with platinum and chromium, 
loaded with Dox (Janus), 75 nm

​ Achieves a speed of 20.2 μm/s, 
generates a propulsion force of 13.47 
fN.

[89]

Fig. 4. Enhanced penetration of mSiO2 nanomotors. (a) Intracellular fluorescence analysis of core-shell mSiO2 functionalized with urease demonstrates improved 
Dox uptake by enzyme-powered nanobots in the presence of urea, highlighting motion-assisted drug delivery [79], 
and (b) Quantification of fluorescence intensity in porous membranes shows increased penetration of hollow mSiO2 nanomotors asymmetrically covered with gold, 
demonstrating NIR-driven self-propulsion [56].
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mesopores of the nanomotor are loaded with two therapeutic agents, 
L-Arginine which reacts with excessive ROS to produce NO, and Uro
kinase (UK), which dissolves the thrombus. While the ROS-triggered NO 
release improves the mobility of the nanomotor, it also provides a 

sustained drug availability at the thrombolytic site, while promoting the 
endothelialization process, making the thrombolytic treatment more 
effective.

In addition to this, the challenge of sustained anticoagulant delivery 

Fig. 5. Nanomotor-assisted PDT enhances selective cancer cell killing. (a) Viability of CCRF-CEM cells decreases with increasing concertation of Janus Pt-coated 
nanomotors and irradiation time, confirming enhanced PDT cytotoxicity [81]. (b) In vitro antitumor activity of CaO2-loaded nanomotor against CT-26 cells 
shows significantly lower viability under NIR irradiation, demonstrating phototherapy synergy [87]. (c) LoVo cell viability analysis after incubated with various 
formulas reveals that combining tumor microenvironment modulation with PDT achieves the most potent cancer cell inhibition. PBS (control) shows high viability, 
while PMP (Platinum-Modified Particles) with 808 nm laser demonstrates PTT CPMP (PMP + Chlorin e6) under 808/660 nm laser shows enhanced photothermal and 
PDT. CAPMP (complete formulation) under 808/660 nm achieves the lowest viability due to synergistic PTT, PDT, and oxygen generation [88].

Table 2 
Nanomotor structures for cardiovascular applications.

Structure (classification), Size Schematic 
illustration

Therapeutic Efficacy Mechanistic Benefits and Biocompatibility Refs.

Hollow mSiO2 loaded with heparin (Janus þ
hollow), 200 nm

Improves anticoagulant properties. Moves at 40–212 µm/s, shows 0.58 % hemolysis 
rate.

[51]

UCNPs with mSiO2 coatings loaded with Roussin’s 
Black Salt (Janus þMembrane-Coated), 120 nm

Reduces plaque areas significantly (P 
< 0.01).

Retains 85.57 % nanomotors in blood flow, 
increases nanoparticle transmittance in vessels, 
maintains normal liver and kidney function 
markers

[62]

Platelet coated with porous silica and loaded with 
Dox (Membrane coated), 410 nm

Reduces thrombus volume to <5 % in 
7 days

Penetrates thrombus up to 4000 µm with NIR, 
retains 26 % nanomotors at thrombus site, shows 
no organ toxicity.

[76]

Bowl-shaped mSiO2 loaded with NO donor, 225 nm Boosts fibrinolysis to 74 %, reducing 
fibrin area to 17 %, cuts thrombus 
volume to 0.20 after 7 days

Moves at ~3.5 µm/s in plasma and endothelial 
cells, shows <2 % hemolysis and no toxicity.

[90]

Heparin-loaded tubular mesopores composed of 
poly(3,4-ethylenedioxythiophene), mSiO2, and 
manganese dioxide, 6 µm

heparin release under catalytic 
conditions resulted in a 322.1 µg 
release over 12 h

Moves at 23 µm/s, shows 5 % hemolysis rate and 
low nanomotor cytotoxicity

[92]

Fig. 6. TEM characterization of nanomotors for thrombosis treatment. (a) bowl-shaped NO-driven nanomotors, facilitating NO-driven motion for enhanced 
thrombus targeting and dissolution [90]. (b) Janus heparin-loaded nanomotors illustrate structural asymmetry, enabling sequential thrombolysis and anticoagulation 
[51]. (c) Platelet-derived porous nanomotors confirms platelet membrane coating and Pt nanoparticle distribution for biomimetic targeting [76].
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and prevention of thrombi reformation is equally crucial in thrombus 
management. In response to the need for long term anticoagulation, Hu 
et al. [51] designed a Pt-propelled Janus heparin-loaded nanomotor 
tailored for sustained anticoagulant release (Fig. 6b). The evaluation of 
the drug-release performance of the heparin-loaded nanomotor indi
cated a higher drug release quantity and a longer release time that lasts 
for 25 days compared to its non-hollow counterpart, indicating the 
contribution of its high adsorption capacity to its sustained drug release. 

The study provided a platform that not only enhances the bioavailability 
and targeting of the drug but also prevents clot reformation after 
thrombolysis. While [90] and [51] reported the improved drug delivery 
and retention of nanomotors, challenges on precise thrombus targeting 
and achieving deep penetration into the clot still remain. To address 
these challenges, Wan et al. [76] designed a platelet-derived mesopor
ous/macroporous silica nanomotor for biomimetic targeting with 
NIR-propulsion capabilities for a more enhanced penetration depth 

Table 3 
Nanomotor structures for infection treatment and antibacterial applications.

Structure (classification), Size Schematic illustration Antibacterial and Therapeutic 
Efficacy

Performance and Biocompatibility Refs.

mSiO2 head with MnO2 tentacles, encapsulated in 
macrophage membranes, and coated with gold 
(Janus þ Membrane-Coated), <100

Scavenges ROS with 64.6 % 
efficiency, increases M2/M1 
microglia ratio to 2.6

No organ toxicity [53]

mSiO2 asymmetrically coated with gold and loaded 
with near-infrared photosensitizers (Janus), 306 
nm

Reduces biofilm biomass by 71 % in 3 
min

Moves at 86.1 µm/s, no adverse effects [55]

Dendritic mSiO2 doped with manganese dioxide, 
loaded with NO donors, and asymmetrically coated 
with gold nanoparticles (Janus), 80 nm

Cuts bacterial load by 4 orders, 
penetrates biofilms to 7.1 μm, heals 
wounds by 93.2 % in 9 days

99.9 % antibiofilm efficiency, no toxicity [60]

Neutrophils loaded with MSNs and coated with gold 
(core-shell þ membrane coated) 88 mm

Targets infection sites and delivers 
drugs efficiently

97.36 % nanoparticle uptake, 80 % cell 
viability, moves at 0.165 μm/s, pH response 
drug release with minimal leakage

[66]

Hollow mSiO2 loaded with magnetic nanoparticles 
and photosensitizers, and functionalized with 
catalase (hollow), 2 um with a hole of 400 nm

Kills 72.5 % E. coli Produces 20 % more singlet oxygen, no toxicity [72]

mSiO2 doped with magnesium and zinc nanoparticles, 
functionalized with urease (Core-satellite), 695 
nm

Cuts bacterial load by 3 orders Diffusion 0.73 µm²/s, shows no toxicity in mice [77]

mSiO2 functionalized with urease, lysozyme, and 
catalase, and coated with gold, 411 nm

Reduces biofilm by 60 %, kills 82 % E. 
coli

Diffusion 0.87 µm²/s, no toxicity observed [78]

Cerium dioxide-doped mSiO2 coated with Au 
(Janus), 190 nm

boosts antibacterial effects by 
penetrating biofilms, reduces 
inflammation by scavenging ROS

Temperature rises to 59.15 ◦C, no toxicity [93]

mSiO2 asymmetrically coated with Au and loaded 
with photosensitizers (Janus), 120 nm

Kills >99.5 % bacteria in 10 min, 
achieves 80 % death in 7 min

High biocompatibility, targets bacteria at pH 
4.6

[94]
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(Fig. 6c). The design of the nanomotor incorporates both thrombolytic 
and anticoagulant drugs, UK and heparin, through a sequential drug 
release system, providing an all-encompassing approach for clot disso
lution and prevention, significantly enhancing the effect of thrombolytic 
treatments.

Furthermore, addressing the challenge of uncontrolled drug release 
and poor retention at target sites, Wang et al. [92] synthesized 
catalytically-propelled mesoporous tubular micromotors loaded with 
heparin. This micromotor has an inner layer of MnO2 for catalytic pro
pulsion, a mSiO2 middle layer which provides a high surface area for 
drug loading, and an outer layer of Poly(3,4-ethylenedioxythiophene) 
which provides structural integrity to the micromotor. The sustained 
heparin release from the nanomotor was reported to be consistent for 
over six days under static conditions, with a higher rate under active 
conditions, enhancing the therapeutic efficiency of the micromotor.

4.2.3. Heavy metal poisoning treatments
Beyond cardiovascular applications, MSNs have also been explored 

for the treatment of heavy metal poisoning. Liu et al. [31] synthesized 
magnetically propelled Silica/ε-Polylysine nanomotors for the removal 
of Pb2+ in blood, achieving high biocompatibility, low cytotoxicity, and 
high Pb2+ removal efficiency compared to passive adsorbents. Further
more, the magnetic properties of the nanomotor not only enhanced the 
contact probability with hemoglobin-bound Pb2+, but also allows for 
nanomotor recovery and reuse.

4.3. Infection treatment and antibacterial applications

Bacterial infections, especially those associated with biofilms and 
antibiotic resistance, remain a major global health challenge [55,60,78]. 
However, the treatment of bacterial infections through antibiotics often 
fall short due to issues such as the rise of multi-drug resistant bacteria, 
off-target effects, and poor drug penetration into biofilms. To address 
these limitations, current research has focused on the development of 
nanomotors that can resolve a range of infection-related challenges, 
such as the eradication of biofilm, enhanced drug delivery, and the use 
of PTT and PDT. This section highlights studies that developed signifi
cant advances in the use of mSiO2-based nanomotors to improve the 
efficiency of nanomotor-based bacterial treatments (Table 3).

4.3.1. Biofilm penetration and eradication
The poor penetration in biofilms is one of the key challenges that 

hinder the efficiency of nanomotors in antibacterial applications. A 
study by Zheng et al. [60] addressed the challenge of low penetration 
ability of conventional drug treatments on biofilms through designing 
self-propelled dendritic mSiO2 nanomotors (AG-DMSNs) driven by the 
active production of NO through a cascade catalytic reaction. Using 
methicillin-resistant Staphylococcus aureus (MRSA) biofilm as a model, it 
was confirmed that the Janus nanomotor achieves enhanced biofilm 
penetration and can efficiently reduce the colony-forming units within 
the biofilm by 99.9 %, demonstrating the potential of AG-DMSNs for the 
treatment of antibacterial infections (Fig. 7a). While Zheng et al. [55] 
explored the use of NO-propelled nanomotors to improve biofilm 
penetration, the group of Maric et al. advanced this concept by designing 
thermophoretic mSiO2-Au nanomotors powered by NIR light. The 
light-driven propulsion allows the precise control of the nanomotor, 
wherein increasing the power of the applied NIR laser increases the 
velocity of the nanomotors. The ultra-fast movement exhibited by the 
nanomotor increased the efficiency of the nanomotor’s biofilm pene
tration and eradication performance, which was proven through eradi
cation and penetration assays performed with P. aeruginosa biofilms. 
Building upon the NIR-driven thermophoretic propulsion mechanism 
demonstrated by [55], Bai et al. [93] improved nanomotor design by 
designing Janus nanomotors with cerium-doped mesoporous silica 
(CeM) and gold nanoparticle coating, enhancing biofilm penetration and 
eradication for periodontitis treatment. With its active motion and 
photothermal capabilities, the nanomotor has the ability to overcome 
the physical barriers of biofilms and disrupt bacterial cells, reducing the 
bacterial load in biofilms. In vitro tests suggested that the NIR-powered 
Janus nanomotors (J-CeM@Au) demonstrated enhanced biofilm pene
tration abilities, attributed to the photothermal damage induced by the 
nanomotor on the biofilm (Fig. 7b). The presence of CeO2 nanoparticles 
also enables the nanomotor to scavenge the excess ROS in the peri
odontal microenvironment, reducing inflammation and promoting tis
sue regeneration.

4.3.2. Targeted antibacterial action in systemic infections
Recent studies on enhancing the effectiveness of nanomotor-based 

antibacterial treatment have introduced advancements that allow for a 

Fig. 7. SEM images showing biofilm eradication after nanomotor treatments. (a) Biofilm of MRSA before and after treatment with AG-DMSNs, demonstrating 
significant biofilm disruption due to NO-driven motion [60]. (b) Biofilm before and after treatment with J-CeM@Au nanomotors, highlighting effective biofilm 
eradication through NIR-driven ROS scavenging [93].
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more accurate bacteria targeting to minimize the treatment’s off-target 
effects.

Arque et al. [77] synthesized urease-powered mSiO2 based MNMs 
that are designed to deliver antimicrobial peptide payloads (LL-37 and 
K7-Pol) toward the target infection site. The study highlighted the use of 
nanomotors for the treatment of systemic infections, particularly 
through using Acinetobacter baumannii abcesses in a mouse model. In 
vitro tests confirmed that the antimicrobial nanomotors exhibited 
bactericidal effects against both Gram-positive and Gram-negative 
bacteria, while in-vivo anti-infective activity tests suggested that the 
MNMs have the ability to exert their antibacterial effects not only at the 
administered site, but throughout the infected tissue, overcoming the 
limitations of conventional passive treatments. Similarly, Vilela et al. 
[78] also synthesized urease-powered mesoporous mSiO2 nanomotors 
(U-MSNPs) for the treatment of urinary tract infections caused by E. coli. 
Their findings suggested the efficiency of the urease-functionalized 
nanomotors in disintegrating E. coli biofilms at a concentration of 200 
μg/mL, proving their potential for the treatment of infectious diseases. 
These suggest that the self-propulsion and targeting capabilities of 

nanomotors can be leveraged to address challenges related to systemic 
side effects that are typically observed with passive drug delivery 
methods.

4.3.3. Non-antibiotic therapies: photothermal and photodynamic therapies
Previous studies have developed NIR-propelled nanomotors for 

tackling biofilm-associated infections, which focused primarily on the 
penetration of biofilms to facilitate the eradication of bacteria. However, 
while biofilm penetration is crucial for treating chronic infections 
associated with biofilms, it is equally important to consider the next step 
of bacterial lysis, which effectively kills the bacteria after it has been 
exposed. Loukanov et al. [94] developed NIR-powered Janus nano
motors for the targeted photothermal lysis of bacteria such as E. coli. In 
his work, the gold-coated Janus nanomotors were able to induce cellular 
damage on bacterial cells through the localized heat produced upon NIR 
irradiation. The generation of localized heat through surface plasmon 
resonance disrupts the bacterial cell membranes, facilitating rapid cell 
death. In addition, functionalizing the Janus nanomotor with cyste
amine allows it to specifically target E. coli through electrostatic 

Table 4 
Nanomotor structures for diagnostics and imaging applications.

Structure (classification), Size Schematic illustration Diagnostic and Imaging 
Performance

Mechanistic Benefits Refs.

mSiO2 asymmetrically functionalized by DNA onto one 
face, while catalase is immobilized on the other face 
(Janus), 500 nm MSN particles

Detects DNA with 3.2x 
hybridization efficiency

Transports DNA-functionalized cargo using 
hybridization with 50–57 % DNA grafting

[52]

mSiO2 functionalized with catalase and loaded with 
fluorescent and magnetic imaging agents (Janus 
þhollow) 390 ± 12 nm.

Diffusion speed increased 8.36 ×
in fluorescence imaging

Boosts diffusion to 0.96 μm²/s, maintains 85 
% cell viability

[58]

AuNR-PMO functionalized with periodic mesoporous 
organosilica and gold nanorods (Janus), 50 nm

Captures 86.12 % miRNA, 
detects miRNA at 12.22x 
improvement

Elevates temperature to 57.8 ◦C for 
detection

[63]

Upconversion nanomotors with a mSiO2 core, gold shell 
coating, loaded with near-infrared responsive dyes (core- 
shell), 130 nm

Strong red UCL signal at 659 nm 
for nanomotor tracking

Moves at 3.86 μm/s under NIR, penetrates 
tumors up to 100 μm, no toxicity or organ 
damage observed

[67]

mSiO2 asymmetrically coated with platinum and gold, 
functionalized with catalase, and loaded with 
photosensitizers (Janus þ core-shell), 60 nm

Tumor fluorescence and 
photoacoustic signals increased 
post-injection

Boosts diffusion to 2.11 μm²/s, reduces 
tumor volume by 90.3 % in, no toxicity or 
organ damage observed

[68]

Enzyme-powered mSiO2 functionalized with catalase and 
equipped with pH-responsive DNA nanoswitches 
(hollow), 2 um

Tracks pH changes via FRET 
nanoswitch

Moves at 6.4 μm/s in 100 mM urea, shows 
123 s activity half-life, no adverse effects 
observed

[74]

Gadolinium-doped mSiO2 with Au (Janus), 70 nm Achieves 4.8x brighter MR 
signals

Propels at 3.49 μm²/s under NIR, shows 90 
% cell viability and no toxicity

[95]

Janus Au-NR@mSiO2 with a mSiO2 coating, functionalized 
with therapeutic agents (Janus), 109 nm

Imaging contrast improved by 
65 % with ultrasound

Velocity of 0.73 μm/s with ultrasound, 
ensures 100 % survival with no toxicity

[96]
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interactions, making the treatment targeted. Consequently, the study of 
Xu et al. utilized urease-propelled micromotors capable of PDT for the 
treatment of E. coli infections. Functionalized with the photosensitizer, 
5,10,15,20-tetrakis(4-aminophenyl)porphyrin (TAPP), the micromotor 
generates singlet oxygen (1O2) which causes oxidative damage to bac
terial cell membranes, leading to bacterial death [72]. The study re
ported an increased singlet oxygen generation and a greater bactericidal 
effect against E. coli for the urease-driven micromotors compared to 
stationary micromotors, suggesting a more enhanced PDT effect. These 
studies demonstrate the potential of MNMs capable of PTT and PDT 
towards antibacterial applications.

4.4. Diagnostics and imaging

Several studies have explored the applications of nanomotors in 
diagnostic and imaging. These multifunctional nanomotors that 
combine enhanced imaging capabilities and synergistic therapy address 
multiple key challenges including poor tumor penetration and limited 
imaging sensitivity (Table 4).

Conventional diagnostic imaging techniques, though effective, are 
often hindered by limited tissue penetration, poor resolution in dense 
tissues, and insufficient targeting of deep-seated tumors. This is 
addressed by incorporating the active propulsion mechanisms of nano
motors to navigate deep-seated tumor regions, improving the accumu
lation of contrast agents, and thereby enhancing the imaging resolution 
and sensitivity of diagnostic tools.

The study of Zheng et al. [95] designed NIR-propelled Janus 
Gd-doped mSiO2 nanomotors for enhanced Magnetic Resonance (MR) 
imaging. The mSiO2 core provides a high surface area for doping with 
gadolinium, which serves as the contrast agent for MR imaging. The MR 
images obtained for 4T1 cancer cells incubated with JMS nanomotors 
under NIR radiation indicated an increased MR signal intensity, con
firming its enhanced cellular uptake and improved imaging contrast in 
vitro (Fig. 8a). Furthermore, In vivo studies indicated an improved 
accumulation in tumor tissues and a significant increase in MR signal 
when nanomotors are subjected to NIR irradiation, allowing for 
deep-tissue imaging. These results are attributed to the active motion of 
nanomotors through NIR irradiation which directly enhances tumor 
penetration, accumulation, and MR imaging. Similarly, a study by Ye 
et al. [96] developed US-propelled Janus mSiO2 nanomotors loaded 
with 2,2-azobis[2-(2-imidazolin-2-yl) propane] dihydrochloride (AIPH) 
(Au-NR-mSiO2/AIPH) for deep tumor NIR-II photoacoustic imaging 
combined with ultrasound (US) imaging. The results from in vivo tests 
followed by US/photoacoustic imaging suggested the accumulation of 
nanomotors and an enhanced imaging contrast in tumor tissues. While 
the US-propulsion capabilities of the nanomotors allowed the visuali
zation of deep-seated tumors, it also demonstrated an effective 

anticancer effect through combined sonodynamic and gas therapy.
Chen et al. [68] built on this concept of combined therapy, imaging, 

and diagnostics through designing a dual-source powered nanomotor 
capable of dual-modal imaging (fluorescence imaging and photo
acoustic imaging), Surface-Enhanced Raman Scattering (SERS) sensing 
for tumor marker detection, and synergistic PDT and PTT. Dual modal 
imaging allows the visualization of nanomotors in the tumor sites 
(Fig. 8b), while the SERS functionality allows the real-time detection of 
H2O2 levels, a biomarker associated with tumor cells. Incorporating PTT 
and PDT capabilities in the nanomotor contributes to its enhanced 
anti-tumor effect, facilitated by the alleviation of tumor hypoxia. The 
multifunctional nanomotor provides a single platform that integrates 
precise diagnostics, high-resolution imaging, and synergistic therapy 
which enhances the effectiveness of cancer diagnosis and treatment. 
Similarly, Liu et al. [67] developed an NIR-driven UCNPs@m
SiO2-Au-Cys nanomotor for tumor multimode imaging and PTT/PDT. 
This nanomotor allows for fluorescence and infrared thermal imaging 
due to the upconversion luminescence of the UNCP core and the pho
tothermal imaging signals provided by AuNPs under NIR irradiation. 
Strong UCL signals were detected upon NIR exposure (980 nm) of the 
nanomotors with MCF-7 cells, which clearly visualized the distribution 
of the nanomotors in the cytoplasm. Furthermore, the photothermal 
conversion of the nanomotors were evaluated through infrared thermal 
imaging, which indicated an enhanced thermal effect from the nano
motors in the tumor region upon NIR irradiation (Fig. 8c). The nano
motor’s fluorescence and infrared thermal imaging capabilities for its 
in-vivo monitoring provides a comprehensive platform for tumor 
theranostics.

The biomedical applications of mesoporous nanomotors, as dis
cussed in the previous section, are inherently linked to their structural 
and functional design. The effectiveness of these nanomotors in targeted 
drug delivery, diagnostics, and therapy is dictated by key parameters 
such as size, propulsion mechanisms, and surface modifications. 
Therefore, the following section delves into the fundamental design 
trends that influence nanomotor performance, highlighting how struc
tural innovations contribute to their biomedical utility.

5. Trends in nanomotor design: understanding structural impact 
on performance

Advancements in nanomotor design have revealed critical trends 
that underscore the impact of structural innovations on performance 
and therapeutic efficacy. By comparing various architectures such as 
Janus, core-shell, yolk-shell, hollow, and biomimetic designs, clear re
lationships emerge between specific structural features and their func
tional outcomes. As summarized in Table 5, these structures exhibit 
distinct advantages based on their design: Janus structures with 

Fig. 8. In vivo imaging and synergistic therapy of tumor-bearing mice. (a) Thermal imaging of 4T1 tumor-bearing mice after treatment with Janus Gd-doped 
nanomotors under NIR irradiation (808 nm), showing temperature elevation over 30 min, indicating effective photothermal conversion [95]. 
(b) Fluorescence imaging of 4T1 tumors before and after injection with core-shell asymmetrically coated with platinum and gold nanomotors, highlighting significant 
accumulation at tumor sites for enhanced imaging [68]. (c) IRT images of mice injected with UCNPs@mSiO2-Au-Cys nanomotors and exposed to 808 nm NIR, 
demonstrating localized temperature rise and photothermal therapy efficiency [67].
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asymmetric compositions enable enhanced propulsion and multi
functionality, while core-shell and hollow designs focus on controlled 
release and increased cargo capacity. Biomimetic coatings further 
enhance biocompatibility and immune evasion, making them particu
larly effective in dense biological environments. The trends across 
therapeutic, antibacterial, diagnostic, and imaging applications further 
emphasize how tailored nanomotor designs optimize size, speed, and 
efficacy to address specific biomedical challenges within each domain.

5.1. Size trends

Nanomotor sizes vary widely, reflecting their application-specific 
requirements. For therapeutic applications, sizes range from 70 nm to 
6 μm (6000 nm), with smaller designs (<500 nm) suited for rapid tar
geting and interaction with biological environments, while larger 
nanomotors (>2 μm) focus on sustained effects, such as extended drug 
release. In antibacterial applications, sizes span 80 nm to 2 μm (2000 
nm). Smaller designs (<200 nm) effectively penetrate biofilms and 
enhance bacterial eradication, while larger systems prioritize payload 
delivery and multifunctionality for treating complex infections. Diag
nostic and imaging applications demonstrate a similar pattern, with 
nanomotors ranging from 50 nm to 2 μm. Smaller structures excel in 
molecular diagnostics, such as miRNA detection and DNA hybridization, 
whereas larger designs support complex monitoring tasks like pH 
tracking using FRET nanoswitches.

5.2. Speed trends

Speed is critical for active propulsion and dynamic applications. In 
therapeutic nanomotors, speeds range from 0.165 μm/s to 212 μm/s, 
with faster designs (>40 μm/s) facilitating rapid drug delivery and 
navigation in fluid environments, and slower speeds supporting local
ized and sustained therapeutic effects. Antibacterial nanomotors display 
speeds between 0.165 μm/s and 86.1 μm/s, where higher speeds 
improve biofilm penetration and disruption, while slower designs 
enable sustained antibacterial activity. Diagnostic and imaging appli
cations feature speeds from 0.73 μm/s to 6.4 μm/s. Moderate speeds 
(2–4 μm/s) balance imaging precision with nanomotor tracking, while 
higher speeds enable real-time diagnostics, such as dynamic pH 
monitoring.

5.3. Efficacy trends

5.3.1. Therapeutic applications
The efficacy of therapeutic nanomotors is influenced by their struc

tural design and responsiveness to specific targets. Janus structures 

excel in rapid targeting and drug delivery due to their asymmetric 
compositions, which enhance mobility and precision. These nanomotors 
are highly effective for localized interventions, such as thrombus 
reduction, achieving therapeutic outcomes like reducing clot volumes 
by over 95 %. Larger designs, such as core-shell and hollow nanomotors, 
prioritize sustained drug delivery, exemplified by systems releasing 
322.1 μg of heparin over 12 h. The inclusion of catalytic elements and 
environmentally responsive materials (e.g., pH-sensitive coatings) 
further enhances therapeutic precision and adaptability to physiological 
conditions.

5.3.2. Cardiovascular applications
In cardiovascular applications, efficacy is determined by a balance of 

speed, targeting, and sustained action. Smaller Janus structures excel in 
rapid thrombus targeting and localized drug delivery, achieving 
thrombus volume reductions of over 95 %. Larger systems, such as core- 
shell and hollow designs, focus on sustained anticoagulant therapy, 
exemplified by prolonged heparin release over 12 h. Biomimetic coat
ings enhance immune evasion, improving circulation time and effec
tiveness in dynamic vascular environments. Structural adaptability 
allows these nanomotors to function efficiently in both acute in
terventions and long-term management, such as plaque prevention and 
thrombus resolution.

5.3.3. Antibacterial applications
In antibacterial applications, efficacy trends are shaped by the ability 

of nanomotors to penetrate biofilms and eradicate pathogens. Smaller, 
faster nanomotors, such as Janus structures, effectively disrupt biofilms, 
reducing biomass by 60–71 % within minutes, and reduce bacterial 
loads by 3–4 orders of magnitude. Larger, multifunctional systems, like 
hollow and biomimetic designs, sustain antibacterial effects, achieving 
eradication rates of 72.5–99.5 % for pathogens such as E. coli. Structural 
elements like ROS scavenging functionalities and antibacterial agent 
integration enhance their effectiveness, particularly against biofilm- 
forming bacteria. Biomimetic coatings improve immune evasion and 
allow nanomotors to function effectively in challenging biological 
environments.

5.3.4. Diagnostic and imaging applications
Diagnostic and imaging applications prioritize molecular detection 

and signal amplification, with efficacy driven by structural versatility. 
Janus nanomotors provide enhanced precision for detecting molecular 
markers, achieving miRNA capture rates of 86.12 % and sensitivity 
improvements of 12.22 ×. Core-shell designs enhance imaging stability 
and contrast, while hollow nanomotors support dynamic monitoring, 
such as pH tracking via FRET nanoswitches. Multifunctionality is a 

Table 5 
Comparative features of advanced nanomotor structures.

Feature Janus Structures Core-Shell Structures Yolk-Shell Structures Hollow Structures Membrane-Coated and 
Biomimetic Nanomotors

Design Two distinct materials on 
opposite hemispheres

Core enclosed by 
continuous shell

Movable or semi-detached 
core inside a hollow shell

Fully hollow structure with a 
porous shell

Biological membrane coating

Key 
Structural 
Purpose

Dual functionality (e.g., 
imaging and propulsion); for 
applications requiring 
multifunctionality.

Stabilizes core material 
and enables controlled 
release; ideal for 
protecting sensitive 
materials over time.

Movable core enhances 
responsiveness to stimuli; 
suited for smart drug delivery 
or photothermal therapy.

Fully hollow and porous for 
reduced drag; optimal for fast 
targeted delivery or 
environmental remediation.

Ensures biocompatibility and 
immune evasion; ideal for 
targeted delivery in 
biological systems.

Cargo 
Capacity

Limited due to asymmetric 
design

Limited to space within the 
shell

High internal cargo space Limited to space within the 
shell

Moderate capacity within the 
membrane-coated shell

Advantages Efficient propulsion and 
multifunctionality

Enhanced stability and 
controlled release

Large internal volume and 
adaptive motion

Reduced drag with fast 
motion

Biocompatibility with 
immune system evasion

Challenges Limited cargo space Constrained adaptability Complex fabrication, core 
movement may reduce 
stability

Limited stability, complex 
loading

Limited functional 
customization

Refs. [34,51,52,54–65,68,69,73,75,
80,81,86,88,89,93–103]

[61,64,66,68,69,79] [55,70] [51,56,58,71–75] [26,50,52,53,57,63,66,76,
99]
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critical trend, with nanomotors combining fluorescence, photoacoustic, 
and MR imaging modalities to improve diagnostic accuracy. Integration 
of catalytic or upconversion materials ensures robust signal enhance
ment, exemplified by MR signal brightness increases of 4.8 × .

5.4. General observations

The overall performance of nanomotors reflects careful balancing of 
size, speed, and efficacy. Smaller nanomotors (<200 nm) prioritize 
speed and targeting, excelling in applications requiring real-time func
tionality, such as imaging and diagnostics. Larger designs (>1 μm) focus 
on payload capacity and sustained effects, making them ideal for ther
apeutic applications. High speeds (>20 μm/s) are essential for active 
navigation and dynamic diagnostics, while moderate speeds (2–10 μm/ 
s) support multifunctional applications. Across all applications, efficacy 
is enhanced by integrating targeted mechanisms such as ROS scav
enging, fluorescence imaging, and biofilm penetration, which improve 
therapeutic and diagnostic precision

6. Challenges in nanomotor development

6.1. Fuel toxicity and biocompatibility concerns

The development of biocompatible propulsion mechanisms is 
essential to ensure the safety of nanomotors in biomedical applications. 
The use of toxic propulsion agents, such as H2O2 and heavy metals, 
contribute to harmful cellular oxidative stress and imposes cell toxicity 
issues [68,79]. Although H2O2 is an effective fuel source for propulsion, 
it generates ROS that can damage healthy tissues and cells [51,60,76]. 
Likewise, incorporating metallic catalysts such as manganese or plat
inum raises concerns on the potential systemic toxicity and long-term 
biocompatibility of the nanomotor [51,76].

6.2. Navigating biological barriers

Tumor environments with dense extracellular matrices and hypoxia 
is one of the factors that impede the efficacy of imaging and therapeutic 
agents [67,96]. ECM is a structure composed of proteins and poly
saccharides that provide support to cells. Unlike normal cells, the ECM 
in tumor cells becomes abnormally dense, limiting the penetration and 
cellular uptake of nanoparticles and drugs [56,79,95]. Furthermore, 
while ROS production demonstrated a significant therapeutic potential 
in cancer treatment, the hypoxic tumor microenvironment presents a 
critical challenge by limiting ROS generation during PDT [87], This 
limitation not only diminishes treatment efficacy but can also enhance 
tumor cell invasiveness, increasing the risk of metastasis [88]. 
Addressing this challenge requires strategies such as oxygen-generating 
nanomotors or combination therapies that alleviate hypoxia and 
simultaneously boost ROS production.

Despite advancements such as NO-releasing and NIR light-driven 
nanomotors, effectively navigating dense bacterial biofilms, particu
larly for multi-drug-resistant strains remains a significant challenge [55,
60,78]. Additionally, the use of certain components, such as metal ions 
(e.g., Mn2+, Cu2+) and byproducts like ROS or hydrogen peroxide 
(H2O2), can pose toxicity risks to normal tissues [55,60,93]. As such, 
further innovation is needed to enhance penetration and sustained 
antibacterial efficacy while minimizing adverse effects.

6.3. Drug delivery efficiency and drug bioavailability

Enhancing the bioavailability, retention at target sites, and tumor- 
selectivity of nanomotors remains a concern for the delivery of thera
peutic agents for cancer treatment and cardiovascular applications. In 
vivo, nanomotors often face systemic clearance by the RES, reducing 
their effective concentration at tumors and target tissues [68,95]. In 
addition, their interaction with plasma proteins and immune cells 

increases the off-target accumulation of nanomotors. While proven to be 
effective, light- and chemically- propelled nanomotors may have limited 
retention particularly in dynamic biological environments like the blood 
stream. The efficacy of thrombolytic drugs, for example, is diminished 
due to the limited drug retention at thrombus sites affected by rapid 
blood flow [90].

6.4. Therapeutic synergy

Several challenges are presented by the integration of multimodal 
therapies, such as PTT, PDT and imaging for nanomotor-based cancer 
treatment [67,68,96]. The combination of various therapeutic strategies 
imposes challenges due to the distinct operational requirements needed 
for each approach. PDT and PTT, for example, often rely on different 
wavelengths. In addition, traditional photosensitizers, require activation 
from visible or UV light, which has poor tissue penetration capabilities 
and can damage healthy cells. This constraint imposes challenges for the 
treatment of deep-seated tumors. Similarly, US and laser light-propelled 
nanomotors commonly used for theranostic applications may impose 
damage towards surrounding healthy cells, requiring their stimuli to be 
precisely controlled to minimize damage and systemic toxicity.

7. Conclusion and future prospects

MNMs have assumed a pivotal role in revolutionizing biomedicine, 
offering capabilities that exceed the performance of traditional thera
peutic and diagnostic tools. Their propulsion mechanisms – including 
catalytic, light-driven (e.g. NIR, UV), magnetic, and ultrasonic methods 
– enable precise targeting of tumors and tissues, overcoming biological 
barriers such as deep-seated tumors and dense bacterial biofilms. By 
combining active motion with high biocompatibility and structural 
versatility, MNMs improve drug delivery efficiency and diagnostic im
aging, positioning them as a cornerstone in personalized and precision 
medicine.

Recent advances in nanomotor synthesis have led to diverse struc
tural designs, including Janus, core-shell, yolk-shell, hollow, and bio
mimetic architectures, each tailored for specific biomedical 
applications. Different fabrication techniques such as sol-gel processing, 
template-assisted fabrication, physical vapor deposition, surface func
tionalization, and bioconjugation have further enabled precise control 
over propulsion, drug loading, and release kinetics. In drug delivery, 
enzyme-powered and light-driven nanomotors have demonstrated su
perior tumor penetration, precise targeting, and controlled release, 
significantly improving cancer therapy outcomes. Magnetic and bio
mimetic nanomotors have also shown promise in cardiovascular treat
ments by enhancing drug bioavailability and sustaining therapeutic 
effects. For infection treatment, NIR-driven nanomotors have improved 
biofilm penetration and bacterial eradication, providing innovative so
lutions against antibiotic-resistant infections. Additionally, catalytic and 
US-driven nanomotors have advanced theranostic applications through 
the integration of tumor penetration and contrast agent delivery with 
high-resolution imaging.

Despite these achievements, several limitations hinder the potential 
of nanomotors for bio-applications. Toxicity concerns remain for some 
propulsion fuels (e.g. H2O2) and catalytic metals, posing risks for 
biocompatibility issues. The effective penetration of nanomotors 
through biological barriers, such as dense extracellular matrices in tu
mors and resilient bacterial biofilms, continues to impede the efficiency 
of its therapeutic and diagnostic applications. The limited bioavail
ability of therapeutic agents due to the nanomotors interaction with 
plasma proteins and clearance by the RES also hinders the potency of 
nanomotor-based treatment strategies. Furthermore, the integration of 
multimodal treatment strategies in nanomotors also poses challenges, 
particularly in meeting the specific operational requirements of each 
therapeutic mode. As such, future efforts in this field should focus on the 
following:
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Use of Biocompatible Fuels and Hybrid Propulsion Mechanisms. The 
development of enzyme-powered nanomotors that primarily uses 
biocompatible substrates such as glucose, triglycerides, and urea, would 
reduce the risks of toxicity issues. Combining the use of these biofuels 
with light or US-driven propulsion provides a promising solution, 
improving the safety of the nanomotor design while maintaining its 
efficient movement. This approach provides greater control in dynamic 
biological environments, and at the same time ensures its safe use for 
sensitive systems such as the bloodstream.

Oxygen-generating and Enzymatic Nanomotors for ECM Degradation. To 
be able to navigate complex tumor microenvironments, nanomotors can 
be designed to carry ECM-degrading enzymes such as collagenase or 
hyaluronidase, enabling the localized breakdown of the matrix. The 
degradation of the ECM would allow the nanomotors to deeply pene
trate within the tumor tissues, improving the delivery of therapeutic 
agents in hypoxic tumor tissues. Furthermore, addressing the hypoxia in 
tumors through incorporating catalase or manganese oxide (MnO) in 
nanomotors would improve the efficiency of PDT. Through these stra
tegies, the penetration and therapeutic efficiency in nanomotors in tu
mors would be significantly enhanced.

Nitric-Oxide (NO)-Releasing Nanomotors for Biofilm Eradication. NO is 
a potent molecule that has the capability of dispersing biofilms through 
activating phosphodiesterases, which in turn degrade cyclic-di-GMP 
molecules critical for biofilm integrity [60]. The incorporation of 
NO-releasing nanomotors into self-propelled nanomotors offers a 
promising strategy to enhance biofilm penetration and improve the 
exposure of bacteria to antimicrobial agents. Furthermore, the combi
nation of NO-release with the mechanical disruption of biofilm layers 
through the motility of nanomotors could significantly boost antibac
terial efficacy. However, the role of NO in inducing ROS must be 
managed to mitigate its potential damage to host tissues. Given this, 
future research should focus on controlled, localized NO release, inte
grating ROS-scavenging agents to mitigate damage, and precise target
ing to minimize off-target effects. These advancements will ensure the 
safety and efficacy of NO-releasing nanomotors for antibacterial 
therapy.

Improved Light-Responsive Nanomotor Design. To meet the specific 
operational requirements of combined PTT and PDT strategies, the 
development of nanomotors with dual-function photosensitizers (e.g. 
UNCPs) is imperative. This approach overcomes the limitations of UV 
and visible light, enabling the simultaneous activation of PTT and PDT.

To conclude, mesoporous silica MNMs represent a transformative 
technology, offering potential towards overcoming challenges in drug 
delivery, infection treatment, and cancer theranostics. While there have 
been significant developments in the field, the focus must shift toward 
addressing limitations by prioritizing biocompatibility, enhancing bio
logical barrier penetration, and seamlessly integrating multimodal 
strategies. These advancements in nanomotor design will pave the way 
for more effective and safer nanomotors, reshaping its capabilities for 
combating cancer and complex diseases.
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A. Mira, R. Martínez-Máñez, Ficin–Cyclodextrin-based docking 
nanoarchitectonics of self-propelled nanomotors for bacterial biofilm eradication, 
Chem. Mater. 35 (11) (2023) 4412–4426.

[14] L. Kong, C. Chen, F. Mou, Y. Feng, M. You, Y. Yin, J. Guan, Magnesium particles 
coated with mesoporous nanoshells as sustainable therapeutic-hydrogen suppliers 
to scavenge continuously generated hydroxyl radicals in long term, Part. Part. 
Syst. Charact. 36 (2) (2019) 1800424.

[15] Q. Wang, T. Li, D. Fang, X. Li, L. Fang, X. Wang, C. Mao, F. Wang, M. Wan, 
Micromotor for removal/detection of blood copper ion, Microchem. J. 158 (2020) 
105125.

[16] W. Lv, S. Shao, J. Zhang, J. Li, Y. Huang, C. Mao, Preparation of Fe3O4/SiO2@ 
CDS@Pt micromotors for dual-mode detection of blood lead, ChemistrySelect 8 
(25) (2023) e202301650.

[17] M. Yan, D. Ma, B. Qiu, T. Liu, L. Xie, J. Zeng, K. Liang, H. Xin, Z. Lian, L. Jiang, 
B. Kong, Superassembled hierarchical asymmetric magnetic mesoporous 
nanorobots driven by smart confined catalytic degradation, Chem. A Eur. J. 28 
(29) (2022) e202200307.

[18] X. Ma, H. Feng, C. Liang, X. Liu, F. Zeng, Y. Wang, Mesoporous silica as micro/ 
nano-carrier: from passive to active cargo delivery, a mini review, J. Mater. Sci. 
Technol. 33 (10) (2017) 1067–1074.

[19] M. Vafaeezadeh, W.R. Thiel, Periodic mesoporous organosilica nanomaterials 
with unconventional structures and properties, Chem. A Eur. J. 29 (33) (2023) 
e202204005.

[20] L. Zhao, Y. Zhang, Y. Yang, C. Yu, Silica-based nanoparticles for enzyme 
immobilization and delivery, Chem. Asian J. 17 (17) (2022) e202200573.

[21] J. Feng, J. Zou, X. Li, X. Du, Biomimetic submicromotor with NIR light triggered 
motion and cargo release inspired by cuttlefish, Nanoscale 15 (41) (2023) 
16687–16696.

F.M. ElMakaty et al.                                                                                                                                                                                                                           Applied Materials Today 43 (2025) 102673 

15 

http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0001
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0001
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0001
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0002
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0002
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0002
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0003
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0003
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0003
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0004
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0004
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0004
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0005
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0005
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0005
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0006
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0006
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0007
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0007
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0007
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0008
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0008
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0008
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0009
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0009
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0010
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0010
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0010
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0011
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0011
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0011
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0012
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0012
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0012
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0013
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0013
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0013
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0013
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0014
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0014
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0014
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0014
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0015
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0015
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0015
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0016
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0016
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0016
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0017
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0017
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0017
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0017
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0018
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0018
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0018
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0019
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0019
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0019
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0020
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0020
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0021
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0021
http://refhub.elsevier.com/S2352-9407(25)00092-7/sbref0021


[22] F. Tong, J. Liu, L. Luo, L. Qiao, J. Wu, G. Wu, Q. Mei, pH/ROS-responsive 
propelled nanomotors for the active treatment of renal injury, Nanoscale 15 (14) 
(2023) 6745–6758.

[23] L. Mei, Q. Ding, Y. Xie, H. Liu, H. Li, E. Kim, X. Shen, Y. Zhang, S. Zhang, J.S. Kim, 
Self-propelling intelligent nanomotor: A dual-action photothermal and starvation 
strategy for targeted deep tumor destruction, Biomaterials 315 (2025).

[24] M.S. El-Okaily, A.M.A. El-Seidy, E.H. Ismail, R.M. Allam, A.A. Saeed, A. Bhaumik, 
A.A. Mostafa, Nanoarchitectonics of catalytic tubular nanomotors based on Cu/ 
Fe@SBA-15 for lung cancer treatment, J. Mater. Res. 39 (12) (2024) 1741–1757.

[25] Q. Zhou, Y. Kong, X. Zhou, L. Ren, H. Jiang, D. Lou, J. Xiao, R. Bian, Navigating 
therapeutic opportunities and challenges with micro/nanomotors in Translational 
medicine: A review, ACS Appl. Nano Mater. 7 (20) (2024) 23321–23336.

[26] L. Wang, A.C. Hortelão, X. Huang, S. Sánchez, Lipase-powered mesoporous silica 
nanomotors for triglyceride degradation, Angew. Chem. Int. Ed. 58 (24) (2019) 
7992–7996.

[27] J. Han, J. Ye, J. Shi, Y. Fan, X. Yuan, R. Li, G. Niu, M. Abubakar, Y. Kang, X. Ji, 
A programmable oral nanomotor microcapsule for the treatment of inflammatory 
bowel disease, Adv. Funct. Mater. (2024).
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