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ARTICLE INFO ABSTRACT

Keywords: Antibiotic resistance has emerged as a critical global health challenge, particularly when bacteria form biofilms
Micro/nano robots that render conventional antimicrobial treatments markedly less effective. Bacteria residing within biofilm
Biofilms

exhibit increased resistance to antimicrobial agents and host immune defenses, complicating treatment and
contributing to recurrent infections. Antimicrobial micro- and nanorobots (MNRs) have garnered significant
attention as a promising strategy to combat drug-resistant bacteria and biofilms, owing to their exceptional
motility, precise targeting, and improved penetration capabilities. Despite their potential, challenges related to
biocompatibility, imaging integration, and clinical translation remain unresolved. This review summarizes the
latest developments in the therapy of micro/nanorobots for antimicrobial therapy, emphasizing innovative
strategies for bacterial eradication and biofilm disruption while addressing the technical hurdles and exploring
future research directions.

Bacterial infection
Antibacterial therapy

1. Introduction

Bacterial infections, particularly those associated with antibiotic
resistance and biofilms, pose significant challenges to global health. The
misuse and over-reliance on antibiotics have contributed to the growing
problem of bacterial resistance, particularly in diseases with frequent
and complicated infections. The emergence of drug-resistant bacteria
has rendered traditional treatments increasingly ineffective [1-4]. The
World Health Organization (WHO) estimates that antimicrobial resis-
tance results in roughly 700,000 global fatalities each year, with pro-
jections suggesting this number could escalate to 10 million by
2050—surpassing cancer-related mortality—if effective countermea-
sures are not implemented [5,6]. The increase in bacterial resistance is

closely related to biofilms [7,8]. Biofilms are complex three-dimensional
structures formed by bacteria on host surfaces, enabling their survival in
diverse environments and rendering them highly resistant to antibiotics
and immune responses [9-11]. Their presence often limits the effec-
tiveness of antibiotics at the core of infection sites, leading to persistent
infections and frequent recurrence [12]. Thus, effectively eliminating
drug-resistant bacteria and eradicating biofilms have remained key
challenges in antimicrobial therapy research.

Micro/nanorobots (MNRs), also referred to as micro/nanomotors or
micro/nanoswimmers [13,14], have demonstrated unique advantages
under the limitations of conventional therapeutic approaches, owing to
their autonomous motility, intelligent responsiveness, and
multi-mechanism synergy [15]. The propulsion mode of MNRs forms the
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basis for their functional performance. Currently, the propulsion of
MNRs can be broadly classified into two major categories: chemical
reaction-driven and externally powered systems [16]. Chemically driven
MNRs generate motion through catalytic reactions; for instance,
enzyme-powered MNRs can achieve in situ fuel supply within biological
environments, offering excellent biocompatibility. Externally powered
MNRs, such as those driven by magnetic fields, light, or ultrasound,
enable precise control with multiple degrees of freedom (DOF) and
allow for noninvasive localization and navigation without relying on
chemical fuels.

Compared to passive diffusion-based nanomedicines, MNRs can
achieve targeted delivery through external field propulsion (e.g., mag-
netic fields, ultrasound, light) or chemical self-propulsion (e.g., catalytic
reactions), actively penetrating dense biofilms or mucus layers and
enhancing drug accumulation at infection sites. Furthermore, their
intelligent responsiveness—triggered by stimuli such as pH, hydrogen
peroxide (H20,), or enzymatic signals—allows real-time sensing of the
infectious microenvironment and on-demand drug release, thereby
reducing off-target toxicity. In addition, MNRs can integrate mechanical
disruption (e.g., physical destruction of biofilms) with chemical bacte-
ricidal mechanisms (e.g., catalytic generation of reactive oxygen spe-
cies), leading to enhanced antibacterial efficacy [17-19]. Table 1
summarizes the key advantages of different antimicrobial strategies
employed by MNRs for bacterial and biofilm eradication [20-23].
Overall, the dynamic delivery, environmental responsiveness, and
multimodal antibacterial actions of MNRs offer a promising approach
for addressing challenges in bacterial infection treatment, particularly in
the context of biofilm-associated and drug-resistant infections.

In this review, we provide a concise overview of the design princi-
ples, material choices, and propulsion strategies of antimicrobial MNRs,
with an emphasis on magnetic-driven, light-driven, enzyme-driven, and
combined propulsion systems. We then systematically examine recent
advances in their application for bacterial clearance and biofilm
disruption. Achievements and challenges related to biocompatibility
and imaging are discussed, followed by an exploration of strategies to
overcome technical and biological barriers toward clinical translation.
Several existing reviews have systematically summarized the progress of
MNRs in antimicrobial therapy, covering propulsion mechanisms,
structural design, material construction, and their applications in bac-
terial elimination and biofilm disruption. However, most of these re-
views primarily focus on functional exploration and technical
classification at the experimental level. In contrast, this review builds
upon current therapeutic strategies and antibacterial mechanisms, while
placing greater emphasis on the key challenges faced in clinical trans-
lation, including biocompatibility, biodegradability, safety evaluation,
precise control, and imaging guidance. Moreover, we systematically

Table 1
Key advantages of micro/nanorobots in bacterial and biofilm eradication.
Antibacterial Mechanism of Action Key Advantages Refs
Strategy
Antibacterial- Targeted delivery of Enhances local 20
loaded antibiotics, metal ions, concentration, decreases

lysozymes, or
antimicrobial peptides

the required dosage, and

reduces the probability of
resistance development

Damages bacterial 21
membranes and biofilms;

strong and broad-spectrum
sterilization effect

ROS systems Catalytic, light- or
ultrasound-triggered ROS

generation

Physical Active movement or Does not propagate 22
destruction vibration breaks the antimicrobial resistance;
biofilm matrix remote controllability
Synergistic Combination of physical Offers superior efficacy, 23
action disruption, chemical deeper penetration, and

killing, and ROS
generation

minimized resistance
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highlight recent integrated strategies such as stimuli-responsive thera-
pies, theranostic integration, and immune-evasive surface modifica-
tions, which have received limited attention in prior reviews. This work
aims not only to complement existing literature but also to offer a more
application-oriented perspective that may serve as a reference for future
research and potential clinical translation of antimicrobial MNRs.

2. Design and propulsion mechanism of micro/nanorobots

Micro/nanorobots are intelligent, responsive systems capable of
autonomous or externally controlled motion at the microscale. Their
design typically follows a structure-function coupling paradigm: by
tuning geometric architecture, material composition, and surface func-
tionalization, multidimensional control and bioresponsiveness can be
achieved. Notably, material selection must balance propulsive efficiency
and biocompatibility; inorganic materials such as magnetic nano-
particles (Fe3O4, Co), photoresponsive semiconductors (TiOg, BiVOy),
and noble metals (Ag, Au) are commonly employed to construct the
propulsive core, whereas polymers (e.g., PLGA, PEG), carbon-based
materials (e.g., graphene oxide), and natural biomolecules are used to
enhance drug-loading capacity and biological stealth. Propulsion
mechanisms—central to robot functionality—can be broadly classified
by energy source and actuation mechanism into exogenous physical
drives, chemical drives, and combined drives. In this section, we focus
on magnetic and light-driven among exogenous physical drives,
enzyme-driven among chemical drives, and combined propulsion.

2.1. Magnetic actuated

Magnetic propulsion is a mature and efficient exogenous physical
driving strategy. By incorporating magnetic materials, such as Fe3O4
nanoparticles, nickel, or cobalt, into the structure of MNRs, precise
navigation within biological environments can be achieved. Using
rotating, oscillating, or gradient magnetic fields, these robots can exhibit
a variety of motion modes, including rolling, helical propulsion, and
swinging. Magnetic actuation does not require chemical fuel and avoids
cytotoxicity; commonly used ferromagnetic microrobots have demon-
strated excellent biocompatibility and recyclability. Owing to their
controllable motion, magnetically driven MNRs can be directed toward
otherwise inaccessible regions, enabling deep tissue penetration and
targeted therapy. Moreover, magnetic MNRs can be coupled with
magnetic hyperthermia to enhance bactericidal efficacy by disrupting
bacterial membranes under elevated temperatures. Bhuyan et al.
designed biocompatible micromotors (T-Budbots) derived from tea
buds, which could be magnetically guided into biofilm matrices to
achieve precise disruption and removal [24]. In 2019, Liu et al. reported
magnetically active copper ferrite nanoparticles and demonstrated their
antibacterial activity in an in vivo subcutaneous abscess model [25].
Notably, the pronounced magnetism of copper ferrite nanoparticles
enabled a 20-fold enhancement of photothermal effects via magnetic
enrichment, facilitating highly effective sterilization at ultra-low doses
and improving biosafety.

However, despite substantial progress in experimental studies,
several challenges remain for magnetic propulsion. For instance, in
scenarios involving multiple robots operating simultaneously, magnetic
field interference and inter-robot coupling may lead to unpredictable
motion behaviors. In addition, most current magnetic control systems
rely on bulky external equipment, limiting their clinical applicability.
Therefore, simplifying magnetic field generation devices and enhancing
the real-time responsiveness of robot manipulation are critical for
advancing this technology toward practical biomedical applications.

2.2. Light driven

Light-driven represents another commonly used exogenous physical
driving strategy, which relies on photoresponsive materials capable of
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absorbing and converting specific wavelengths of light via mechanisms
such as photothermal and photocatalytic effects. Typical materials
include gold nanorods, BiVOy4, and TiO5, which, under laser or LED
illumination, can generate temperature, gas, or ion gradients to drive the
directional motion of MNRs. Light-driven systems offer submicron-level
spatial precision, making them well-suited for targeted therapies in su-
perficial tissues, such as skin wounds or oral infections. Meanwhile,
photothermal or photocatalytic reactions can also induce the production
of bactericidal agents such as reactive oxygen species (ROS), forming a
combined “light-driven + antibacterial” strategy. In 2019, Pumera’s
group developed visible-light-driven BiVO4 micromotors, which were
used for the selective capture and elimination of microorganisms [26].
Under optical control, these micromotors were capable of translating
along linear trajectories on various axes and showed high-affinity
adhesion to live microbes. Moreover, the team led by Tijana reported
a near-infrared light-driven mesoporous SiOz/Au nanomotor, which
exhibited strong self-propulsion due to the photothermal effect of the
gold component [27]. This allowed the nanomotor to penetrate and
disrupt biofilm matrices, achieving significant eradication of Pseudo-
monas aeruginosa biofilms even with short irradiation times (30s-3 min).
It should be noted, however, that a major limitation of light-driven
propulsion lies in the limited tissue penetration depth of light, posing
a challenge for clinical applications that require the delivery of optical
energy to deep-seated tissues.

2.3. Engyme driven

Enzyme-driven represents an endogenous fuel-based actuation mode
for MNRs, offering a more physiologically relevant driving mechanism
compared to exogenous chemical fuels. These robots are typically
functionalized with enzymes such as urease, peroxidase, or glucose ox-
idase, which catalyze specific substrates to generate gas (e.g., Oz or NH3)
or ion flows, thereby driving local microflows or self-propulsion. For
instance, urease-catalyzed hydrolysis of urea in a urinary tract infection
milieu produces gas bubbles that propel the robot penetrating the bio-
film, enabling precise localization of the infection site. In 2021, Xu et al.
reported a urease-powered liquid-metal (LM) nanorobot: surface-
anchored urease endowed the LM robot with chemotactic transport
along urea concentration gradients, while NIR irradiation induced shape
deformation of the LM core, conferring enhanced photothermal anti-
bacterial activity [28]. Enzyme-driven systems feature strong microen-
vironment adaptability, efficient utilization of endogenous substrates,
and excellent biocompatibility, making them especially suited to
metabolically abnormal or substrate-rich pathological sites. Neverthe-
less, issues such as enzyme stability, risk of inactivation, and potential
toxicity of byproducts remain to be addressed.

2.4. Combined propulsion

Combined propulsion has emerged as a key strategy in micro/
nanorobot research by integrating two or more distinct driving mecha-
nisms to combine their complementary advantages and overcome the
limitations of single-mode actuation in complex environments. By
incorporating multifunctional materials or multi-responsive modules at
the structural design level, hybrid robots achieve superior environ-
mental adaptability, directional control, and task responsiveness. For
example, magnetic fields enable remote, high-precision navigation,
while photothermal or enzyme-driven elements provide localized actu-
ation and on-demand functional activation; their combination thus af-
fords both navigational control and therapeutic targeting. Moreover,
hybrid systems can dynamically switch between propulsion modes to
accommodate the varying physicochemical conditions encountered
across different tissue regions. In 2020, Yuan et al. developed a Janus
micromotor powered by both platinum nanoparticle-catalyzed re-
actions and Fe;Os-mediated magnetic rotation [29]. This dual-engine
design allowed adaptive behavior to suit different application
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requirements, and its enhanced locomotion combined with localized
fluid flows resulted in a twofold increase in its ability to capture and
eradicate Staphylococcus aureus. Overall, combined propulsion epito-
mizes the trend toward multifunctional, intelligent MNRs and is a crit-
ical pathway for advancing their clinical applicability.

3. Micro/nanorobots for Bacteria elimination
3.1. Antimicrobial agent delivery

The current mainstay of treatment for bacterial infections involves
antibiotics such as p-lactams, macrolides, aminoglycosides, tetracy-
clines, and chloramphenicol. These antibiotics disrupt bacterial cell
membranes, inhibit deoxyribonucleic acid (DNA) replication and repair,
hinder protein synthesis, and interfere with essential metabolic pro-
cesses [30,31]. However, the overuse of antibiotics can lead to bacterial
resistance. In contrast, utilizing micro-/nanorobots as carriers for anti-
biotic delivery can enhance the concentration of effective antibiotics,
decrease the required dosage, and reduce the probability of resistance
development. Zhang et al. designed a microrobot for delivering antibi-
otics in vivo to treat acute bacterial pneumonia. (Fig. 1A) [32]. The
microrobot was composed of Chlamydomonas reinhardtii microalgae
functionalized with neutrophil membrane-coated and polymeric nano-
particles (NPs) loaded with antibiotic (denoted ‘algae-NP-robot’). In the
mouse model, treatment with algae-NP-robots loaded with ciprofloxacin
(CIP) resulted in a 3 order of magnitude reduction in bacterial load
caused by Pseudomonas aeruginosa compared to the negative control, and
a 1 order of magnitude reduction compared to static algae-NP(CIP) and
NP(CIP). Additionally, the survival rate of the mice was significantly
improved. In 2021, Gademann et al. developed biologically driven
active microrobots utilizing Chlamydomonas reinhardtii as a drug de-
livery vehicle (Fig. 1B) [33]. By loading antibiotics such as vancomycin
and ciprofloxacin onto the surface of Chlamydomonas reinhardtii, the
antibiotics were transported by the movement of the algae itself. Addi-
tionally, the inherent phototropism of the algae was exploited to control
the direction of drug transport to the bacterial infection site, where the
drugs were released upon ultraviolet (UV) light. This system exhibited
potent antimicrobial effects against Staphylococcus aureus and Escher-
ichia coli, with colony-forming units (CFU) reduced by 3 orders of
magnitude compared to the untreated group. A notable drawback is the
reduced ability of light to penetrate tissues, which restricts the appli-
cation of these systems primarily to skin-related infections. Additionally,
the potential photodamage to healthy cells further limits their applica-
bility. To address this limitation, Gademann et al. (2023) designed and
engineered biohybrid microrobots employing a thiol-mediated self--
extinction antibiotic release strategy [34]. Vancomycin was conjugated
to a self-extinction linkage platform functionalized on the cell surface.
Vancomycin conjugate 7 was produced and chemically bonded to the
surface of the green microalga C. reinhardtii through a two-step process.
Following exposure to a sulfhydryl-reducing agent, the antibiotic
dissociated from the biohybrid algal microrobots, exhibiting potent
suppression of Bacillus and Staphylococcus bacterial proliferation.

Additionally, non-antibiotic antibacterial agents can circumvent
conventional resistance mechanisms without promoting the develop-
ment of bacterial antibiotic resistance. Metal-based nanoparticles,
owing to their multiple physicochemical modes of action and potent
antimicrobial efficacy, have been widely applied in medical devices and
consumer products [35]. In 2017, Vilela and colleagues introduced
bubble-driven Mg/Ag Janus microrobots that effectively kill Escherichia
coli [36]. The self-propulsion of these microrobots promoted contact
with pathogens, significantly improving their antimicrobial perfor-
mance. Quantitative analysis via live/dead fluorescence staining
revealed that the microrobots achieved >80 % bacterial eradication
within 15 min. Recently, Dong and colleagues developed helical gra-
phene microrobots modified with Ag and containing Fe3O4 nano-
particles, which were actuated by rotating magnetic fields. These
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Fig. 1. Antimicrobial agent-based bactericidal strategies of MNRs. A) Schematic illustration of algae-nanoparticle hybrid microrobots enabling in vivo targeted
antibiotic delivery in the treatment of acute bacterial pneumonia. B) Schematic illustration of surface-modified microalgae for the fabrication of biohybrid C.
reinhardtii against bacterial infections. C) Schematic of the production and antibacterial mechanism of Janus Ga/Zn microrobots. D) Schematic illustration of the
AMP- functionalized urease MNRs and their autonomous propulsion for targeting pathogenic infections. E) Schematic of nanomotors with high-efficiency bactericidal
capability, combining the antibacterial activity of lysozyme with rapid movement. Image created with BioRender.com.

microrobots exhibited potent antibacterial activity against Escherichia
coli [37]. Gallium (Ga), a liquid metal, is naturally biocompatible and
degradable in weakly acidic environments, showing significant potential
for biomedical applications. Lin et al. designed a Janus microrobot
consisting of a zinc (Zn) core and a gallium (Ga) shell (Fig. 1C) [38]. This
microrobot was driven by hydrogen bubbles produced via the sponta-
neous reaction of the Zn core with gastrointestinal acid, a process further
intensified by the Ga-Zn galvanic effect. The biocompatible Ga/Zn
microrobots were completely degradable in gastrointestinal acid,
releasing Ga®* ions that demonstrated potent antibacterial properties
against pathogenic bacteria, including Helicobacter pylori. While free Ga
(4 mg/mL) achieved approximately 99.9 % bactericidal efficiency,
Ga/Zn microrobots required only 1 mg/mL to attain comparable efficacy
through enhanced targeted delivery and Zn?*-mediated synergistic
antibacterial action. Besides, metal-organic frameworks (MOFs) can
serve as nanocarriers for antibiotic delivery, and the combination of
MNRs and MOFs shows great potential for enhancing the efficacy of
MNRs in various applications. Liu et al. reported a series of self-powered
MOF microrobots [39], which utilized the spontaneous degradation of
MOF microrobots in water to release ion components that constituted
the robots. These ions not only served as fuel for efficient self-propulsion
through ion diffusion-electrophoresis, but also acted as antimicrobial
agents to kill Escherichia coli, significantly accelerating wound healing in
an in vivo bacterial infection wound model.

Although metal ions exhibit remarkable antimicrobial activity,
metal-based micro-nanorobots are often associated with high cytotox-
icity; by contrast, antimicrobial peptides (AMPs), with their high bio-
logical specificity and excellent environmental friendliness, represent a
more ideal alternative [40-42]. Arqué et al. used urease to deliver AMPs

onto silica-based micro- and nanoparticles, achieving targeted therapy
by directing them to the site of infection(Fig. 1D). **Two of the AMPs,
LL-37 and K7-Pol, were employed. LL-37 exhibits antibacterial activity,
enhances wound healing, and regulates immune responses, while
K7-Pol, derived from wasp venom, demonstrates broad-spectrum ac-
tivity. Although these peptides exhibit potent antimicrobial properties,
they are vulnerable to protease degradation. In the mouse model, the
researchers successfully delivered AMPs using MNRs, with LL-37-urease
micromotors and K7-Pol-urease nanomotors significantly reducing
bacterial load by 2 and 3 orders of magnitude, respectively, reaching
levels that can be cleared by immune response.

AMPs are frequently employed to inactivate bacteria. However, their
use can also contribute to the development of resistance in microor-
ganisms. Another natural antimicrobial agent has attracted attention
due to its biocompatibility and reduced potential to induce antimicro-
bial resistance. Lysozyme is an enzyme that hydrolyzes 1,4-p-linkages
between N-acetylmuramic acid and N-acetyl-d-glucosamine residues in
peptidoglycan from the cell wall, leading to cell wall degradation and
subsequent bacterial death [44]. Notably, the application of free lyso-
zyme for bacterial eradication is frequently hindered by its low stability
and limited reusability. Consequently, diverse solid supports, such as
nanoparticles, have been integrated to enhance its stability and reus-
ability [45]. Wang and his team were the first to report
lysozyme-modified Au nanowires (AuNWs) (Fig. 1E) [46]. Ultrasonic
propulsion enabled these nanorobots to move rapidly, increasing the
contact between lysozyme and pathogens, preventing the accumulation
of dead bacteria on the nanorobot surface, and significantly enhancing
their antimicrobial efficacy. The porous structure of the nanorobots
provided a larger surface area, enabling them to carry more lysozyme
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than non-porous gold nanowires, further enhancing antibacterial effi-
cacy. In tests against Escherichia coli, these nanorobots achieved over 80
% sterilization within 5 min.

Bacteriophages are viruses capable of infecting and lysing specific
bacteria, exhibiting self-replicating and host-specific characteristics.
Leveraging these properties, bacteriophages have shown potential as
antimicrobial agents, particularly in combating bacterial infections,
including multi-drug resistant strains [47]. In 2017, Li et al. first con-
jugated the polyvalent bacteriophage PEL1 to magnetic colloidal
nanoparticle clusters (CNCs), achieving approximately 88.7 % removal
of Escherichia coli and Pseudomonas aeruginosa biofilms, while free
phages only removed about 35 % of the biofilm [48]. The researchers
suggested that the magnetic properties of the phage-CNC complex
enhanced biofilm penetration and physical disruption under a magnetic
field, providing valuable insights into the application of bacteriophages
in antimicrobial MNRs.

3.2. Stimuli-responsive antimicrobial therapy

Over the past few years, stimuli-responsive therapies—including
light, ultrasound, and microenvironment-triggered approaches—have
attracted considerable interest in the antimicrobial field. Among these,
photothermal therapy (PTT) is a new type of green therapy that does not
rely on antibiotics, and has the excellent characteristics of being
controllable, non-invasive, non-resistant, low-toxicity, and low-
hemolysis [49]. PTT employs photothermal agents (PTAs) to trans-
form light energy into thermal energy, resulting in irreversible damage

9BONM laser SRONM laser Hot .
‘(‘ A MRSA
& TN, IL18, l
Inflammation and 18 A
pllsilaia i
targeting
- < 0t
— % and Ve T
- - Targeting wound H I
Injection of CM@AIE NPs Phutothormal therapy
120 120

— =

E. coli

— [ |5 aureus

Materials Today Bio 32 (2025) 101936

to bacteria, leading to protein denaturation and disruption of the
membrane structure [50,51]. For instance, emerging PTA
aggregation-induced emission (AIE) molecules have demonstrated great
promise in therapeutic applications against drug-resistant bacterial in-
fections [52-54]. Nevertheless, challenges such as insufficient targeting
of infected lesions and limited penetration into Gram-negative bacterial
cell membranes still hinder therapeutic efficacy. To address this limi-
tation, Tang et al. developed bionic neutrophil-like AIE nanorobots
(CM@AIE NPs) for targeted localization at inflammatory sites and
effective photothermal therapy (Fig. 2A) [55]. By incorporating
neutrophil membranes on their surface, CM@AIE NPs can mimic the
behavior of source cells and interact with immunomodulatory molecules
that would typically target endogenous neutrophils. By combining the
absorption of AIE luminophores (AIEgens) in the near-infrared region
with outstanding photothermal performance, precise targeting and
treatment at the site of inflammation can be realized, reducing harm to
adjacent healthy tissues. Additionally, CM@AIE NPs-mediated PTT was
activated by in vivo 980 nm laser irradiation, which extended the
treatment depth. In vitro, the bactericidal efficiency of the nanorobots
against Staphylococcus aureus and Escherichia coli reached 93.9 % and
94.4 %, respectively. In vivo, CM@AIE NPs combined with PTT reduced
the bacterial count at the infection site by 90.6 %, demonstrating a more
efficient antibacterial ability compared to conventional methods.

In addition to PTT, photodynamic therapy (PDT) represents another
promising light-responsive strategy, utilizing ROS to inactivate bacteria
[56,57]. As mobile carriers of photosensitizers, MNRs can enhance the
utilization of oxygen molecules and the diffusion of ROS, thereby
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achieving improved photodynamic therapy. For example, in 2019, Ma
et al. developed a urease-driven magnetic hollow porous silica micro-
robot carrying a highly effective photosensitizer [58]. Under 450 nm
light excitation, this microrobot generated ROS and rapidly diffused 10,
through a self-propelled mechanism to effectively kill Escherichia coli. In
2025, Deng and colleagues developed a NIR-driven nanomotor, termed
CSIL, by co-loading indocyanine green (ICG) and lysostaphin onto spiny
yolk-shell structured C/SiO>@C nanoparticles [59]. Upon NIR irradia-
tion, the CSIL nanomotors were able to penetrate bacterial biofilms,
where the synergistic action of ICG-generated ROS and
lysostaphin-mediated cell membrane hydrolysis resulted in a bacteri-
cidal efficiency of approximately 99.7 %.

However, single treatment modalities have inherent limitations,
such as the non-selective and high-intensity laser used in PTT, and the
limited diffusion distance (tens to hundreds of nanometers) and short
half-life (3.5 ps) of photo-activated singlet oxygen (10) in PDT. The
combination of PTT and PDT can destroy the proteins and phospholipids
in cell membranes at high temperatures, while also facilitating the
penetration of toxic ROS into the bacterial wall, ultimately achieving a
"l + 1 > 2" antimicrobial effect [60-62]. A light-thermal accelerated
urease-driven bowl-shaped mesoporous polydopamine nanorobot
(MPDA@ICG@Ur@Man) was reported (Fig. 2B) [63]. By enhancing its
motion, the nanorobot increased the contact between antimicrobial
agents and bacteria, thereby achieving antibiotic-free synergistic
PTT/PDT antimicrobial activity. The bowl-shaped mesoporous poly-
dopamine nanoparticles were synthesized as the core, and indocyanine
green (ICG) was loaded onto the nanoparticles via -t stacking and
electrostatic adsorption, providing a platform for photosensitizer de-
livery. Notably, the light-thermal accelerated bowl-shaped nanorobot
enhances urease activity under the local heat generated by PTT,
resulting in improved motility. At a single wavelength, the enhanced
motion and the synergistic combination of PTT/PDT significantly
improved the antibacterial effect. In vitro experimental results demon-
strated that the intelligent nanorobot could kill 99 % of Escherichia coli.

In addition, light-responsive therapies can be integrated with imag-
ing techniques to enable imaging-guided treatment of bacterial in-
fections. In 2020, Chen and colleagues developed a multifunctional
magnetic microswimmer by coating magnetized Spirulina sp. (MSP)
with polydopamine (PDA) (Fig. 2C) [64]. The PDA coating enhanced the
photoacoustic (PA) signals and photo-thermal effects, thereby allowing
the magnetic microswimmer to perform PA-based imaging and photo-
thermal antimicrobial treatment, reducing the survival rate of
multidrug-resistant Klebsiella pneumoniae (MDR KP) to below 1 % at 400
pg/mL, achieving the integration of therapy and diagnosis. In 2023,
Song et al. developed NIR-II light-activated dual-plasmonic (AuNR--
Si02-CuzS4) antimicrobial nanorobots (Fig. 2D) [65], which were uti-
lized for photoacoustic imaging (PAI)-assisted combined photothermal
and photocatalytic treatments for bacterial infections. The photothermal
efficiency of these nanorobots was increased by approximately 20 % due
to the strong plasmonic coupling and improved energy transfer between
the Au nanorods (Au NRs) and Cu;S4 components. The kinematic
behavior of the nanorobots facilitated transdermal penetration and
enhanced the interaction between substances and bacteria. Moreover,
the directional navigation and synergistic antimicrobial effects of the
nanorobots were effectively controlled by light synchronization. By
combining active motility with enhanced antimicrobial activity, the
system achieved up to 97.8 % antimicrobial efficiency in a mouse model
of abscess infection. However, it is important to note that although
phototherapy-based MNRs bactericidal strategies have shown great
potential, the limitation of light penetration remains a significant clin-
ical challenge [66]. Insufficient light penetration may lead to poor local
therapeutic outcomes, and compensating for this limitation with high
light intensity may cause thermal damage to normal tissues and
photo-toxic reactions, further increasing the risk of complications in
patients. Additionally, the degradation products of photothermal
nanocomposites may accumulate in the body and lead to acute/chronic
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tissue toxicity [67]. Therefore, more experiments and observations are
needed to assess their long-term biological safety.

Sonodynamic therapy (SDT), activated by ultrasound, possesses
excellent tissue penetration capabilities and shows unique potential for
treating deep infections [68]. For example, Wu et al. developed a
multifunctional platform for acoustic kinetic therapy to treat osteomy-
elitis caused by MRSA infection [69]. The system was composed of a
single-atom doped porphyrin metal-organic framework
(HNTM-Pt@Au), driven by Au nanorods (Au NRs). Electron transfer
efficiency and oxygen adsorption were significantly enhanced by Pt
single atoms under US excitation, endowing the porphyrin-based
acoustic sensitizer with remarkable acoustic kinetic antimicrobial
properties. After only 15 min of ultrasound treatment, nearly 99.9 % of
MRSA bacteria were eliminated. In a model of osteomyelitis infected by
MRSA, the ultrasound (US) + RBC-HNTM-Pt@Au system completely
cleared the infection after a 4-week treatment regimen involving effec-
tive 30-min sonodynamic therapy (SDT) sessions. In 2025, Song et al.
designed a nanorobot by loading the sonosensitizer protoporphyrin IX
(PpIX) onto ZIF-8 metal-organic frameworks (MOFs) modified with
poly-L-arginine (PArg) [70]. Under ultrasound stimulation, the nano-
robot effectively eradicated Streptococcus pneumoniae while simulta-
neously leveraging immunogenic bacterial debris for in situ vaccination.
This approach induced both mucosal immune responses and immune
memory, enabling not only rapid bacterial clearance but also long-term
prophylactic protection.

In addition to external stimuli like light and ultrasound, internal
infection-associated microenvironments have also been leveraged to
guide smart therapeutic interventions. Bacterial infection sites typically
exhibit distinctive characteristics such as low pH, high hydrogen
peroxide (H205) levels, and overexpression of enzymes and toxins.
These features enable the infected area to serve as a trigger signal for
micro/nanomotors, promoting targeted drug release at precise loca-
tions. This approach can enhance drug accumulation at the infection
site, reduce systemic distribution, decrease dosing frequency, and
effectively slow the development of antimicrobial resistance [71]. For
example, Song et al. developed a biodegradable magnesium-based
micromotor (Mg-Tob micromotor) loaded with tobramycin for syner-
gistic treatment of sepsis [72]. This micromotor utilized the acidic
environment in the peritoneal fluid of septic mice as a trigger signal,
generating hydrogen gas through the reaction of magnesium with water
to actively deliver the drug. In the high-concentration inflammation and
bacterial infection microenvironment, the Mg-Tob micromotor signifi-
cantly improved the survival rate of septic mice to 87.5 %, compared to
approximately 50 % survival with conventional treatment.

4. Micro/nanorobots for eradication of bacterial biofilms

Epidemiological data indicate that approximately 80 % of chronic
bacterial infections [73], such as osteomyelitis [74], cystic
fibrosis-related lung infections [75], dental plaque [76], urinary tract
infections [77], and ear infections [77,78], are associated with biofilm
formation. The complex architecture and multiple defense mechanisms
of antibiotic-resistant bacterial biofilms significantly hinder antibiotic
penetration and therapeutic efficacy. Biofilms are primarily composed
of extracellular polymeric substances (EPS) secreted by bacteria,
including polysaccharides, proteins, lipids, and extracellular DNA
(eDNA) [78]. These EPS components provide protective functions,
shielding bacteria from antibiotics, metal ions, oxidants, and host im-
mune responses. The high viscosity of EPS and the cross-linking between
polymer molecules create a dense matrix that severely impedes the
penetration of antibiotics, resulting in poor drug permeability [79]. In
addition, the viscous and compact structure of biofilms restricts nutrient
diffusion, leading to reduced metabolic activity of the bacteria within.
This low metabolic state slows bacterial growth and division, rendering
antibiotics—typically more effective against rapidly dividing cells—less
effective, thereby conferring intrinsic resistance to the biofilm-residing
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bacteria [80]. More importantly, within the biofilm matrix, bacteria can
exchange antibiotic resistance genes through horizontal gene transfer,
facilitating the rapid spread of resistance throughout the bacterial
community [81]. Consequently, even bacterial populations initially
sensitive to antibiotics may acquire resistance during the course of
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treatment, complicating infection management.

In summary, the barrier properties of the biofilm matrix result in
poor penetration of therapeutic agents. Enhancing drug permeability
and reducing EPS-mediated interference are, therefore, key strategies
for overcoming biofilm-associated resistance [82]. In recent years,
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MNRs have emerged as a promising approach for combating biofilms.
These devices can penetrate biofilms precisely through targeted delivery
and release of therapeutic agents, thereby significantly improving drug
diffusion. Furthermore, MNRs can disrupt the biofilm matrix and bac-
terial cell walls through ROS generation or mechanical force, leading to
enhanced antibiofilm efficacy. The synergistic effects of these mecha-
nisms provide new hope for effective treatment strategies.

ROS are generated by MNRs through catalytic reactions, which play
a key role in biofilm removal. For instance, Photocatalysts like titanium
dioxide (TiO2), when exposed to light, can produce ROS that are highly
oxidative, capable of degrading the biofilm’s extracellular matrix,
interfering with bacterial metabolism, and even killing bacteria. This
photocatalytic process effectively disrupts biofilms, making microrobots
an important tool in antimicrobial therapy. In 2021, a hybrid enzyme/
photocatalytic microrobot based on TiO3/CdS nanotube bundles
immobilized with urease was developed by the Pumera group [83].
These microrobots were mobile when exposed to urea, with TiOy/CdS
nanotube bundles acting as catalysts to produce ROS that killed bacteria.
Nearly 90 % of the bacterial biofilm was removed by these microrobots
after 2 h of light exposure. In 2022, the same group introduced a tubular
black TiO/Ag (B-TiO2/Ag) nanorobot for the treatment of oral biofilm
(Fig. 3A) [84]. These nanorobots were capable of absorbing a wide range
of light, from UV to visible light, which controlled their multimodal
movement. The rapid rotation and random autonomous motion of
B-TiO2/Ag nanorobots made them highly biocompatible, exhibiting
enhanced antimicrobial properties through the increased release of ROS
and silver ions when exposed to light. Experiments demonstrated that
biofilm removal was more effective in the presence of 0.1 % H202 under
UV irradiation, resulting in a reduction of bacterial biofilm mass by as
much as 92 %. It is important to note that prolonged exposure to blue
and UV light is harmful, and that UV and visible light cannot penetrate
deeply into muscle tissue.

Mechanical cell lysis serves as a straightforward and efficient
approach for disrupting the EPS within biofilms. MNRs generate friction
and shear forces during the morphological transformation process,
effectively disrupting the EPS and removing the biofilm. However, in-
dividual MNRs may have limited motility and disruption efficacy,
particularly with large-scale biofilms. The introduction of magnetic
drive technology provides a solution. MNRs under an external magnetic
field are accurately positioned and produce stronger forces through
cluster movement. These robots’ synergy and positioning are enabled by
magnetic fields, allowing them to destroy biofilms in hard-to-reach areas
[85-87]. For instance, Sun et al. designed a capsule robot resembling a
sea urchin (MUCR), equipped with magnetic liquid metal droplets
(MLMDs) as antibacterial agents, fabricated from natural sunflower
pollen (Fig. 3B) [88]. The effectiveness of MUCR@MLMDs swarm in
eliminating a complex bacterial biofilm mixture inside biliary stents
obtained from patients was investigated. Microswarm formation was
triggered by an external magnetic field, inducing the MLMDs to change
shape into rods and spheroids featuring sharp edges. The natural
microspines of the MUCRs, combined with the sharp structures of the
MLMDs, mechanically disrupted the compact biomatrix and numerous
encapsulated bacterial cells, thereby resulting in synergistic biofilm
eradication. Additionally, the movement of the swarm can significantly
improve the biofilm removal efficiency. The MUCR@MLMD group
exhibited a bactericidal efficiency of over 99 % in killing bacterial cells
in biofilm, which was considerably higher than that of the static
MUCR@MLMD.

Single antimicrobial methods often encounter issues such as drug
resistance and therapeutic limitations. To address these challenges,
synergistic strategies that combine ROS systems with physical disrup-
tion methods are particularly important. ROS can effectively kill bac-
teria by inducing oxidative stress, while magnetic MNRs can disrupt the
EPS of biofilms using mechanical forces. The combined action of these
two approaches can effectively overcome the difficulties posed by
complex biofilms. In 2019, catalytic antimicrobial robots (CARs) were
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developed by H. Koo and colleagues for the precise, controlled killing,
degradation, and removal of biofilms [89]. CARs utilized iron oxide
nanoparticles (NPs) that possess dual catalytic-magnetic functionalities.
These nanoparticles generated bactericidal radicals that helped
decompose the EPS matrix of biofilms, which were then mechanically
disrupted and physically removed by forces generated by a magnetic
field. Two distinct CARs were created: the biohybrid CAR and the 3D
molded CAR. The biohybrid CAR was made up of nanoparticles and
biofilm fragments that were assembled into a superstructure. When
activated by an external magnetic field, this superstructure disrupted
and completely removed the biofilm, preventing its regeneration. The
3D molded CAR, on the other hand, was a polymer-based soft robot that
incorporates catalytic-magnetic NPs, molded into custom 3D printed
shapes to perform specific tasks within enclosed spaces. For instance, the
Vane-shaped CAR was designed to remove biofilm from curved walls,
while the helicoid-shaped CAR can drill through biofilm plugs. In
another study, a hybrid motor (Fe3O04@PEI/BiVO,4) was developed,
composed of highly efficient photoactive BiVO,4 microparticles and
Fe3O4 nanoparticles, which were assembled via micellar poly-
ethyleneimine (PEI) polymers(Fig. 3C) [90]. The Fe3O4 material, acti-
vated by a transversely rotating magnetic field, was used to facilitate the
uniform distribution of oxide species generated by BiVO,4. Under the
rotating magnetic field, the strong force generated by the swarming
Fes04@PEI/BiVO4 magnetic microrobots effectively disrupted oral
biofilms through mechanical means. The combination of magnetic mo-
tion and the antimicrobial activity of BiVO4-generated oxide species
resulted in approximately 50 % and 90 % biofilm removal on two types
of dental implants, respectively.

The above studies demonstrate the effectiveness of the synergistic
strategy of the ROS system and physical disruption in biofilm removal,
further demonstrating the potential of MNRs in antimicrobial therapy.
However, it is important to note that reactive oxygen generating systems
can be rapidly and effectively cytotoxic to bacteria, but the majority of
them damage healthy cells and rely on an aerobic condition. Magneti-
cally driven robots can generate mechanical forces to disrupt biofilm
EPS, but most of these magnetic materials are not biodegradable or
biocompatible.

5. Discussion
5.1. Biocompatibility and biodegradability

The overall safety and biocompatibility of antimicrobial MNRs pri-
marily depend on their propulsion mechanisms and fabrication mate-
rials [91]. Currently, the propulsion strategies of MNRs can be broadly
categorized into two types: those powered by chemical reactions and
those driven by external energy fields without the need for chemical
fuels. For chemically propelled MNRs, research efforts have mainly
focused on reducing the reliance on toxic hydrogen peroxide, instead
utilizing more biocompatible alternative fuels such as acids, water, or
substrates specific to certain enzymes. In particular, enzyme-powered
MNRs have attracted significant attention due to their ability to ach-
ieve in situ fuel generation within biological environments. However,
their propulsion mechanisms remain to be fully elucidated. On the other
hand, fuel-free propulsion methods, such as NIR light and ultrasound,
offer excellent tissue penetration and non-invasive characteristics,
although the potential for tissue damage under high-intensity energy
exposure warrants careful consideration. Future studies should further
explore the integration of current propulsion strategies with advanced
manipulation techniques, such as optical tweezers, magnetic resonance
imaging (MRI), and holography, to enhance the controllability and
adaptability of MNRs within biological environments.

On the other hand, the biocompatibility of fabrication materials is
equally critical. Interactions between MNRs and various biological tis-
sues in vivo may lead to adverse effects, such as inflammation and fever.
Additionally, as foreign invaders, MNRs for in vivo drug delivery are
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prone to triggering passive immune clearance, resulting in the possi-
bility of being engulfed by phagocytes before accomplishing their tar-
gets or increasing the retention effect through bioadhesion and the
reticuloendothelial system, which reduces the efficacy. Surface camou-
flage coatings represent the most widely used strategy for immune
evasion. Classic biocompatible materials, such as polymers and silica
dioxide, are commonly incorporated onto the surfaces of MNRs via
physical or chemical methods to suppress immune activation. Moreover,
cloaking antimicrobial MNRs with cell membranes derived from various
cell types has emerged as a promising avenue in the field. This strategy
effectively prevents immune attacks and biofouling, thereby reducing
the risk of functional failure and prolonging the operational lifespan of
MNRs [92,93]. Ultrasonic nanomotors were developed by Wu and col-
leagues through the fusion of Au nanowire robots with red blood cell
(RBC) nanobubbles [94]. Subsequently, magnetic helical nanorobots
made of Ni/Au/Pd and coated with human platelet (PL) membranes
were created [95]. Ultrasonic Au nanowire robots with hybrid mem-
branes from RBCs and PLs were later constructed(Fig. 4A) [96]. Rapid,
effective, and long-lasting ultrasonic drive in whole blood was exhibited
by these biohybrid nanorobots without significant biological contami-
nation. Furthermore, Its adsorption capacity against
methicillin-resistant Staphylococcus aureus (MRSA) was 3.5 times higher
than that under static conditions, and its neutralizing efficiency against
a-toxin was also significantly improved, with the hemolysis rate
decreasing from 40 % to 5.5 %, indicating that the robot was capable of
efficiently removing both pathogens and toxins simultaneously,
demonstrating strong antibacterial and detoxification capabilities.

Cell membrane camouflage technology significantly enhances the
immune evasion ability of micro/nanobots, but challenges such as the
source of the membrane and loading efficiency still exist. Membrane
sources are mainly limited to red blood cells, platelets, and cancer cells.
How to diversify membrane sources to improve the targeting ability and
therapeutic effect of nanobots in specific pathological conditions re-
mains an unresolved issue. The composition and structure differences of
various cell membranes directly affect the loading efficiency of
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nanoparticles. For example, cholesterol-rich membranes may have a
higher adsorption affinity for certain types of nanoparticles, while
membrane fluidity may influence the transmembrane efficiency of
nanomaterials. Additionally, factors such as surface charge, membrane
protein types, and membrane flexibility also impact the binding mode
and efficiency of nanomaterials. Therefore, finding suitable membrane
sources and optimizing loading methods is key to improving the per-
formance of nanobots. To address these challenges, Common loading
methods include extrusion, sonication, and electroporation. Extrusion is
stable but not scalable, while sonication requires optimization to reduce
drug leakage and protein denaturation. Electroporation maintains
membrane integrity and reduces protein loss, but its impact on cell
damage and viability needs further study [88-90].

Another strategy involves fabricating antimicrobial MNRs by
combining them with various cell types through biohybridization, such
as non-motile pollen [97], spores [98], microalgae [99], and motile cells
with flagella, including spermatozoa [100,101] and bacteria [102,103].
Catfish aqua sperm cells were utilized by Pumera et al. to disrupt bio-
films of Pseudomonas aeruginosa, Staphylococcus aureus, and Enterococcus
faecalis(Fig. 4B) [104], achieving a reduction of approximately 87 % in
bacterial load within the biofilm in just 1 min. However, the biocom-
patibility of such cells remains a concern, as introducing non-human
cells may cause allergic reactions or increase the pathogenicity of spe-
cific bacterial strains. Therefore, preclinical experiments are required to
assess these potential risks and ensure both safety and efficacy. Utilizing
humanized cells or biocompatible coatings offers a more favorable
alternative. For instance, in 2020, Wang’s group developed a
urease-powered Janus platelet micromotor (JPL-motors) by asymmet-
rically immobilizing urease on natural platelets(Fig. 4C) [105]. These
micromotors exhibited self-propelled and sustained motion in urea en-
vironments, facilitated by enzymatic fuel breakdown without requiring
a motor drive. Simultaneously, JPL-motors retained the inherent bio-
logical functions of PL, enabling efficient targeting of bacteria. After 5
min of incubation in 100 mM urea, the binding efficiency of JPL-motors
to Escherichia coli was approximately 2 times higher than that of passive
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PLs. This integration of natural enzymes with PL produced a fully
biocompatible micromotor. It is worth noting that bioorthogonal
chemistry is an important tool in biological hybridization techniques,
enabling the efficient coupling between biological and non-biological
materials. For example, through bioorthogonal reactions such as click
chemistry, specific chemical groups can be introduced onto the surface
of biological materials, which then react with complementary groups on
non-biological materials, facilitating their coupling. Feng et al. devel-
oped a photothermal agent, IR780-DBCO, by introducing 3-azido-D-ala-
nine through metabolic labeling, enabling selective labeling of the cell
walls of Gram-positive bacteria [106]. Under near-infrared light expo-
sure, these labeled bacteria can be efficiently eradicated, with minimal
impact on surrounding normal cells.

These MNRs need to be broken down (e.g., by enzymatic digestion or
hydrolysis) after completing their tasks in vivo, with the degradation
byproducts being harmless to healthy cells. However, existing research
has primarily concentrated on proof-of-concept biodegradable MNRs
that lack sufficient in vivo testing. Greater emphasis should be placed on
the application of biodegradable materials to enhance their in vivo
testing and facilitate clinical translation. The adoption of FDA-approved
drug delivery materials, supported by extensive clinical research, will
expedite the translation process. Natural polymers, including chitosan,
hyaluronic acid, phospholipids, and collagen, have found extensive
application in drug encapsulation and delivery systems owing to their
superior biocompatibility and controlled degradation properties [107,
108]. Nonetheless, designing biodegradable materials capable of per-
forming complex tasks remains challenging, particularly concerning
multifunctionality, structural stability, and stimulus responsiveness.
Thus, beyond natural polymers, synthetic polymers such as poly (lactic
acid)-co-glycolic acid (PLGA), polycaprolactone (PCL), and poly (seba-
cic acid glycerol ester) (PGS) hold promise for clinical translation into
MNRs due to their superior mechanical properties, biodegradability, and
immuno-inertness [109-111].

5.2. Precise control and visualization

Precise control is of great significance in the antibacterial applica-
tions of MNRs. By accurately regulating the robot’s motion trajectory,
positioning, and drug release, the targeted therapeutic effect can be
significantly enhanced while minimizing damage to healthy tissues. The
key to achieving this goal lies in selecting nanomaterials suitable for
precise control. For example, superparamagnetic iron oxide nano-
particles (SPIO NPs) exhibit excellent performance in responding to
external magnetic fields. They can rapidly reach magnetic saturation
under the guidance of a magnetic field and be precisely targeted to the
desired area. After the removal of the magnetic field, they lose their
magnetism, making them ideal materials for achieving precise in vivo
targeted delivery [112]. However, precise control still faces several
challenges in practical applications. The complex biological environ-
ment within the human body, such as blood flow velocity, tissue density
differences, and other factors, may affect the precise localization of the
robots. Additionally, many micro-nano robots rely on mechanisms
responsive to external stimuli (such as magnetic fields, temperature,
etc.) for drug release control. Current technologies have not yet fully
resolved the issue of synchronized regulation of multiple stimuli [113].

Combining MNRs with visualization techniques is critical for
enabling accurate control and real-time tracking, a necessary direction
in clinical applications. Various visualization modalities have recently
been employed for MNRs imaging, such as magnetic resonance imaging
(MRI) [114,115], ultrasound (US) imaging [116,117], fluorescence
imaging [118,119], and computed tomography (CT) [120,121].
Nevertheless, each imaging modality presents unique advantages and
limitations, with no single technique capable of addressing all chal-
lenges in medical MNRs. X-rays offer high resolution and deep pene-
tration but are expensive and pose potential ionization risks. Optical
imaging methods are safe and provide high resolution but are restricted
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by limited tissue penetration. MRI enables deep tissue imaging without
requiring contrast agents but necessitates strong magnetic fields and
costly infrastructure. US imaging, while limited in spatial resolution,
enables real-time monitoring, offers deep tissue penetration, and is both
cost-effective and safe. Multimodal imaging integrates the strengths of
various techniques and mitigates their limitations by employing multi-
ple physical principles. For instance, PAI combines optical and ultra-
sound imaging to produce images with high contrast (resulting from
light absorption) and high spatial-temporal resolution [122-124].
Similarly, magneto-motor ultrasound imaging (MMUS) leverages ul-
trasound signals generated by minute motions induced by magnetic
fields, achieving high-contrast, high-resolution real-time tracking of
magnetic microrobots without radiation exposure and ensuring opera-
tional safety [125,126]. Future research may also explore swarming
control as a means of reducing technical demands for MNR imaging.
This approach can diminish the reliance on high spatial resolution,
enhance soft tissue contrast, and facilitate robust in vivo localization
[127]. Moreover, swarming control can improve the contrast of specific
imaging techniques and enable the incorporation of higher doses of
contrast agents within the swarm.

5.3. Clinical translation

Antimicrobial MNRs have demonstrated significant success in in
vitro experiments; however, their transition from laboratory research to
clinical applications remains challenging. Currently, preclinical studies
and clinical trials of antimicrobial MNRs remain in their infancy.
Although some antimicrobial robots have undergone in vivo testing
[128-130], the animal models used have predominantly been small
mammals, such as mice. Nonetheless, micro/nanorobot-based therapies
must ultimately be validated in large mammals and human subjects. The
study by Bladin et al. represents the only current example of clinical
application of antimicrobial MNRs [131], underscoring both the po-
tential of MNRs and the pressing need for further research and
development.

A key challenge in clinical translation is ensuring the long-term
stability of antimicrobial MNRs in vivo. While MNRs exhibit prom-
ising biocompatibility in vitro, in the human body, the immune system
recognizes these robots as foreign entities, triggering immune responses
that lead to their clearance. Additionally, non-biodegradable robots may
persist over time, potentially causing tissue damage. We have discussed
this issue in detail in the biocompatibility and biodegradability section.
Furthermore, MNRs may undergo aggregation, dissolution, or structural
damage in complex physiological environments due to variations in
temperature, pH, ion strength, etc. For example, metal-based nano-
materials tend to aggregate in high ion strength environments [132],
which can affect their interaction with bacteria. Some Fenton
reaction-based antimicrobial MNRs may also have their chemical re-
actions interfered with by the antioxidant system in the body, reducing
their antimicrobial efficacy. Additionally, the sustainability of propul-
sion systems and power sources poses challenges. For instance, robots
powered by hydrogen peroxide may experience reduced propulsion
capabilities in vivo due to insufficient fuel, while the penetration depth
and transmission efficiency of external energy in the body are limited,
affecting their long-term mobility. Ideally, antimicrobial MNRs should
utilize harmful components present in the infected microenvironment as
driving substrates, with the reaction products being either beneficial or
harmless to the human body [133].

Moreover, challenges related to the production and cost of MNRs
must not be overlooked. Although 3D printing and self-assembly tech-
nologies offer innovative approaches to producing MNRs, these methods
face significant challenges, including high costs, low efficiency, and
stringent requirements for size control and surface modification, all of
which exacerbate production difficulties [134]. For example, most 3D
printing materials do not possess antimicrobial properties. To confer
antimicrobial capabilities to MNRs, specific antimicrobial agents or
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nanomaterials must be deposited on the body surface of the 3D-printed
MNRs or incorporated into their matrix during or after printing. This
clearly increases production costs and may also affect production effi-
ciency and material stability. Formulating antimicrobial inks for
one-step 3D printing of antimicrobial MNRs could become an effective
strategy [135].

5.4. Novel strategies to combat bacterial resistance: applications of
nanotechnology

The widespread dissemination of bacterial resistance, particularly
multidrug-resistant (MDR) strains, has emerged as a major challenge in
global public health. The declining efficacy of conventional antibiotic
therapies has driven researchers to explore alternative antimicrobial
strategies. In recent years, nanomaterials, owing to their unique physi-
cochemical properties, have offered new avenues for overcoming bac-
terial resistance.

Nanomaterials exert antibacterial effects through diverse mecha-
nisms distinct from the metabolic targets exploited by traditional anti-
biotics. For example, silver-zinc oxide nanocomposites can release silver
(Ag") and zinc (Zn**) ions to generate ROS, leading to disruption of
bacterial membrane structures and DNA damage, thereby exhibiting
potent antibacterial activity against resistant Escherichia coli [136]. In
addition, many nanoparticles can directly disrupt bacterial cell walls or
membranes through physical mechanisms, which are effective not only
against actively proliferating bacteria but also against dormant persister
cells, thus bypassing conventional resistance mechanisms [137]. Beyond
direct bactericidal effects, nanomaterials also demonstrate significant
advantages as drug delivery platforms. By encapsulating or loading
antibiotics into nanoparticles, targeted delivery and controlled release
can be achieved, reducing systemic toxicity while enhancing bacteri-
cidal efficacy against resistant strains. For instance,
ampicillin-functionalized nanoparticles have been shown to successfully
kill multiple drug-resistant bacteria, such as Pseudomonas aeruginosa,
Enterobacter aerogenes, and a methicillin-resistant isolate of Staphylo-
coccus aureus [138]. Furthermore, surface-engineered nanocarriers, such
as polymeric nanoparticles with charge-switching capabilities, can
release antibiotics in response to the infection microenvironment,
effectively overcoming efflux pump-mediated resistance [139]. Bacte-
rial biofilms, which serve as critical survival barriers for resistant bac-
teria, have also become a key target for nanotechnology-based
interventions. Magnetic nanoparticles (MNPs) can be actively driven by
external magnetic fields to penetrate and disrupt the biofilm matrix
while simultaneously releasing antimicrobial ions to enhance thera-
peutic efficacy. For example, the poly(oxanorborneneimide)-based
cationic polymeric nanoparticles demonstrated strong biofilm penetra-
tion and bacterial membrane-disrupting effects, effectively eliminating
the MDR biofilms of Pseudomonas aeruginosa, E. cloacae complex, and
MRSA [140]. In addition, some nanoparticle-based platforms can
interfere with bacterial quorum sensing systems, effectively inhibiting
biofilm formation and consequently weakening bacterial resistance
[141]. Currently, several nanotechnology-based antimicrobial formu-
lations have entered clinical trials, such as liposomal amikacin (Arikace)
and liposomal ciprofloxacin (Pulmaquin), providing valuable founda-
tional data for future applications of nanotechnology in antibacterial
therapy [142].

In conclusion, nanotechnology effectively overcomes the limitations
of conventional antibiotic therapies through multiple mechanisms, of-
fering innovative solutions to address infections caused by resistant
bacteria. Considering that MNRs represent a highly integrated and
controllable new nanoplatform with unique advantages, such as active
penetration of biofilms, precise delivery of antimicrobial agents, and
responsiveness to infection microenvironments, we believe that
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biotechnology based on MNRs will demonstrate even greater potential
and application prospects in combating bacterial resistance.

6. Conclusion

Antimicrobial MNRs have made significant progress in the removal
of bacteria and the eradication of biofilms. In recent years, the surface
modification and actuation of nanorobots have been optimized to enable
precise targeting of infected areas and effective penetration of biofilms.
Nanorobots are capable of physically disrupting the biofilm structure of
bacteria, using mechanisms such as magnetic fields or light, thereby
enhancing the penetration of antimicrobial drugs [143]. In addition,
antimicrobial molecules or drugs are often attached to the surfaces of
nanorobots, enabling the targeted delivery and controlled release of
therapeutic agents [144]. This combined physical and chemical inter-
vention strategy not only enhances the eradication of drug-resistant
bacteria but also effectively mitigates the barrier posed by biofilms to
drugs, thereby demonstrating significant potential for treating
drug-resistant infections.

The clinical translation of antimicrobial MNRs faces challenges such
as long-term safety, production cost, and precision in targeted therapy.
Nevertheless, continuous advances in nanotechnology and biomedicine
are clarifying the prospects of these robots in antimicrobial treatment.
Future research should prioritize improving biocompatibility, degrad-
ability, and multifunctionality while advancing their in vivo safety
assessment and clinical validation. Advances in manufacturing tech-
nology are expected to improve production efficiency and reduce costs,
thereby accelerating the clinical application of MNRs.
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