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MEDICAL ROBOTS

Photocatalytic microrobots for treating bacterial
infections deep within sinuses
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Microrobotic techniques are promising for treating biofilm infections located deep within the human body. How-
ever, the presence of highly viscous pus presents a formidable biological barrier, severely restricting targeted and
minimally invasive treatments. In addition, conventional antibacterial agents exhibit limited payload integration
with microrobotic systems, further compromising therapeutic efficiency. In this study, we propose a photocata-
lytic microrobot through a magnetically guided, optical fiber-assisted therapeutic platform specifically designed
to treat bacterial infections in deep mucosal cavities. The microrobots comprising copper (Cu) single atom-doped
bismuth oxoiodide (BiOl), termed CBMRs, can be guided and tracked by real-time x-ray imaging. Under external
magnetic actuation, the illuminated region from the magnetically guided optical fiber synchronously follows the
CBMR swarm, enabling effective antibacterial action at targeted infection sites. Upon continuous visible-light ir-
radiation, the resultant photothermal effect substantially reduces the viscosity of pus on inflamed mucosal tis-
sues, enhancing the penetration capability of the CBMR swarm by more than threefold compared with baseline
conditions. Concurrently, atomic-level design of CBMRs facilitates robust generation of reactive oxygen species,
enabling efficient biofilm disruption and reductions in bacterial viability. We validated the effectiveness of this
integrated optical fiber-assisted microrobotic platform in a rabbit sinusitis model in vivo, demonstrating its po-

tential for clinically relevant infection therapy.

INTRODUCTION

Biofilms, which can occur in various organs in humans, are complex
microbial communities formed by multiple microorganisms attached
to a surface (1). Once aggregated, such microorganisms produce and
secrete extracellular polymeric substances (EPS) that form a three-
dimensional (3D) physical scaffold, maintaining the organized struc-
ture of the microbial community (2). This stable architecture provides
efficient protection against external interferences, particularly me-
chanical agitation and antibiotics (3). Therefore, the biofilm is diffi-
cult to eliminate, affecting the physiology and health of the host and
even leading to host death. The formed biofilm on the human body
often triggers severe inflammatory responses, accompanied by the
formation of biological barriers from the shedding of in situ cells and
deposition of highly viscous pus-like secretions after immune cell
death. These barriers further shield internal biofilms from conven-
tional treatments, especially within deep cavities where inflammato-
ry responses occur, particularly in the respiratory system, digestive
system, and ear canal. As a prevalent respiratory condition, sinusitis
is closely linked to biofilm infections caused by Streptococcus pyogenes,
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which contribute to disease persistence and treatment resistance.
Clinically, this bacterial-induced inflammation affects the sinus mu-
cosa, characterized by symptoms such as nasal congestion, thick pu-
rulent nasal discharge, reduced sense of smell, facial pain, and
occasionally severe memory impairment (4). Epidemiological stud-
ies indicate that the global prevalence of chronic rhinosinusitis rang-
es from ~8 to 13%, varying by region (5). Moreover, sinusitis easily
reoccurs because of the narrow and imperceptible entrance size (2 to
3 mm) as well as the presence of a biological barrier formed by abun-
dant inflammatory secretions on the lining that substantially ham-
pers treatment efficacy (6). Current clinical treatments for sinusitis
primarily include antibiotic administration, nasal irrigation, and
maxillary sinus puncture irrigation (7). However, extensive antibiotic
use has led to antimicrobial resistance, and invasive procedures of-
ten cause nasal discomfort and irreversible tissue damage. To address
these limitations, existing research on treating bacterial infections in
deep microcavities mainly involves passive drug delivery via blood
circulation, which lacks effective localized targeting strategies. Un-
fortunately, such passive methods typically result in low therapeutic
efficiency and may impose additional burden on renal function (8).
Therefore, there is a clinical need for an effective, minimally invasive
strategy capable of actively targeting and removing bacterial biofilms
within confined spaces and across high-viscosity biological barriers.

Magnetic micro- or nanorobots provide distinct advantages for
antibacterial applications, including precise delivery and rapid ac-
cumulation of antibacterial agents at infection sites, thus minimiz-
ing toxic effects on healthy tissues (9). In addition, their collective
motion generates fluid-stirring effects, promoting effective inter-
actions between antibacterial agents and bacteria (8). Moreover,
swarming microrobots exert mechanical shear forces under mag-
netic fields, effectively disrupting and disintegrating bacterial bio-
films (10, 11). However, effectively eradicating biofilm infections
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on the sinus mucosa using microrobotic techniques remains chal-
lenging because of biological barriers and the limited efficacy of
current antibacterial agents. In practical infection scenarios, highly
viscous pus, composed primarily of dead white blood cells and bac-
terial debris, severely hinders microrobot mobility and reduces
therapeutic efficacy (12). Although numerous strategies have been
proposed to overcome such biological barriers (13-19), most meth-
ods focus exclusively on optimizing microrobot properties through
surface modifications to minimize mucus adhesion. Unfortunately,
the surface modifications frequently compromise the intrinsic cata-
lytic activity and multifunctionality of microrobots (table S1) with-
out effectively altering the viscosity of the biological environment
itself. Therefore, it is crucial to develop comprehensive therapeutic
strategies that not only optimize microrobot design but also active-
ly modulate the surrounding microenvironment, specifically tar-
geting mucus viscosity reduction. Such combined environmental
and robotic interventions would enhance microrobot penetration
and thus strengthen the overall effectiveness of biofilm eradication.

Antibacterial agents also play a pivotal role in achieving the com-
plete eradication of biofilms. Although antibiotics have been exten-
sively used to manage bacterial infections, their cumulative use not
only presents a potential threat to global health security (20) but
also exacerbates the antibiotic resistance of bacteria, thereby impair-
ing therapeutic effectiveness (21). In contrast with antibiotics, reac-
tive oxygen species (ROS) present distinct advantages, whose use
can effectively circumvent the occurrence of antibiotic resistance
and alleviate the burden on the liver organs. Such antimicrobials are
usually generated from catalysts, nanozymes, and persulfate. Cata-
lysts based on single atoms have demonstrated potential in ROS
generation for antimicrobial applications (22). Such single-atom
catalysts at the atomic level not only can enhance the atomic utiliza-
tion rate, thereby augmenting the catalytic activity, but also mini-
mize the harm caused by the release of metal ions. Compared with
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Respiratory tract

natural enzymes, single-atom catalysts both catalyze the production
of ROS and exhibit reliable stability. They can operate efficiently in
environments with a broad range of temperature and pH conditions
(23). For instance, Fan et al. (24) substantially enhanced the effi-
ciency of catalyzing the reaction between H,0, and glucose to pro-
duce ROS using the glucose oxidase-peroxidase mimics obtained
through the combination of copper single atoms and gold nanopar-
ticles, thereby facilitating the antibacterial process. Accordingly, it is
anticipated that endowing microrobots with single-atom technolo-
gy, in conjunction with an enhanced capacity to penetrate biological
barriers, will effectively expedite the rapid treatment of inflamma-
tory responses induced by bacterial infections in the deep cavities of
the human body.

In this study, we introduce a strategy using photocatalytic micro-
robots to effectively eradicate biofilm infections on the sinus mu-
cosa (Movie 1 and Fig. 1A). Specifically, Cu single atom-loaded
bismuth oxoiodide (BiOI) photocatalytic microrobots (CBMRs)
were delivered into the sinus cavity through a magnetically naviga-
ble optical fiber (Fig. 1B). Visible light transmitted via the fiber acti-
vated a photothermal effect in CBMRs, facilitating their targeted
localization onto inflamed mucosal surfaces. The synergistic action
of abundant ROS, generated through Cu single atom photocatalysis,
and mechanical disruption induced by the collective magnetic
movement of a microrobot swarm enabled efficient biofilm eradica-
tion. After treatment, the restored ciliary function naturally ex-
pelled CBMRs from the nasal cavity (Fig. 1C). To achieve this
therapeutic approach, we first synthesized and chemically decorat-
ed a Janus-structured magnetic BiOI with Cu single atoms, forming
magnetically driven CBMRs. A magnetically controlled optical fi-
ber was subsequently developed, ensuring precise and synchronized
linkage with the microrobot swarm. Under magnetic guidance, the
focused illumination from the fiber enhanced ROS generation
and simultaneously induced photothermal effects, reducing the
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Movie 1. Overview of photocatalytic microrobots for treating bacterial infections deep within sinuses.
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Fig. 1. Conceptual illustration of an optomagnetic collaborative therapeutic platform for biofilm eradication
inside the sinus based on CBMRs. (A) Schematic of the overall setup, demonstrating the magnetically guided opti-
cal fiber system integrated with x-ray imaging to deploy photocatalytic microrobots for precise treatment within the
sinus cavity. (B) Stepwise depiction of microrobot therapy, including microrobot deployment, magnetic navigation,
localized activation via fiber-transmitted visible light, and subsequent biofilm eradication. (C) Natural clearance of
microrobots by the restored ciliary action after successful treatment. (D) lllustration of photomagnetic synergy facili-
tating microrobot penetration through highly viscous inflammatory secretion barriers. (E) Mechanism highlighting
the collaborative photomagnetic-induced generation of ROS for efficient eradication of bacterial biofilms.

viscosity of inflammatory secretions (Fig. 1, D and E). This com-
bined photothermal-magnetic mechanism, together with mechani-
cal shear forces, substantially improved CBMR penetration through
biological barriers, facilitating rapid biofilm removal from mucosal
surfaces. Unlike conventional microrobots, which typically require
hydrophobic surface modifications to reduce friction during barrier
penetration, our CBMR design maintains maximal catalytic activity
without additional surface alterations. Using x-ray positioning and
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digital radiography (DR) imaging, we
successfully demonstrated complete si-
nus function recovery in a rabbit sinus-
itis model through visible-light catalytic
therapy via optical fiber. This approach
is particularly advantageous for treating
infections within narrow and complex
anatomical spaces, offering a promising,
minimally invasive therapeutic strategy for
clinical sinusitis management and paving
the way for broader in vivo applications
of cooperative microrobotic therapies.

RESULTS

Fabrication and

characterization of CBMRs

In conjunction with a rational system
design scheme, microrobot-based therapy
presents an optimal approach for achiev-
ing rapid eradication of sinus biofilms;
however, this poses a challenge regard-
ing the antimicrobial activity and robust
mechanical forces exhibited by microro-
bots. We designed a magnetic photocat-
alytic microrobot loaded with Cu single
atoms. The robot preparation process
is shown in Fig. 2A. The Fe;0,@BiOl
(BMRs) robot with Janus structure is
prepared by the solvothermal method,
where magnetic particles are deposited
onto a slide surface and subsequently
undergo solvothermal self-growth com-
bined with spray coating. Furthermore, the
wet-chemical method is used to dope Cu
single atoms to obtain CBMRs. The mi-
crorobots integrated with photocatalytic
capability and Cu single atoms have anti-
bacterial activity. Scanning electron micro-
scope (SEM) images (Fig. 2B and fig. S1)
shows that the microrobot has a hemi-
spherical core-shell structure with a size
of about 3 pm. Fe;04 is deposited at the
bottom of the hemisphere as a magnetic
core, and BiOI nanosheets self-assemble
to form a hemisphere on the surface of
Fe;04, providing a photocatalytic shell.
The contents of each element in CBMRs
are determined as shown in table S2.
The x-ray diffraction pattern (fig. S2A)
shows tetragonal BiOI and cubic-phase

Fe;0, diffraction peaks, whereas the diffraction peaks of Cu and
CuO are not found because Cu exists in the form of a single atom.
The morphology and structure of the synthesized microrobot were
confirmed, but no monatomic state of Cu was observed in trans-
mission electron microscopy, as depicted in fig. S2B.

According to the nitrogen adsorption-desorption isotherms (fig. S3),
the specific surface area of CBMRs is 49.1 m*/g, which is higher than
that of pure BiOI, and it can accommodate more reaction sites for ROS
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such as clusters or nanoparticles. To verify
this, an aberration-corrected TEM image
of CBMRs with atomic resolution is
shown in Fig. 2C. Isolated copper atoms
were well dispersed on the BiOI matrix,
and no obvious copper particles or clus-
ters were found. To further investigate the
state of Cu atoms, we measured the x-ray
absorption energy near-edge structure
(XANES) of Cu foils, Cu,0, CuO, and
CBMRs (Fig. 2D). The results show that
the XANES of CBMRs are located be-
tween Cu,O and CuO, indicating that the
single valence of copper is between +1
and + 2 (28). Subsequently, the coordina-
tion configuration of Cu sites was analyzed
by extended x-ray absorption fine struc-
ture (EXAFS). As shown in Fig. 2E, the
first coordination shell is located at 1.5 A,
indicating Cu-O coordination. Meanwhile,
CBMRs show no obvious Cu-Cu scatter-
ing at 2.2 A. These results indicate the
properties of isolated Cu atoms dispersed
on the supporter. In addition, a wavelet
transformation was performed on the ba-
sis of the EXAFS results to distinguish the
backscattered atoms (fig. S6A). We ob-
served that the maximum strengths of Cu
foil, CuO, and CuO were 9.7,9.1,and 11.5 A,
respectively, which can be attributed to the
Cu-Cu structure. In contrast, CBMRs show
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a maximum strength at 5.8 A, assigned to
the Cu-O configuration on the basis of
previous reports. According to a previous
study (29), applying the backscattering path
of O, we determined that the coordination
number of Cu-O is very close to 4. Mean-
while, according to the fitting results of
EXAFS, the local structure of Cu atoms in
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Fig. 2. Preparation and characterization of CBMRs. (A) Schematic illustrating the fabrication procedure of CBMRs and
their antibacterial mechanism involving ROS generation under visible light. (B) SEM images showing the morphology of
CBMRs. Magnetic Fe;04 particles embedded within the microrobots are highlighted by blue circles. Scale bars, 2.5 and
1 pm. (C) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image identifying Cu
single atoms dispersed on the CBMR surface (marked by yellow circles). Scale bar, 2 nm. (D) XANES spectra and (E) EXAFS
spectra at the Cu K-edge of CBMRs compared with reference samples (Cu foil, CuO, and Cu,0). a.u,, arbitrary units. (F) EXAFS
fitting analysis of CBMRs in R-space, demonstrating the atomic coordination environment around Cu single atoms.

generation. The zeta potential measurements (fig. S4) show that
CBMRs have a small amount of negative charge. X-ray photoelectron
spectroscopy (XPS) analysis (fig. S5) of the Bi 4f region shows peaks at
161.08 and 166.33 eV, corresponding to Bi 4f;, and Bi 4fs/, respec-
tively. The Bi 4f;, peak corresponds to the oxidation state of Bi*t (25).
In addition, peaks at 932.48 and 942.38 eV observed in the Cu 2p re-
gion correspond to Cu 2psj, and Cu 2py,, respectively, indicating the
coexistence of Cut and Cu?" (26, 27). There is no evidence to indicate
that copper exists in the zero-valence state. This finding further cor-
roborates that copper does not occur in the form of a pure substance,

Yu et al., Sci. Robot. 10, eadt0720 (2025) 25 June 2025

CBMRs conforms to the Cu-O4 model,
and the best fit is obtained when the Cu
center is coordinated with four O atoms
(Fig. 2F and fig. S6B). Accordingly, the
atomic Cu structure model of CBMRs can
be derived, as shown in the illustration
of Fig. 2E

The above results demonstrate that
we have successfully prepared CBMRs.
A vibrating sample magnetometer (VSM)
quantitatively detected the magnetism of the prepared CBMRs,
as shown in the red curve in fig. S7A. CBMRs also have strong light
absorption in the entire visible region (fig. S7B). Combined with
their high specific surface area, CBMRs can produce many ROS for
antibacterial applications. These results further indicate that
Cu single atom-loaded magnetic BiOI microrobots have been suc-
cessfully achieved, which have good application potential in terms
of antibacterial activity under visible light. Combined with mag-
netic actuation, CBMRs are expected to achieve effective treatment
of biofilms.
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Magnetically guided optical fiber-integrated

therapeutic platform

The photocatalytic properties of CBMRs and the synergistic interac-
tion of Cu single atoms give rise to the production of ROS, which is
crucial for antibacterial activity. Therefore, it is imperative to estab-
lish an optomagnetic cooperative platform that enables coordinated
movement between microrobots and light sources. Specifically, this
platform should provide navigational control over CBMRs, whereas
the illumination of nearby light sources should be precisely regu-
lated to facilitate continuous ROS generation.

First, the motion performance of CBMRs under the magnetic
field was studied. The motion capability of individual CBMRs in a
pure aqueous medium was evaluated within a rotating magnetic
field (fig. S8). Under a 10-mT magnetic field, the velocity of CBMR
reached its peak at a 7-Hz rotation frequency, exhibiting a maxi-
mum speed of 19.6 um/s. However, because of the frequency step-
out effect, a further increase in frequency leads to a decrease in
speed. When maintaining a fixed frequency of 7 Hz, the motion ve-
locity of CBMRs gradually increased with an escalation in magnetic
field intensity and eventually plateaued at 10 mT, with a maximum
velocity recorded at 24.3 pm/s.

Under specific parameters comprising a magnetic field intensity
of 10 mT and frequency set at 7 Hz, a single CBMR demonstrated
precise trajectory control along the S, Z, and U paths, highlighting
its exceptional motion manipulation capabilities. However, the bio-
film is a 3D stable structure, where the existence of EPS on its sur-
face endows it with high mechanical strength, thereby making it
difficult for a single microrobot to destroy the biofilm through the
movement of a single microrobot. The swarming motion of mag-
netically driven microrobots has proven to be an effective means for
the destruction of biofilms. Hence, it is of great importance to study
the swarming motion performance of magnetic microrobots for the
removal of biofilms. The magnetic microrobot swarm is formed
within a gradient rotating magnetic field. Upon activation of the
magnetic field, the micromachines align themselves into a rotating
chain of particles because of the attractive magnetic dipole forces.
Simultaneously, fluid interactions between these chains result in
particle aggregation, gradually forming a densely populated swarm
region (fig. S9A). When the rotation axis of the magnetic field is
perpendicular to the base plane, the self-assembled magnetic micro-
robot swarm can synchronously rotate along the magnetization di-
rection to the rotating magnetic field (30). To induce swarming
movement, a slight tilting of the rotation plane is required to in-
crease the component vector of the z axis—directed magnetic field
and generate tangential friction between the microrobot swarm and
the substrate. This friction serves as a driving force for directing the
movement of this tiny robot swarm (31). Further enhancement in
control systems enables omnidirectional mobility of this robotic
swarm. The inclined magnetic field plane can be achieved through
coordinate system transformation (Eq. 2)

Buvw =RBxyz (1)
i, X, iy Xy iy Xk,

k, x i k, % j, k, xk,
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where By is the inclined magnetic field; Byy, is the primary mag-
netic field; R is the rotation matrix; u, v, and w are the directions of
the coordinate axes during magnetic field rotation; and x, y, and z
correspond to the initial coordinate axis orientations. i, j, and k are
the unit vectors in the positive direction (32). The schematic dia-
gram of the magnetic field is shown in Fig. 3A, and the specific ex-
pression of the magnetic field is provided in eqs. S1 to S3. In addition,
this vortex swarm enhances the mechanical force of the microrobot,
and using the friction generated by the microrobot swarm presents
a promising strategy for addressing biofilm issues. An in-depth in-
vestigation into the locomotion characteristics of microrobot collec-
tives is pivotal for achieving optimal biofilm eradication efficacy.

The motion of the swarm generated by CBMRs was assessed in a
rotating magnetic field produced by a permanent magnet. At a mag-
netic field strength of 4.7 mT, CBMRs assembled into linear particle
chains, and upon increasing the field to 18.9 mT, coordinated swarming
behavior was observed. CBMRs formed a synchronized swarm of
circular microrobots with an approximate area of 10 mm? that ro-
tated along with the permanent magnet. With a further increase in
the ma§netic field intensity to 45.9 mT, the swarm area expanded to
28 mm"” and exhibited highly synchronous rotation with the perma-
nent magnet (fig. S9B). However, when the magnetic field reached
109.5 mT, excessive magnetic force compressed the swarm tightly at
its base, preventing rotational movement.

Figure 3B illustrates how different frequencies and strengths of
the magnetic field influence the formation rate of CBMR swarms. In
low-intensity fields (4.7 to 18.9 mT), variations in rotational fre-
quency have a notable influence on the swarm formation rate. A
higher frequency accelerates fluid interaction because of rapid par-
ticle chain rotation. At a higher intensity of 45.9 mT, swarms can
form within just 20 s; further increasing intensity does not enhance
their formation speed. Therefore, for achieving highly controllable
CBMR swarms, selecting a magnetic field strength of 45.9 mT is
most appropriate for verifying their motion characteristics. Given
the requirement for sufficient mechanical force, the shape of a mov-
ing swarm will influence its controllability and mechanical force to
disrupt biofilms. It is observed in Fig. 3C that low movement speeds
had no obvious effect on the swarm shape. At a magnet speed of
120 pm/s, the tailing behavior of the microrobot swarm emerged
under low-frequency actuation, whereas it was suppressed at higher
frequencies. At speeds up to 180 um/s, the swarm failed to maintain
its complete shape at low frequencies, thereby losing its functional-
ity for biofilm destruction. These findings highlight that the optimal
magnetic field condition for the CBMRs swarm was determined to
be 45.9 mT and 7 Hz, with a recommended movement speed below
150 pm/s. Using the above conditions, the microrobot swarm was
successfully controlled by rotating magnets through a 3D-printed
maze (fig. S10), demonstrating the controllability and excellent mo-
tion performance of magnetically driven CBMRs (movie S1).

To quantify the minute forces generated by the swarm for the
destruction of biofilms, we used electrical signals obtained from
piezoelectric thin film coupled amplifiers to evaluate the mechanical
disruptive capability of the swarm (Fig. 3, D and E, and fig. S11, A
and B). At a magnetic field strength of 45.9 mT and a frequency of
6 Hz, the swarm generates a force of up to 629 uN, which exceeds
the force required for the destruction of EPS (33), enabling rapid
biofilm eradication. When the magnetic field strength reaches 109.5 mT,
a decline in the detected pressure signal is observed because of
the pronounced magnetic force that has compressed the particles
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Fig. 3. Motion of a microrobot in a rotating magnetic field. (A) Schematic diagram illustrating the rotating magnetic field configuration. (B) The gathering speed of
microrobot swarms under different strengths and frequencies of magnetic fields. (C) Effects of frequency and migration speed on the morphology and structural integ-
rity of microrobot swarms (magnetic field intensity: 45.9 mT). Scale bars, 2 mm. (D) Schematic illustration of a device measuring microforces generated by microrobot
swarms, using a piezoelectric film sensor. (E) Minute force (pressure) generated by swarming microrobots under various magnetic field conditions. (F) Simulated stress
distribution generated by a microrobot swarm. (G) Schematic and optical images of a magnetically guided optical fiber. Scale bar, 5 mm. (H) Fiber bending angles under
varying magnetic field intensities. Insets show representative bending images with scale bars of 5 mm. Data are presented as means + SD (n = 3 independent experi-
ments). (I) Programmed movement of the magnetically guided optical fiber under a static magnetic field. The red line represents the motion trajectory. Scale bar, 5 mm.
(J) Schematic diagram depicting the coordinated movement of the magnetically guided optical fiber and microrobot swarm. (K) Recorded trajectory of the cooperative
movement between the fiber tip and microrobot swarm. Scale bar, 5 mm. (L) Relationship between working distance, irradiation intensity, and spot size of the optical fi-
ber. Data are presented as means + SD (n = 3 independent experiments).
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toward the bottom, thereby impeding their dynamic rotation. As
simulated by a COMSOL Multiphysics model, the stress distribu-
tion is induced by the swarm (Fig. 3F). The swarm is simplified into
a cylindrical shape. From the surface, it can be observed that the
internal stress concentration primarily occurs at its poles, aligning
with the distribution of magnetic flux density (fig. S12). Moreover,
the axial profile of the swarm model reveals a noticeable gradient in
stress distribution along its central axis, which can be attributed to
the stronger magnetic flux densities close to the permanent magnet.
This vertical stress enhancement induced by the magnetic field en-
ables the swarm to generate sufficient pressure ranging from ~800 to
1000 pN, which is at the same order of magnitude as the measure-
ments obtained using the piezoelectric film and indicates successful
modeling.

Next, we developed a magnetically controllable optical fiber by
coating a commercially available flexible optical fiber (diameter:
2 mm) with a magnetic jacket composed of carbonyl iron particles
embedded in polydimethylsiloxane (PDMS), enabling precise mag-
netic manipulation (Fig. 3G). The driving force for the bending of
the optical fiber comes from the interaction between the driving
magnetic field and the magnetic particles dispersed in the polymer
matrix (34). The presence of a magnetic sleeve induces the bending
of the fiber under the influence of a magnetic field, as depicted
in Fig. 3H. As the strength of the magnetic field increases, there is a
gradual increase in the bending angle, reaching up to 37°. This offers
a viable solution for achieving coordinated control over light source
movement and microrobot swarms. Because of the exceptional
bending capability of the optical fiber under the static magnetic field
(Fig. 3I), the device efficiently completes the programmed motion
according to the predesigned pentacle trajectory, demonstrating its
ease of operation.

Given the swarming motion of microrobots under a high-frequency
magnetic field, the motion stability of the optical fiber becomes
crucial. If optical fibers can effectively track the swarming motion
under such conditions, such tracking would enhance the application
potential of CBMRs. The cooperative movement between the opti-
cal fiber and the microrobot swarm should be considered (Fig. 3]).
It was seen that, in a dynamic magnetic field, the fiber exhibited un-
stable rotation (movie S2). Intriguingly, this rotation consistently
revolved around the microrobot swarm under the irradiation of vis-
ible light from the optical fiber (Fig. 3K). On this basis, the varia-
tions of light spot size and light intensity with distances were studied
(Fig. 3L). When at distances less than 10 mm, the magnetically
guided optical fiber generated suitable spot sizes and light intensities
to support ROS generation of CBMRs. At a working distance of ~5 mm,
the fiber-generated spot effectively covered a large area while main-
taining high irradiation intensity. Moreover, the effective irradiation
region of the magnetic fiber increased with rising magnetic field
strength. Specifically, at an intensity of 80 mT, the effective irradia-
tion region of the magnetic fiber reached its peak value at 14.5 cm”
(fig. S13). This result substantiates that our developed optomagnetic
cooperative system could maintain swarming microrobots under
continuous illumination of visible light without requiring further
positioning, thereby facilitating continuous production of numerous
free radicals for antibacterial purposes. The above characteristics are
of paramount importance for subsequent antibacterial treatments.
The development of a magnetically controlled optical fiber to follow
the movement of swarming microrobots solves the challenge of ac-
tivating the photochemical reaction of light-responsive microrobots
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in confined spaces, thus providing strong technical support for the
successful treatment of inflammation in the deep cavity inside the
human body.

In vitro biofilm eradication using CBMR swarms

Complete removal of the biofilm requires not only the destruction
of its physical structure but also further chemical inactivation of the
isolated bacteria to prevent biofilm regeneration. The antibacterial
ability of CBMRs was first evaluated using Escherichia coli and
Staphylococcus aureus via a plate counting method. BiOI and BMRs
have little toxicity to bacteria under dark conditions (fig. S14). After
30 min of incubation, the survival rate of E. coli and S. aureus treated
with CBMRs decreases to 70 and 60%, respectively, because of the
bacteriostatic effect of Cu ions. As shown in Fig. 4A, the survival
rate of E. coli and S. aureus treated with BiOI photocatalysts under
visible-light irradiation decreased to 41.2% [1.1 X 10" colony-
forming units (CFU)/ml] and 36.5% (2.1 X 107 CFU/ml), respec-
tively. The survival rate of bacteria treated with BMRs in the
rotating magnetic field was 32.4% (4.3 x 10° CFU/ml) and 15.8%
(1.8 x 10° CFU/ml), respectively, which could be attributed to the
movement of the microrobot in the rotating magnetic field that en-
hances the distribution of active free radicals. The bacterial survival
rate after CBMR treatment decreased to less than 1% (<100 CFU/
ml), indicating a strong synergistic antibacterial effect between
Cu single atoms and BiOI photocatalytic activity. The antibacte-
rial activity originates from the rational structural design of the
CBMRs, resulting in the high-level production of ROS during light
irradiation, which is a key step in the subsequent effective removal
of biofilms.

To present the antibacterial results more intuitively, we analyzed
all bacterial groups for live/dead activity by fluorescence microscopy
imaging (Fig. 4B). Green fluorescence indicated that the bacteria re-
mained viable, whereas red fluorescence intensity increased markedly
after treatment with BiOI, BMRs, and especially CBMRs, suggesting
substantial bacterial death, particularly in the CBMR-treated group.
Moreover, the morphology of bacteria deformed and atrophied after
treatment with BiOI, BMRs, and CBMRs (fig. S15). These results sug-
gest that the bacteria dispersed in solution could be completely killed
under the synergy of Cu single atoms and BiOI photocatalysis, dem-
onstrating that CBMRs provided sufficient structural and chemical
destruction to bacteria in suspension.

To ascertain the antibacterial mechanism of CBMRs, free radical
scavengers [p-benzoquinone (p-BQ) to remove superoxide radicals,
isopropyl alcohol (IPA) was used to remove hydroxyl radicals, potas-
sium iodide was used to remove holes, and potassium dichromate,
Cr(VI), was used to remove electrons] were introduced in the anti-
bacterial experiment, and the results are shown in Fig. 4C. Compared
with the control group, the bacterial survival rate increased after add-
ing IPA. After adding p-BQ, the bacterial survival rate also increased,
but the trend is not obvious. This indicates that the bacterial inactiva-
tion is caused by superoxide free radicals and hydroxyl free radicals,
among which hydroxyl free radicals are the main active free radicals.
To demonstrate the presence of hydroxyl radicals, we used tere-
phthalic acid as a fluorescent probe to detect the hydroxyl radicals
(fig. S16). The emission peak at 425 nm shows the fluorescence signal
corresponding to hydroxyl radical (35). Electron paramagnetic reso-
nance (EPR) spectroscopy was used to provide further verification
of the hydroxyl radicals and superoxide radicals generated by BiO],
BMRs, and CBMRs upon exposure to visible-light irradiation. It is
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Fig. 4. Antibacterial properties and biofilm removal performance of CBMRs. (A) Antibacterial efficacy of CBMRs against S. aureus and E. coli under visible-light irra-
diation (200 mW/cmz), amagnetic field of 10 mT, and a frequency of 7 Hz. Data represent means + SD (n = 3 independent experiments; ***P < 0.001 and ****P < 0.0001).
(B) Fluorescence microscopy images showing live/dead staining of bacteria after various treatments. Scale bars, 10 pm. (C) Influence of specific radical scavengers on
antibacterial activity of CBMRs. Data represent means =+ SD (n = 3 independent experiments; **##P < 0.0001). (D) EPR spectra detect hydroxyl radicals (-OH) and superox-
ide radicals (+O,”) produced by BiOl, BMRs, and CBMRs. (E) Simulation of frictional forces generated by the translational movement of the CBMR swarm under magnetic
field actuation. (F) Schematic illustrating the mechanism of photocatalytic biofilm removal by CBMRs under magnetic field-induced axial and drag forces. (G) Photo-
graphs demonstrating precise removal of biofilms by magnetically actuated CBMRs. Scale bar, 10 mm. (H) Comparative images showing biofilm removal efficiency by
CBMR swarms under dark and visible-light conditions. Scale bars, 10 mm (top) and 20 mm (bottom). (I) Time-dependent efficiency of biofilm eradication using a mag-
netically guided optical fiber combined with CBMR swarm. Data represent means + SD (n = 3 independent experiments; *###P < 0.0001).

demonstrated in Fig. 4D that, after 10 min of illumination, CBMRs
manifested notably strong signals associated with hydroxyl radicals
and superoxide radicals (36), further indicating the synergistic effect
of Cu single atoms and BiOI that results in the abundant generation
of free radicals for antibacterial activity.

Photoelectrochemical tests showed that CBMRs have higher
photocurrent density and lower interface charge transfer resistance
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than pristine BiOI nanosheets and Cu-free BiOI microrobots, thereby
facilitating rapid ROS generation for bacterial inactivation (fig. S17).
After reusing CBMRs seven times, the antibacterial rate against
E. coli and S. aureus remained around 90%, demonstrating excellent
stability (fig. S18). This indicates that numerous active free radicals
produced through the synergistic effect of CBMRs and Cu atoms
provide antibacterial activity, good stability, and higher antibacterial
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efficiency compared with previously reported photocatalytic antibac-
terial microrobots (37). This antibacterial performance, combined
with the magnetic actuation of the microrobots, achieves efficient de-
struction of biofilm through mechanical forces and chemical actions.
The distribution of frictional force generated by swarm translation of
CBMRs under a magnetic field was calculated using COMSOL soft-
ware (Fig. 4E). Because of higher pressure at the poles, frictional
forces increase in these regions. Under a rotating magnetic field, this
results in elevated friction in the outer regions. Consequently, during
biofilm removal processes, the peripheral region of the swarm exhib-
its the highest removal efficiency.

Figure 4F illustrates the mechanisms of biofilm removal by swarm-
ing CBMRs: photochemical activity and robust mechanical force.
The polysaccharide shells that protect bacteria were destroyed by
the axial forces of the swarming CBMRs. With the translation of the
permanent magnet, large areas of biofilm were removed, allowing
the bacteria to disperse in the solution (38). Under the irradiation of
visible light, CBMRs produced abundant active free radicals to kill
bacteria that were no longer protected by EPS.

As demonstrated in Fig. 4G, directional removal of biofilm was
achieved by swarming CBMRs in a flat petri dish under a controlled
path, indicating good controllability of the swarming CBMRs (movie
S3), which is further supported by the fluorescence microscopy of
biofilm staining (fig. S19). To consider the effect of illumination, we
performed tests under dark and visible-light conditions (Fig. 4H).
Under visible light, swarming CBMRs could remove all of the bio-
film in the petri dish completely, but in the dark, only 50% of the
biofilm was removed. This should be ascribed to the fact that the
active free radicals produced by visible-light irradiation accelerate
the decomposition rate of biofilm (39). Moreover, after incubation at
37°C for 18 hours, the bacterial solution treated under visible light
was completely sterilized, whereas the bacteria treated in the dark
remained dispersed and viable, posing a risk of biofilm regenera-
tion. To validate the efficacy of CBMRs in eliminating biofilm when
combined with the magnetically guided optical fiber, we cultured
a microbiofilm in a 96-well plate, and CBMRs were induced with
magnetic field actuation to form a swarm for assessing the coopera-
tive removal of bacterial film. As depicted in Fig. 41, the concen-
trated presence of CBMRs within a confined space enhanced their
antibacterial effect, leading to complete eradication of the biofilm
within 20 min. These results show that CBMRs can quickly and ac-
curately remove biofilms under visible light, an effect attributable to
both the mechanical destructive force brought about by the mag-
netic properties of CBMRs and the oxidation and bactericidal ability
of the generated ROS. The simultaneous magnetic manipulation of
the optical fiber and swarming motion of CBMRs for collaborative
antibacterial action offers a solution for eradicating inflammation
caused by deep biofilm infections inside the human body.

Ex vivo assessment in a porcine sinusitis model

Next, it was explored whether CBMRs effectively remove biofilms
from the surface of biological tissues. S. aureus is one of many bac-
teria that cause sinusitis infections (40, 41), so it was used to grow
biofilms in the sinuses of pigs. The ability of swarming CBMRs,
with the assistance of an optical fiber, to remove biofilm in pig si-
nuses was evaluated in vitro. The experimental process is illustrated
in Fig. 5A. Specifically, CBMRs (0.5 ml) were injected into the pig
sinuses, and a 2-mm-diameter optical fiber was extended from the
xenon lamp and inserted through the nasal cavity into the sinuses.
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Swarming CBMRs were externally controlled with a permanent
magnet. As observed, numerous yellow biofilms were present on
the surface of the sinuses before treatment, and they disappeared
after CBMR treatment (Fig. 5B). The treated bacterial solution after
live/dead fluorescent probe staining is shown and compared in
Fig. 5C. A substantial amount of green fluorescence indicated vi-
able, untreated bacteria, and visible-light irradiation alone had
little effect on the fluorescence activity of bacteria. When treated
with CBMRs under visible light, a sharp increase occurred in red
fluorescence intensity, indicating a high amount of bacterial death.
The above results demonstrate that CBMRs could remove biofilms
in pig sinuses because of the synergistic effect of Cu single atoms
and photocatalysis.

The MTT cell viability assay [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay] in Fig. 5D shows that the sur-
vival rates of bacteria treated with visible light alone, CBMRs under
dark conditions, and CBMRs under visible light are 93, 70, and 3%,
respectively, which is further supported by the results of plate cul-
ture (fig. S20). Therefore, these results verify that CBMRs could
easily remove biofilm from the surface of animal tissue, providing
favorable evidence for the application of CBMRs in a living sinusitis
model. To further assess the in vivo application, we examined the
effects of irradiation intensity and dosage on the antibacterial activ-
ity of CBMRs (fig. S21). When the concentration of CBMRs for in-
jections reached 250 pg/ml and the optical density reached 150 mW/
cm?, effective eradication of porcine sinus biofilm could be achieved.
Meanwhile, the biocompatibility of CBMRs was investigated. As
shown in Fig. 5E, mouse stem cells were cultured together with CBMRs.
After irradiation, the cell survival rate remained above 90%, suggest-
ing good safety. The toxicity tests for different dosages of CBMRs fur-
ther indicate that CBMRs had good biocompatibility for subsequent
experiments (fig. S22), supported by the live/dead fluorescence
staining (Fig. 5F). The ion release profile further demonstrates that
the stability of CBMRs can effectively mitigate the adverse effects
associated with the release of metal ions (fig. $23). In summary,
in vitro experiments demonstrate that CBMRs have good mechani-
cal properties and the ability to remove sinus biofilm. When com-
bined with the magnetically guided optical fiber to introduce visible
light into the sinuses, the established platform is expected to be ef-
fective for the treatment of real biological sinusitis.

CBMR propulsion through sinusitis-associated biological
barriers in vitro and in vivo

The immune response triggered by biofilm infection leads to the lo-
cal production of a substantial number of inflammatory secretions,
which form a biological barrier that presents a major challenge to
the precise targeting of microrobots (42, 43). Therefore, microrobots
need not only to be efficient in sterilization but also to have a strong
ability to penetrate biological barriers for practical application sce-
narios (44). To establish a sinusitis model conveniently and cost-
effectively, we used rabbits as experimental subjects (45, 46). A
suspension of S. aureus liquid was injected into the maxillary si-
nuses of rabbits, causing a bacterial infection and then a severe in-
flammatory response in the sinus mucosa. After 5 days of feeding, a
large amount of white inflammatory secretion formed in the rabbit
sinusitis (fig. S24). As shown in Fig. 6A, CBMRs must cross a bio-
logical barrier formed by inflammatory secretion to reach the mu-
cosal surface of the sinuses and remove the biofilm. Therefore, further
research on the composition and properties of biological barriers
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Evaluation of biofilm removal efficiency by CBMRs treatment in porcine sinus
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Fig. 5. Ex vivo validation of photomagnetic synergistic antibacterial therapy using CBMRs. (A) Experimental procedure of biofilm formation and subsequent CBMR-
assisted photomagnetic therapy in a porcine sinusitis model. Scale bars, 5 and 10 mm. (B) Representative macroscopic images of porcine sinuses demonstrating biofilm
presence before and after photomagnetic synergistic treatment. Scale bar, 5 mm. (C) Live/dead fluorescence staining of bacteria extracted from biofilms treated under
various conditions: untreated (control), visible-light irradiation alone (Vis), and visible light combined with CBMRs (Vis + CBMRs). Green indicates viable bacteria; red indi-
cates dead bacteria. Scale bar, 10 pm. (D) Quantitative bacterial viability analysis using MTT assay after different treatments. Data are presented as means + SD (n = 3 in-
dependent biological samples; *P < 0.05 and ***P < 0.001). (E) Cytotoxicity assessment of CBMRs on mouse stem cells measured by CCK-8 assay. Data represent
means =+ SD (n = 5 independent samples; n.s., not significant). (F) Representative live/dead fluorescence staining images of mouse stem cells treated with CBMRs under

visible light. Scale bar, 100 pm. Cells stained green indicate viability, and red indicates dead cells.

is needed. The inflammatory secretion filled the entire sinuses, sug-
gesting the formation of a biological barrier in the sinuses (Fig. 6B).
This biological barrier encompasses deceased immune cells, goblet
cells, and bacterial secretions, and it is different from normal mucus,
which primarily consists of inorganic salts, water, and mucus. Ex-
periments simulating the penetration of CBMR swarms through
inflammatory secretions were performed in a tubular model. Under
the magnetic field, although some microrobots were blocked, the
swarm quickly passed through the barrier (Fig. 6C).

This observation demonstrates that CBMR swarms exhibit en-
hanced penetration capability toward inflammatory secretions when
subjected to an external magnetic field. However, penetration effi-
ciency relying solely on mechanically driven magnetic forces remains
limited. To assess the contribution of the light field to biological bar-
rier penetration, we examined the motion of CBMR:s in various bio-
logical fluids under magnetic fields (Fig. 6D). Under dark conditions,
CBMRs exhibited the highest velocity in urine (20 pm/s), whereas
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slightly reduced velocities were observed in lung fluid and sinus mu-
cus because of their higher viscosity. However, in the highly viscous
intestinal fluid and inflammatory secretion, the velocities of CBMRs
decreased to 8.2 and 4.3 pm/s, respectively, because of greater viscous
resistance. Upon exposure to visible light, the velocities of CBMRs
increased across all samples, particularly in intestinal fluid and in-
flammatory secretions, reaching 14.5 and 10.2 pm/s, respectively.
Thermal effects have previously been shown to facilitate microrobot
penetration through biological barriers (16). The observed increase
in CBMR mobility can be attributed to localized temperature elevation
induced by visible-light irradiation, reducing mucus viscosity and con-
sequently diminishing viscous resistance encountered by CBMRs. The
temperature elevation of CBMRs under visible-light irradiation was
monitored using infrared thermography, as depicted in Fig. 6E. Upon
illumination, CBMRs rapidly increase in temperature, reaching
~55.6°C within 5 min. This photothermal effect originates from
the exceptional light absorption of CBMR swarms, which facilitates

100f 17

920z ‘Gz ARe|Nl uo (noyzbuens)) ABojouyde | pue 8duB 1S Jo A1sieaiun Buoy BuoH ay] e Hi0:eousios mmmy/sdiy woly papeojumoq



SCIENCE ROBOTICS | RESEARCH ARTICLE

A

Visible
light

P sl A\ g
“ % _— Biofim G

B Rabbit sinusitis model

? Vv

/ Inflammatory
- “ _~ secretion

Bright field

Fluorescence microscopy

Magnet|c
field
( | _Sinus
l l l\‘ — mucosa
| | ¥
\ Inflammatory
\ & secretions
D E
30— y
=== Light:off L|ght off —— Intestinal mucus
—= Lighton 120 % —— Inflammatory secretion
- 100 [
@
20 . : L
) & g 80F X
£ = =
3 o =
3 7 o - 7 60
= g Light on g N
@ @ S 40}
>
3 10 £
& -~ .
’ ﬂ ; L
o 25 . . . . . 20 40 60 80 100
II I ]lll \II 8 16 24 32 40 48 Temperature (°C)
Mucus Time (min)
Light on Magnetic fieldon nght on iMagney@elg on
= 3 S | it ey RGO T 250
200~
T .
=
£ 150
o
o
c
Q
s 100
ko
S
@
o
50—

g T T
Vis Mag Vis+Mag

Capillary wall

Inflammatory
secretion

2
2
S
© {4
o
9]
i}
©
4

Fig. 6. Photomagnetic synergy enhances CBMR penetration through biological barriers in vitro and in vivo. (A) lllustration showing CBMR swarm penetrating
biofilm and inflammatory secretions to reach the underlying sinus mucosa. (B) Establishment and characterization of the rabbit sinusitis model. Optical images depict
infected rabbit sinuses, with bright-field microscopy and fluorescence imaging (red and green channels indicating dead and live cells, respectively) demonstrating inflam-
matory secretion composition. Scale bars, 10 cm (rabbit) and 100 pm (microscopy images). (C) Time-lapse images illustrating CBMR swarm penetration through inflam-
matory secretion under magnetic field actuation. Scale bar, 10 mm. (D) Quantitative analysis of CBMR velocity enhancement by photothermal effect in mucus samples:
pulmonary fluid (1), sinus mucus (1l), intestinal mucus (lll), urine (IV), and inflammatory secretion (V). Experimental conditions: magnetic field intensity, 10 mT; frequency,
7 Hz. Data represent means = SD (n = 3). (E) Temperature profile showing repeated photothermal heating cycles of the CBMR swarm under visible-light irradiation, with
corresponding infrared thermography images displaying temperature distribution. (F) Temperature-dependent viscosity reduction of intestinal mucus and sinus inflam-
matory secretion, illustrating fluidization upon heating. (G) Time-lapse microscopy images demonstrating CBMR particle penetration into biological barriers under three
different actuation modes. Scale bar, 100 pm. (H) Quantitative comparison of CBMR penetration depths achieved under the three actuation conditions. Data represent
means + SD (n = 3). (I) Real-time CT imaging illustrating in vivo CBMR swarm penetration through biological barriers within rabbit sinuses, enhanced by combined pho-
tomagnetic synergy at different time points (0, 60, and 220 s). Scale bars, 2 cm (top and bottom left) and 4 mm (enlarged regions).
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efficient heat accumulation. To investigate temperature-induced
changes in liquid properties, we examined rheological character-
istics for high-viscosity intestinal fluid and inflammatory secretions
at various temperatures (Fig. 6F). The viscosity of both intestinal fluid
and inflammatory secretions decreased upon heating. The viscosity
of inflammatory secretions at 50°C decreased to less than one-third of
its value at 20°C. Such viscosity reduction enhances fluid mobility, lower-
ing the viscous resistance encountered by CBMRs and thereby increasing
their penetration speed. These findings highlight the capability of
the collaborative photomagnetic therapeutic platform to simultaneously
enhance biological barrier permeability and antibacterial efficacy.

Moreover, temperature elevation enhances the catalytic reaction
rate and augments the efficiency of ROS generation, thereby further
bolstering the antibacterial efficacy of the photothermal process
(47, 48). As depicted in fig. S25A, an increase in the fluorescence signal
of hydroxyl radicals was observed after the temperature rise. When
the dosage of CBMRs remained constant, higher temperatures led to
enhanced antibacterial efficacy. Capillary tubes were used to simulate
the sinus cavity, and CBMRs were precisely guided through inflam-
matory secretions by external magnetic fields (fig. S25B).

As shown in Fig. 6G, the microrobot motion was tested under illu-
minated and dark conditions. Under the dark condition, the single
CBMRs moved slowly under the magnetic field because of resistance
from the biological barrier, thus failing to reach the capillary wall
quickly (movie S4). After the light was activated, the biological barrier
exhibited increased fluidity, which can be ascribed to the tempera-
ture of inflammatory secretions accelerating their internal motion. The
application of the magnetic field enabled the CBMRs to easily penetrate
the biological barrier and reach the capillary wall. Figure 6H shows
the displacement of CBMRs in the three modes over identical time
intervals. When the particles were exposed to light alone, they showed
Brownian motion, and the moving region remained nearly unchanged.
When the CBMRs were controlled by a magnetic field alone, they moved
toward the capillary wall, achieving a displacement of 65 pm. However,
when the light and magnetic field worked together, the displace-
ment increased to 191 pm. This comparative analysis further substan-
tiates the efficacy of combining optical and magnetic fields to augment
the penetrative capacity of CBMRs across biological barriers, thereby
enabling rapid deployment to sites of inflammation and infection.

To verify the clinical applicability of enhanced penetration through
biological barriers, we conducted in vivo experiments in the sinuses
of rabbits with sinusitis. The process of CBMRs penetrating the biologi-
cal barrier in rabbit sinuses was recorded using computed tomography
(CT) technology, as illustrated in Fig. 61. The CT image shows the
low-contrast-density biological barrier formed by purulent secretions
in the maxillary sinus. At 60 s after injection and magnetic actuation,
a distinct CBMR swarm was visualized within the sinus. Under the
combined influence of optical fibers and the magnetic field, the swarm
formed by CBMRs successfully crossed the biological barrier and
reached the bottom of the maxillary sinus after 220 s. These results
demonstrate clinical potential for the photomagnetic synergistic
strategy to enhance microrobot penetration through biological bar-
riers. The ability of CBMRs to penetrate biological barriers and remove
biofilms was further verified (fig. $26). Under irradiation of visible
light, a swarm formed by CBMRs successfully penetrated the bio-
logical barrier formed by inflammatory secretions to reach the bio-
film surface and directionally disrupt the biofilm under mechanical
forces exerted by the swarm (movie S5). Both single particles and a
swarm of CBMRs rapidly penetrated the biological barrier formed

Yu et al., Sci. Robot. 10, eadt0720 (2025) 25 June 2025

by sinusitis under the synergistic effect of light and magnetic field and
aggregated on the surface of the sinus mucosa to effectively remove
biofilms. The successful implementation of CBMRs in the sinusitis
model to enhance their penetration into biological barriers under
the synergy of light and magnetic fields provides theoretical support
for the treatment of sinusitis in vivo.

In vivo photocatalytic therapy in rabbit sinusitis

using CBMRs

The photomagnetic synergistic therapy based on the developed
CBMRs exhibits notable advantages in terms of potent antibacterial
activity and enhanced penetration through biological barriers. How-
ever, certain challenges remain that need to be addressed for its effec-
tive implementation in vivo. In terms of complex clinical conditions,
the precise positioning and navigation capabilities of microrobots
play a pivotal role (49, 50). Thus, the New Zealand rabbit sinusitis
infection model was used to evaluate the therapeutic effect of a com-
bined optomagnetic platform consisting of a magnetically guided
optical fiber and CBMRs. A photocatalytic processing system, mainly
consisting of DR imaging, a xenon lamp light source system, an optical
fiber, and a magnetic actuation system, was used to assist the treatment
of rabbit sinusitis with CBMRs (Fig. 7A). Because of its rapidity, con-
venience, and cost-effectiveness, DR imaging was chosen for real-time
tracking of CBMR movement. We also examined the influences of
magnetic field intensity and CBMR dosage on DR imaging quality
(fig. S27). The results indicate that a distinct imaging contrast was
achieved in rabbit sinuses when the magnetic field intensity exceeded
45.9 mT and the CBMR dose surpassed 300 pl.

The infected sinus side of the rabbits was treated, and the entire
treatment process was divided into three stages (Fig. 7B). In stage 1,
CBMRs were injected into the sinus entrance through a catheter and
migrated under magnetic actuation toward the biological barrier
formed by inflammatory secretions. In stage 2, the temperature of
the CBMRs swarm increased because of the photothermal effect
generated under the visible-light irradiation. The viscosity of the
biological barrier decreased, and the fluidity increased with the in-
crease in temperature. Upon applying the external magnetic field,
CBMRs quickly passed through the biological barrier and reached
the site of bacterial infection. In stage 3, the CBMRs swarm began to
destroy the biofilm. CBMRs produced many ROS for antibacterial
activity under the coordination of photocatalytic BiOI and Cu single
atoms. Eventually, the synergy of magnetically induced force and
photocatalytic effects eradicated the biofilm, thereby alleviating the
inflammatory response. In addition, the movement of the skull part
was achieved through a three-position magnet motion. The visible
light used was filtered through a 420-nm cutoft filter. It was demon-
strated in the cell coculture experiment that exposure to visible light
for 20 min did not induce detectable cytotoxicity. In the subsequent
animal experiment, each area received a treatment time of 15 min,
ensuring no adverse effects on the rabbit’s nasal mucosa. The rota-
tional movement of only a portion of the optical fiber magnetic head
during treatment minimized its influence on the sinuses, thereby en-
suring complete preservation of the sinus mucosa without any damage.
This treatment protocol combines the navigational motion charac-
teristics of the robot with the ability to effectively remove biofilms,
allowing for the noninvasive treatment of inflammation in small
and complex spaces.

Given the location of the sinuses within the skull and their proximity
to high-density regions, capturing clear images of CBMR motion
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Fig. 7. Photomagnetic synergistic therapy of sinusitis using CBMRs in a rabbit model. (A) Experimental setup show-
ing the integrated photomagnetic therapeutic platform, composed of a robotic magnetic control system, a xenon lamp
illumination source coupled to an optical fiber, and an x-ray imaging device for real-time monitoring. (B) Schematic il-
lustration depicting the delivery, penetration, and antibacterial treatment of CBMRs within sinus cavities through photo-
magnetic synergistic actions. (C) Time-lapse x-ray images demonstrating precise magnetic navigation and accumulation
of CBMR swarm inside the rabbit sinus. Scale bars, 2 cm (DR images) and 4 mm (enlarged regions). (D) Optical images
comparing the external nasal regions and internal sinus anatomy of the rabbits before and after CBMR therapy, indicating
clearance of inflammatory secretions. Scale bar, 1 cm. (E) SEM images comparing sinus mucosal surfaces among different
groups (top: untreated sinusitis model showing prominent biofilm structures; bottom: CBMR-treated sinus with minimal
biofilm presence). Scale bars, 10 pm. (F) Quantitative evaluation of white blood cell infiltration levels in rabbit sinus tissues
among various experimental groups (A, healthy control; B, surgical trauma control; C, untreated sinusitis model; and D,
CBMR-treated group). (G) Histological images of sinus mucosa tissues collected 3 days posttreatment, stained by H&E
(top) and Masson’s trichrome (bottom). Red arrows indicate regions of inflammatory cell infiltration. Scale bars, 200 pm.
(H) Quantitative measurement of inflammatory infiltration thickness in sinus mucosal tissues from each experimental
group, confirming therapeutic effects after CBMR treatment. Data in (F) and (H) are presented as means + SD (n = 3 inde-
pendent biological replicates). Statistical significance is indicated as *P < 0.05, **P < 0.01, and ****P < 0.0001.

Yu et al., Sci. Robot. 10, eadt0720 (2025) 25 June 2025

poses a substantial challenge (51). There-
fore, we first investigated intrasinus x-ray
imaging of CBMRs. The forward x-ray im-
aging of CBMRs in the rabbit sinus ini-
tially showed that CBMRs were dispersed
with low imaging contrast and could not
be observed (Fig. 7C). However, after ap-
plying a magnetic field for 1 min, a swarm
formed at the sinus opening, leading to an
improvement in imaging contrast because
of increased density within the region.
During the movement of the magnetic
field, a swarm of CBMRs could be ob-
served, demonstrating strong controllabili-
ty in in vivo experiments. Furthermore,
coordinated photomagnetic movement for
12 min successfully guided the swarm from
the entrance to reach the bottom of the
sinuses, as confirmed by lateral x-ray
imaging (fig. S27D). CBMRs exhibited
distinct imaging contrast under x-ray
and could be efficiently deployed in in-
fected areas within the sinuses through
cooperative manipulation of both mag-
netic and light fields.

The rabbit model of sinusitis was treat-
ed using the aforementioned procedure,
and the therapeutic effect was evaluated by
appearance, routine blood detection, and
tissue staining. Optical images of the rab-
bit nasal region before and after photocat-
alytic treatments with magnetically driven
CBMRs (Fig. 7D) show distinct differenc-
es. Before treatment, the rabbits exhibited
runny noses and obstructed breathing on
the inflamed sinus side. After treatment,
nasal discharge disappeared, and respira-
tory rates returned to normal. Rabbits
were euthanized, and their sinuses were
dissected. Internal optical photographs re-
vealed abundant white inflammatory se-
cretions in the sinuses before treatment,
which were reduced after therapy. Si-
multaneously, microscopic observation
of sinus mucus after treatment (fig. $28)
indicated a notable reduction in cell
counts. In addition, live/dead fluores-
cence staining demonstrated no detect-
able green fluorescence signals, indi
cative of live cells or bacteria, suggest-
ing diminished cell shedding and a re-
duced immune response in the sinus
mucosa after treatment.

Biofilm infections often cause severe
damage to the sinus mucosa. To further
investigate mucosal recovery after photo-
magnetic therapy, we used electron mi-
croscopy to analyze sinus mucosal surfaces
from rabbits in each intervention group
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(Fig. 7E). Epithelial cells on the sinus mucosal surfaces in the control
and surgical trauma groups exhibit well-organized and densely packed
structures. Conversely, the sinusitis model displayed extensive epithe-
lial cell shedding and deformation, accompanied by evident S. aureus
biofilm formation on the mucosal surface (45). After treatment with
CBMRs under photomagnetic actuation, epithelial cells on the sinus
mucosa, although not fully realigned, showed largely restored mor-
phology, indicating that this treatment effectively eradicated biofilm
infections and promoted mucosal repair. These optical and SEM anal-
yses provide preliminary evidence for successful sinusitis treatment
in rabbits.

Routine blood tests were conducted in the control, model,
surgical trauma, and treatment groups. The red blood cell count
data (fig. S29) were comparable to those of the control group. As
shown in Fig. 7F, the white blood cell count in the sinusitis mod-
el group was elevated, confirming active inflammation. White
blood cells decreased in the treatment group, indicating allevia-
tion of inflammation. Further classification of white blood cells
revealed additional details in fig. S30. Lymphocytes in the sinus-
itis model group were nearly absent, signifying severe bacterial
inflammation in rabbits, whereas lymphocyte counts gradually
returned to normal after CBMR treatment (fig. S30A). Mono-
cytes and neutrophils showed similar trends (fig. S30, B and C).
Posttreatment CBMR administration led to a substantial reduc-
tion in white blood cells, further validating the alleviation of in-
flammation. These hematological results confirm the effectiveness
of the CBMR-mediated catalytic therapeutic system for rabbit
sinusitis treatment.

To directly verify therapeutic efficacy in rabbit sinusitis, we per-
formed Masson’s trichrome and hematoxylin and eosin (H&E) stain-
ing on sinus mucosal tissues after euthanasia to evaluate epithelial
structure and collagen fiber formation. In Fig. 7G, H&E staining
of the sinusitis model revealed extensive inflammatory infiltration
(marked by blue staining). After treatment, mucosal staining be-
came predominantly red, indicating reduced inflammatory cell
infiltration. Masson’s trichrome staining assessed collagen fiber for-
mation, where inflammatory conditions typically result in severe
fibrosis (red staining areas) (52). Figure 7H quantifies the thickness
of collagen fiber layers. The sinusitis model exhibited severe fibro-
sis, with collagen fiber thickness measuring ~78.6 pm. After CBMR
treatment, collagen fiber thickness was reduced to ~10.3 pm, in-
dicating successful sinusitis treatment and gradual restoration of
sinus mucosal function after biofilm eradication. After ciliary cell
function recovery, residual CBMRs within the sinuses could be
excreted with nasal mucus through ciliary action. Last, the poten-
tial physiological toxicity of CBMRs to major rabbit organs was
assessed by H&E staining (fig. S31). No obvious tissue damage was
observed in the experimental group, confirming the biocompatibility
of CBMRs in vivo.

Comprehensive evaluations, including nasal anatomy, hema-
tological parameters, and histological analyses, demonstrate that
CBMRs combined with magnetically guided optical fiber-mediated
photocatalysis represent a highly effective therapeutic platform
for sinusitis treatment. Overall, we have developed a multifunctional
in vivo antimicrobial therapeutic platform using CBMR microro-
bots. This platform synergistically combines precise microrobot
navigation, photocatalytic antibacterial properties, and Cu single
atom catalysis, achieving targeted biofilm eradication within bio-
logical tissues under magnetically driven optical fiber guidance.

Yu et al., Sci. Robot. 10, eadt0720 (2025) 25 June 2025

DISCUSSION

Magnetically driven micro- and nanorobots play a pivotal role in ac-
tive targeted therapy for precision medicine. However, the clinical
translation of magnetically driven micro- and nanorobots for biofilm
eradication faces two critical challenges: Highly viscous inflammatory
secretions form physical barriers that impede effective robot penetra-
tion, and currently available therapeutic agents lack sufficient antibac-
terial efficacy against established biofilms. In this work, we developed
a photomagnetic synergistic therapeutic platform using photocata-
lytic microrobots (CBMRs) comprising single-atom copper-loaded
BiOI catalysts and SiO,-coated Fe;O4 magnetic particles. This inte-
grated approach leverages both photothermal effects and magnetic
actuation to enhance microrobot penetration through biological
barriers and facilitate precise localization at deep infection sites. The
CBMRs rapidly generate ROS under visible-light irradiation, provid-
ing robust antibacterial activity and overcoming resistance posed
by viscous inflammatory secretions, thereby substantially enhancing
therapeutic efficacy in targeted biofilm eradication.

Through experimental investigations, we have elucidated the mo-
tion characteristics, control parameters, and mechanical properties
of swarming CBMRs. These microrobots demonstrate antimicrobial
activity under visible-light irradiation and can effectively eliminate
bacteria within confined anatomical spaces. The combined mechani-
cal force generated by magnetic fields and the photothermal effect
induced by visible light enables efficient penetration through biologi-
cal barriers, facilitating rapid biofilm removal via chemical reactions.
Moreover, CBMRs exhibit excellent stability and can be reused mul-
tiple times. In addition, we have developed a magnetically guided
optical fiber to achieve integrated control of the magnetic field, opti-
cal fiber, and swarm behavior. By manipulating the magnetic field, we
guided the optical fiber to track the swarm’s movement and maintain
its continuous activation, thereby maximizing efficiency in dynamic
biofilm removal. Our sinusitis treatment platform based on CBMRs
demonstrated successful in vivo implementation of photocatalytic
antibacterial therapy using an optical fiber in rabbit models.

In summary, our proposed microrobotic therapeutic platform
offers the advantages of noninvasiveness, minimal resistance, and
drug-free intervention. This single-atom photocatalyst-based treat-
ment approach not only reduces overall costs but also provides a
versatile solution for treating other sinus-related diseases. Moreover,
it will mitigate the risks associated with clinical surgery, holding
promising implications for real-world clinical applications.

MATERIALS AND METHODS

Materials

Ferric chloride hexahydrate, ethylene glycol, sodium acetate, poly-
ethylene glycol (molecular weight = 10,000), potassium iodide, bis-
muth nitrate pentahydrate, copper chloride, sodium borohydride,
tetraethyl silicate, and 3-aminopropyltriethoxysilane (APTES) were
purchased from Aladdin Reagent Company (USA). All chemicals
were analytical and could be used without further purification. De-
ionized water was used in all experiments.

Fabrication of BMRs

Fe3;04 was prepared according to the reported method. Fe3O4
nanoparticles were weighed and dispersed in deionized water
(1 mg/ml), and then anhydrous ethanol (4 ml) and ammonia (250 pl)
were added. After ultrasonic stirring, 20 pl of ethyl tetrasilicate was
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quickly added. After ultrasonic reaction for 4 hours, APTES (200 pl)
was added to continue the ultrasonic reaction for 4 hours. The pre-
cipitation was collected by centrifugation and cleaned several times,
and the magnetic nanoparticles were obtained after drying Fe;0,@
SiO; (53). Fe30,@Si0, was dispersed in aqueous solution, sprayed
evenly on the surface of the slide, and dried for later use. Bismuth
nitrate pentahydrate (0.6 g) was weighed, dissolved in 60 ml of a
methanol and ethylene glycol (1:1) mixture, completely dissolved
in 0.2053 g of potassium iodide, and ultrasonically reacted for 30 min.
The slide was inserted diagonally into the Teflon lining so that the
reaction precursor was completely immersed in the slide and reacted
at 160°C for 12 hours. The growth layer of the slide was removed
by ultrasound, and the product was collected by magnet, washed
with deionized water and ethanol, and then dried to obtain BMRs.

Fabrication of CBMRs

BMRs (50 mg) were dispersed in 2 mM copper chloride solution (2 ml)
for ultrasound for 30 min, and then 200 pl of sodium borohydride
solution (0.1 M) was added for ultrasound for 30 min. The precipitation
was collected by centrifugation, washed three times in deionized
water, and then freeze-dried to obtain CBMR:s.

Design of magnetically guided optical fiber

The carbonyl iron powder was mixed with PDMS at a mass ratio of
1:1, the optical fiber was inserted into the mixing slurry, the mag-
netic shell was uniformly coated, and last, the magnetic shell was
cured by an infrared lamp for 2 min.

Magnetic actuation of CBMRs

The magnetic actuation experiments for both individual and swarms
of CBMRs were conducted as follows: For individual CBMR
actuation, the CBMRs were dispersed in water and observed using
a Tesla coil setup combined with a microscope equipped with a
40X objective lens. A custom-built controlled magnetic field
was applied transversely to induce rotation. For swarm actuation,
CBMRs were dispersed in water at a concentration of 5 mg/ml, and
a 3D-printed stepper motor platform controlled the rotation of a
permanent magnet to generate swarm motion. The magnetic
field’s rotation frequency was determined by dividing the rotation
speed by 60.

Evaluation of antibacterial activity

E. coli cultured in BHI (brain heart infusion) and S. aureus cultured
in Luria-Bertani (LB) medium were used for antibacterial experi-
ments. Bacteria were diluted with normal saline to 10" CFU/ml.
Material was added to 3 ml of bacterial solution, and the solution
was stirred in the dark for 30 min, irradiated under visible light for
30 min, and used for the antibacterial experiment. The antibacterial
activity of BMRs and CBMRs was evaluated in the magnetic field
generated by the Tesla coil with a magnetic field intensity of 10 mT
and a frequency of 7 Hz. In addition, the bacteriostatic ability of
each sample was evaluated by the plate count method. The specific
method was to smear 10 pl of bacterial solution on an agar plate and
culture the plate in a constant temperature incubator at 37°C for
16 hours. Statistical analysis was performed by Image software.

Biofilm culture
Glucose (1.5%) was added to the BHI medium, S. aureus was diluted
to 10° CFU/ml using the modified medium, and 3 ml of bacterial
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solution was added to the 35-mm petri dish. The biofilm was ob-
tained by culturing at 37°C for 8 hours.

Optic fiber combination with CBMRs for biofilm removal
According to the aforementioned method, the biofilm was cultured
in a 96-well plate. After aspirating the medium, 500 pl of phosphate-
buffered saline (PBS) buffer solution was added, followed by the ad-
dition of CBMRs (200 pg/ml). A swarm formed under a rotating
permanent magnet for biofilm removal as visible light from xenon
lamps was delivered into the 96-well plate via optical fibers. The
light intensity was regulated by adjusting the current of the xenon
lamp. After the reaction, the bacterial solution was diluted, and plate
counting was performed to evaluate the antibacterial activity.

In vitro experimental validation of biofilm removal from
porcine nasal sinuses

Freshly slaughtered pig heads were obtained from an abattoir, where
the animals had been previously slaughtered for consumption. Be-
cause the tissue was collected post-mortem from animals processed
for food, the study was exempt from institutional animal care. Three
milliliters of an S. aureus suspension (1.5 % w/v glucose) was in-
jected into each sinus cavity, and the sinuses were cultured at 27°C
for 12 hours to grow biofilms. Second, the optical fiber connected to
the xenon lamp was inserted through the nasal cavity of the pig into
the sinus, 0.5 ml of CBMR solution (200 pg/ml) was injected, and
then the biofilm was removed through the optical fiber and the per-
manent magnet. After treatment, the remaining bacterial solution
was collected for live/dead staining and MTT detection.

Cytotoxicity testing of CBMRs

Mouse stem cells were cultured in 96-well plates with 5000 cells.
CBMRs with concentrations of 10, 25, 50, 100, 150, and 250 pg/ml
were added, respectively, and five samples were prepared in parallel
for each concentration group. The pore plates were irradiated under
visible light for 15 min, cultured in a constant temperature incuba-
tor at 37°C for 24 hours, and injected with 10 pl of a Cell Counting
Kit-8 (CCK-8) solution, and an absorbance test was carried out
4 hours after the reaction started. The average value was compared
with the blank group to calculate the cell survival rate.

Viscosity of mucus

The viscosity changes of different slimes were detected by rheometer
during the heating process, and the heating rate was 5°C/min. To
avoid evaporation loss during the heating process, we performed oil
sealing before the test.

Rabbit model of sinusitis

Twenty-four healthy male New Zealand rabbits (age: 8 to 12 weeks;
weight: 1.8 to 2.5 kg) were obtained from Shenzhen Lingfu Top Bio-
technology Co. Ltd. Animals were housed under standard labora-
tory conditions (temperature: 22° + 2°C, humidity: 50 + 10%, and
12-hour light/dark cycles) and provided with ad libitum access to
food and water. All animal experimental protocols, including proce-
dures for pain management, surgical techniques, and humane eu-
thanasia, were reviewed and approved by the Institutional Animal
Care and Use Committee (IACUC) of Guangxi University (approval
nos. GXU-2024-138 and GXU-2025-194). All surgical procedures
were performed under sterile conditions. Rabbits were anesthetized
via intramuscular injection of 0.4 ml of Shutaishen (tiletamine/
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zolazepam combination anesthetic). After induction of anesthesia,
the midnasal region (~3 cm by 4 cm) was shaved, cleaned with soap
and water, disinfected with iodine solution, and sterilized with 75%
ethanol. Local infiltration anesthesia was administered using 0.1 ml
of 2% lidocaine hydrochloride injected along the nasal midline. A
skin incision (~3 cm) was then made along the nasal midline to ex-
pose and carefully separate the left and right mucoperiosteum, re-
vealing the anterior wall of the maxillary sinuses.

In the experimental group, the periosteum covering the anterior
wall of the left maxillary sinus was carefully incised, and a sterile
piece of biological hemostatic cotton was placed into the sinus cav-
ity. Subsequently, 0.5 ml of S. aureus suspension (1 x 10% CFU/ml)
was slowly injected into the sinus cavity, followed by meticulous
suturing of the periosteum and skin incision. Three additional rab-
bits served as the blank control group, undergoing identical surgi-
cal procedures but without bacterial inoculation. Postoperative
analgesia was provided through subcutaneous administration of
buprenorphine (0.05 mg/kg) every 8 hours for 48 hours to mini-
mize postoperative discomfort. Rabbits were closely monitored
daily for signs of distress, infection, or complications. At the con-
clusion of the study, rabbits were humanely euthanized by first ad-
ministering deep anesthesia through intramuscular injection of
Shutaishen (tiletamine/zolazepam).

CBMRs’ photocatalytic treatment of rabbit sinusitis under a
magnetic field

First, the rabbit was anesthetized, and the treatment began after the
rabbit’s breathing was stable. All treatments were performed in a
sterile environment. Half of a milliliter of CBMR solution (500 pg/
ml) was injected into the rabbit sinuses. Optical fiber was intro-
duced into rabbit sinuses, a Xe lamp (a 420-nm cutoff filter was in-
stalled to provide visible light) and a magnetic field were turned on,
and treatment was performed for 1 hour. A robotic arm was used to
manipulate the movement of the magnets, and the whole process
was navigated and tracked with the aid of DR imaging. The wound
was sutured at the end of the treatment, and blood samples were
taken 3 days later for routine blood tests. After euthanizing rabbits,
the sinus mucosa tissues were taken for histological analysis.

SEM analysis of sinus mucosa

After the rabbits were euthanized, the sinus mucosa was removed,
rinsed with 0.1 M PBS buffer solution, and fixed in 10% formalde-
hyde solution for 12 hours. After fixation, the samples were washed
three times with PBS buffer solution and then dehydrated with 30,
50, 70, 80, 90, 95, and 100% ethanol solution, respectively, for 15 min
each. The dehydrated samples were freeze-dried overnight, and their
surface morphology was observed by SEM.

Magnetic field simulation

COMSOL Multiphysics 6.1, commercial finite element software,
was used to simulate the force of the swarm under the magnetic
field. The liquid medium was water, and all walls are defined as non-
slip boundaries. To simplify the calculation, we modeled the robot
swarm as a disk with a diameter of 5 mm and a height of 500 pm.
The specific equations are shown in the Supplementary Materials.

Statistical analysis
Data were analyzed using the statistical software program Prism 10.1
(GraphPad Software Inc., La Jolla, CA) and are presented as means.

Yu et al., Sci. Robot. 10, eadt0720 (2025) 25 June 2025

Student’s ¢ test was used to assess differences between two groups,
and one-way or two-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparisons test was applied to evaluate differences
among multiple groups. Differences with P < 0.05 were considered
statistically significant.

Supplementary Materials
The PDF file includes:

Legends for movies S1 to S5

Methods

Tables S1and S2

Figs.S1to S31

Other Supplementary Material for this manuscript includes the following:
Movies S1to S5
MDAR Reproducibility Checklist
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