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ABSTRACT: Bacterial biofilms are complex multicellular com- Biofilm treatment

munities that adhere firmly to solid surfaces. They are widely &% Live bacteria

recognized as major threats to human health, contributing to issues Dead bacteria

such as persistent infections on medical implants and severe
contamination in drinking water systems. As a potential treatment Z
for biofilms, this work proposes two strategies: (i) light-driven Q
ZFO/Pt microrobots

ZnFe,0, (ZFO)/Pt microrobots for photodegradation of biofilms 0 ;’.“
and (ii) magnetically driven ZFO microrobots for mechanical s e G YA\ f o
removal of biofilms from surfaces. Magnetically driven ZFO ) o 1 i ; ol

) P o
microrobots were realized by synthesizing ZFO microspheres ZFO microrobots |
through a low-cost and large-scale hydrothermal synthesis, followed
by a calcination process. Then, a Pt layer was deposited on the
surface of the ZFO microspheres to break their symmetry, resulting in self-propelled light-driven Janus ZFO/Pt microrobots. Light-
driven ZFO/Pt microrobots exhibited active locomotion under UV light irradiation and controllable motion in terms of “stop and
go” features. Magnetically driven ZFO microrobots were capable of maneuvering precisely when subjected to an external rotating
magnetic field. These microrobots could eliminate Gram-negative Escherichia coli (E. coli) biofilms through photogenerated reactive
oxygen species (ROS)-related antibacterial properties in combination with their light-powered active locomotion, accelerating the
mass transfer to remove biofilms more effectively in water. Moreover, the actuation of magnetically driven ZFO microrobots allowed
for the physical disruption of biofilms, which represents a reliable alternative to photocatalysis for the removal of strongly anchored
biofilms in confined spaces. With their versatile characteristics, the envisioned microrobots highlight a significant potential for
biofilm removal with high efficacy in both open and confined spaces, such as the pipelines of industrial plants.

Photocatalytic degradation Mechanical removal
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1. INTRODUCTION free drinking water has become highly critical, emphasizing the
importance of implementing effective biofilm control measures.
Current disinfection methods, such as UV treatment and
chemical disinfectants, face challenges like high energy
consumption, harmful byproducts, and the risk of promoting
resistant biofilms. Moreover, their effectiveness against emerg-
ing pathogens is uncertain and requires further evaluation. Novel

The emergence of infectious diseases has a strong connection
with the proliferation of bacterial biofilms, intricate three-
dimensional structures composed of microorganisms, and
extracellular polymeric substances (EPS)."” The process of
biofilm formation unfolds through several stages.3 Initially,
planktonic cells attach on a surface, followed by rapid
multiplication and the formation of a protective EPS matrix.
This EPS matrix provides the structural foundation for the
biofilm’s architecture, accommodating bacterial cells. Moreover,
it grants crucial adhesion capabilities to surfaces and enhances
resistance against environmental interferences, such as anti-
biotics and mechanical forces.*”® Beyond the well-documented
implications of biofilms for recurrent infections and various
medical complications, such as their adhesion to implants and

technologies have recently emerged as a potential remedy, such
as chemical removal strategies based on the utilization of
photocatalytic nanoparticles to degrade biofilm or physical
removal strategies based on the mechanical disruption of
biofilm."> These approaches are capable of concurrently
targeting the EPS matrix and dormant bacterial cells, holding
particular promise for biofilm treatment.'*~"”

catheters,””” biofilm formation presents a multifaceted Received: October 24, 2024
challenge when extended to industrial pipelines and water Revised:  December 13, 2024
distribution systems.'®~'* This issue is particularly pronounced Accepted:  December 17, 2024

in industrial water-cooling plants and municipal drinking water Published: January 2, 2025

networks, which have emerged as a significant threat to public
health.">"* Hence, the imperative to secure access to pathogen-
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Scheme 1. Light-Driven and Magnetic ZFO-Based Microrobots for Effective Biofilm Treatment”
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Mechanical removal of biofilms
via magnetically driven ZFO
microrobots

“(a) Light-driven ZFO/Pt microrobots eliminate Gram-negative E. coli biofilms via photogenerated ROS-related antibacterial properties. (b)
Magnetically driven ZFO microrobots are capable of mechanical removal of biofilms under manipulation by a permanent magnet.

In recent years, there has been a remarkable surge in research
and development efforts aimed at leveraging microrobots as
innovative tools for biofilm eradication.”’~** Microrobots are
miniature, self-propelled structures that can navigate within
complex environments, making them particularly promising for
tackling the challenges posed by biofilms.'>**** One of the
pioneering breakthroughs in this field involves the utilization of
photocatalytic microrobots capable of propelling themselves
under light irradiation.”>~*" Photocatalytic microrobots can
produce highly concentrated reactive oxygen species (ROS) to
target biofilm matrices, disrupting their structural integrity, and
subsequently making them more susceptible to removal.”**” For
example, we introduced a novel concept involving Pt-tubes
having a biocompatible TiO, coating to harness light-induced
ROS production, which plays a pivotal role in removing dental
biofilm.*® Alternatively, Ussia et al. demonstrated an effective
strategy to eradicate biofilms from solid surfaces by employing
light-driven Ag-doped ZnO microrobots, which boost anti-
biofilm efficacy by increasing ROS production through the
catalytic reaction of ZnO and enhancing the diffusion of
antimicrobial nanosilver.'” Beyond the utilization of photo-
catalytic materials, microrobots composed of magnetic materials
also represent a promising and innovative approach to address
biofilm-related challenges by offering a targeted and minimally
invasive form of biofilm disruption.’” ~**> When subjected to an
external magnetic field, these microrobots demonstrate
controlled actuation, which enables them to be maneuvered
precisely within biofilm matrices, regardless of the complexity of
the biofilm’s architecture.”™** For instance, catalytic antimicro-
bial robots (CARs) with dual catalytic—magnetic functionality
using iron oxide nanoparticles (NPs) were designed to kill, break
down, and remove biofilms in a controlled manner. 3D-molded
CARs, shaped like vanes or helicoids, targeted specific tasks in
enclosed domains by eliminating biofilms and killing bacteria
simultaneously.*® Similarly, Dong et al. introduced magnetic
microswarms with navigation capabilities that effectively
eliminated targeted biofilms in both open and confined
environments through a synergistic combination of the Fenton
reaction and physical disruption.”” The precise control and
adaptability of magnetic microrobots, along with their ability to
operate within the complex environment of biofilms, make them
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a promising tool for solving biofilm-related issues.”® *

Although the different propulsion modes based on one material
may provide advanced strategies applicable in daily scenarios
associated with biofilms, only a few examples of such
microrobots have been reported until now.

Here, we present ZnFe,O, (ZFO)-based microrobots for
biofilm treatment from solid surfaces. Previous studies faced
challenges in controlling ZnO-based microrobots due to their
lack of magnetic properties while Fe;O, nanoparticles, despite
their superparamagnetism, exhibited weak photocatalytic
performance due to a narrow band gap.m’g'é"?’7 In this work, we
address these limitations by utilizing ZFO, which combines both
photocatalytic and magnetic properties in one material to
enhance the removal of bacterial biofilm through chemical and
physical mechanisms. In particular, compared to Fe,O;, ZFO
shows stronger magnetic properties, allowing easy collection of
the microrobots using a permanent magnet."** This capability
not only enables enhanced reusability but also facilitates the
efficient isolation of the microrobots from the surrounding
environment, thereby minimizing potential interference. Fur-
thermore, ZFO can be considered to have biocompatible
characteristics in the environment.””** Light-driven ZFO
particles were synthesized by a facile hydrothermal reaction,
followed by a calcination process. Then, to obtain a Janus
structure for light-powered self-propulsion, the ZFO micro-
robots were half-coated with a Pt layer through the sputtering
technique, obtaining ZFO/Pt microrobots. When exposed to
UV light, electrons (e”) in the valence band of ZFO and
promoted to the conduction band, leaving holes (h*) within the
valence band. Electrons migrate from the conduction band to Pt,
while holes remain within ZFO, where they contribute to water
or H,0, decomposition. During this process, it establishes a H"
concentration gradient, creating a localized electric field that
drives the motion of the microrobots through self-electro-
phoresis, as depicted in Scheme 1. Their speed values were
notably enhanced when subjected to low concentrations of
H,O0, fuel, accompanied by a rapid modulation of their motion/
no motion conditions in response to the on/off switch of the UV
light source. Due to the intrinsic paramagnetic properties of
ZFO microspheres, they can be precisely guided along
predefined paths and demonstrate reconfigurable, collective
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Figure 1. Fabrication and characterization of ZFO-based microrobots. (a) Schematic illustration of the preparation of magnetically driven ZFO
microrobots and light-driven ZFO/Pt microrobots. (b) SEM and EDX mapping images of a light-driven ZFO/Pt microrobot showing the distribution
of Fe, O, Zn, and Pt elements. Scale bars are 1 gm. (c) XRD spectrum of magnetically driven ZFO microrobots. (d—f) High-resolution XPS spectra of
magnetically driven ZFO microrobots for Fe 2p, Zn 2p, and O 1s regions, respectively.

behavior under the influence of an external magnetic field. This
functionality is achieved even without the Pt layer, earning them
the designation of magnetically driven ZFO microrobots. Gram-
negative Escherichia coli (E. coli) was selected as a model strain
for the incubation of biofilm due to its extensive existence in the
environment and then treated with light-driven ZFO/Pt
microrobots or magnetically driven ZFO microrobots. Light-
driven ZFO/Pt microrobots showed excellent performance in
killing bacteria under UV light irradiation in the presence of a
low concentration of H,0,, whereas the static microrobots
demonstrated only minor removal of the biofilm, which further
demonstrates the primary contribution of the dynamic
locomotion of microrobots in achieving efficient biofilm
removal. Furthermore, magnetically driven ZFO microrobots
have been substantiated to effectively prevent biofilm formation
from both open surfaces and inner parts of glass tubes having
varying diameters, demonstrating that magnetic microrobots

3610

hold significant potential for biofilm disruption strategies in both
open and confined spaces. This concept is schematically
illustrated in Scheme 1. The proposed microrobots, having
dual functionalities and scalable fabrication possibilities, hold
significant promise for biofilm eradication, especially in
addressing long-standing challenges in industrial applications.

2. RESULTS AND DISCUSSION

2.1. Fabrication and Characterization of ZFO-Based
Microrobots. Magnetically driven ZFO microrobots were
fabricated by a hydrothermal reaction, followed by a calcination
process. Light-driven ZFO/Pt microrobots were prepared by
asymmetrical Pt sputtering as schematically shown in Figure 1a,
resulting in the half-coating of ZFO microrobots with a Pt layer.
The morphology of ZFO-based microrobots was characterized
and illustrated by scanning electron microscopy (SEM) images
in Figures SI and 1b. These micrographs display a spherical

https://doi.org/10.1021/acsami.4c18360
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Figure 2. Motion behavior of light-driven ZFO/Pt microrobots. (a) Average speed values of the light-driven ZFO/Pt microrobots at various
concentrations of H,0, without (light off) or with (light on) UV light irradiation. Error bars represent the standard deviation with n = 3 independent
replicates. (b) Trajectory and instantaneous speed (color-coded) of a microrobot in 0.5 wt % H,O, without (0—10 s) and with (10—20s) UV light
irradiation. Scale bar = 10 ym. Black arrows represent the motion directions of the microrobot. (c) MSD plots of the light-driven ZFO/Pt microrobots
in 0.5 wt % H,0, without and with UV light irradiation. The inset shows the corresponding diffusion coefficients (D) calculated by fitting the MSD
plots. (d) UV—vis absorbance spectrum of the light-driven ZFO/Pt microrobots. The inset reports the corresponding Tauc plot. (e) Schematic
illustration of the proposed propulsion mechanism of the light-driven ZFO/Pt microrobots.

morphology with a hollow structure and a diameter of
approximately 2.5 ym. This structure could be justified by the
high temperature reached during the hydrothermal process (180
°C) and the formation of ZnFe-glycolate nuclei due to the
solvent’s high surface energy, which is responsible for its
tendency to aggregate into a spherical structure, thereby
reducing the free energy.” During the calcination process, the
ZnFe-glycolate nuclei decompose into ZFO, which eventually
results in the formation of hollow ZFO microspheres. In
addition, the hollow spheres possess a notably rough surface
composed of closely interconnected ZFO nanosheets. Ele-
mental mapping images of ZFO were attained by energy-
dispersive X-ray spectroscopy (EDX) to prove their elemental
composition and effective deposition of the Pt layer. The EDX
images in Figure S1 indicate a uniform distribution of Fe, O, and
Zn elements of magnetically driven ZFO microrobots, while
Figure 1b demonstrates the asymmetrical Pt layer deposition.
To further prove the Janus structure of ZFO/Pt microrobots,
SEM measurements using a backscattered electron (BSE)
detector were conducted to determine the elemental distribu-
tion and clearer contrast between different elements, as shown in
Figure S2. The SEM image on the right clearly distinguishes the
half-coated Pt layer from the ZFO particles, confirming the
Janus structure of the microrobots. Additionally, the EDX
images in Figure S2b further validate the Pt layer distribution,
which aligns with the SEM observations.

Structural analysis of the microrobots was performed by X-ray
diffraction (XRD) within the 26 range of 20—80°. As depicted in
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Figure 1c, the XRD pattern reveals consistency between all of
the reflection peaks and the standard JCPDS card No. 22—1012,
confirming the presence of the spinel ZFO phase.*® Specifically,
the diffraction peaks at 20 values of 29.92, 35.28, 36.92, 42.88,
53.16, 56.72, 62.24, and 73.64 can be attributed to the (220),
(311), (222), (400), (422), (511), (440), and (533) planes,
respectively, which correspond to the cubic phase of spinel ZFO.
The absence of any discernible peaks in the spectrum that
correspond to ZnO and Fe, O highlights the crystalline purity of
the resulting magnetically driven ZFO microrobots.

X-ray photoelectron spectroscopy (XPS) was carried out to
investigate the surface composition and chemical states of the
ZFO microrobots. The corresponding fitted data for the high-
resolution Fe, Zn, and O regions are presented in Figure 1d—f,
respectively. Fe 2p spectrum displays peaks at 710.8 (718.7) and
712.9 (725.0) eV binding energies, corresponding to Fe 2p;/,
(Fe 2py,), which are ascribed to tetrahedral and octahedral sites
within ZFO, respectively, and signify the presence of Fe** in the
microrobots.*”*" In Figure 1e, the Zn 2p spectrum reveals fitting
peaks at 1022.1 and 1045.0 eV, corresponding to the binding
energy of Zn 2p, ,, and Zn 2p; ,, respectively, which suggests the
presence of Zn** in the ZnFe,0, structure. O 1s spectra exhibit a
peak at ~532 eV, which is attributed to typical lattice oxygen
within the structure of Zn—O or Fe—O, while the peak at ~530
eV designates the presence of adsorbed oxygen on the
microrobot’s surface.

2.2. Motion Behavior of Light-Driven ZFO/Pt Micro-
robots. Motion analysis of light-driven ZFO/Pt microrobots

https://doi.org/10.1021/acsami.4c18360
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Figure 3. Magnetic motion of ZFO microrobots. (a) Magnetic hysteresis loop of magnetically driven ZFO microrobots. The inset depicts the magnetic
dipole moment () of a magnetically driven ZFO microrobot and how it aligns with the direction of an externally applied magnetic field (H). (b)
Average speed values of magnetically driven ZFO microrobots under a transverse rotating magnetic field. Error bars represent the standard deviation
with n = 10 independent replicates. (c) Trajectories of a magnetically driven ZFO microrobot under a transversal rotating magnetic field (S mT) at
different frequencies (S—30 Hz) for 3 s. (d) Trajectories of a ZFO microrobot along predefined paths under a transversal magnetic field of S mT at 15
Hz frequency. (e) Schematic illustration of configuration and external manipulation of a magnetically driven ZFO microrobot agglomerate. (f) Time-
lapse digital images of the manipulation of a microrobot agglomerate inside a glass tube, showing its adaptability to the varying tube diameters.

was performed both under UV light illumination and under dark
conditions. Different amounts of H,0O, were eventually
employed as a fuel. As can be appreciated from Figure 2a,
under UV light exposure, the microrobots exhibited free-fuel
motion in water, registering a speed value of about 3 yms™'. The
speed of the microrobots further increased up to 9.8 and 14.7
um s' by adding 1 and 1.5 wt % of H,0,, respectively.
Differently, in the dark, the microrobots did not show any
significant displacement without H,O, or in the presence of 0.5
wt % H,0,. When 1 and 1.5 wt % H,0O, were introduced under
the dark condition, the speed of microrobots registered about
5.1 and 7.6 um s~', respectively. Therefore, at high H,O,
concentrations, the microrobots could move, even without UV
light irradiation. Figure 2b displays a characteristic trajectory
and instantaneous speed (color-coded) of a single microrobot in
the dark and under UV light irradiation (Supporting Movie 1).
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The instantaneous speed is ~1.5 ym s~ without UV light in the
initial 10 s, which is in good agreement with Figure 2a.
Afterward, UV light boosted the microrobot speed in a circular
trajectory, demonstrating that light irradiation can make a
noticeable difference in the speed and trajectory of ZFO/Pt
microrobots.

To further analyze the motion behavior of the microrobots
under different conditions, a mean squared displacement
(MSD) analysis was conducted (Figure 2c). In the presence of
0.5 wt % H,0,, MSD values of ZFO/Pt microrobots exhibited a
linear increase under the dark condition (gray pattern),
indicating Brownian motion. However, when UV light was
introduced, MSD values followed a parabolic relationship with
time. This observation is attributed to the light-driven self-
propulsion of ZFO/Pt microrobots.”” Based on the analysis of
MSD values, diffusion coefficients (D) of the microrobots were
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driven ZFO/Pt microrobots, UV light irradiation, and H,O, fuel. (b) Absorbance values for stained biofilms treated at different conditions (water, 0.2
wt % H,0,, or microrobots at 10, 25, and 50 ug mL ™" concentrations in the presence of 0.2 wt % H,0,) without (light off) or with (light on) UV light
irradiation for 30 min. (c) Fluorescence images of stained living bacteria after the treatments under different conditions. Scale bar is 10 ym. (d) CFU
counts for different groups (water, 0.2 wt % H,O,, or microrobots at 10, 25, and 50 g mL™" concentrations in the presence of 0.2 wt % H,0,) under
UV light irradiation for 30 min and (e) the corresponding digital images. (f) LIVE/DEAD assay for biofilms treated for 30 min under UV light
irradiation at different conditions (water, 0.2 wt % H,O,, microrobots 50 g mL™" concentration in the presence of 0.2 wt % H,0,). Scale bars: 100 ym.
Error bars represent the standard deviation with n = 3 independent replicates.

also calculated (Figure 2c). D values significantly increased from The optical band gap (E,) for the microrobots was
0.4 ym”s™" under dark to 6.3 ym* s™' under UV light irradiation determined based on absorption measurements by UV—vis
in the presence of 0.5 wt % H,0,, thus highlighting the light- spectroscopy.”’ The Tauc plot presented in Figure 2d indicates
induced active motion of ZFO/Pt microrobots. an E, value of 2.1 eV. The potential motion mechanism of light-
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driven ZFO/Pt microrobots is presented in Figure 2e. ZFO, as
an n-type semiconductor with a band gap of 2.1 eV, exhibits light
absorption capabilities. When subjected to UV light irradiation,
electrons in the semiconductor’s valence band are promoted to
the conduction band, thereby leaving vacancies or holes within
the valence band.”" Electrons migrate from the conduction band
to Pt while holes remain confined within the ZFO, where they
actively participate in water decomposition reactions as
illustrated in Figure 2e.

Notably, the protons (H") generated on the ZFO side are
consumed at the Pt side, leading to the production of H,. This
process establishes a large H' concentration gradient,
consequently generating a localized electric field that propels
the microrobots through a mechanism known as self-electro-
phoresis.”>*® To highlight the catalytic properties of ZFO/Pt
microrobots, a comparison of the catalytic rates between Fe;O,,
ZFO, and ZFO/Pt microrobots, using picric acid (PA) as a
degradation model, was conducted (Figure S3). The rate
constant, calculated using first-order kinetics, showed a trend of
k (ZFO/Pt) > k (Fe;0,) > k (ZFO), clearly demonstrating the
enhanced catalytic efficiency of ZFO/Pt microrobots.

2.3. Motion Behavior of Magnetically Driven ZFO
Microrobots. Magnetically driven ZFO microrobots could
allow external magnetic control due to the presence of Fe within
their structure. To analyze the magnetic properties of the ZFO
microrobots, a vibrating sample magnetometer (VSM) was
utilized. The magnetic hysteresis loop shown in Figure 3a
presents the distinctive characteristics of a paramagnetic
material.”* The magnetic dipole moment is symmetrically
located in the center of the spherical structure. After analysis of
the magnetic features, the rolling motion of magnetically driven
ZFO microrobots was investigated under the influence of a
transverse rotating magnetic field. The magnetic field was kept
constant (S mT) during the experiments, while the frequency
was varied from 5 to 50 Hz. As shown in Figure 3b, the average
speed of the microrobots increased with the frequency, reaching
its peak value of 16.2 ym s__1 at 15 Hz, commonly referred to as
the “step-out” frequency.>” Beyond this frequency, the average
speed experienced a notable decrease until 4.3 ym s™" at 50 Hz
due to insufficient time to maintain synchronous alignment
between the rotation of the magnetic field and the rotation of the
magnetically driven ZFO microrobots. The dependency of
average speed values on the magnetic field’s frequency also
affects the total distance covered by the microrobots. Figure 3¢
reports micrographs, captured from Supporting Movie 2, of a
single microrobot’s trajectory under different frequencies (5—30
Hz) for 3 s. As expected, the longest trajectory is observed at 15
Hz due to the higher speed of magnetically driven ZFO
microrobots under this condition.

Magnetically driven ZFO microrobots also enabled precise
control of their trajectory, creating intricate patterns, as
demonstrated in Figure 3d and Supporting Movie 3. In addition
to the manipulation of individual microrobots, the actuation of
multiple microrobots and their adaptability to the surrounding
environment are of great importance for implementing
synchronized tasks, especially in narrow and varying spaces as
requested by practical applications, including water remediation
in industrial pipelines. To test magnetically driven ZFO
microrobots’ abilities in this regard, a glass tube with varying
diameters (Figure S4) was selected to simulate their motion
behaviors in a real-world setting. Microrobots were injected into
the tube’s narrow area as schematically illustrated in Figure 3e.
Here, a neodymium—iron—boron (NdFeB) magnet was used to
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guide the magnetically driven ZFO microrobots instead of the
transverse rotating magnetic field. Digital images in Figure 3f
demonstrate the displacement of the microrobots from the wide
part (6 mm) to the narrow part (2 mm) of the transparent tube
in 14 s (Supporting Movie 4). The regulable locomotion
performance of magnetically driven ZFO microrobots intro-
duces a pivotal role in undertaking diverse tasks for biomedical
applications as well as environmental remediation, such as
precise drug delivery, clinical imaging, and the degradation of
pollutants at target locations.”>*>~>” Considering the conven-
tional approach to enable magnetic navigability (obtaining a
Janus structure by Ni deposition or incorporating super-
paramagnetic nanoparticles on particle surfaces), magnetically
driven ZFO microrobots present a significant advantage to
obtaining magnetic features in a cost-effective and reproducible
way due to their intrinsic magnetic properties.”®~*’

2.4. Biofilm Treatment by Light-Driven ZFO/Pt Micro-
robots. Because the EPS, which is mainly composed of
exopolysaccharides, proteins, lipids, and extracellular DNA
(eDNA), protects the microorganism from desiccation,
oxidation, antibiotics, etc., effective biofilm treatment is a
challenging task.”®" As a potential remedy, light-driven ZFO/Pt
microrobots, which can produce ROS under light irradiation,
were proposed in this study to chemically disrupt the EPS barrier
and further kill the protected bacteria cells. The photocatalytic
motion of microrobots mainly contributes to the mixing and
distribution of ROS rather than directly removing the biofilm, as
depicted in Figure 4a. ROS generation by light-driven ZFO/Pt
microrobots under light irradiation and in the presence of low
concentrations of H,0, (0.2%) was validated by fluorescence
measurements. As demonstrated in previous work,* tereph-
thalic acid was employed as a probe molecule, effectively
trapping hydroxyl radicals and yielding strongly fluorescent 2-
hydroxyterephthalic acid. The proportional increase in fluo-
rescent intensity indicates the efficient generation of hydroxyl
radicals by ZFO/Pt microrobots (Figure SS). For biofilm
experiments, a strain of Gram-negative E. coli was selected to
investigate the antibacterial performance of light-driven ZFO /Pt
microrobots. E. coli represents a widely encountered bacteria
that typically resides in the intestines of healthy humans and
animals.”> On the other hand, some strains of E. coli can pose
health threats in contaminated water systems when ingested or
come into contact with the body, causing diarrhea, nausea, and
vomiting. More importantly, some E. coli strains have also
developed resistance to antibiotics, making their eradication
more challenging.*®

In the experimental setup, the growth of E. coli biofilms was
performed inside 96-well plates. To minimize the effect of H,0,
on biofilm removal, the lowest concentration of H,0, for
microrobots motion was investigated. As displayed in Figure S6,
the microrobots still exhibited light-triggered motion compared
to the dark condition in 0.2% H,0, (Supporting Movie $).
These bacterial biofilms were subsequently subjected to
different concentrations of light-driven ZFO/Pt microrobots
dispersed in a water solution containing 0.2 wt % H,O,.
Simultaneously, the well plates were exposed to 30 min of UV
light irradiation to facilitate photocatalytic motion. The
antibiofilm activity was compared with data obtained by using
water or 0.2 wt % H,O, without the presence of the microrobots,
to discern the contribution of UV light exposure and H,O, to the
removal of bacterial biofilms. Biofilm viability was tested using
the Crystal Violet (CV) assay by measuring the absorbance
value of the dye at 590 nm for each of the aforementioned
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Figure 5. (a) Fluorescent images and (b) the corresponding fluorescence intensity values from different parts of an agar plate after mechanical biofilm
disruption achieved by magnetically driven ZFO microrobots under the control of an external magnet. Scale bars are 100 ym. (c) Schematic illustration

and digital images of mechanical biofilm disruption in a glass tube.

experimental conditions. As shown in Figure 4b, the absorbance
values significantly decreased with higher concentrations of the
microrobots during UV light irradiation (light on). The
contribution of UV light irradiation or H,0, in the absence of
the microrobots reveals their limited effect on E. coli eradication,
especially compared to the condition involving active micro-
robots at a concentration of 50 ug mL™". Furthermore, control
experiments involving static ZFO/Pt microrobots (light off)
demonstrated a partial removal of biofilms through Fenton
reactions in the presence of ZFO and H,O, fuel. The optical
images of CV-stained well plates are reported in Figure S7 and
further prove that SO ug mL™" of microrobots led to a much
lighter purple color compared to all other conditions (control,
0.2 wt % H,0,, 10 and 25 ug mL™"), indicating that most of the
biofilm had been removed from the surface of the well plate. The
effect of the duration of UV light exposure was also investigated
by extending the irradiation time to 60 min. As illustrated in
Figure S8, the results demonstrate that extended irradiation time
has only a minimal impact on biofilm removal, indicating that
optimal degradation efficiency is achieved within 30 min.
Optical images in Figures 4c and S9 illustrate that the number
of stained living bacteria progressively decreased with the
increasing concentrations of microrobots in the presence of
H,0, and UV light irradiation, which is in agreement with
Figure 4b. To support these observations, the antimicrobial
properties of the light-driven ZFO/Pt microrobots were further
evaluated by calculating colony-forming units (CFU) based on a
spread plate method as previously reported.”” The results of the
experiments performed with microrobot-treated groups were
compared to the control groups (UV light irradiation and
H,0,). As demonstrated in Figure 4d,e, the bacterial viability
significantly decreased after treatment with the microrobots in
the presence of UV light and H,O,, which supports the previous
observations based on CV analysis. Finally, a LIVE/DEAD assay
was used to validate the efficacy of light-driven ZFO/Pt
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microrobots against bacterial biofilms. SYTO 9 and propidium
iodide (PI) were utilized to detect live (green) and dead (red)
bacteria cells, respectively. These cells were initially treated with
light-driven ZFO/Pt microrobots (50 ug mL™") under UV light
irradiation in the presence of 0.2 wt % H,0,. Two control
groups (only water and 0.2 wt % H,0, without the microrobots)
were also analyzed under UV light irradiation. The fluorescence
microscopy images shown in Figure 4f demonstrate the
promising features of the active microrobots toward effective
biofilm removal by the significantly higher amount of dead
bacteria for the treatment group and negligible effect of UV light
or H,0, in the absence of light-driven ZFO/Pt microrobots.
The treatment of an older and matured biofilm was also taken
into consideration by employing light-driven microrobots.
Compared to the 24 h biofilm (Figure S10), the 72 h biofilm
also exhibited a significant reduction in bacterial colonies,
particularly under the optimal conditions of S0 ug mL™" ZFO/
Pt microrobots. However, the persistence of a small number of
colonies at the highest microrobot concentration suggests that
the catalytic efficiency of the microrobots requires further
enhancement to effectively eradicate older and more mature
biofilms.

2.5. Mechanical Removal of Biofilms by Magnetically
Driven ZFO Microrobots. Different from the chemical
disruption of biofilm by light-driven ZFO/Pt microrobots, the
magnetic features of magnetically driven ZFO microrobots were
utilized for the mechanical removal of the biofilms. For these
experiments, a biofilm was successfully grown on an agar plate
with 2 days of incubation at 37 °C as shown in Figure S11. An
agglomerate of microrobots was then placed on the biofilm
surface, followed by external manipulation via a permanent
magnet in a predefined trajectory depicted in Figure Sa.
Afterward, SYTO 9 was used to detect living bacteria. As
evidenced by fluorescence images, mechanically treated areas
presented significantly lower amounts of adhered bacteria
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compared to the areas without any treatment (Figure S12). The
fluorescence intensity in Figure 5b decreased significantly after
treatment with magnetically driven ZFO microrobots via
physical erosion. A further detailed quantitative analysis was
determined by comparing the fluorescence intensity in the
designated triangular treatment area. From left to right across
this region, a considerable decrease in the fluorescence intensity
was also detected (Figure S13). Magnetically driven ZFO
microrobots also allowed precise positioning for the treatment
due to their strong response to external magnetic fields. It is
worth mentioning that many areas of biofilm growth are difficult
to reach for conventional microparticles, which typically could
be observed in narrow plumbing systems or similar scenarios,
making it a formidable task to address biofilm contamination.”
In response to this requirement, a narrow tube (Figure S4) was
used to simulate an enclosed and narrow environment that
contains a biofilm on its surface. The magnet allowed easy
manipulation of the microrobot agglomerate, leading to the
mechanical scratching of the biofilm from the surface, as shown
in Figure Sc. These results indicate that the intrinsic magnetic
properties of magnetically driven ZFO microrobots can enable
targeted biofilm removal even in confined spaces that can be
encountered in different daily scenarios. Moreover, the
possibility of irradiating UV light after the physical removal
process allows for the definitive inactivation of the eradicated
bacteria.

3. CONCLUSIONS

In this study, two effective approaches for the removal of
bacterial biofilms were introduced based on light-driven ZFO/
Pt microrobots and magnetically driven ZFO microrobots. To
utilize the photocatalytic properties of the ZFO microrobots, an
asymmetric structure was obtained by the sputtering deposition
of Pt on ZFO microspheres synthesized by a hydrothermal
method, followed by calcination. Light-driven ZFO/Pt micro-
robots demonstrated active light-induced motion via self-
electrophoresis when exposed to UV light in a controllable
way by switching the light on/off. Taking advantage of the
paramagnetic properties of magnetically driven ZFO micro-
robots, they were manipulated collectively with high precision in
both open surfaces and enclosed narrow channels. The dual
propulsion mechanism of ZFO-based microrobots was utilized
for biofilm removal by two strategies. Initially, the photocatalytic
activity of light-driven ZFO/Pt microrobots was tested to treat
E. coli biofilms. The microrobots, together with UV light
irradiation and H,0, fuel, demonstrated effective biofilm
removal due to their active motion and simultaneous ROS
production. Additionally, the collective movement of magneti-
cally driven ZFO microrobots under an external magnetic field
allowed the mechanical disruption of the biofilm structure inside
the surface of a narrow glass tube as a representative example of
confined environments. Given that the magnetic actuation of
these microrobots could interfere with the stability of the self-
electrophoresis mechanism that drives the light-induced motion,
synergistic effects of dual motion on biofilm removal remain
unconsidered in this work. Instead, the investigation of two
motion modes independently for biofilm treatment promotes
better insight into their individual contribution. To conclude,
these microrobots offer a promising and versatile solution for
biofilm treatment in both open surfaces or hard-to-reach
confined areas of industrial environments. Owing to the wide
variety of micro- and nanorobots that can be created by
combining different properties, we focus our efforts on proof-of-
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concept studies for effective biofilm removal that will lay the
foundation for the next generation of intelligent microrobots. In
real-world applications, future studies should focus on
investigating biofilm elimination using more efficient micro-
robots in simulated industrial pipelines or drinking water
systems.

4. EXPERIMENTAL METHODS

4.1. Synthesis of Magnetically Driven ZFO Microrobots. In a
typical synthesis, ZFO microspheres were obtained via a facile
hydrothermal process. Briefly, 30 mL of isopropanol and 8 mL of
glycerol were mixed in a beaker. Subsequently, 2 mmol of Fe (NO;),
and 1 mmol of Zn (CH;COO0),-2H,0 were added to the mixture and
further stirred for 30 min. The obtained homogeneous mixture was
transferred into a Teflon-lined stainless-steel autoclave (SO mL) and
kept in a heated oven at 180 °C for 12 h. After the natural cooling of the
autoclave until room temperature, the precipitate was obtained by
centrifugation at 4500 rpm and washed three times with deionized
water and ethanol, followed by drying overnight at 60 °C. Finally, the
as-prepared product was further treated via a calcination process in air
inside a muffle furnace at 450 °C for 3 h with a heating rate of 5 °C/min.
The final product was collected for further utilization.

4.1.1. Fabrication of Light-Driven ZFO/Pt Microrobots. To
fabricate the Janus microrobots, the calcinated ZFO microspheres (3
mg mL™") were suspended in DI water and sonicated for 5 min. The
suspension was dropped onto glass slides and dried overnight at room
temperature. A 30-nm-thick Pt layer was asymmetrically deposited on
ZFO microspheres by the sputtering technique. The real-time thickness
of the sputtered Pt layer was controlled by a quartz crystal
microbalance. Afterward, the microrobots were released from the
glass slides using a scalpel.

4.2. Material Characterization. The morphology of magnetically
driven ZFO and light-driven ZFO/Pt microrobots was assessed by
using a Tescan MIRA 3 XMU SEM. EDX mapping analysis was
conducted using an Oxford Instruments EDX detector connected to the
SEM. XPS spectra were measured with the assistance of a Kratos
Analytical Axis Supra instrument. To obtain the fitted data, XPS spectra
were analyzed using CASA XPS software. Magnetic hysteresis loop
measurements were performed at 300 K in magnetic fields up to 15 kOe
using a Quantum Design PPMS VersaLab VSM magnetometer.

4.3. Motion Experiments. Microrobot motion was recorded with
an inverted microscope (Nikon ECLIPSE TS2R) with a digital camera
(Basler acA1920—155uc). The Pt/ZFO microrobots were suspended
in DI water and sonicated for 3 min to properly disperse the particles.
0.3 wt % sodium dodecyl sulfate (SDS) was used as a surfactant during
the motion experiments. Different concentrations of H,0, (0,0.5, 1, 1.5
wt %) were prepared to assess the speed of microrobots with/without
UV light irradiation. The intensity of the light source was fixed at ~1.5
W cm ™2 The magnetic motion of the ZFO microrobots was obtained
by using a custom-built magnetic setup. The magnetic setup consists of
three orthogonal coil pairs in a poly(lactic acid) (PLA) support to
generate a transverse rotating magnetic field. Magnetically driven ZFO
microrobots were navigated under different intensities of the magnetic
field (3 or S mT) and different frequencies (5—S0 Hz). The recorded
videos were analyzed with NIS Elements Advanced Research software.

4.4. Biofilm Treatment by ZFO-Based Microrobots. The
bacterial strain (E. coli, Migula 1895) employed for biofilm experiments
was obtained from the Czech Collection of Microorganisms (CCM,
Brno, Czech Republic). Initially, bacteria from the stock culture were
inoculated onto nutrient agar plates and incubated overnight at 37 °C.
Afterward, bacteria were collected in Luria—Bertani (LB) broth and
then diluted with LB broth to reach an optical density of 0.15
absorbance units (AU) at 590 nm (ODgg). Then, the suspended
bacteria (200 uL) were seeded into the wells of a 96-well plate. LB broth
was refreshed after 1 h and the bacteria were further incubated for 24 h
at 37 °C. Following the incubation period, bacterial biofilms were
washed twice with phosphate-buffered saline (PBS). The efficacy of the
microrobots toward biofilm removal was assessed by their utilization at
various concentrations in the range of 10—50 ug mL™". The biofilm
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removal experiments were conducted in DI water containing 0.2 wt %
H, 0, with or without exposure to UV light irradiation (UV LED at 365
nm, 9 W). Control experiments involved only DI water or H,0,
without the microrobots. After waiting 30 min, the wells were washed
twice with PBS. The presence of biofilm was assessed by using a 1% CV
solution. After waiting with CV solution for 15 min, the bacteria were
washed twice with PBS. Finally, ethanol was added to dissolve CV and
absorbance values were measured at $90 nm using a microplate reader.
To further evaluate the efficacy of biofilm killing by the light-driven
ZFO/Pt microrobots, CFU assay was conducted. After the treatments,
the wells were washed once with PBS. Subsequently, the remaining
bacteria were collected by pipet and transferred to centrifuge tubes. The
suspension was serially diluted S times in PBS. 50 uL of the final
bacterial suspension was seeded on agar plates followed by incubation
for 24 h at 37 °C. After incubation, the CFUs were counted and
averaged. Each experiment was repeated 3 times. Lastly, to obtain
fluorescent images, a LIVE/DEAD BacLight bacterial viability kit,
involving SYTO-9 and PI, was used according to the manufacturer’s
specifications.
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