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Liquid-bodied antibiofilm robot with switchable
viscoelastic response for biofilm eradication on

complex surface topographies

Bonan Sun’, Junjia Guo?, Bo Hao', Yanfei Cao’, Tony K. F. Chan®, Mengmeng Sun®*,

Joseph J.Y. Sung®*, Li Zhang'>%7:8*

Recalcitrant biofilm infections pose a great challenge to human health. Micro- and nanorobots have been used to
eliminate biofilm infections in hard-to-reach regions inside the body. However, applying antibiofilm robots under
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physiological conditions is limited by the conflicting demands of accessibility and driving force. Here, we intro-
duce a liquid-bodied antibiofilm robot constructed by a dynamically cross-linked magnetic hydrogel. Leveraging
the viscoelastic response of the robot enables it to adapt to complex surface topographies such as medical mesh-
es and stents. Upon actuation, the robot can mechanically destroy the biofilm matrix, chemically deactivate bac-
terial cells, and collect disrupted biofilm debris. The robot’s antibiofilm performance is studied in vitro
and demonstrated on a medical mesh and a biliary stent. Tracking and navigation under endoscopy and x-ray
imaging in an ex vivo porcine bile duct are demonstrated. Last, in vivo antibiofilm treatment is conducted by in-
dwelling infected stents into mice’s abdominal cavity and clearing the biofilm infection using the proposed robot.

INTRODUCTION

Persistent microbial infections present a major threat to public health,
causing approximately 4.95 million deaths in 2019 (1). Although
pathogenic microbes are commonly thought of as planktonic bac-
teria with flagellar tails, most live within dynamic, self-assembled
structures known as biofilms. Roughly 80% of chronic infections are
recognized as biofilm infections (2, 3). Initially, planktonic bacteria
adhere to a surface of human tissue or implant, then aggregate with
other microbes and produce adherent extracellular polymeric sub-
stances (EPS) to form a biofilm (4, 5). The EPS matrix, consisting of
polysaccharides, fibrous proteins, and extracellular DNA, protects
the hosting microbes against environmental stresses and antibiotics,
making biofilm infections difficult to eliminate inside the human
body (6-8). While both biotic and abiotic surfaces can be colonized
by biofilms, abiotic implants such as medical meshes, stents, and
catheters are particularly susceptible to biofilm infection due to sup-
pressed immune responses in their vicinity (9). Generally, there are
two treatments for implant-associated biofilm infections: (i) physical
removal of biofilm or replacement of the infected device, necessitat-
ing invasive surgery to access the infected implant; and (ii) antibiotic
chemotherapy is hindered by low local concentration and the inabil-
ity to penetrate the biofilm matrix and eradicate the infection. More-
over, the overuse of antibiotics has caused rising antimicrobial resistance
and even the emergence of superbugs that are resistant to most avail-
able antibiotics (I, 7).
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To eliminate recalcitrant biofilm infections inside the body,
micro-/nanorobots (MNRs) have emerged as a promising tool. MNRs
are small-scale machines fabricated to perform designated tasks in
hard-to-reach regions (10-13). MNRs offer minimally invasive
medical interventions due to their small size (14-17), and they can
be driven by external physical fields [e.g., magnetic (18), ultrasound
(19), or light (20)] to navigate inside the body and perform targeted
therapy (21-24). Recently, MNRs have been used for antibiofilm
applications (25-29). Reported antibiofilm MNRs can eliminate es-
tablished biofilms in vitro under the actuation of external fields through
diverse mechanisms. Among them, chemical-mechanical disrup-
tion of the biofilm matrix is the most common approach (25). For
instance, microswarms consisting of iron oxide nanoparticles can
mechanically disrupt the biofilm matrix while generating free radi-
cals that chemically dissolve the biofilm matrix and eliminate bac-
terial cells (30-32); catalytic micromotors decompose hydrogen
peroxide solution and produce free radicals while moving ran-
domly driving by microbubbles (33-36). However, these antibio-
film robots alone cannot function inside the body; they rely on the
injection of hydrogen peroxide into the biofilm site to provide “fuel”
for their antibiofilm functionalities. As an improvement, antibiofilm
MNRs loaded with antimicrobial agents have been designed. A ther-
mosensitive magnetic hydrogel micromachine absorbs hydrogen
peroxide solution and releases it upon triggering, showing the capa-
bility to eradicate biofilms in tubular catheters without injection of
antimicrobial agents (37). Alternatively, antibiotics or antimicrobial
peptides can be bonded to microrobots through chemical modifica-
tion and delivered to the biofilm site (38, 39).

Although diverse MNRs show antibiofilm capability in vitro, few
have been tested under in vivo conditions. Attempts have been made
to integrate antibiofilm MNRs with medical imaging modalities to-
ward a microrobotic surgery platform. For example, a magnetic heli-
cal micromachine was used to eradicate biofilm in a tympanostomy
tube, a tubular implant in the human ear canal (40). In addition, a
magnetic microswarm featuring urchin-like structures was used to
eradicate biofilm in a plastic biliary stent (41). Endoscopy was used in
the aforementioned two works to deliver the antibiofilm robots into
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the biofilm site and track their movement, and the platform’s efficacy
was demonstrated in ex vivo surgeries. However, a major hindrance to
in vivo application is the limited adaptability of the antibiofilm robots.
Current robots cannot eradicate biofilms on medical implants with
complex topographic features, such as meshes and metallic stents. Ex-
amples of medical implants’ topographical complexity are summa-
rized in table S1 (text S1). Specifically, two crucial features are needed
for antibiofilm MNRs to work on complex topographies: (i) They
should be able to access narrow trenches and deep crevices to clear
biofilm within, which demands small size or large deformability, and
(ii) they have to move in viscous biofilm secretions and translate
through liquid-gas interfaces, which requires a large driving force for
these robots. Most reported micro-/nanoparticle collectives (“micro-
swarm”) or micromotors satisfy the first requirement due to their
small size but fail to meet the second. Antibiofilm robots with larger
sizes, such as the millimeter-sized magnetic hydrogel micromachine
(37) and the rod-like robot (42), have sufficient driving force for trans-
lating liquid-gas interfaces but fail to access narrow regions as their
deformability is limited. The conflict between small size and large
driving force for MNRs stems from a basic physical principle—scaling
law—and it seems that it has not been adequately addressed (43).

To provide a potential solution for the conflict between accessibil-
ity and driving force, we propose a liquid-bodied antibiofilm robot.
The proposed robot comprises a magnetic hydrogel cross-linked by
dynamic boronic ester bonds, which provide exceptional deforma-
tion and instantaneous self-healing capabilities (44, 45). Embedded
with NdFeB microparticles, the antibiofilm robot responds to exter-
nal magnetic fields. Figure 1A illustrates the switchable viscoelastic
response of the robot triggered by magnetic actuation: under gradi-
ent magnetic fields, the robot deforms slowly and moves on a sub-
strate; under rotating magnetic fields, the robot flips with the external
fields, showing a rolling motion. The dual-modal response is governed
by two characteristic timescales: actuation time I" and relaxation
time 7. When I is less than 7, the robot shows an elastic deformation
response, and when I' is greater than 7, the robot shows a viscous
liquid-like response. We can switch between two modes of response by
manipulating the applied magnetic field parameters. The dual-modal
response is essential for the antibiofilm treatment on complex topog-
raphies such as medical meshes and metallic stents. As an example,
we illustrate the biofilm infection on a metallic biliary stent in Fig. 1B:
The soft bile duct is supported by the metallic stent, creating undulat-
ing surfaces that are difficult to overcome for miniature robots. In
contrast, the proposed antibiofilm robot crosses over undulating
surfaces under rotating magnetic fields and conforms to the deep
crevices to clear biofilm within under gradient magnetic fields. We
illustrate the antibiofilm mechanisms of the proposed robot in Fig. 1C:
The robot mechanically disrupts the biofilm matrix through its
movement driven by external fields while actively releasing antimi-
crobial agents to kill the bacteria cells. The synergistic effect combin-
ing mechanical and chemical disruption of the biofilm matrix
enhances the effectiveness of biofilm eradication. Meanwhile, the
boronic acid-diol interaction between the robot and the biofilm ma-
trix polysaccharides enables the collection and removal of biofilm
debris, preventing the dispersal and regrowth of disrupted biofilm
fragments. Last, Fig. 1D shows the microrobotic surgery platform for
a medical imaging—guided antibiofilm treatment using the proposed ro-
bot. The antibiofilm robot is delivered to the biofilm site through endos-
copy and tracked by x-ray fluoroscopy. Magnetic actuation of the robot
is achieved by programming the moving trajectory of a permanent
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magnet integrated with a motor and a robotic arm. Using the pro-
posed system, imaging and tracking of the antibiofilm robot in an
ex vivo porcine bile duct are demonstrated. Last, to assess the robot’s
antibiofilm performance in vivo, we implant infected stents into
mices abdominal cavity and deliver the robot for antibiofilm treat-
ment. The proposed antibiofilm robot is capable of eliminating bio-
films on complex surface topographies and thus has great potential
for clinical treatments of a wide range of implant-associated bio-
film infections.

RESULTS

Characterization, locomotion, and mechanical

biofilm removal

The proposed antibiofilm robot comprises a dynamically cross-linked
polyvinyl alcohol (PVA) hydrogel with embedded magnetic particles.
The PVA chains feature an abundance of hydroxyl groups, facilitating
cross-linking through boronic acids to form boronic ester bonds
(44, 46, 47). Notably, these dynamic boronic ester bonds form and
debond under room temperature conditions without the need for cat-
alysts or external stimuli (45, 48). A slime-like viscoelastic hydrogel
can be obtained immediately after mixing PVA and borate solution
(fig. S1A). Antimicrobial agent levofloxacin and indolicidin are loaded
within the hydrogel matrix, and their chemical structures are shown in
fig. S1B. Frequency sweeps are conducted to investigate the rheological
behaviors of the magnetic hydrogels. All measured formulations show
strong rate-dependent behaviors, where the storage modulus (G’) var-
ies in a range of five to six orders of magnitudes under different shear
rates (Fig. 2A and fig. S2). Shear-thickening behavior is observed,
where the storage modulus is lower than the loss modulus (G”) at low
shear rates but higher at high shear rates. The viscoelastic response can
be triggered by applying external magnetic fields. Under magnetic ac-
tuation, the force and torque exerted on the material can be expressed
as f, = (m-V)B and t,, = m X B, where fy,, Ty, m, and B denote
magnetic force and torque, magnetic moment, and magnetic field, re-
spectively (49). In magnetic soft materials, only the magnetic particle
phase experiences magnetic force and torque, while the polymeric ma-
trix phase is nonmagnetic. The magnetic particles are embedded and
restrained in the polymer matrix. Consequently, the magnetic force
and torque are transferred from the magnetic particles to the matrix,
resulting in elastic deformation of the body (50). However, the mag-
netic hydrogels cross-linked by dynamic covalent bonds only demon-
strate elastic response under high shear rates. As the phase diagram
depicts in Fig. 2B, an elastic response similar to reported hard-
magnetic soft materials can be observed under strong magnetic fields
(denoted by normalized magnetic field strength MB/G, where M is
the magnetization of the robot, B is magnetic flux density, and G is the
shear modulus of the robot) and high rotating frequencies of the mag-
netic field; under weak magnetic fields and low frequencies, bond ex-
change reaction prevails, and the robot shows liquid-like viscous
response while the dynamic bonds are readily cleaved and reformed
(fig. S3) (45, 51). The product of the two quantities yields an actuation
timescale, I' = G/fMB, which can be compared with the intrinsic re-
laxation time of the material, T, to determine which response will
dominate under given actuation parameters (text S2). We put a non-
magnetic brass screw on the top of the magnetic hydrogel robot (Fig.
2C). Without applying a magnetic field, the screw sinks into the vis-
cous hydrogel in 4 min. However, under a rotating magnetic field
(f =3, MB/ G = 0.1), the hydrogel hardens and supports the screw
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Fig. 1. Schematics of the liquid-bodied antibiofilm robot. (A) The switchable viscoelastic response of the antibiofilm robot can be triggered by manipulating external
magnetic field parameters. Under static gradient magnetic fields, viscous response dominates and the robot deforms like a liquid; under rotating magnetic fields, the ro-
bot shows elastic deformation and rigid-body movements. (B) The antibiofilm robot is capable of crossing over undulating surfaces under rotating magnetic fields and
deforming to remove biofilms in deep crevices under gradient magnetic fields. The adaptability is highly desired for eradicating biofilm infections on complex surface
topographies such as medical meshes and metallic stents. (C) The antibiofilm robot functions by mechanically destroying the biofilm matrix while releasing antimicrobial
agents to kill bacterial cells. Meanwhile, disrupted biofilm debris is collected by the robot through covalent bonding and removed to prevent biofilm regrowth. (D) The
imaging-guided antibiofilm treatment has several building blocks: First, deliver the antibiofilm robot through endoscopy; then, track the robot with endoscope imaging
or x-ray fluoroscopy; with the visual feedback, an operator can control the movement of the antibiofilm robot by moving the robotic arm-magnet system via a joystick.
The tracking and navigation are demonstrated in an ex vivo porcine bile duct. (B) used pictures from Servier Medical Art as material under the Creative Common Attribu-

tion 4.0 license: http://creativecommons.org/licenses/by/4.0/.

from sinking (movie S1). Taking advantage of such a rate-dependent
behavior, we can use different magnetic fields to drive the robot to bet-
ter adapt to the environment. For instance, in a biofilm eradication
task in the human body, rotating magnetic fields are used to drive the
robot across undulating surfaces to reach the target location, and static
gradient magnetic fields are used to induce large deformation of the
robot to reach deep crevices to remove biofilms within. Figure S4
shows that the robot deforms and navigates through narrow canyons
and S-shaped tunnels under a static gradient magnetic field and cross-
es over undulating surfaces under a rotating magnetic field. Robots
with different sizes from 0.5 to 20 mm can be well navigated to travel a
curved tube (fig. S5), while movements of robots smaller than 0.5 mm
may be limited by low driving force, surface adhesion, and fast
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disintegration. A magnetic gradient field of ~8.2 T/m does not change
the spatial distribution of magnetic particles in the hydrogel matrix
(fig. S6).

We define three representative locomotion modes of the antibio-
film robot, namely, the T-mode (translational movement), R-mode
(rotational movement), and TR-mode (combination of translation
and rotation, Fig. 2D). We implement a robotic actuation system for
generating the magnetic fields for driving different locomotion modes
of the robot: A permanent magnet is mounted on the robotic arm,
and its rotational and translational movement can be individually con-
trolled via a joystick or computer scripts. In the T-mode of motion, the
robot is put on a substrate and the magnet is placed under the sub-
strate with only translational movement actuated. Consequently,

30f13


http://creativecommons.org/licenses/by/4.0/

SCIENCE ADVANCES | RESEARCH ARTICLE

A B C
10 107,
So000d LN ® ® ® LA
o e e e e e e e,
105 ...... ° ° ° ° ® ,GQ”.
3 °o® O 10723 Viscous response I A ol
,\10‘.o o ° ° ° ° A | o 1 2 4min |
(0] PY [ ) | o e e =
a 102y sé° > ~ ° ° e A A
z e o® Elastic | 7, 1¢-13 Viscoelastic
O o] ° regime | « ° ° A A | _______.
H (] o a
o o ,° Viscoelastic ., ., ° A A - .| E
3 o Qe regime 10°4 Elastic ! 7 a 4 !
1 o © Viscous ° ° A A = . i
107" 5 regime PR 0 1 2 4min
o ¢ 9 ° o A g ] I
10724 T : ; 10" 4 T T T T
0.1 1 10 100 0.02 0.04 0.08 0.16 0.32
Shear rate (s7") MBIG
D E 150 - I T-mode
[ R-mode
T-mode R-mode TR-mode > [_1TR-mode
, ELLTW Wl E
Os — Os ( Os —_— i
&) ) g 100 IL
@ - (@) (@ s
@
]
| B g
3s i 3s b 3s ‘ ﬁ
f=0Hz f=1Hz f=1Hz o
MBIG = 0.075 MBIG = 0.075 MBIG =0.075 o
0-
PLA Silicone Biofilm  Intestine
F H
. ’ ‘ 304 [ Control [l T-mode [ R-mode ] TR-mode
Modified Mechanical Elad
odifie - echanica *x - *
culture well Biofilm growth biofilm removal © b0l @ ns ok ns
G & 201 T " ns
Os 05s Bl 1s Bl 7 ns ‘} ns - f =
> (0] ns ns .
g € 15 ns
1L ] -
- = g 1.0+ skt
= N = Fekkk ek
. N o A Fkk
g ) m 0.5- -
o - m
0.0

Pristine  Rectangular Triangular  Circular

Fig. 2. Characterization, locomotion, and mechanical biofilm removal. (A) The storage modulus (G’) and loss modulus (G”) of the antibiofilm robots with different
cross-linking ratio C (the mass ratio between monomer and cross-linker). The robots demonstrate viscous liquid-like response under low shear rates and elastic response
under high shear rates. Pink: C = 0.05; brown: C = 0.025; blue: C= 0.0167. (B) Phase diagram of the antibiofilm robot’s viscoelastic response under rotating magnetic fields.
The viscoelastic response of the robot can be triggered by external magnetic fields. (C) Without applying a rotating magnetic field, a brass screw sinks into the viscous
magnetic hydrogel, while under a rotating magnetic field, the hydrogel hardens and supports the screw from sinking. (D) Three distinct locomotion modes under different
actuations: T-mode corresponds to translational movements under static gradient magnetic fields, R-mode corresponds to rotational movements under rotational mag-
netic fields, and TR-mode corresponds to combined movements under gradient rotating magnetic fields. (E) Peak shear force induced by the three locomotion modes of
the antibiofilm robot (1 g with 20 wt % NdFeB) on different substrates. (F) Schematic of the mechanical biofilm removal test on modified culture wells with different sur-
face topographies. (G) Experiment and simulation results under an increased gradient magnetic field from approximately 22 to 45 mT; the antibiofilm robot deforms and
reaches the bottom of the rectangular substrate. (H) Remaining biofilm biomass on the modified culture wells with different topographies after mechanical biofilm re-
moval. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; **##P < 0.0001 by one-way analysis of variance with Tukey’s multiple comparisons test. Scale bars, 10 mm.

the antibiofilm robot experiences magnetic body force and moves
across the substrate with a magnetic flux density of [B| = 28.4 mT,
a magnetic field gradient | VB| = 1039.8 mT/m, and a translation-
al speed of the robot arm, v = 2 mm/s. However, the movement
becomes impossible when the magnet ball is placed farther away
(B| = 10.7 mT,|VB| = 261.0 mT/m), or when the robot arm moves
rapidly (v = 20 mm/s). Upon turning off the translational movement
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of the robot arm and activating the rotation of the magnet ball,
the antibiofilm robot’s motion is mainly driven by magnetic torque,
resulting in a cyclic rolling motion on the substrate. It is note-
worthy that rotating magnetic fields also facilitate the rearrangement
of magnetic particle chains inside the robot, therefore maintaining
homogeneous distribution and avoiding leakage of magnetic particles.
Such a phenomenon has been discovered on magnetic nanoparticle
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swarms and magnetic droplet collectives (10, 52-54). However, the
R-mode has a limited motion range and cannot propel the robot to
navigate inside the body. To navigate across complex terrains, a
TR-mode combining translational and rotational movement is neces-
sary. While the T-mode fails to maneuver the robot across the obsta-
cles, the TR-mode successfully enables the robot to traverse obstacles
(movie S2).

Large force output is essential for mechanically removing bio-
films and can be achieved by applying strong magnetic fields. How-
ever, it is often impossible in clinical situations to place the magnet
close to the biofilm site due to obstruction of the human body. For
microrobotic surgeries, magnetic torque—driven movement is more
favorable than magnetic body force-driven movement, because
magnetic torques and forces are proportional to r~3and r4, respec-
tively (r is the distance between the center of the robot and the mag-
net) (55). We estimate the maximum force and torque output by 1 g
of the antibiofilm robot to be F = 95.45 mN and T = 1.25 mN - m at
r = 50 mm, a typical condition for in vitro and small animal experi-
ments (fig. S7). However, the force and torque output drop drastically
to F = 1.05 mN and t = 0.057 mN - m at r = 150 mm, correspond-
ing to a distance for deep-buried body regions such as the gastroin-
testinal tract (tables S2 to S4 and text S3). Next, we experimentally
quantify the shear force exerted on the substrate by the antibiofilm
robot. On a porcine small intestine surface, the peak shearing force
is 86.15 + 5.34 mN (mean + SD) for the T-mode, 67.31 + 8.53 mN
for the R-mode, and 62.87 + 7.78 mN for the TR-mode. In addition,
we also measure the shearing force on different substrates, includ-
ing three-dimensional (3D)-printed polylactic acid (PLA), silicone
elastomer, and Escherichia coli biofilm colonized surface (Fig. 2E).
For all substrates tested, the T-mode yields the highest shearing
force on the substrate at the same distance D between the magnet
and the substrate, while the TR-mode achieves 60 to 90% of the T-
mode’s force (fig. S8). On the basis of such measurements, we esti-
mate that the shear stress exerted on the E. coli biofilm colonized
surface is 1.21 + 0.11 kPa under the TR-mode. On the other hand,
the creep compliance of 2-day E. coli biofilm lies on the magnitude
of 1 to 10 Pa™! measured by a particle-tracking microrheology (fig.
S9). However, there is no solid basis to predict whether such a stress
level is sufficient to destroy the biofilm due to the lack of biofilm
mechanical models. The reported biofilm mechanical strength rang-
es from a few pascals to 19,000 Pa depending on test methods, cul-
ture environments, bacteria strains, etc. (56, 57). To determine the
efficacy of mechanical biofilm removal, we culture E. coli biofilm on
pristine and modified culture wells with rectangular, triangular, and
circular topographies. Subsequently, we activate the antibiofilm ro-
bot to mechanically remove the biofilm from these surfaces (Fig. 2F
and movie S3). Without applying a magnetic field, the robot main-
tains its shape for a certain period of time and does not fill in the
trenches across all three topographies. However, upon applying a
magnetic field of approximately 45.2 mT, the robot undergoes large
deformation and reaches the bottom of the trenches in a short time
(fig. S10). The liquid-like deformation behavior is also reproduced
by a finite element simulation using a phase-field model (Fig. 2G).
Such shape adaptability is beneficial for removing biofilms in hard-
to-reach regions. In the pristine culture wells with flat surfaces, all
three modes of locomotion reduce biofilm biomass significantly
(Fig. 2H). However, the effectiveness of the mechanical treatment de-
clines sharply for modified culture wells, with persistent bacterial col-
onization unremoved at the bottom of trenches (fig. S11). Nevertheless,
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experimental results suggest a positive correlation between biofilm
removal rate and applied magnetic field strength, and the TR-mode
has the highest efficiency among the three modes in mechanically
removing biofilm on complex surface topographies.

In vitro antibiofilm performance
Even though biofilms are mechanically removed from an implant
surface, biofilm debris can still cause negative impacts, such as bio-
film regrowth at other sites or even fatal septicemia (25). To prevent
the dispersal of living biofilm fragments, the most commonly used
strategy is to deactivate bacterial cells within the biofilm during me-
chanical disruption. Reported examples include antibiofilm robots
releasing reactive oxygen (30-36, 40)/nitrogen (58, 59) species, anti-
biotics (39, 60), and antimicrobial peptides (38). Another potential
strategy, to capture and remove biofilm debris, remains unexplored.
Here, we use the dynamic covalent bonding between the antibiofilm
robot and the biofilm matrix to collect biofilm debris. As illustrated
in Fig. 3A, Gram-negative E. coli or Gram-positive methicillin-
resistant Staphylococcus aureus (MRSA) biofilms are cultured on the
bottom surface of culture dishes and treated by the antibiofilm ro-
bot. Actuated by a rotating magnetic field, the robot exhibits rota-
tional motion on the bottom surface of the petri dish, mechanically
destroying the biofilm matrix and capturing biofilm debris simulta-
neously. The adhesive interaction between the antibiofilm robot and
the biofilm matrix is explained as the covalent bonding effect be-
tween boronic esters and diols of carbohydrates, which are the ma-
jor components of EPS (as illustrated in Fig. 3B) (61). After the
treatment, the biofilm’s dry weight is significantly reduced without
rinsing, indicating efficient biomass removal by the antibiofilm ro-
bot in both liquid and air environments (Fig. 3C and fig. S12). Subse-
quent staining using the crystal violet method reveals a clear area at
the dish’s center where the antibiofilm robot was deployed (Fig. 3D).
However, mechanical treatment and collection of biofilm debris
do not lead to eradication. To effectively eliminate the planktonic
bacteria cells, two different antimicrobial agents are loaded with the
antibiofilm robot, and their antibiofilm performance is evaluated.
Levofloxacin, a common broad-spectrum antibiotic, exhibits a char-
acteristic peak at 288 nm under an ultraviolet (UV)-visible light
spectrometer, making it suitable as a model drug for investigating the
drug release kinetics of the antibiofilm robot. We first assess the sta-
bility of the antibiofilm robot in a liquid environment. It is found that
the antibiofilm robot with high cross-linking density (C = 0.05) re-
tains more than 80% of the initial mass after 60 min of immersion
and that with low cross-linking density (C = 0.0167) degraded com-
pletely within 30 min. Under rotating magnetic fields, the antibiofilm
robot degrades much faster (fig. S13A); such a feature could be used
to accelerate drug release (62). The degradation rate also increases in
acid physiological conditions such as intestinal and gastric fluids be-
cause boronic ester bonds favor disassociation at acid pH (fig. S13, B
and C) (47). To determine the drug release kinetics under rotating
and static magnetic fields, we fabricate antibiofilm robots with differ-
ent initial loading concentrations of levofloxacin, place them into a
petri dish, and apply the magnetic field. The absorbance of the solu-
tion at 288 nm gradually increases with time due to the released levo-
floxacin from the antibiofilm robot (fig. S14A). Atlow concentrations,
the relationship between levofloxacin concentration and absorbance
at 288 nm of the solution is linear (fig. S14, B and C). Using a linear fit-
ting, we plot the relationship between cumulative drug release concen-
tration and immersion time of the antibiofilm robot in fig. S14D. The
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Fig. 3. In vitro antibiofilm performance. (A) Schematic of the experimental setup. Under a typical experimental condition, the magnetic flux density norm applied on
the antibiofilm robot is approximately 24 mT. As a result, the robot is subject to magnetic force and torque to move on the substrate. (B) Schematic of the covalent bond-
ing between the antibiofilm robot and the biofilm extracellular polymeric substances (EPS), which enabled adhesion and collection of biofilm debris by the antibiofilm
robot. (C) Biofilm dry weight measurement and (D) stained biofilm on a 35-mm petri dish after being treated by the antibiofilm robot. (E) Characterization of levofloxacin
release by the antibiofilm robot through absorbance at 288 nm. (F) The biofilm biomass assessment, (G) the optical density of the bacterial solution, and (H) the viable
cells count after different treatments. RMF, rotating magnetic field. Robot/RMF: The antibiofilm robot was magnetically actuated to perform mechanical biofilm removal;
Robot/Levo: The antibiofilm robot was loaded with levofloxacin and immersed into the bacterial broth, but no magnetic field was applied; Robot/Levo/RMF: The antibio-
film robot loaded with levofloxacin was magnetically actuated to remove biofilm and release the carried drug; Robot/Indo/RMF: The antibiofilm robot loaded with indoli-
cidin was magnetically actuated to remove biofilm and release the carried drug. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by one-way analysis of variance with

Dunnett’s multiple comparisons test.

released levofloxacin concentrations in solution are 14.39, 4.04, and
1.56 pg/ml at 5 min for initial loading concentrations of 250, 75, and
25 pg/g, respectively. The released concentrations then gradually in-
crease to 33.24, 11.14, and 5.27 pg/ml at 60 min. The release rates are
much higher with a rotating magnetic field (Fig. 3E). After only
5 min, the released levofloxacin concentrations are 28.02, 10.64, and
4.55 pg/ml for three different initial loading concentrations, approach-
ing the concentrations achieved after 35 min of static immersion.
Among the antibiofilm robot’s three locomotion modes, the TR-mode
shows the fastest drug release (fig. S14E).
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To investigate the antibiofilm efficacy of the proposed robot, dif-
ferent treatments are applied to the MRSA biofilm, namely, Robot/
RME, where the antibiofilm robot is applied and actuated to mechan-
ically remove biofilm (movie $4), but no antimicrobial is carried by
the robot; Robot/Levo, where the antibiofilm robot loaded with levo-
floxacin (250 pg/g) is applied to the well, but no magnetic field is ap-
plied; Robot/Levo/RMEF, where the antibiofilm robot loaded with
levofloxacin (250 pg/g) is applied and actuated by a rotating mag-
netic field to remove biofilm and release the carried antimicrobial
content; and Robot/Indo/RME where the antibiofilm robot loaded
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with indolicidin (0.25 pg/g) is applied and actuated. After the treat-
ments, a crystal violet staining assay is performed to assess the bio-
film biomass in the wells. Results suggest that the biofilm biomass of
the Robot/RMF-, the Robot/Levo/RMF-, and the Robot/Indo/RMF-
treated groups is significantly reduced compared to the control group
by 77.10, 81.64, and 75.38%, respectively (Fig. 3F). However, the Robot/
Levo-treated group shows no significant difference compared to
the control. This underscores the importance of magnetic actuation
of the antibiofilm robot in mechanically disrupting and removing
biofilm from the substrate. Subsequently, bacteria reculture, live/dead
staining, and plate counting are performed to assess the viability of
bacteria cells after treatment. After 1 day of reculture, the optical den-
sity of the bacterial solution of the Robot/Levo-, Robot/Levo/RMEF-,
and Robot/Indo/RMF-treated groups is significantly lower than
the control (15.81, 10.45, and 46.70% of the control, respectively, Fig.
3G). However, the Robot/RMF group with no antimicrobial content
released has a comparable optical density (100.61%) to the control,
suggesting that mechanical disruption of the biofilm matrix alone
does not kill or deactivate bacteria cells. The results from live/dead
assay (fig. S15) and plate counting (Fig. 3H) confirm the synergistic
antibiofilm effect, where the Robot/Levo/RMF-treated group demon-
strates the largest decrease in the count of viable cells (97.73%) com-
pared to the Robot/RMF-treated (15.24%) or the Robot/Levo-treated
(78.93%) group. The Robot/Indo/RMF group, however, exhibits a
good bactericidal effect (87.36%) with only 1/1000 drug loading
concentration compared to the levofloxacin-loaded robot [indoli-
cidin (0.25 pg/g) versus levofloxacin (250 pg/g)]. Such a result high-
lights the potential application of leveraging microrobotic delivery of
antimicrobial agents such as antimicrobial peptides to treat biofilm
infection without causing antimicrobial resistance. The antibiofilm
robot loaded with antimicrobials also exhibits a powerful ability
against E. coli biofilm (fig. S16).

Biofilm removal on the mesh and stent

We evaluate the antibiofilm robots performance on biological sur-
faces with complex topographies such as a hernia mesh and a metal-
lic biliary stent. A hernia mesh serves as a scaffold supporting tissues
around hernias, a condition commonly occurring in the abdominal
region. Infection of implanted hernia mesh is a severe complication
that often requires a second surgery to remove the infected mesh,
where the most common bacterial species found is MRSA (63). To
prevent postoperation infection, systemic administration of antibiot-
ics is commonly practiced. Besides, hernia meshes with antibacterial
coating have been used to delay bacterial adherence to the mesh sur-
face (64). Still, current technology cannot guarantee the prevention
of bacteria colonization. Here, we test the efficacy of the liquid-
bodied antibiofilm robot in eliminating the established MRSA bio-
film on a hernia mesh. The mesh is cocultured with bacterial broth to
allow biofilm formation and then sutured onto the surface of a por-
cine small intestine ex vivo (Fig. 4A). The scanning electron micros-
copy (SEM) images confirm the intensive colonization of the MRSA
biofilm on the mesh (Fig. 4B). It also shows the complex topologi-
cally entangled structure in the 3D fabric network, which causes
great challenges to clear biofilm colonization within. The antibiofilm
robot is applied onto the hernia mesh and actuated to remove the
biofilm and at the same time release the antimicrobial content (mov-
ie S5). After treatment, a crystal violet assay and a plate count are
performed to evaluate the antibiofilm efficacy. The biofilm biomass is
reduced by 84.25% after the treatment, suggesting that the antibiofilm
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robot removed most biofilms colonized on the mesh. Then, living
bacteria are detached from the mesh and counted. The bacteria count
is approximately 3 x 10° colony-forming units (CFU) per sample
from the control. In contrast, no living colony is found in the antib-
iofilm robot-treated sample, suggesting the deactivation of bacteria
cells after the treatment.

Next, we test the antibiofilm robot on a metallic biliary stent (Fig.
4E). Biofilm formation within the bile duct substantially contributes
to the development of biliary sludge, pigment gallstones, and biliary
stent obstruction (65). Plastic and metallic stents are commonly
used for endoscopic biliary drainage. Compared with plastic stents,
metallic biliary stents fabricated by shape-memory alloy (nitinol)
have a self-expansion force to support the bile duct, thereby creating
a larger lumen caliber. However, the metal wires also result in un-
even terrain and crevices in the lumen, causing difficulties for the
miniature robots’ movement. The stent with biofilm colonization is
installed into a silicone tube to mimic the bile duct. The antibiofilm
robot is deployed from one opening of the stent and actuated by a
rotating gradient magnetic field to navigate back and forth (Fig. 4F
and movie S6). After 5 min of treatment, the viability of the biofilm
on the stent is examined by a live/dead staining assay and a plate
count method. The live/dead staining images reveal that 87.37% of
bacteria are dead after treatment (Fig. 4G), and the plate count sug-
gests an 81.82% reduction in living cells (Fig. 4H).

In vivo antibiofilm experiments

A robotic surgery platform is proposed for in vivo imaging-guided
navigation and actuation of the liquid-bodied antibiofilm robot
(Fig. 5A). The platform consists of a robotic actuation system (con-
sisting of the ®50-mm magnet setup), an endoscope for direct vi-
sual imaging, and an x-ray machine for imaging in deep regions (fig.
S17). An uncovered biliary stent is installed in the ex vivo porcine
bile duct, and the endoscope and x-ray machine are used to track
the locomotion of the antibiofilm robot. After deployment with a
catheter, the antibiofilm robot is actuated by a rotating gradient
magnetic field to navigate through the porcine bile duct (movie S7).
The endoscopic view clearly shows the bile duct supported by the
stent (Fig. 5B). The inner surface of the bile duct features mesh-like
metal wires, creating a challenging topography for microparticle-
based or microrod-based antibiofilm robots. In addition, the wet
surfaces with viscous biofluids and liquid-gas interfaces are difficult
to overcome for microparticle-based robots. In contrast, the liquid-
bodied antibiofilm robot demonstrates remarkable adaptivity in
navigating through the bile duct under magnetic actuation (Fig. 5B
and movie S7).

To assess the performance of the antibiofilm robot in vivo, we
develop a mouse model with biofilm infection on indwelled im-
plants. Mice are divided into two groups, namely, control and treat-
ment. Both groups receive implantation of infected stents, but only
the treatment group undergoes antibiofilm robot treatment. First,
segmented metallic stents are cocultured with bacterial broth for
3 days to form biofilm colonization on the surface. The SEM figures
show the bacterial colonization on the stents (fig. S18). Then, the
stents are indwelled into the mice’s abdominal cavity by surgery. Af-
ter 4 days, the infected stents are treated with the antibiofilm robot
to remove the biofilm and kill the bacteria cells (Fig. 5C). As shown
in Fig. 5D and movie S8, the antibiofilm robot is delivered through
an incision on the mice’s lower abdomen and actuated to remove
biofilm and release the carried antimicrobial agent levofloxacin.
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Fig. 4. Biofilm removal on various biological surfaces. (A) Schematic depicting the biofilm infection on a hernia mesh. (B) Photo of a piece of hernia mesh sutured onto
porcine stomach ex vivo, and the zoomed-in scanning electron microscopic (SEM) images of the colonized MRSA biofilm. (C) Biofilm biomass on the hernia mesh after the
antibiofilm treatment. (D) Bacteria count on the hernia mesh after the antibiofilm treatment. nd, not detectable. (E) Schematic of biofilm infection on a biliary stent.
(F) Snapshots of the antibiofilm robot navigating through the biliary stent to remove biofilm. The biofilm is already stained with crystal violet. (G) Live/dead staining of bio-
film collected from the biliary stent. Pl, propidium iodide. Scale bar, 500 pm. (H) Bacteria count on the biliary stent after the antibiofilm treatment. *P < 0.05; **P < 0.01;
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Both groups show notable body weight loss on day 1 (Fig. 5E) due to
the major surgery for stent installation. However, after the antibio-
film robot treatment on day 4, mice in the treatment group show a
faster recovery of body weight compared to the control group. By
day 12, the average body weight for the treatment group has recovered
to 100.20 + 4.86% of the initial weight, while for the control group,
the number is only 94.67 + 6.11%. To further study the efficacy of
the antibiofilm robot treatment, blood samples from the mice
are analyzed. White blood cell count provides valuable informa-
tion about microbial infection inside the body. An increase in white
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blood cell count after installation of the infected stent is observed
for both experimental groups. However, mice from the treatment
group show lower white blood cell count than the control on day 7
(4.76 + 1.30 versus 6.79 + 1.18 x 10°/ml), day 10 (5.20 + 1.59
versus 9.79 + 4.43 x 10°/ml), and day 13 (5.67 + 1.47 versus
9.99 + 3.98 x 10°/ml), suggesting a lower level of inflammation
(Fig. 5F). Monocytes are white blood cells that can differentiate
into macrophages, which are essential for combating chronic infections.
The monocyte counts for both groups peak on daZ 10, with
3.50 + 1.64 x 10°/ml for the control and 1.10 + 0.40 x 10°/ml for the
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treatment group (Fig. 5G). Last, the bacteria count on the indwelled
stents is examined before and after the antibiofilm treatment. The
bacterial colony-forming unit derived from the stent exhibits a re-
duction of 93.45% subsequent to the treatment, thereby suggesting a
noteworthy bactericidal efficacy of the antibiofilm robot (Fig. 5H).
In summary, mice in the experiment underwent a loss in body
weight and a rise in white blood cell count due to the inflammatory
response following the installation of the infected stents. However,
the treatment group demonstrates better recovery of body weight
and lower levels of inflammation after the treatment, indicating
effective biofilm removal and antibacterial effects of the antibio-
film robot.

DISCUSSION

We developed a liquid-bodied antibiofilm robot for effectively elim-
inating biofilm infections on medical meshes and stents. We found
that the viscoelastic response of the robot is governed by two dis-
tinct timescales: the actuation time corresponding to applied mag-
netic field parameters and the intrinsic relaxation time of the
material. This switchable viscoelastic response is vital for maneuver-
ing within body cavities and eliminating biofilms on intricate to-
pographies such as medical stents and meshes. The proposed robot
integrates various antibiofilm mechanisms, including mechanical
disruption of the biofilm matrix, chemical deactivation of bacterial
cells, and collection of biofilm debris. We evaluated the robots effi-
cacy in vitro on medical implants such as a hernia mesh and a me-
tallic biliary stent. The robot can be delivered via endoscopy and
tracked by x-ray fluoroscopy, and the feasibility of the platform has
been demonstrated on ex vivo pig organs. Last, we established an
in vivo implant infection model and demonstrated the robot’s potent
ability to combat biofilm infections in the mouse model.

The current study faces several limitations. First, the biofilm in-
fection model established in mice lacks full clinical representation as
it does not allow for in situ biofilm formation on medical implants.
This in situ formation is crucial for studying the microenvironment,
the immune responses, and evaluating the potential therapeutic ef-
ficacy of antibiofilm treatments (66). Moving forward, it would be
beneficial to use larger animals that naturally develop biofilm infec-
tions for a more accurate assessment.

The current robot loads broad-spectrum antibacterial agents as
ammunition to kill bacteria. Novel antibacterial agents, such as an-
tibacterial nanoparticles, biofilm-degrading enzymes, and quorum
sensing inhibitors, could be coupled with the antibiofilm robot to be
delivered into the biofilm site. In addition, species-specific antimi-
crobials could be combined with the robot to enhance therapeutic
outcomes against specific infections.

The dynamic nature of the antibiofilm robot constrains its opera-
tional region within the body. Although experiments suggest that the
robot will retain most of its weight in 10 to 20 min, which is the time
of a microrobotic intervention, detachment of magnetic particles from
the robots surface can be found especially under acidic conditions.
The biocompatibility of these particles in different tracts in the human
body, though coated with a protective silicon layer, needs further con-
firmation. Implementing enteric-coated capsules can shield the robot
from gastric acid and ensure safe passage to the intestinal region. Al-
ternatively, a recent study suggests using 2-acrylamidophenylboronic
acid to construct dynamically cross-linked hydrogels capable of self-
healing under acidic pH (67). Material innovations may expand the
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lifetime of the proposed antibiofilm robot and make it applicable to
acidic physiological environments.

MATERIALS AND METHODS

Preparation of the antibiofilm robot

Polyvinyl alcohol (PVA, Sigma-Aldrich 363170) was dissolved in de-
ionized water in a mass ratio of 16:84. Meanwhile, sodium tetraborate
(Maclin S818104) was dissolved in deionized water in a mass ratio of
1:99. Both solutions were heated at 95°C and stirred overnight to
achieve complete dissolution. Levofloxacin (Aladdin 157745) and
indolicidin (trifluoroacetic acid removed, NovoPro Bioscience) were
dissolved in phosphate-buffered saline (PBS) solution to 10 mg ml™"
and 10 pg ml™, respectively. NdFeB microparticles (average size of
5 pm, Guangzhou Xinnuode Co. Ltd.) were coated with SiO, via the
Stober method (45). To make the antibiofilm robot, the PVA solution,
the borate solution, NdFeB microparticles, and levofloxacin and/or
indolicidin were mixed at certain mass ratios. Typically, 1 g of NdFeB
microparticles and 1.25 mg of levofloxacin were mixed with 2 g of the
PVA solution and stirred thoroughly. The resultant solution was then
mixed with 2 g of the borate solution and stirred to obtain a slimy
mixture. Last, the mixture was magnetized by a 1.7-T impulse mag-
netic field. Antibiofilm robots with different concentrations of antimi-
crobials or cross-linkers were prepared similarly.

Magnetic actuation setup

Two setups were used to drive the antibiofilm robot. The first setup
comprises an N52-grade NdFeB ball magnet (diameter, 50 mm), a mo-
tor, and a robotic arm. The second setup comprises an N52-grade
NdFeB ball magnet (diameter, 25 mm) and a motor. In vitro and
ex vivo experiments were done with the ®50-mm ball magnet setup,
while the motion trajectories of the robotic arm were programmed via
computer scripts or directly controlled with a joystick, and the rotation
of the motor was controlled with a computer script. In vivo experi-
ments were done with the ®25-mm ball magnet setup. The magnetic
fields generated by two setups are simulated and discussed in text S3.

Biofilm culture

Freeze-dried E. coli [American Type Culture Collection (ATCC)
25922] or MRSA (ATCC 43300) was cultured with Luria Bertani
(LB) broth and brain heart infusion broth, respectively. The bacte-
rial culture was shaken at 170 rpm under 37°C for 2 days and then
transferred to a 24-well plate (Nunc 142475, Thermo Fisher Scientific).
One hundred microliters of the bacterial culture (~10% CFU ml™)
was added to each well along with 1 ml of fresh broth. The 24-well
plate was then put into an incubator for another 2 days under 37°C
for biofilm formation.

Mechanical and rheological tests

The shear force imposed by the antibiofilm robot on different surfaces
was measured by a micromechanical testing system (Biomomentum
Mach-1 V500cst) with a 1.5 N loading cell. First, PLA substrates were
printed with a commercial extrusion printer. Silicone thin film or
porcine intestine segments were glued to the substrate, and the bio-
film surface was prepared by culturing E. coli on the PLA substrate for
2 days. For testing, the loading cell was installed horizontally, con-
necting to the substrates. The antibiofilm robot (1 g) was put on the
surface and actuated by the magnetic actuation setup under the same
condition (D = 45 mm). Blank tests were conducted and extracted
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from the experimental curves to eliminate the effect of the magnetic
force on the loading cell. To measure the rheological properties of the
antibiofilm robots, frequency sweep was performed with a 60-mm
parallel plate geometry (Discovery HR 20, TA Instruments). The ap-
plied strain was set as 1% and the frequency ranged from 0.1 to 100 Hz.

Biofilm removal on modified culture wells

To build a biofilm model on various surface topographies, a 24-well
plate was modified with mold-casted silicone elastomer. Briefly,
negative molds were first 3D printed with PLA material. Then, a
silicone precursor (Ecoflex 00-30) was poured into the wells, the
negative molds were applied, and the plate was degassed to remove
the bubble in the precursor. After curing under room temperature
overnight, negative molds were removed and the bacterial culture
(E. coli 100 pl x ~10% CFU ml™! with 1 ml of fresh broth) was added
to each well. The plate was then put into an incubator for 2 days
under 37°C for biofilm formation.

To remove the biofilm from the 24-well plate, 1 g of the antibio-
film robot was added into each well, and different magnetic fields
(corresponding to the three modes of locomotion) were applied for
5 min. For the T-mode motion, the robotic arm moved at a speed of
10 mm s~ for the R-mode motion, the rotation frequency was 2 Hz;
for the TR-mode, the robotic arm and the motor were activated
simultaneously with the above parameters. After the treatment, an-
tibiofilm robots were removed with a magnet, and a crystal violet
assay was conducted to access the total biofilm biomass left in each
well. The liquid content was gently removed from the wells followed
by adding 200 pl of methanol into each well. After 15 min, the liquid
was removed, and the wells were washed with PBS. Then, 200 pl of
crystal violet solution (1% w/v) was added to each well. Five minutes
later, the solution was removed and the wells were washed three
times with PBS. Last, 200 pl of acetic acid solution (33% v/v) was
added into each well for 30 min to dissolve the stain, and the absor-
bance of the resultant solution was measured with a UV-visible light
spectrophotometer (HITACHI U-2910).

Drug release tests

Drug release tests were carried out in 35-mm petri dishes. Deionized
water (4 ml) and 1 g of the antibiofilm robot were added to a petri dish,
and the robot was actuated with the magnetic actuation setup at a dis-
tance of 30 mm. The robot was taken from the petri dish and weighed
at given time intervals. To calculate the drug release rate, the absor-
bance of levofloxacin solution (5, 10, 15, 20, and 25 pg ml™!) at 288 nm
was first measured, and a linear fitting between measured absorbance
and levofloxacin concentration was made with k = 0.066 + 0.002.
The robot (1 g) loaded with levofloxacin was put into a petri dish (4 ml
of deionized water) and actuated. At the given time intervals, 800 pl of
the solution was taken out with a pipette from the edge of the dish, the
absorbance of the solution was measured, and the solution was re-
turned to the petri dish. The cumulative drug release concentration
was calculated as ¢ [pg ml_l] = absorbance / k.

In vitro antibiofilm performance on well plates

Antibiofilm performance was evaluated by adding 1 g of the antibio-
film robot into each well with biofilm colonization and actuating with
the TR-mode for 5 min. After treatment, antibiofilm robots were re-
moved with a magnet and a crystal violet assay was used to access the
biofilm biomass as previously described. Meanwhile, 10 pl of bacte-
rial solution from each well was extracted with a pipette and added to

Sunetal., Sci. Adv. 11, eadt8213 (2025) 12 March 2025

90 pl of fresh broth. After culturing for 24 hours under 37°C, the opti-
cal density at 600 nm (ODgq) of the culture was measured. In addi-
tion, the number of viable cells after treatment was determined by a
plate counting method and a live/dead staining assay. For the live/dead
staining, a biofilm viability kit (SYTO 9/propidium iodide, Invitrogen
L10316) was used with concentrations of 3 and 6 pul ml™" for SYTO 9
and propidium iodide, respectively. After staining for 30 min, fluores-
cence microscopy was performed. The percentage of live bacteria was
calculated as Py, = 1 — (red pixels/green pixels).

Biofilm debris removal

After 2 days of shaking at 37°C, 200 pl of the E. coli culture (~10° CFU
ml™}) was added into a 35-mm petri dish (Nunc 150318, Thermo
Fisher Scientific) along with 3 ml of fresh LB broth. The petri
dish was then stored at 37°C for 3 days to form a dense biofilm. Then,
all liquid suspension was removed and a certain amount of the anti-
biofilm robot without antimicrobial loading was put into the dish. A
rotating magnetic field of 1 Hz and 24 mT or a static magnetic field
of 24 mT was applied for 3 min. After that, the antibiofilm robot was
retrieved using a small permanent magnet. Last, the petri dish was
placed in a fume hood to dry. Biofilm dry weight was calculated as
the difference between the final weight of the dish and the initial
weight. Crystal violet staining was conducted as previously described.

In vitro antibiofilm performance on mesh and stent

To allow biofilm colonization, hernia mesh (Bard Mesh Pre-Shaped
0113700) and biliary stent (noncovered, Micro-Tech Endoscopy
ST03-001-10.100) were put in MRSA culture that had previously been
shaken for 2 days and reached a density of ~10° CFU mlI™" and cocul-
tured for another 3 days. Then, the hernia mesh was cut into small
pieces of 1 cm by 1 cm and sutured onto a segment of porcine small
intestine bought from the local market. The biliary stent was put into a
silicone tube with an inner diameter of 5 mm. For the antibiofilm treat-
ment, antibiofilm robot was deployed and actuated for 5 min with the
magnetic actuation setup. Crystal violet assay was performed to deter-
mine the biofilm biomass on the hernia mesh. After treatment, the
hernia mesh and the biliary stent were transferred to a centrifuge tube
containing PBS solution and sonicated for 10 min to detach the bacteria.
Last, the number of viable cells in the solution was determined by live/
dead staining and the plate count method as previously described.
The SEM sample of MRSA-colonized hernia mesh was prepared by
immersing the mesh in a 2.5% glutaraldehyde solution for 30 min
followed by a gradient dehydration in 30, 50, 70, 90, and 100% ethanol
(10 min for each concentration). SEM images were obtained using a
JEOL JSM-7800F microscope with a 10-kV accelerating voltage.

Ex vivo navigation in porcine bile duct

Fresh porcine digestive system, including the liver, stomach, gallblad-
der, and intestine, was purchased from a local market. A biliary stent
was installed into the bile duct through a catheter, and the antibiofilm
robot (0.5 g) was delivered and actuated by the magnet-robotic arm
system and tracked by a medical endoscope and/or a C-arm x-ray
machine. The applied magnetic field strength on the robot is esti-
mated to be 3.1 to 28.4 mT.

In vivo antibiofilm experiment

Animal experiment protocols were approved by the Hong Kong Gov-
ernment Department of Health and the Animal Experimentation
Ethics Committee of The Chinese University of Hong Kong (Ref. No.

110f13
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AUP-24-111). Before the experiment, nitinol stent segments with
silicone cover (15 mm long and 6 mm in diameter) were immersed in
MRSA culture for 3 days at 37°C while shaking at 170 rpm to allow
bacteria colonization. Female BALB/c mice (6 weeks; weight, 20 to
24 g) were kept under standard conditions with ad libitum food and wa-
ter. On day 0, animals from the treatment group (n = 7) were first
anesthetized with isoflurane. Then, an aseptic surgical site was pre-
pared on the mice’s lower abdomen followed by an incision of ~8 mm.
The stent segment was implanted into the abdominal cavity and
the incision was closed with suture. On day 4, another incision of
~8 mm was made, and the antibiofilm robot (0.2 g) was delivered
through the incision to the inner of the stent, and actuated to release
the antimicrobial (levofloxacin 250 pg/g) and remove the biofilm. Af-
ter 5 min of treatment, the first robot was retrieved by a permanent
magnet and another robot was delivered for treatment for another
5 min. Last, the second antibiofilm robot was retrieved and the incision
was closed with suture. Blood samples were collected on days 7, 10, and
13, and the mice were weighed daily. For the control group (n = 8), the
stent segment was implanted on day 0 and the surgical challenge was
made on day 4 but no antibiofilm robot was applied. For the bacteria
count on the stents after the antibiofilm treatment, the stents were
removed from the animals on day 4 and immersed in PBS solution.
The solutions were sonicated for 10 min, and the bacteria count was
measured by the plate counting method.

Statistical analysis

Error bars represent the SD of three technical repeats unless other-
wise specified. Two-tailed unpaired Students ¢ test was used to assess
the statistical significance unless otherwise specified, where P < 0.05
is considered a significant difference.
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