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Chemical multiscale robotics for bacterial
biofilm treatment

¢ and Martin Pumera (2 xadef

Carmen C. Mayorga-Martinez,® Li Zhang
A biofilm constitutes a bacterial community encased in a sticky matrix of extracellular polymeric
substances. These intricate microbial communities adhere to various host surfaces such as hard and soft
tissues as well as indwelling medical devices. These microbial aggregates form a robust matrix of
extracellular polymeric substances (EPSs), leading to the majority of human infections. Such infections
tend to exhibit high resistance to treatment, often progressing into chronic states. The matrix of EPS
protects bacteria from a hostile environment and prevents the penetration of antibacterial agents.
Modern robots at nano, micro, and millimeter scales are highly attractive candidates for biomedical
applications due to their diverse functionalities, such as navigating in confined spaces and targeted
multitasking. In this tutorial review, we describe key milestones in the strategies developed for the
removal and eradication of biofilms using robots of different sizes and shapes. It can be seen that robots
at different scales are useful and effective tools for treating bacterial biofilms, thus preventing persistent
infections, the loss of costly implanted medical devices, and additional costs associated with
hospitalization and therapies.

(2) Strategies for biofilm treatment using multiscale robots.

(3) Biofilm removal from indwelling medical devices.

(4) In vivo and ex vivo elimination of biofilms treated using multiscale robots.

(5) Future challenges in biofilm treatment and removal using modern multiscale robots.

1. Introduction

Modern multiscale robots are propelled remotely by external

impressive abilities to navigate in confined spaces, deliver
cargo to targeted places, and perform biosensing and micro-
organism manipulation.®™® Moreover, multiscale robots are

sources such as magnetic, light, and ultrasound fields as well as
by the catalysis of chemical fuels.'™ Such robots have attracted
widespread attention in medical applications due to their
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composed of several smart materials for their actuation or for
performing specific tasks; in many cases, these materials are
biocompatible, biodegradable, and scalable."*® Depending on
their propulsion mechanism, these robots can be maneuvered
with complete control over their direction. Finally, they can
swarm and reconfigure their forms to ensure the accomplish-
ment of tasks that a single robot might not be able to
achieve.'”%?

Recently, due to the broad functionality of robots at
different scales, they have been used for the removal of
different bacterial biofilms. This paper aims to summarize
all the achievements made by multiscale robots in the treat-
ment of bacterial biofilms (Fig. 1). First, we will describe the
formation and structure of a biofilm and then proceed to the
different types of robots used for its removal. For a better
understanding, we categorize the robots according to their

This journal is © The Royal Society of Chemistry 2024
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mode of propulsion. In each section, the materials used for
the propulsion of the robot and their role in the treatment of
biofilms are described. Then, the removal of biofilms from
infected indwelling medical devices using robots across
different size scales is presented. Finally, we describe the
applications implemented in vivo and ex vivo that show the
proximity of the field of nano/micro/millirobotics to real-
world applications.
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Fig. 1 Diagrammatic summary of this review. Different types of robots are
used to disturb biofilms (left panel). Biofilm removal from infected indwel-
ling medical devices (central panel). In vivo and ex vivo evaluation of
biofilms treated by robotics at different size scales (right panel). Modified
from ref. 49 and 56-59.

2. Biofilm structure, composition, and
formation

A biofilm is a bacterial community encased in a sticky matrix of
extracellular polymeric substances (EPSs),”*® playing a role in
many persistent infections such as osteomyelitis, pulmonary
infections in cystic fibrosis, dental plaques, urinary infections,
ear infections, etc.>” Moreover, biofilm formation is a strategy
that microorganisms develop as a defense mechanism to
survive under hostile conditions in the host and to obtain
nutrients. However, bacterial biofilm formation is a major
cause of human infections, and in many cases, it is associated
with increasing antibiotic resistance. In addition, bacterial
biofilms are responsible for infecting patients through indwel-
ling medical devices.”® Biofilm formation involves five stages
that are schematized in Fig. 2: (i) reversible attachment of
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Fig. 2 Five stages of biofilm formation.

bacteria to a surface; (ii) irreversible attachment of bacteria;
(iii) proliferation with microcolony formation; (iv) three-
dimensional configuration of a bacterial community that set-
tles down as a biofilm with cells replicating and EPSs accumu-
lating; and (v) biofilm disassembling and bacterial detachment
through dispersion in the fluid, leading to the formation of a
new biofilm (Fig. 2).>°7*

3. Propulsion modes of robots at
different size scales for biofilm
treatment

This section addresses the effect of the propulsion modes of
micro/nanorobots, the importance of the materials used to
prepare each one, and the role of both in biofilm disturbance.
We divide this section into four subsections based on the
propulsion mode, beginning with a description of catalytic
micro/nanomotors followed by biological micromotors and
micro/nanomotors powered by light illumination. Finally, we
will describe robots driven by magnetic fields, which constitute
the most widely used robots for bacterial biofilm removal.

3.1. Catalytically driven robots

Catalytic micro/nanomotors are propelled through the decom-
position of a fuel using a catalyst. The catalyst can be a
biological or inorganic agent. Enzymes, such as urease and
catalase, are the most widely used biological catalysts while
metallic platinum (Pt), silver (Ag), and MnO, are the most
representative inorganic catalysts. Catalase, metallic Pt, and
Ag produce O, and H,0 through the catalysis of H,0,, whereas
urease catalyzes urea to form NH; and CO,. In this sense, urea
and H,0, serve as the fuels.**3*

In 2020, the Pumera group developed biconical tubular
catalytic micromotors of TiO,, and Pt.** TiO, serves as the
skeleton while Pt NPs provide the engine for the decomposition
of H,0,. The mechanism of biofilm disruption is based on the
synergistic interaction between H,0,, an antiseptic agent for
treating oral biofilms (e.g., S. gordonii, V. parvula, F. nucleatum
subsp. nucleatum, and A. naeslundi bacterial strains), and the
autonomous self-propelled TiO,/Pt microrobots that require
H,0,. In this context, the plausible mechanism of this biofilm
treatment is based on (i) the continuous generation of O,
bubbles, which may contribute to the mechanical disruption
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of the biofilm, and (ii) the generation of reactive oxygen species
(ROS) by TiO, without light illumination, promotes the killing
of bacteria. This simple mechanism has been shown to reduce
bacterial viability up to 5% using 1% H,0, during 5 min of
treatment.>

Later in 2022, Quin et al. developed another tubular biconi-
cal micromotor based on tubular mesoporous silica (body) and
MnO, inner layer (engine), decorated with ferromagnetic
(Fe;04) nanoparticles for magnetic control (see Fig. 3A). In
these microrobots, mesoporous silica serves as the micromotor
body and the MnO, inner layer (engine) acts as the catalyst to
decompose H,0, and generate oxygen bubbles (Fig. 3A(i)-
(iii)).*® Fe;0, serves as the generator of ROS from H,0, to
destroy the bacteria biofilm and also functions as a magnetic
guide. The mechanism of biofilm treatment is the same as in
the previous work. The synergy of catalytic and magnetic
actuation for propulsion enhances both mechanical disruption
and reactive oxygen species (ROS) generation. In addition,
magnetic micromotors can be guided through magnetic actua-
tion to reach complex infection sites. The antibiofilm activity of
these motors was evaluated against S. aureus and methicillin-
resistant S. aureus (MRSA) bacteria strains. After the treatment
of biofilms with Fe;0,-MnO, micromotors in the presence of
2 wt% H,0, and under magnetic guidance, the residual viabi-
lity of S. aureus and MRSA biofilms was reduced to 17.5%."
These results were further confirmed by 2D confocal images of
residual biofilm bacteria using viable (green) and dead (red)
bacteria staining through scanning electron microscopy as
shown in Fig. 3A(iv) and (v), respectively. Similarly, Deng
et al. developed an antimicrobial microrobot based on diatoms
that load manganese oxide nanosheets with a polydopamine
binder. These microrobots in the presence of hydrogen per-
oxide produce bubbles that penetrate the rigid and dense
P. aeruginosa biofilm.*’

Another approach developed by the Pumera group for bio-
film treatment is based on paramagnetic microspheres mod-
ified with tosylated (sulfonyl esters) polystyrene, allowing the
covalent bonding of indolicidin peptides.’® To move the micro-
motor catalytically, microspheres are covered with a thin layer
of Pt (Fig. 3B(ii)). The paramagnetic microspheres serve as the
micromotor body while indolicidin peptides block bacterial
DNA replication and Pt acts as the catalytic actuator
(Fig. 3B(i)). A thin Pt layer with a thickness of 30 nm is sufficient
to propel micromotors (Fig. 3B(iii)). After the biofilm treatment
with peptide/PM/Pt microrobots in the presence of 0.5% H,O,,
the viability of the MRSA biofilm decreased to 3.85%. 3D (top)
and 2D confocal (bottom) images of residual biofilm bacteria
using viable (green) bacteria staining confirm the efficient
antibiofilm activity of peptide/PM/Pt microrobots (Fig. 3B(iv)).*®

Another catalytic micromotor for biofilm removal discussed
in this section is the one developed in 2021 by the Pumera
group. In this work, the body of the micromotors is based
on TiO,/CdS nanotube bundles and the engine is urease
(Fig. 3C(i)). These motors move in the presence of urea
(Fig. 3C(ii)) and the TiO,/CdS nanotube bundles function as a
catalyst to generate ROS for killing bacteria. The efficiency of

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Catalytic robotics for biofilm treatment. (A) Bubble-propelled FFM micromotors propelled by H,O, (fuel) decomposition to O, and H,O through
the MnO, inner layer (i). SEM images of the FMMs and the inset illustrate its cavity (i) as well as its swimming tracking line (iii). 2D confocal images of
residual S. aureus (top panels) and MRSA (bottom panels) biofilm bacteria (iv) under different experimental conditions as well as SEM images of S. aureus
biofilms untreated (left) and treated (right) with FMMs (v). Reprinted from ref. 36. (B) Diffusiophoresis mechanism, where the generation of O, is triggered
by the catalytic decomposition of H,O, on the surface of sputtered Pt (i), SEM image of the peptide/PM/Pt microrobots (i), time-lapse tracked images of
peptide/PM/Pt microrobot trajectories in the presence of 0.5 wt% H,O» (iii). Confocal reflectance microscopy of the MRSA biofilm surface and thickness
treated under different experimental conditions (iv). Reprinted from ref. 38. (C) Urease (engine) loaded on a TiO,/CdS nanotube bundles microrobot
propelled by the catalysis of urea, forming NHz and CO, (i). SEM image of a single urease/TiO,/CdS nanotube bundles microrobot and its insets showing
the end of open holes (top inset panel) and its opposite end (bottom inset panel) (ii). Confocal microscopy (iii) and (iv) and SEM images (v) of the biofilm

before and after treatment with urease/TiO,/CdS microrobots. Reprinted from ref. 39.

urease-TiO,/CdS micromotors in eradicating biofilms was eval-
uated and the remaining bacterial viability was found to be
around 20% (Fig. 3C(iii) and (iv)).** In this system, micromo-
tors move, thanks to the urease (engine) that catalyzes urea,
leading to the formation of NH; and CO,, whereas TiO,/CdS is
an immotile photocatalyst.

Scarpa’s group demonstrated that Nisin loaded on graphene
oxide/platinum nanoparticles/Fe,O; micromotors resulted in
the efficient killing of S. aureus biofilms. The mechanism is
based on the specific interaction of Nisin with the lipid II unit
of S. aureus. Enhanced antibiofilm activity is observed when
micromotors are catalytically propelled in the presence of H,0,
or by magnetic actuation using a permanent magnet.*’

This journal is © The Royal Society of Chemistry 2024

In summary, the performance of catalytic motors in eradi-
cating biofilms was described in this section. The main advan-
tage of these micromotors is that they do not need an external
source for their propulsion. However, they require high con-
centrations of highly toxic fuels that cannot be found in the
body under normal physiological conditions, which limits the
possibilities for real-world applications.

3.2. Biological micromotors

Biological micromotors that are living, motile cells, e.g., mag-
netotactic bacteria and sperm cells, are described in this
section for efficient biofilm disruption. Here, the propulsion
mechanism will be intrinsic to each cell and will be described

Chem. Soc. Rev,, 2024, 53, 2284-2299 | 2287
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Fig. 4 Biological micromotors for biofilm treatment. (A) SEM of MSR-1 cells captured within a microtube; the inset shows an increased magnification of
bacteria in the mesoporous silica microtube (MSM) (i). Bright-field microscopy images of MSR-1-powered biohybrid swimming. The blue arrow indicates
the position of MSR-1 inside the microtube and the red track indicates the trajectory of the biohybrid (ii). 3D confocal images of live/dead cell staining of
E. coli biofilms before (unmodified) and after treating with MSMs and ciprofloxacin-loaded MSMs (CFX-MSMs) (iii). Reprinted from ref. 41. (B) Scanning
electron micrographs of catfish agua sperm micromotors (i). Tracked microscopy images of aqua sperm micromotor trajectories after initiating mobility
by adding ultrapure water (ii). 2D confocal images of P. aeruginosa, S. aureus, and E. faecalis biofilms before (control) and after treatment with immotile
and motile aqua sperm micromotors (iii). Cells were stained with a SYTO 9 DNA probe. Reprinted from ref. 42.

accordingly. In 2017, the research groups of Sitti and Sanchez
used the magnetotactic bacterium Magnetospirillum gryphiswal-
dense (MSR-1) as an engine to propel mesoporous silica micro-
tubes loaded with antibiotics (ciprofloxacin (CPX)) to target and
infect the biofilm of E. coli (Fig. 4(A)). These biological motors
move by rotating their bipolar flagella and can self-generate
magnetosome nhanoparticles of Fe;O,. Moreover, they can be
externally guided using an magnetic field. To produce biohy-
brid micromotors, MSMs, and MSR-1 are placed together, and
gentle shaking is applied for 15 min. Once MSR-1 is inside
MSMs (Fig. 4A(i)), the biohybrid micromotors exhibit contin-
uous directional motion (Fig. 4A(ii)). In addition, biohybrid
micromotors are magnetically guided. Antibiotic loading is
possible due to the presence of nanoscale pores distributed
throughout the tube body of the MSMs and its efficiency was
first assessed using 3D confocal images (Fig. 4A(iii)). Once
MSR-1 + CPX-MSMs were obtained, their antibiofilm activity
was evaluated. After 24 h of treatment, no difference could
be observed in E. coli biofilms treated with CPX-MSMs and
MSR-1 + CPX-MSMs. However, the effect improved after 48 h
and the MSR-1 + CPX-MSMs group showed a decrease in
bacterial viability of 55%.*!

Later in 2021, catfish aqua sperm cells (Fig. 4B(i)) were used
to disturb the bacterial biofilm of P. aeruginosa, S. aureus, and

2288 | Chem. Soc. Rev., 2024, 53, 2284-2299

E. faecalis. The disruption of the bacterial biofilm was due to
the ultrafast speed of aqua sperm cells (114 + 11 um s~ ') when
they came in contact with water (Fig. 4B(ii)). Fish sperm cells
use water-induced dynein ATPase-catalyzed adenosine tripho-
sphate (ATP) degradation as a biocompatible fuel to trigger
their fast speed and snake-like undulatory locomotion, which is
activated for less than 60 s. Moreover, the head size (Fig. 4B(i))
of aqua sperm micromotors facilitates their entry into the
biofilm matrix. After the treatment of bacterial biofilms with
ultrafast aqua sperm cells, the bacterial viability decreases
compared with untreated biofilms or immotile aqua sperm
cells, even in thicker biofilms grown for 48 h (Fig. 4B(iii)).** The
greatest advantages of biological engines are their biodegrad-
ability and their abundance in nature. However, their biocom-
patibility is questionable as the introduction of non-human
cells could lead to an allergic reaction or the pathogenicity of
some bacteria strains. In this context, living cell-driven micro/
nanomotors should adhere to the highest biocompatibility
standards even when wusing genetically modified non-
pathogenic bacteria; indeed, their toxicity should be thoroughly
evaluated prior to pre-clinical trials (animals) and, furthermore,
before initiating to human clinical trials. Moreover, aqua sperm
micromotors lack controllable directionality. However, to avoid
this disadvantage, Magdanz et al. developed biohybrid

This journal is © The Royal Society of Chemistry 2024
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magnetic microrobots by electrostatic self-assembly of immo-
tile sperm cells and magnetic nanoparticles that can be
manipulated by magnetic actuation.*® This strategy would help
direct the sperm micromotors towards biofilm removal but
would require motile sperm. However, magnetotactic bacteria
already self-generate magnetosome nanoparticles of Fe;O, and
are inherently controlled by the rotating magnetic field.

3.3. Light-driven robots

Light-driven robots are propelled by two mechanisms: light-
induced physical effects and light-induced photocatalytic
reactions.**™*> Moreover, they are capable of wireless manip-
ulation by modulating the light intensity and wavelength of
light illumination.**™*® In addition, light-induced photocataly-
tic reactions occurring in the presence of water or low concen-
trations of H,0, are responsible for the propulsion of the
robots and these reactions also generate reactive oxygen species
(ROS) that can eliminate the bacterial biofilm.*”*® For this
reason, light-powered motors are very attractive for bacterial
biofilm treatment. In 2020, the pioneering work led by X. Qu
developed near-infrared (NIR) light-driven nanoswimmers
(nanomotors) (see Fig. 5A(i)) that can penetrate S. aureus
biofilms within 5 min and eradicate them through photother-
mal and antibiotic therapy. These nanomotors are composed of

View Article Online
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a mesoporous silica layer deposited on the SiO, shell used for
vancomycin loading while Au nanoparticles are embedded on
the inner side of the SiO, shell (Fig. 5A(ii)). The photothermal
conversion of AuNPs triggers efficient NIR-driven nanomotors
in different media (Fig. 5A(iii)). Biofilm removal by NIR-driven
nanomotors is due to the synergistic effect of the localized
thermal conversion generated by AuNPs that can destroy bac-
teria directly and, at the same time, induce the rapid release of
vancomycin. This synergistic effect is noted in Fig. 5A(iv), where
more than 90% of biofilm mass was destroyed.*’

Later in 2021, Pumera et al. developed light-driven ZnO:Ag
micromotors to eradicate P. aeruginosa and MRSA bacterial
biofilms. The interesting round-shaped stars of ZnO:Ag
microparticles were obtained by introducing silver precursors
during the synthesis of ZnO (Fig. 5B(ii)). The propulsion
mechanism is attributed to the enhanced photocatalytic activity
of ZnO in the presence of Ag, which promotes light-driven self-
electrophoretic motion in low H,0, concentration under UV
light illumination (Fig. 5B(i) and (iii)). However, the biofilm
treatment is attributed to the ROS photogenerated on the
ZnO:Ag micromotors as demonstrated in two bacterial strains,
P. aeruginosa and MRSA (Fig. 5B(iv)).”° Another material used
for oral biofilm treatment is tubular black TiO,/Ag nanorobots.
These nanorobots can absorb a broad spectrum of light from
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Fig. 5 Biofilm removal by light-driven microrobots. (A) Self-propulsion mechanism of HSMV upon exposure to a NIR laser (i). TEM image of the HSMV
nanoswimmer as well as its high magnification lattice image (ii). Tracking line trajectories of HSMV in three different media in the presence and absence of
laser irradiation (iii). Reprinted from ref. 49. (B) Electron-transfer mechanisms at the ZnO/Ag interface under UV-light irradiation. Eg: Fermi level; Ec:
conduction-band energy level; Ey: valence-band energy level; Eg: optical bandgap; ®agq: metal work function; and @7,0: semiconductor work function (i).
SEM image of the ZnO:Ag micromotor (i) tracked trajectories of the ZnO:Ag micromotor under light illumination and 1% H,O5 (iii). Live/dead 3D confocal
images of residual P. aeruginosa (left) and MRSA (right) biofilms treated with ZnO:Ag micromotors (iv). Reprinted from ref. 50.
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UV to the visible range which governs their multimodal motion.
The interesting fast rotational motion of tubular black-TiO,/Ag
nanorobots decreases with increasing wavelengths. However,
more effective biofilm removal was observed at 0.1% of H,O, in
the presence of UV light, reducing the total mass of the
bacterial biofilm by up to 92%.>"

In addition, UV light-driven amorphous, cubic, and tetrahe-
dral Ag;PO, micromotors are also explored for treating biofilms
of Gram-positive and Gram-negative bacteria.’® Interestingly,
the inherent fluorescence of Ag;PO, micromotors allows for
their tracking and they can move under visible light illumina-
tion without the addition of H,0, and can photogenerate ROS
efficiently. Finally, it was demonstrated that the P. aeruginosa
bacterial biofilm removal can be programmed by the shape of
Ag;PO, micromotors, with amorphous and tetrahedral micro-
motors being more efficient than cubic motors. However,
superior performance in removing methicillin-resistant S. aur-
eus biofilms is observed with micromotors and amorphous
Ag;PO, micromotors are more efficient than the tetrahedral
and cubic versions.> The main advantage of light driven
motors is that through light illumination, robots can be moved
and at the same time bacteria are eradicated by the photo-
produced ROS. However, ultraviolet light is very toxic. More-
over, UV, visible, and blue cannot penetrate muscle tissue
deeply. In this regard, the most promising for future applica-
tions are nano/microrobots actuated by infrared light, the only
wavelength that can penetrate muscle tissue deeply.

3.4. Magnetically driven robots

Magnetic micro/nanomotors are powered by magnetic fields
that originate from the movement of an electric charge as
vector functions of position and can be generated by freely
moving electric currents and magnetic materials.® Usually, the
moving electric current source is generated by the coil of an
electromagnet and is externally controllable. These motors are
fully maneuverable, wireless, and can reach confined places;
hence, these micro/nanorobots are very promising structures
for eradicating biofilms that develop in difficult-to-access and
complex, confined spaces.®*** The pioneering work using
magnetic robots was reported by H. Koo et al. in 2019. They
developed catalytic antimicrobial robots (CARs) for efficient
S. mutans biofilm treatment. CARs are based on iron oxide
nanoparticles that allow their magnetic propulsion and gener-
ate bactericidal free radicals in the presence of 1% H,0,, which
can break down the biofilm matrix and remove the fragmented
biofilm debris residues using enzymes (dextranase/mutanase),
preventing the reinitiation of the biofilm life cycle. CARs are
actuated via magnetic displacement, achieved by placing a
permanent magnet below the NP suspension. The efficient
biofilm removal of CARs in the presence of H,0, and enzymes
is evaluated. This method initially involves catalysis-mediated
biofilm disruption by the iron oxide nanoparticles and H,O,.
Next, the magnetic actuation to pull out the biofilm from the
colonized surface using CARs is observed. Finally, 24 h of
incubation completes the degradation of fragmented biofilm
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debris by enzymes, resulting in neither viable bacteria nor
biofilm regrowth.>*

Later, L. Zhang’s group implemented a magnetic micro-
swarm of porous Fe;O, mesoparticles (Fig. 6A(ii) and (iii))
actuated by a rotating magnetic field (Fig. 6A(i) and (iv)). The
efficient eradication of E. coli and B. cereus biofilms by the
p-Fe;O, swarm is attributed to two factors: the toxic free
radicals generated by the Fenton reaction to kill bacteria and
the mechanical disruption produced by the microswarm
motion that promotes the penetration of free radicals in the
matrix of the biofilm as can be seen in 3D confocal images
(Fig. 6A(iv)). In addition, it was demonstrated that the higher
free radical production, attributed to the porous structure of
Fe;0,, decreases the relative bacterial viability to 0.3% and 0%
for E. coli and B. cereus, respectively.”®

Another approach developed by Mayorga-Martinez et al. to
eradicate bacterial biofilm involves the use of a photocatalyst
decorated with ferromagnetic nanoparticles (Fig. 6B(i)). In this
work, the photocatalyst (B;VO, microparticles, see Fig. 6B(ii)),
photo-generated ROS, and ferromagnetic nanoparticles (Fe;O,
nanoparticles, see Fig. 6B(iii)) promoted magnetic actuation
(Fig. 6B(iv)). These hybrid micromotors are used to eradicate
oral biofilms composed of three known supragingival plaque
bacteria (S. gordonii, A. naeslundii, and V. parvula). This
approach also demonstrated that the synergistic effects of both
free radical production and mechanical forces generated by
magnetic propulsion reduce biofilm viability by up to 93% (see
fluorescence and 2D confocal images presented in Fig. 6B(v)).”®
Moreover, the strong mechanical forces generated by Fe;0,@
PEI/BiVO, magnetic microswarms are responsible for efficient
biofilm disruption, which is not observed when using lone
BiVO, microparticles propelled by light illumination or mag-
netic field. For this reason, the greatest contribution to the
mechanical forces generated by these microrobots is due to
magnetic actuation, while light illumination serves to generate
ROS to eliminate bacterial biofilms.

Magnetic urchin-like capsule robots (MUCRs) obtained from
pitted natural sunflower pollen (see Fig. 7A(i)) were used to
eradicate E. faecalis and multidrug-resistant E. coli (MREC)
bacterial biofilms. MUCRs were loaded with magnetic liquid
metal droplets (MLMDs) (see TEM images on the right side of
Fig. 7A(i)) and a chemotactic agent (r-aspartic acid). Individual
MLMD robots show controlled locomotion under the rotating
magnetic field (Fig. 7A(ii)). However, under the guidance of an
external magnetic field, MLMD robots generate a swarm that
navigates on a flat surface along a predesigned curved trajectory
(Fig. 7A(iii)), thereby disrupting the biofilm more efficiently
than a single unit of MLMDs. The biofilm removal mechanism
of the MLMD swarm is based on (1) the synergistic effect of
releasing sharp MLMDs to kill bacterial cells, (2) the chemo-
tactic agent that captures them, and (3) chemotaxis attraction
to devastate the planktonic bacteria released from the biofilm
by the mechanical disruption of the biofilm by microswarms of
MUCRs (Fig. 7A(iv)).””

Another magnetic microrobot developed to eradicate bacter-
ial biofilms efficiently was reported by Mayorga-Martinez et al.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Magnetic robots for biofilm treatment. (A) Diagram of the rotating magnetic field produced by the electromagnetic coil system (i). SEM and TEM
images at different magnifications of p-FezO4 MPs (ii) and (iii). Schematic representation and photograph of the p-FesO4 swarm's steering in an S-shaped
channel (red arrow indicates the swarm'’s direction of movement) (iv). 3D confocal micrographs of E. coli biofilms treated using static p-FesO4 (left) and
the FezO4 swarm (right) at different times (iv). Reprinted from ref. 55. (B) SEM images of FezO,@PEI/BiVO,4 magnetic microrobots (i), BiVO4 microparticles
(i), and FesO4@PEI (iii). A time-lapse microscopy image illustrating tracking lines of a FezO4@PEI/BiVO,4 magnetic microrobot swarm under a transversal
rotating magnetic field (iv). Bacterial viability visualization using live/dead stain under fluorescent illumination (left), SYTO 9 DNA probe in fixed samples,
and confocal microscopy (right) of biofilms before and after treatment with Fezs04@PEI/BiVO,4 photoactive magnetic microrobots (iii). Reprinted from
ref. 56.

These microrobots are composed of halloysite nanotubes
(HNTs) as the backbone and iron oxide (Fe;0,) nanoparticles
as magnetic actuators. They are covered with polyethylenimine
(PEI) to load ampicillin and potentiate its antibiotic activity as
well as to prevent the disassembly of microrobots. SEM
images (Fig. 7B(i)) of each component are represented in
Fig. 7B(i): Fe;0, NPs (top panel), and HNTs (central panel)
and Fe;0,-HNT/PEI microrobots (bottom panel). Moreover, this

This journal is © The Royal Society of Chemistry 2024

microrobot can be magnetically actuated to exhibit different
motion modes (ie., tumbling and spinning) or combined
motion modes (Fig. 7B(ii) and (iii)). Moreover, they can self-
organize into swarms and form a ribbon or vortex when they are
actuated in a tumbling or spinning mode, respectively. These
swarms can be transformed from ribbon to vortex and vice
versa. Finally, efficient biofilm disruption is demonstrated by a
reduction in bacterial viability of four orders of magnitude
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Fig. 7 Magnetic robots for biofilm treatment. (A) SEM image of the MUCR obtained after chemical bath deposition and the magnified TEM image of the
individual spines of MUCRs (i). Schematic and snapshots depicting a microrobot dynamically spinning through a bacterial medium, effectively eliminating
bacteria. (ii). Swarm generated by many MLMD robots under a magnetic field that navigates on a flat surface along a predesigned curved trajectory,
disrupting bacteria biofilms (iii). 3D live/dead confocal images of MREC biofilms under different treatments (iv). Reprinted from ref. 57. (B) TEM images of
each component of FeszO4-HNT/PElI magnetic nanorobots. Top: FeszO4 NPs; central: HNT; and bottom: FezO4-HNT/PEI (i). Time-lapse optical
microscopy images of tracking lines of spinning motions of individual magnetic FezO4-HNT/PEI@Amp microrobots at different frequencies (i) as well
as multimodal motion of individual magnetic FezO4-HNT/PEI@Amp microrobots from tumbling to spinning and from spinning to tumbling at 1 Hz, and its
ability to avoid an obstacle (iii). Bacterial viability visualization by fluorescence microscopy of live/dead-stained intact biofilms (top panel) and biofilms

treated with dynamic magnetic microrobots (bottom panel) (iv). Reprinted from ref. 58.

(Fig. 7B(iv)). The impressive performance of these microrobots
in eradicating bacterial biofilms is attributed to (i) the mechan-
ical forces generated by the magnetic propulsion, allowing their
penetration into the biofilm matrix, and (ii) the enhanced
antibacterial activity of the antibiotic by the PEI (B-lactam
potentiator).”®

Recently, a graphene oxide (GO) Fe,O; helical micromachine
(HMM) was reported to show peroxidase-mimicking activity,
generating ROS for biofilm removal.>® The magnetic actuation
of the Fe,O; HMM is generated by a moving spherical perma-
nent magnet carried by a 6-DOF robotic arm that can be easily
maneuvered along a tube. Efficient biofilm mechanical removal
is demonstrated by rolling the Fe,O; HMM on a planar surface
previously colonized by methicillin-resistant S. aureus (MRSA)

2292 | Chem. Soc. Rev,, 2024, 53, 2284-2299

bacteria. The result displays a clear decrease in biofilm thick-
ness after treatment with the Fe,O; HMM in the presence of
H,0, actuated by the rotating magnetic field, benefiting from a
combination of mechanical forces and the effect of ROS gen-
erated by the catalysis of H,0,.

Magnetic robots with different sizes and shapes are probably
the most promising structures for eradicating bacterial bio-
films. If we start from the fact that the mechanical forces
generated during their motion disrupt the biofilm matrix, then
a significant portion of the work is accomplished. These robots
can transport different antibacterial agents, such as antibiotics,
chemotactic, B-lactam potentiators, and photocatalysts, to pro-
duce ROS and ensure almost complete biofilm removal. Speci-
fically, for magnetic actuation, it is necessary to integrate

This journal is © The Royal Society of Chemistry 2024
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Table 1 Summary of pros and cons of biofilms treated with multiscale robots with different propulsion modes

Propulsion
mode Pros Cons
Catalytic ~ No need for an external source, synergistic antibacterial Toxic fuel, no motion control, limited biocompatibility by the fuel and

activity with the fuel (H,0,), generation of strong mechanical materials used for their manufacture, low biodegradability, and limited

forces
Biological No need for an external source, naturally available, fuel-free,
and biodegradable; generation of strong mechanical forces
Light ROS generation, fuel-free or low concentration of fuel
Magnetic  Total motion control, fuel-free, generation of strong

mechanical forces, easily integrated with different materials

magnetic materials into the body of the micro/nanorobots,
which are mostly not biodegradable or biocompatible. In addi-
tion, magnetic actuation requires bulky and complicated aux-
iliary control equipment.®® However, the magnetic material
(i.e., Fe30,4) possesses intrinsic catalytic properties, generating
ROS,*" as well as a strong magnetic hyperthermal capacity,®>
which were used to efficiently treat bacterial biofilms.

In this section, we have described and discussed different
milli/micro/nanorobots used to treat bacterial biofilms. Table 1
summarizes the advantages and disadvantages of each kind of
robot used. Among the most notable antibacterial mechanisms
for this purpose was the generation of mechanical forces by
their propulsion, enabling them to disrupt and penetrate the
EPSs of the biofilm. Magnetic robots are the strongest force
generators, followed by biological and catalytic motors. More-
over, magnetic robots can fully control their direction and can
reach confined spaces. However, the directionality of the other
motors can be controlled by adding magnetic materials to their
structures. On the other hand, most of the engines described
were manufactured using synthetic inorganic micro/nano-
materials, limiting their biodegradability and probably their
biocompatibility. For this reason, biodegradability and biocom-
patibility have to be studied exhaustively before progressing to
animal and clinical trials. Hence, it seems that combining
smart materials with antibacterial activity and motion capabil-
ity to generate strong mechanical forces is the best strategy for
treating bacterial biofilms.

4. Biofilm removal from infected
indwelling medical devices

Indwelling medical devices are used in hospitalized and non-
hospitalized patients. However, the prolonged presence of
medical devices within the body heightens the susceptibility
to bacterial infections due to the persistent formation of
biofilms. This can lead to increased medical expenses asso-
ciated with the treatment or removal of the indwelling
device.®*®® Nevertheless, robots have enormous potential to
treat bacterial biofilms that colonize indwelling medical
devices. In this section, we will describe how biofilms can be

This journal is © The Royal Society of Chemistry 2024

multimaterial integration

Limited biocompatibility (pathogenicity and allergen), no motion
control, limited multimaterial integration

Need external source of light, no motion control, does not generate
strong mechanical forces, non-biodegradable, limited biocompat-
ibility, limited multimaterial integration

Need bulky and complicate magnetic control, non-biodegradable,
limited biocompatibility

eradicated from the surface of implants and catheters. How-
ever, it should be noted that here we will focus particularly on
the applications carried out in vitro at the laboratory level.

4.1. Biofilm removal from metallic implants

Medical implants placed inside or on the surface of the body
are designed to replace a missing biological structure, support
a damaged biological structure, or enhance an existing biolo-
gical structure. They are made from metal (titanium), ceramics,
silicone, or apatite.®”®® However, regardless of the purpose of
the implant, it must be free of infections to ensure its effec-
tiveness in the applied medical treatment.®®”°

In particular, dental implants placed in the jawbone provide
a foundation for oral prosthetics (e.g., crowns, bridges, and
dentures) or a broader facial prosthesis. Peri-implantitis is gum
inflammation caused by oral biofilms, which consists of a
complex mixture of several species of oral bacteria and is the
most common complication in dental implantology. However,
if the infection is not properly treated, then the inflammation
can spread to the bone next to the implant, causing its rejection
in most cases.”*”7*

Starting from this premise, Pumera’s group used photoca-
talytic magnetic microrobots (see Section 3.4) composed of
BiVO, (photocatalyst) and Fe;O, (magnetic actuator) for the
removal of oral biofilm-infected titanium implants through the
synergistic effect of mechanical forces generated by magnetic
actuation and the photogeneration of ROS (Fig. 8A). For this
purpose, an osseo-integrated implant (implant 1) and an abut-
ment (implant 2) infected with a mixture of oral biofilms of
S. gordonii, V. parvula, A. naeslundii, and F. nucleatum were then
treated with photocatalytic magnetic microrobots. It was clearly
demonstrated that bacterial viability reached 50% and 88% for
implant 1 and implant 2, respectively (Fig. 8A, right panel).>®
Later, the same group demonstrated biofilm treatment using
light-driven tubular black-TiO,/Ag nanorobots (see Section 3.3)
from a facial titanium implant used for jaw restoration
(Fig. 8B). The efficient ROS photogenerated by black-TiO,/Ag
nanorobots under UV light illumination is responsible for the
biofilm removal and decrease in bacterial viability by about
50% (Fig. 8B, right panel).”"
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Fig. 8 Biofilm removal from implants. (A) Schematic representation of
oral biofilm treatment from the intraosseous implant (implant 1) and
abutment (implant 2) using photoactive FesO4@PEI/BiVO4 magnetic
microrobots and the antibacterial activity against mixed oral biofilms (S.
gordonii, V. parvula, A. naeslundii, and F. nucleatum) colonization. Rep-
rinted from ref. 51. (B) Light-driven self-propelled tubular B-TiO,/Ag
nanorobots to eradicate multispecies biofilm from facial titanium mini-
plates (left panel) used in maxillofacial surgery and their antibiofilm activity
(right panel). Reprinted from ref. 56. (C) Schematic representation multi-
modal motion in the swarm mode, and antibacterial activity of HNT-
FesO4@PEI/Amp microrobots for the removal of S. aureus biofilm colo-
nized on titanium mesh used for bone restoration. Reprinted from ref. 58.

The major disadvantage of biofilm treatment through ROS
photogeneration is that UV-vis light cannot penetrate deeper
tissue. Dental and maxilla facial implants are placed in the
gums and covered with a keratinized epithelium through which
light can penetrate very easily. Nevertheless, UV light can be
toxic to the human body. To address these issues, Mayorga
et al. developed another approach to treat biofilms on the
titanium mesh used for facial bone restoration placed under
tissue depth (Fig. 8C). This system was based on HNT micro-
robots decorated with magnetic particles and coated with PEI
and ampicillin. These microrobots were able to decrease bio-
film viability by up to two orders of magnitude, resulting in
93% biofilm removal.*®

4.2. Biofilm colonized on medical catheters

Medical catheters are thin tubes with different levels of stiff-
ness depending on the application and functionality. They can
be inserted in the human body to complete a therapy or
perform a medical procedure. However, bacterial colonization
of catheter surfaces is responsible for the majority of
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Fig. 9 Biofilm removal from medical catheters. (A) Schematic diagram of
the synergic effect of chemical and mechanical forces for bacterial killing
by p-FezO4 MPs in a swarm mode motion (A). Schematic diagram (top and
left panels) and digital photographs (bottom panels) of biofilm disruption in
a tiny U-shaped tube by a dynamic FesO,4 swarm as well as an optical
image of a U-shaped tube (top and right panel) (B). Reprinted from ref. 55.

healthcare-associated infections (HAIs).”>””” HAIs can lead to
the death of the patient or cause the rejection of an indwelling
device. For this reason, the early and effective treatment of the
biofilm that colonizes indwelling catheters is necessary in order
to safeguard the lives of patients as well as avoid unnecessary
surgical costs to remove expensive catheters.

In this context, robots emerge as a promising solution,
particularly due to their accurate manipulation by magnetic
fields, allowing them to be perfectly manipulated along the
tube from one end to the other and back again. In addition, the
mechanical forces generated by magnetic propulsion are strong
enough to remove bacterial biofilms very easily. This was
demonstrated by Koo’s group in 2019, where the magnetic
robots, called CARs, mechanically destroy the biofilm tightly
attached to a catheter.>® Later, Zhang et al. demonstrated that
tiny microrobots comprising Fe;O, mesoparticles can mechani-
cally and efficiently remove biofilms colonized on a catheter
when they move together in a swarm mode under magnetic
actuation (Fig. 9(A and B)). Both robots eliminate bacterial
biofilms through the catalytic generation of ROS in the
presence of H,0,.>

Mayorga-Martinez et al. demonstrated that the mechanical
forces generated by the ultrafast aqua sperm micromotors from
catfish efficiently destroy the biofilm formed by different bac-
teria that colonized catheters. This approach has several advan-
tages such as a fast treatment time (less than 1 min),
biocompatible fuel (water), and the abundance of micromotors
as a fish produces millions of them. However, its main

This journal is © The Royal Society of Chemistry 2024
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disadvantage is instability because fish sperm are efficient only
for a few days after extraction from the gonads. Therefore, it is
imperative to develop protocols for the long-term preservation
of sperm to ensure sperm efficacy. It is also necessary to study
the safety of sperm in the body to prevent the activation of an
immune response.*”

5. Invivo and ex vivo biofilm treatment
using robots of different sizes

Modern wireless robots offer countless applications in the
biomedical field. However, multiscale robot investigations car-
ried out in vivo or ex vivo are the most relevant because they
provide a closer approximation to real-world scenarios. It is a
great challenge to investigate multiscale robots for biofilms
treated in a living body (in vivo) or in an organ system studied
ex vivo.

Despite the advances made in recent years in the use of
milli/micro/nanorobots for the treatment of bacterial biofilms,
a thorough study of a living organism is still needed as it is
debatable whether in vitro biofilms actually resemble
in vivo biofilms. Recent reports in animal models showcasing
their use for treating bacterial infections demonstrate their
effectiveness.”®®® However, in the case of the treatment of
bacterial biofilms, the studies carried out are still few. In
2019, Qu et al. demonstrated biofilm removal in vivo from
catheters infected with S. aureus by using near-infrared (NIR)
light-driven nanomotors. As explained before, these nanomo-
tors disrupt S. aureus biofilms by the photothermal conversion
of asymmetrically distributed AuNPs in the functionalized
mesoporous silica half-shell motor loaded with vancomycin
(HSMV) (see Section 3.3). The pre-infected catheters were
implanted subcutaneously in anesthetized mice followed by
the subcutaneous injection of HSMV and NIR light irradiation
(Fig. 10A). After NIR irradiation, the temperature increased to
45 °C compared with control experiments, which can be seen
from thermographic images (Fig. 10B(i)). In addition, wound
sizes of mice decreased significantly in the treatment group
with HSMV + NIR irradiation compared with the control
groups; indeed, wounds exhibited scab formation and even
complete healing after 7 days (Fig. 10B(ii) and (iii)). In addition,
tissue around the implanted site was evaluated through histo-
logical analysis; little cell debris and few tissue lesions were
observed in mice treated with HSMV + NIR, confirming wound
healing (Fig. 10(iv)). Finally, the remaining bacteria in the
implanted catheter were inspected by scanning electron micro-
scopy (Fig. 10B(v)), and the complete absence of bacteria was
observed in the group treated with HSMV + NIR irradiation
nanomotors. The results obtained in this paper demonstrated
the promising real-world applications of nano/microrobots for
biofilm treatment that can be implemented in medical
practices.*®

A few years later, Zhang’s group used Fe,O; HMM magnetic
robots described in Section 3.4 to remove biofilms from an
infected tympanostomy tube (T-tube) inserted in the tympanic
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Fig. 10 In vivo biofilm removal. (A) Schematic illustration of HSMV nano-
swimmer synthesis (top panel) and motion-enhanced synergistic antibio-
film therapy upon laser irradiation in the catheter indwelled in mice leg
(bottom panel). (B) Results of in vivo antibiofilm efficacy of HSMV nano-
swimmer evaluated using a mouse implant-related periprosthetic infection
model. (i) Thermographic images, (i) digital photographs and their magni-
fied images of the incision site (iii), (iv) histological photomicrographs of
skin tissue around the implanted site, and (v) SEM images of embedded
catheters in infected mice treated with PBS, NIR, free Van, HSM under
laser irradiation, HSMV, and HSMV under laser irradiation. Reprinted from
ref. 49.

membrane of a human cadaver (ex vivo) (Fig. 11A). A magnetic
Fe,0; HMM and H,O, were delivered in the T-tube using an
ENT endoscope. Next, a rotating magnetic field was applied to
actuate the Fe,O; HMM (Fig. 11B(i) and (ii)). The efficient
treatment was possible due to the synergistic effect of mechan-
ical forces generated by the magnetic propulsion of HMM and
the ROS generated by the decomposition of H,0, through
Fe,O; (Fig. 11B(iii)). After treatment, the Fe,O; HMM was
retrieved using a tiny bar magnet (Fig. 11B(iv)). The presence
of bacterial biofilms in the patient’s infected T-tube was
investigated before treatment and visible living bacteria were
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Fig. 11 (A) Endoscope-assisted magnetic helical micromachine delivery
for biofilm eradication in the tympanostomy tube (T-tube). (B) The treat-
ment procedure for biofilm in the infected T-tube from a cadaver head (i)
using magnetic Fe,Oz HMM and H,O, delivered using an endoscope (i),
magnetic actuation inside of T-tube (iii), and its retrieval (iv). Reprinted
from ref. 59.

observed. However, after treatment, almost complete biofilm
removal was confirmed.”®

In addition, Zhang’s group treated biofilm-associated patho-
gen infections on inaccessible biliary stents using magnetic
urchin-like capsule robots (MUCRs) loaded with magnetic
liquid metal droplets (MLMDs) and l-aspartic acid as described
in Section 3.4. Biliary stents are tiny tubes used to prevent
obstruction during endoscopic retrograde cholangiopancreato-
graphy (Fig. 12A). The biofilm formation on the stent lumen
surface blocks and subsequently clogs it. In this study, biliary
stents that had been indwelling in patients for about 2-3
months were collected and then surgically inserted at the
junction of the duodenum and bile duct of fresh gastrointest-
inal and biliary systems of pigs. After that, MUCR@MLMDs
microrobots were injected directly with an endoscope, followed
by the application of magnetic actuation (Fig. 12B). The micro-
robots’ navigation and biofilm removal in the biliary stents
were tracked by fluoroscopy imaging (Fig. 12C). After 30 min of
treatment, the clean inner wall of biliary stents was observed.””

Finally, Oh et al introduced surface topography-adaptive
robotic superstructures (STARS), which are used for the
chemical treatment and mechanical removal of adhesive bio-
films, and multiplexed pathogen detection by capturing
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(A)

Step 1: Delivery Step 2: Eradication

MUCR@MLMD =
Injection needle \ g Swarm - Zezdeziz
R Wy —> ST
Biliary stent

-

Fig. 12 Magnetic microswarms for biofilm eradication in biliary stents.
Schematic diagram of the treatment of the biofilm adhered to biliary stents
using the MUCR@MLMDs swarm (A). An injection needle equipped with
the endoscope delivers the microswarm into the biliary stents (B) and
images are taken by endoscopy and fluoroscopy imaging (scale bars:
5 mm) (C). Reprinted from ref. 57.

bacterial, fungal, viral, and matrix components. STARS
utilize Fe;0, NPs and use automated motion patterns to reach
complex three-dimensional geometries of ex vivo human
teeth. STARS mimic ‘“toothbrushing-like” and ‘‘flossing-like”
motions to remove the biofilm in real-time while capturing
samples with microscale precision for multikingdom pathogen
detection.®” Moreover, this group also demonstrated that cata-
Iytic Fe;0, NPs assembled into microswarms or embedded in
soft helicoids under magnetic fields can be controlled to
disrupt and capture biofilms inside the root canal of teeth in

an ex vivo model.?

Conclusions and outlook

In recent years, great innovations have emerged in the treat-
ment of bacterial biofilms using different milli/micro/nanoro-
bots, including innovative manufacturing approaches with
high antibacterial activity as well as smart materials for their

This journal is © The Royal Society of Chemistry 2024
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motion, shape reconfiguration, programmable navigation, and
clinically oriented approaches. In this tutorial review, we
described all the current strategies implemented for the treat-
ment and removal of bacterial biofilms using robots at different
scales. In addition, we systematically described the robots used
and grouped them according to their mode of propulsion.
Moreover, a critical analysis of the advantages and disadvan-
tages of each type of robot used in the treatment of biofilms
was conducted. As can be seen, robots of different sizes and
shapes are promising tools for the eradication of bacterial
biofilms that colonize different medical devices and implants.
The initial engines exhibited limited antibiofilm activity, with
an efficiency of less than 90%. However, they have evolved to
reach reported eradication rates up to >99%, particularly in
the case of multifunctional robots that combine intelligent
materials for both actuation and bacterial biofilm eradication.
This includes using ROS-generating catalytic nanomaterials
(BiVO,, TiO,, ZnO/Ag, Ag;PO,, Fe;0,, etc.) as well as robots
that can load indolicidin peptides or antibiotics. Incipient
applications implemented in vivo and ex vivo demonstrate their
potential for use in real applications. However, it is necessary to
conduct more in-depth studies on the biodegradability and
toxicity in the human body of robots to verify that they do not
cross the barriers of the organism or accumulate in cells,
leading to acute or chronic toxic effects. Another concern that
must be considered is the large-scale production of the materi-
als used to manufacture the robots. Taking into account not
only the cost of precursors but also the apparatus used, this
approach has the potential to provide real economic and social
benefits. It is imperative to keep these considerations in mind
from the beginning of the design of these dynamic devices. Finally,
the precise maneuvers of the robots in the body and in real-time are
very important for their monitoring and to guarantee that the
robots are located at the infectious focus where the bacterial
biofilm is developing. Most of the in vivo and ex vivo studies
described earlier tracked the robots using clinical imaging systems
such as fluoroscopy, ultrasound, and magnetic resonance imaging.
Nevertheless, the resolution of current imaging modes is generally
insufficient to distinguish the micro/nanorobots, particularly those
at the nano-scale. For this reason, the configuration of robots in the
swarm can help improve their visualization and monitoring i vivo.
Therefore, in the design of future micro/nanorobots, it should be
considered that they can be imaged with different imaging systems
and can be changed according to the biological system used, size of
animal model, and application.

Thus, the current challenge in micro/nano robotics lies in
innovatively designing new robots for biofilm treatment and
employing nanomaterials with diverse physical and chemical
functionalities to eradicate bacteria. These robots should be
capable of precise motion under specific actuation and amen-
able to imaging through various technologies.
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