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Materiomics approaches for stimuli-responsive microrobots

Silvia Orecchio?, Giuseppe Arrabito*, Claudia Pellerito?, Tiziana Fiore?, Floriana Campanile®, Federica
Meringolo¢, Paola Costanzo¢, Sebastiano Alberto Fortuna®, Salvatore Barrecad, Giorgia Puleo?, Vittorio Ferrara?,
and Bruno Pignataro™?

The development of stimuli-responsive smart materials able to perform “on-demand” tasks is one of the most
enticing interdisciplinary challenges in science. In the last decade, synthetic micro/nanorobots have shown
enormous potentialities in this regard by overcoming the time reversal motion symmetry at low Reynolds
numbers, so conferring dissipative motion for the active exploration of complex fluids in the field of sensing,
capturing and targeting analytes in desired locations. This review presents a critical overview of
inorganic/organic materials and their combination aiming for a sustainable microrobots fabrication through a
materiomics approach, ultimately highlighting their structure-function correlation for future applications
related to the removal of environmental pollutants. A rational selection of materials combination by leveraging
sustainable fabrication approaches will be presented, ultimately classifying the resulting microrobots as a
function of their efficiency in terms of bespoke quantitative parameters (material, microrobot size, speed,

stability, reconfigurability) and finally introducing the field of biohybrid microrobots.

1. Introduction

The design of novel materials for environmental remediation is
a growing research field, addressing the demanding needs of
the industries and human life wastes, as recently reviewed in
the EU’s Urban Wastewater Treatment.! Indeed, new
pollutants, such as dyes, pharmaceuticals, organic
contaminants, microplastics, metal jons and per-
/polyfluoroalkyl substances require the design of technologies
that are suitable for their monitoringZ and treatment.3
Importantly, such challenge requires the adoption of new
treatment technologies, advancing the established methods.*

In this scenario, micro and nanoscale robots, defined as
microscopic  systems featuring autonomous actuation
capability, ranging in size from 1 um and 1 mm?> are being
currently explored as a suitable strategy.® In general terms,
robots can be defined as machines programmed to perform
specific tasks autonomously or under human supervision. More
specifically, the research activities in robotics have focused on
two opposite directions, namely giants or micro-/nano-scale
systems, both capable of autonomously performing complex
tasks once programmed.” As the name suggests, “microrobots”
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refers to any type of robot of submillimeter size. Small-scale
robots (< 100 um), initially referred to as ‘micro- and
nanomotors’, are micro- and nanostructured materials capable
of harvesting energy from the surrounding environment and
converting it into locomotion. In general, a microrobot can be
defined as a device of micrometer to millimeter size that can
move, apply forces and operate on objects in a workspace of
micrometer or submicrometer dimensions.® Such devices
benefit from the synergy between their motion attributes and
their unique size-, shape- and structure-dependent
physicochemical properties at the micro- and nanoscale.
Furthermore, they show superior performance compared to
passive matter (for example, conventional static micro- and
nanomaterials) in all areas, including water remediation.? In
turn, nanorobots can be defined as molecular or nanoscale
devices that convert different external energy sources into self-
propelling motion,° being defined as a system which is able to
perform specific tasks at atomic or molecular level.11

The advantage of smaller sized robots in comparison to
macroscale robots lies in their ability to swim in liquid
environments which are difficult to explore for humans (i.e.
small sizes or hazardous sites). In particular, microswimmers are
a subdivision of microrobots with the ability to move in liquids
(e.g., bodily fluids or water) autonomously or under external
actuation. Nonetheless, the term “microswimmers” have been
in use for natural micron-sized swimmers (e.g., bacteria,
sperms, archaea, and protists), even before the invention of
microrobots. Therefore, neither “microrobots” nor
“microswimmers” can be considered a full subset of the other
one — not all microrobots are microswimmers and vice versa.1?
Whereas the function of macro-robots is controlled by inertial
forces, micro- and nanorobots (MNMs) actuation is based on a
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substantially different theoretical framework. In 1976, Pursell’s
“scallop theory” demonstrated that the time-symmetric
movement of an object in miniaturized and hence low Reynolds
number scenarios does not lead to net displacement.> As a
consequence, the condition proved by this theorem needs to be
violated to displace micro/nanorobots.

MNMs can be fabricated by employing scalable approaches
based on different strategies, such as physical vapor deposition,
electrochemistry or scalable approaches based on rolling
technology.131415 Similarly to macro scale robots that typically
have sensors and actuators, a control unit and an external
energy input,’> MNMs use external triggers (magnetic fields,
ultrasound, chemical fuels, light) into net displacement for
specific applications.® As a result, leveraging such controllable
stimuli, micro- and nano- robots are able to absorb and destroy
specific pollutants in the absence of convective motions. In
addition, enzyme immobilization can further improve motion
ability or as component to catalyze decontamination
reactions.17.18 A recent review on this topic has explored the
range of pollutants these microrobots can target.®

A significant challenge is to develop fully functional microrobots
capable to autonomously operate in complex environments.
Imitating nature, a suitable strategy could be to install sensing,
actuation and control directly through the materials. Nature, in
fact, provides many examples of nanomotors in living cells. A
compelling question is whether it is possible to realize artificial
nano- to micro- robots competing with nature biomotors. Cells
use nano engines to change shape, separate chromosomes
during division, synthesize proteins, engulf nutrients, and
transport chemicals. Basically, all these motors use chemical
energy, usually stored as adenosine triphosphate, into active
motion.® As reported in Table 1, the propulsion mechanism of
MNMs can be exploited by different means, such as magnetic,
optical, chemical or hybrid, enabling different means to control
the movement of such systems.

A question that is then obvious for the material scientist is how
are these micro- and nanorobots prepared, which are the most
common formulations used in the previous reports and finally
the discovery of optimal formulations based on structure-
function relationships. To this end, a study was conducted
through an extensive search of the terms micromotor,
microrobot and microswimmers in two electronic databases:
Scopus and Web of Science. The search identified a total of 1177
articles, of which 446 came from Scopus and 731 from Web of
Science. These articles deal with the development of MNMs,
with particular attention to the materials used for their
fabrication. Scientific data published from 2014 to date were
considered. The search strategy was carefully developed, using
specific search terms and Boolean operators. The aim was to
identify scientific articles regarding the employ of different
materials employed in the fabrication of micro and nanorobots,
with various mechanisms and intended for multiple
applications, from environmental decontamination to medical
uses. The selected keywords allowed us to exclude irrelevant
articles and focus on relevant publications. The search covered
articles published from 2014 to 2024, resulting in a
comprehensive overview of the current state of the field.

2| J. Name., 2012, 00, 1-3

MNMs are distinguished not only by their size and applications.
but also by the materials they are made 8RIF8HHi%/REdSORthe
focus has been directed towards the various materials most
studied in the last decade, since the choice of materials not only
influences the operational capabilities of robots, but also
determines their compatibility with biological and industrial
environments. Most of the articles concern the use of titanium
as the prevalent material, either as titanium oxide or in
combination with other materials, with a total of 213 articles
found on Scopus and 199 on Web of science (see Figure 1).
Other materials widely used in robots’ fabrication include
carbon and its allotropes, particularly graphene, whose use has
been widely documented in literature. Specifically, 148 and 215
articles were found respectively on Scopus and Web of Science,
by entering only the words “carbon” and “micromotor/robot
and nanorobot”. This search is understandably narrowed for “
graphene-based robots” to a smaller number of articles due to
its more specialized nature.

I Titanium
I Bismuth
I Copper
I Iron

Zinc

Gold
| | Silicon
I Carbon
I Graphene

Figure 1. Materials used in the manufacture of microrobots.
Percentage distribution of materials or elements used for the
fabrication of micro/nano motor and robot, with graphene,
carbon and silicon among the main components, at 33.2%,
24.4% and 47.8%, respectively. Data extracted from Scopus
database.

In this context, the concept of materiomics becomes
particularly relevant, as it refers to the study of how the
physicochemical properties of materials influence their function
in complex systems. In general, the term materiomics refers to
a comprehensive approach that studies materials in a holistic
way by analyzing their properties and interactions across
different scales to better understand and optimize their
performance in microrobots.2%21 |n particular, when applied to
micro and nanorobots, this perspective focuses on how
structural and compositional characteristics such as
morphology, surface chemistry, crystalline phases and
responsiveness to external stimuli affect performance in terms
of motion, interaction with the environment and degradation of
pollutants.

This review adopts a materials-centred perspective to analyse
recurring patterns and correlations between material types and
the functional capabilities of these systems, with the aim of
highlight how specific material choices condition the actuation
mechanisms and application potential of micro and nanorobots,
particularly in the context of environmental remediation. For

This journal is © The Royal Society of Chemistry 20xx
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this reason, the focus has been directed towards the various
materials most studied in the last decade. Differently from
other reviews in the field, which focus on materials
consideration analysis for microrobots for various
applications,2223 herein we intend to provide the reader with a
systematic discussion focusing on materiomics approaches for
microrobots fabrication, targeting applications in the field of
pollutants degradation, as a promising and still poorly explored
aspect of such ground breaking technology.

Among these trends, significant attention has been given to the
development of titanium dioxide-based microrobots. However,
due to its limited absorption, over the years, alternative
microrobots using semiconductors that absorb light in the

visible and near-infrared region have also been explored. The

Journal ofsMaterials' Chemistry C

substantial progress in this field has brought to high, efficiency
light-driven microrobots, leveraging PVisiBIEfigRE5ep&Hive
photocatalysts, including Fe;03, CdS, and AgsP0O4. To improve
the separation of the electron-hole pair, Janus particles with
metal-semiconductor heterostructures, such as CsNa4/Pt,
Cuy0/Au, and BiOl/Au have been used. Photocatalysts such as
BiVO4 with bandgaps in the visible range lead to photocatalytic
microrobots with improved movement speed and capacity.
Finally, new emerging approaches based on innovative
materials and biohybrid microrobots are presented. Ultimately,
materiomics could allow developing novel materials for
pollution degradation, having desirable functionalities by
examining how different components interact and behave at
various levels of organization.

Table 1. Strengths and weaknesses of the means of locomotion of MNRs.

Propulsion stimulus Strengths

Magnetic field Established fabrication
technologies,
biocompatibility

Light Easy control and accessible

optical energy

Chemical fuels Simple design, numerous
types of reactions to adapt

in different environments

Hybrid (biological Biocompatibility and
entity +  external adaptation to various
stimulus) energy sources

2. Titania based microrobots

Among the different materials used to fabricate microrobot,
TiO, allotropes have outstanding
photocatalysis*142 based processes, owing to their nontoxicity,

shown success in
ease of synthesis and potential for bandgap engineering.*3

The motion of micro- and nanorobots (MNMs) occurs in fluids
with low Reynolds numbers, where viscous drag prevails over
inertial forces; therefore, their mobility requires a constant
application of propulsive force. lllumination triggers redox
reactions that develop solute gradients. The net directional
motion of MNMs is based on an asymmetric propulsive force,
which is achieved through structural asymmetry or light
gradient asymmetry, via autoelectrophoresis and self-
diffusionphoresis. However, as a result of the rapid electron-
hole pairs recombination, photocatalytic reactions tend to have
low efficiency. To increase the yield, these pairs can be more
efficiently separated through doping, metal loading or
formation of heterojunctions.44

This journal is © The Royal Society of Chemistry 20xx

Weaknesses
Difficulty retrieving the device in

complex environments

Motility
surrounding environment

Use of potentially toxic fuels

Complex design
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impacted by the

The use of hybrid materials, characterized by intrinsic structural
asymmetry, offers several advantages such as the reduction of
the required light intensity and fuel concentration (e.g. H,0,,
N;Ha, Br;) and expanded applications of MNMs. To find viable
alternatives to fuel-free MNMs, MNMs based on TiO,/metal
heterojunctions have been developed in which metal
components allow for better separation of electron-hole pairs,
thus avoiding recombination. At heterojunctions, as electrons
migrate to the metal surface, while holes move toward TiO,
creating redox splits. This process generates a proton gradient
from TiO; surface toward the metal surface, driving motion.4>

Photocatalytic microrobots have proven to be excellent
candidates for pollutants degradation by exploiting the synergy
between self-propulsion and the photocatalytic effect.#¢ The
latter can be selectively activated based on irradiation type,
while self-propulsion is linked to hydrogen peroxide
decomposition that occurs through asymmetric illumination of
the particles. Microrobots that exploit TiO, have been studied,
such as core-shell TiO,/carbon microsphere microrobots, where

J. Name., 2013, 00, 1-3 | 3


https://doi.org/10.1039/d5tc00342c

Published on 04 August 2025. Downloaded by Y unnan University on 8/23/2025 5:30:31 PM.

Journal of‘Materials' Chemistry'C

TiO, serves to photo catalyze chemical reactions and for the
degradation of unwanted organic substances.

Using two photocatalytic semiconductors, a hybrid
microswimmer has been developed, capable of decomposing
peroxide at different speeds depending on the color of the
activation light source. These particles therefore move
depending on the irradiation wavelength. Hybrid microrobots
based on titanium dioxide (TiO;) and cuprous oxide (Cu,0) have
been produced,*” with the materials occupying distinct portions
of the particles. The study has shown that hybrid structures’
movement depend on the wavelength, unlike those made from
just one of the two materials, Moreover, hybrid particles
activate solely in water, enabling the development of new
classes of photosensitive colloids that do not require fuel.
Chemical reactions catalyzed on the surface of a particle have
been exploited to obtain movements on a microscopic scale. In
these systems, the position of the catalyst (reactive structure)
and the shape of the particle are fundamental for the
movement. Combining multiple catalysts into a single particle
can therefore enable modifications to the system’s motion.
The fabrication of heterostructures composed of different types
of semiconductors represents a valid alternative. In this context,
the use of a-Fe;Os has been developed thanks to its
advantageous properties, such as photoactivity,
biocompatibility, and more. Microrobots have been designed to
utilize light radiation for movement and pollutant degradation,
and magnetic fields for their subsequent collection,*8 see Figure
2 (A-C). Under light or magnetic fields triggers, microrobots can
self-assemble into porous structures or aggregates, enabling
them to trap and photodegrade pollutants. They can also
reconfigure into linear shapes and, with the aid of magnetic
fields, remove debris such as micro- and nanoplastics from
water. Their ability to select and detect specific particles

provides a visual indication of pollutant distribution.
Furthermore, their magnetic properties allow for the easy
recovery of microrobots from purified water.

The reversibility of their self-assembly has been demonstrated
by turning UV light on and off. Additionally, leveraging their
photocatalytic self-propulsion  capability,
microrobots have proven effective in accelerating
photocatalysis, such as in the degradation of the herbicide 2,4-
Dichlorophenoxyacetic acid (2,4-D) as reported in Figure 2 (D-
E). Considering the widespread use of pesticides in agriculture
and the associated contamination and pollution risks, self-
propelled microrobots composed of TiO,/a-Fe;03 have been
used to accelerate the photocatalytic degradation of this
persistent and carcinogenic herbicide. The microrobots
achieved a degradation efficiency of 97% within 30 minutes
under light exposure. The degradation mechanism is linked to
the interaction between the photocatalyst irradiation and
water, bringing to the formation of reactive oxygen species
capable of breaking the chemical bonds of the undesirable
substance. Unlike other systems these microrobots offer the
advantage of not requiring H,0,. Differently to established
photocatalysts, TiO,/a-Fe,O3 microrobots were able to destroy
degraded the same amount of 2,4D in less time, since their
movement result in more collisions with the pollutant

activity and

4| J. Name., 2012, 00, 1-3

molecules per unit of time. It has been highlighted that
microrobots exploit the decomposition [f'WateFOIRES (ORygén
and oxide radicals for movement. Thanks to this mechanism
they have been designed for use in photocatalysis and for drug
delivery. In recent years, a study has shown that CoO
microparticles demonstrate photocatalytic activity when
irradiated by visible light, unlike TiO, which requires UV light,
resulting in a CoO-TiO; heterojunction, which exploits both the
UV and visible light for their action.*® This type of microrobot
can also be oriented by varying the wavelength of the incident
radiation, without relying on phototaxis.

A significant percentage of artificial microrobots generate
propulsion by utilizing the interaction between asymmetric
gradients and the surface of the particles. The ideal mechanism
to break symmetry is the Janus geometry, where the differing
chemical reactivity of the two halves promotes the generation
of an asymmetric gradient. It has been demonstrated that
producing TiO; particles with a rutile conformation structured
in a Pac-Man shape through a one-pot synthesis process results
in active motion only for particles that underwent calcination
processes.>0 Specifically, only the particles with asymmetric
structures after calcination demonstrated a crystallinity
sufficient to meet both requirements for active matter.
Photocatalytic nanomotors have garnered great interest since
they can convert light radiation and chemical energy into
motion at the same time, coupled with a rapid photoelectric
response. It has been demonstrated that combining optical and
magnetic components within these nanodevices not only
enables precise control over their motion, but also enhances
their photocatalytic activity with higher efficiencies.>! In this
regard, a notable example is the development of heterojunction
TiO»/NiFe nanomotors, composed of TiO, nanorod coupled with
Ni/Fe metallic counterpart. These nanomotors exhibit excellent
photoactivity under UV light, achieving self-propulsion with
random trajectories. When combined with magnetic field, their
alignment results in more directional motion and enhanced
speeds, showcasing their advanced
microrobots, as can be seen at Figure 2 (F-K).
Over the vyears, various metal-based sensors have been
developed for gas and analytes in solution detection.>253 TiO,
has proven to be an excellent candidate in this field due to its
good electron mobility, suitable band gap, and high stability.
However, to address the growing need for even higher
sensitivity and versatility, recently, various gas sensors have
also been prepared based on MXene materials, due to the
excellent electrical and thermal properties.>* Composite
materials such as CuO/MXene have been prepared to achieve
high-sensitivity responses. Other researchers, utilizing the
Sn0,-TiO,-MXene heterojunction, were able to detect NO,,
while MXene/TiO,/MoS; allowed the detection of ammonia at
room temperature. Thanks to these studies, a sensor based on
a CuO/TiO; heterojunction was designed for ethanol detection,
with the addition of conductive MXene to enhance the sensor's
performance.

Considering the continuous decrease in the size of the robots, it
is increasingly interesting to find suitable structures for the
development of their surfaces. Therefore, the engineering of

functionality as

This journal is © The Royal Society of Chemistry 20xx
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point defects and the study of the incorporation of single atoms
have been explored, which have led to encouraging results. A
recent study has used single-atom Cu catalysts on the surface of
nanorobots, while further studies have developed systems in
which single-atom Pt was used.> The different nanorobots have
been studied in the capture of microplastics, demonstrating
excellent results in this application when illuminated with UV
light given by the union of the engineering of point defects and
the use of atomic species of Pt. It was also seen that the
nanorobots presented a negative photogravitaxis effect and a
strong 3D propulsion. Since the development of photocatalytic
microrobots, numerous additional semiconductors and
materials have been developed with various techniques and
applications. By exploiting the two-step synthesis processes of
crystalline TiO,, it has been possible to develop mixtures with
different phases and grain sizes, as well as variable external and
internal interfaces, thus obtaining various electronic properties
.36 |n this study, two types of Cos04 nanomaterials, nanocubes
and platelets were integrated with TiO, to explore their
photocatalytic behaviour. Unlike the Janus structures derived
from Cos04 platelets, that can develop active swimming thanks

H & 2 =

Degracation efficiency %]

W0 0 0 & 50 60
Time [s]

ARTICLE

to the effective transfer of electrons captured by CoaQafromthe
TiO, band alignment, the Co304 nanocuBed0 rermdinTisglated
from the TiO; bands. As a result, there is no band alignment in
this case, and these systems do not exhibit active movement
under blue light irradiation. By exploiting the deposition of
asymmetric Au and Ag layers on TisC,Tx microparticles, Janus
structures with Schottky junctions were developed. When
irradiated with UV light, thanks to the presence of an intense
electric field inside the structure, the Au-TiO, microrobots were
shown to possess higher speeds due to a favourable charge
separation and hole accumulation under the gold layer.>” The
researchers also demonstrated that in the presence of 0.1%
H,0,, even higher speeds could be obtained independently of
the UV light trigger, thanks to the silver catalytic properties in
H,0, decomposition. These microrobots were also used for
pollutant degradation, using polyethylene glycol as a model of
polymeric system.

Phenal generation

"
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e
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Figure 2: Design, structure, and photocatalytic performance of TiO,/a-Fe,O; microrobots and TiO,/NiFe nanomotors. (A)
Schematic illustration of TiO,/a-Fe,03 microrobots with light- and magnetically driven motion. (B) SEM image of peanut-shaped a-
Fe,O3 particles, scale bar 2 um. (C) Self-assembly behaviour under chemical gradients and magnetic dipole-dipole interactions
forming clusters and microchains. (D) Photocatalytic mechanism of dichlorophenoxyacetic acid (2,4-D) degradation via ROS
generation mediated by UV light. (E) Graph showing time-dependent degradation efficiency of 2,4-D, reaching 97% in 30 minutes.
Adapted with permission from Nature Communications ref.#8 Copyright © 2023. This is an open access article distributed under
the terms of the Creative Commons CC BY license. (F) Schematic illustrating the motion behaviour of TiO,/NiFe nanomotors under
UV light and magnetic fields. (G) Representation of improved photocatalytic phenol generation by the combined effects of light
and magnetic fields. (H) STEM image of TiO2/NiFe nanomotors. (I) Photocatalytic propulsion mechanism of TiO,/NiFe nanomotors
mediated by UV light, driven by electron transfer and H,0, decomposition. (J) UV light-induced electron excitation in TiO, and
charge transfer to NiFe, generating ROS that oxidize benzene to phenol. (K) Phenol yield comparison under light and light +
magnetic field conditions, showing enhanced performance. Reprinted with permission from ACS Applied Materials & Interfaces
Ref.51 (ACS) Copyright © 2023. (https://pubs.acs.org/doi/10.1021/acsami.4c03905). Readers are advised that any requests for
additional permissions relating to the extracted material must be addressed directly to ACS.
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3. ZnO based microrobots

ZnO is a suitable material for water-purification.>® However, its
low colloidal stability in agueous media typically limits its
application in microrobots. A prototypal example consist in
catalytically powered Janus microrobot containing two
different faces, one of which, the mesoporous ZnO
microparticles, was covered with platinum (Pt) used to catalyze
the fuel (H.0;) decomposition, enabling propulsion.>® The
motion of such mesoporous ZnO/Pt-based Janus microrobots
was obtained by bubble propulsion to enable the
photodegradation of explosives and dye pollutants.>® In other
examples, light-driven laccase functionalized ZnO-Au
microrobots have been investigated for the synergic
destruction of the antibiotic oxytetracycline by enzymatic
reaction and photocatalytic activity. In this case, the enzymatic
activity of laccase is combined with the photo induced motion
and catalytic degradation of the ZnO-Au microrobots to remove
oxytetracycline, one of the most diffused veterinary
antibiotics.69 The ZnO microrobots were prepared by wet
chemistry synthetic approach in which gold precursor was
added during synthesis and laccase physisorption after
synthesis lead to the formation of microrobots capable of
photodegradation toxic pollutants under UV light Figure 3 (A-
B). The speed of a single microrobot was almost doubled by
applying UV-light (see Figure 3C). The generation of photo-
induced ROS species of the so assembled microrobot in the
presence of H,0; fuel permitted to degrade almost 70% of the
pollutant in less than 15 minutes (Figure 3 D-F).

Light-triggered antibiofiim ZnO microrobots have also been
designed to destroy biofilms.®1 Biofilms can be defined as
complex bacterial communities tightly linked to solid
extracellular substrates, are a major source of economic losses,
ranging from failures in medical implants to enhanced pipe
corrosion in large infrastructures. ZnO microrobots motion and
morphology have been optimized through Ag doping. The light-
triggered ZnO:Ag microrobots movement is driven by a self-
electrophoresis. They simultaneously demonstrate
antibacterial activity, thanks to the destruction of both Gram-
positive and Gram-negative bacterial biofilms from solid
surfaces, based on Ag and ZnO synergic bactericidal property,
as well as the autonomous microrobots motion. Synthetic ZnO-
based Janus microrobots have been proposed®? as the first
system capable of biomimetic chemotaxis driven by self-
reorientation, powered by CO, as alternative biocompatible
fuel. Leveraging the excellent biocompatibility of ZnO,63
microrobots have been designed to actively “’seek out” specific
cells or pathogenic microorganisms by chemotactic stimuli (i.e.
metabolic CO,) signals emitted from them, and executing
targeted biomedical and environmental operations. Building on
this concept, Janus ZnO microrod-spherical carbon® have been
developed, capable of rapid, autonomous self-targeting for
bacterial elimination. These microrobots utilize CO, as a
biocompatible fuel, enabling through  self-
diffusiophoresis driven by ZnO corrosion induced by H,0; fuel
(Figure 3G).

motion
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The mechanism can be explained, as follows. Atmospheric CO,
is stable and inert in air, in agueous environments a partial
hydration occurs and the formation of carbonic acid (H,CO3),
which dissociates into HCO3™ and H* ions. The reversibility of the
reaction leads to protons (H*) which are exploited for ZnO-
based micromotors (MM) movement. In particular, ZnO reacts
with H* ions, consuming them and thus shifting the equilibrium
to generate more H* from dissolved CO,. This interaction is
described by three key reactions:

CO, + H;0 = H,CO; = HCO;™ + H*
ZnO + 2H* - Zn?* + H,0

The released ions — HCO3™ and Zn?* — have different diffusion
coefficients, with HCOs3~ diffusing faster. This generates a local
field necessary to maintain electroneutrality, creating an
electroosmotic movement in the electric double layer on the
negatively charged surface of the micromotor, developing the
so-called electroosmotic flow. This mechanism results in direct
movement towards the ZnO end, and the reaction is based on
ambient CO, levels in the water. It is believed that the
micromotors are chemotactically active towards CO,, using self-
diffusiophoretic propulsion.62

External control can guide them to the vicinity of a
hidden/uncharted target where they rely on local chemical
gradients ([CO2] or [H*] gradients) to perform precise
chemotaxis (Figure 3 H-1). The developed ZnO rods were studied
as bacteriabots, i.e. systems able to mimic the movement of
rod-shaped bacteria, such as forward movement, collision, and
cargo release. The ZnO rods (about 5 um long and 1.1 um wide)
were able to move under UV light and H,0; fuel following a
mechanism based on photocatalytic water splitting and
corrosion of ZnO to Zn0,. As example of collision with a passive
object, the ZnO rods in an agueous medium containing 5 % wt.
of H,0, decreased from about 5 um/s to almost 0 um/s when it
interacted with the carbon microparticle and was recovered to
the initial value before the collision (Figure 3J). The systems
reported have shown effectiveness for their application as
antibiotic agents in biological environments, a complex goal to
address for the several interactions between the biological
components and the exogenous agent, that is the microrobot.
Indeed, in biological systems, it is crucial to consider the
interaction between the micro- and nanostructured materials
that constituted the microrobots and the surrounding biological
components, which can affect the activity of the photoactive

This journal is © The Royal Society of Chemistry 20xx
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materials, for example through biomolecules absorption or
colloidal aggregation in biological media.®®
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Figure 3: Propulsion Mechanisms and Functional Performance of ZnO-Based microrobots. A) SEM image of ZnO particles and (B) ZnO-Au
microrobots, scale bar 500 nm. (C) Schematic representation of the asymmetric production of chemical species during the catalytic reaction
of ZnO-Au microrobots in the presence of UV light and H,0,. (D) Speed as a function of time of a single micromotor under alternating
conditions of UV light on and off, in presence of 3% H,0,. (E) Schematic representation of ZnO—Au microrobots functionalized with laccase
(F) Degradation profile of oxytetracycline (model of veterinary antibiotics) (C/Co) over time, comparing the performance of ZnO-Au
microrobots with and without enzymatic enhancement, under UV light irradiation. Adapted with permission from Small ( Wiley and Sons)
ref.60 Copyright (2022). (G) SEM images illustrating morphological changes in ZnO microrods with increasing H,0, concentrations (0%,
0.625%, and 5%), highlighting the shift from smooth to rough surfaces caused by the development of ZnO, crystals; scale bar 500 nm. (H, I)
Trajectories of microrobots in H,0, (H) and H,0, + UV (l), demonstrating enhanced motion and directionality under UV irradiation, scale bar
5 um. (J) Schematic representation of UV-induced cargo separation by microrobots after ~30 seconds, mimicking targeted delivery. Adapted

with permission from Chemical Engineering Science (Elsevier) ref.64 Copyright (2024).

4. CusS, Cu,0 and SiO; based microrobots

Binary compounds of copper, such as CuS and Cu0, have attracted
attention in the biomedical field for their easy fabrication processes
and applications of in advanced microrobots. A novel approach for
the development of biohybrid magnetic helical microrobots that are
enhanced with CuS nanodots to improve their photothermal
capabilities was presented by D. Gong et al. for biomedical
applications.5¢ More specifically, the CuS-based microrobots were
designed for the treatment of cancer cells and pathogenic bacteria.
Spirulina, a type of algae with an intrinsic helical structure, was
applied as a biotemplate for the assembly of the microrobots. By
integrating CuS nanodots inside the cells and coating them with
Fes04 nanoparticles for magnetic responsiveness, the microrobots
achieve effective propulsion and controlled movement in low
Reynolds number environments. These microrobots can be guided
using external magnetic fields and activated by near-infrared (NIR)
laser irradiation at 808 nm, allowing for light conversion into heat.
Through this treatment cancer cells and bacteria can be successfully

This journal is © The Royal Society of Chemistry 20xx

killed. The CuS nanodots enhance the photothermal efficiency of the
microrobots, enabling rapid temperature increases sufficient to kill
both HelLa cancer cells and E. coli bacteria. The study highlights that
the microrobots possess high biocompatibility, minor toxicity, and
strong photothermal stability, making them viable for reiterate use
in the biomedical field. The fabrication process is also cost-effective
and facile, making it a scalable option for future applications in drug
delivery, minimally invasive surgery, and other therapeutic
interventions. In addition, the development of adaptive microrobots
made from Cu;0, a p-type semiconductor with promising properties
as photocatalyst, was explored as well.6” The Cu,O microrobots
exhibit pH-responsive behavior, switching from negative phototaxis
(moving away from the light source) to positive phototaxis (moving
toward the light source) as the pH drops below a critical threshold of
4.19. Cu,0-based microrobots exhibit phototaxis, i.e. a directional
response to light, which varies based on the pH of the environment.
This is desirable for several reasons, including the photoelectric
properties of Cu,0, which is a p-type semiconductor. In the presence
of light, electron-hole pairs are generated, and redox reactions are
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triggered on the surface, which influence the concentration gradient
and consequently the self-propulsion force. Depending on the pH,
there are variations on the surface, as at pH < 4.19, the protonation
of Cu,O occurs. These reactions can influence the concentration
gradient and therefore the self-propulsion force. The variation in the
surroundings can cause variations in the propulsion mechanism,
varying or even reversing the direction of movement.67.68

This feature allows them to autonomously navigate towards a target
area, perform their assigned task, such as drug delivery or biomedical
intervention, then reverse direction to "evacuate" the area after
completion. This level of programmability is significant for
biomedical applications, where smart responsive behavior is
required. Thus, these microrobots display a novel ability to reverse
their phototaxis behavior in response to changes in the local pH of
the surrounding environment, making them smart systems
responsive to external stimuli. The Cu,0 microrobots were fabricated
using a one-pot, template-free hydrothermal approach, which
resulted in hollow, cross-linked polyhedral structures. The research
demonstrates these microrobots can precisely follow pre-designed
paths and manipulate biological cargo, such as M1 macrophages,
under light guidance. Their motion efficiency is also notable, with
speeds significantly higher than previously reported Cu,0-based
microrobots. Cu,O microrobots combined with CdSe nanodots are
characterized by a negative phototactic behavior along with a good
responsivity to blue light, promoting light-induced propulsion in
aqueous solutions containing tannic acid, a molecule that can
produce several small molecules (e.g. D-glucose and gallic acid)
under photooxidation conditions. These small molecules can
promote self-diffusionphoresis,®® reaching speeds as high as ~42.3
um/s in 0.05 mM tannic acid solution, as shown in Figure 4.

SiO, has been used in the development of microrobots, showing
promising results as demonstrated by J. Fu et al.”? The study focuses
on the large-scale synthesis of shuttlecock-shaped silica
nanoparticles, designed as advanced catalytic nanomotors. These
nanoparticles feature a unique asymmetric morphology with a
streamlined conical shape with a large opening on one side, which
significantly minimizes drag during fluid motion. More specifically,
the shuttlecock-shaped silica-based nanoparticles were prepared
through a one-pot process using CTAB, SDS, TEA, and TEOS as
reagents. The procedure involved stirring, centrifugation, ethanol
washing, and calcination at 550 °C. To enable further
functionalization, amine modification of these nanoparticles was
performed with APTES for further Candida rugosa lipase (CRL)
immobilization using glutaraldehyde as linker. This method achieved
a CRL loading of 1 mg per mg of nanoparticles. The resulting particles
possess a large open cavity that facilitates the efficient encapsulation
of the model enzyme lipase, which provides the necessary propulsive
force for enhanced catalytic activity. The research demonstrates that
these shuttlecock-shaped nanoparticles outperform traditional
mesoporous silica nanoparticles, particularly those with a spherical
shape, in terms of catalytic performance.
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Figure 4. Characterization of the self-propulsion performance
of Cu,0@CdSe microrobots (5% CdSe QDs) in tannic acid
solution, subjected to blue light irradiation. (A) Study of the
speed of microrobots by varying the concentrations of tannic
acid, with a light intensity of 1.8 W/cm?2. (B) Speed of
microrobots at 0.005 mM tannic acid according to the intensity
of light radiation. (C) Schematic representation of the negative
phototaxis mechanism of Cu,0@CdSe microrobots in the
presence of blue light. (D) Trajectories of Cu,O@CdSe
microrobots in a tannic acid solution (0.005 mM), used to write
“NJTU” by adjusting the direction of the light source. Scale bars:
20 pm. Reprinted with permission from Applied Materials
Today (Elsevier) from ref.6® Copyright (2021).

5. Magnetic Fe;04-based microrobots

There are same relevant reviews highlighting the high relevance and
the potentialities of microrobots based on iron oxides as magnetic
component.’>72 For instance, the innovative development of dual-
drive hybrid microrobots was reported, involving a combination of
polystyrene and Fes;0,, later coated with platinum (PS@Fe;0,@Pt),
was reported (see Figure 5).73 These micro-scale devices can convert
ambient energy into mechanical motion. Specifically, they are
engineered to utilize two distinct energy sources as chemical
reactions and magnetic fields (Figure 5 A-B). This dual-energy
approach not only enhances their efficiency and versatility, but also
enables them to execute various tasks such as cargo delivery,
environmental cleanup, and biosensing. A key advantage of these
hybrid microrobots is their ability to adjust their speed and direction
based on the concentration of H,0;, fuel and the strength of the
magnetic field (Figure 5 C-D). Such adaptability allows for precise
motion control, making them suitable for complex operations at the
microscale. Additionally, the integration of multiple energy forms
significantly broadens their applications in fields that require high
precision and efficiency. An interesting strategy emerging in recent
years is the use of magnetically-driven microbubbles as effective
tools operating as microrobots to manipulate micro-scale objects.”?
To achieve this, various catalysts, such as platinum, silver,

This journal is © The Royal Society of Chemistry 20xx
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manganese dioxide, titanium dioxide, and cobalt tetroxide, are
employed to facilitate hydrogen peroxide decomposition. This
reaction produces oxygen, generating bubbles, which can effectively
propel microbubbles. Alternatively, FesO4 can be integrated in order
to combine photo-responsiveness along with magnetic features, as
in the case of Fe30,@TiO,/Pt Janus microrobots. When exposed to a
low-intensity rotating magnetic field, Fe3;0,@TiO,/Pt Janus
microrobots are activated physically. The magnetic rotation
suppresses their rotational Brownian diffusion, while photocatalytic
propulsion is achieved via unidirectional irradiation based on a self-
electrophoretic mechanism. This process generates a transverse
Magnus force. The combination of self-electrophoretic propulsion
and the Magnus force, both varying due to magnetic rotation, results
in directed motion at an angle from the light direction, and enhancing
their speed.’* Further interesting approaches can be designed in
order to exploit different physical external stimuli to control the
microrobots made of magnetic materials. For example, Fu et al.
developed a spiral microrobot equipped with a protective cover,
which rotates at 120 rad/s when exposed to a 95 mT magnetic field.”>
They proposed a magnetic drive system that includes a microrobot,
a drive system, and a positioning system. The microrobot's motion is
controlled by adjusting the magnetic field's frequency and direction,
reaching a maximum speed of 2.4 mm/s at 15 Hz. Several scientists
have attempted to combine different coil types to enhance system
functionality. The performance of these systems has been tested in
microrobot motion experiments, highlighting the potential of
integrating magnetic and acoustic drives for complex tasks.

A Chemical reaction B Magnetic field
H,0, \ propulsion propulsion
| — |
H,0+0,
PS@Fe,0,-Pt-PS PS@Fe,0,-Pt-PS
c 0% H,0, 3%H0; o Mag. OFF Mag. ON
/e
& / . /

|
4

Figure 5. Motion mechanisms of dual-drive microrobots. (A)
Chemical propulsion induced by Pt nanoparticles. The
schematic shows the motion of a particle toward the PS end. (B)
Schematic of the motion due to the magnetic field the particles
move toward the PS@Fes;O,@Pt side. (C) Comparison of
micromotor trajectories in two different solutions: in deionized
(DI) water (left) and in a 3 v/v % H,0, solution (right). (D) Paths
in DI water in the absence of a magnetic field (left) and in the
presence of an applied magnetic field (right). The direction of
the magnetic field, B, is represented by the blue arrow. The
directions of the microrobots are represented by the black
arrows in (C) and (D). Scale bars: 2 um. Reprinted with
permission from Colloids and Interface Science
Communications (Elsevier) from Copyright (2020).
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Organic polymers find applications in fields where inorganic-
based materials lack efficiency. In most cases, their contribution
goes unnoticed since they are not the principal material. Thus,
polymers can be found in advanced functional materials,
especially for pharmaceutical products. Of course, they are also
used extensively in water purification.”® Among the organic
polymers, cellulose is one of the most abundant organic and
polymeric materials in the world. Although humans have been
using cellulose since time of ancient Egyptians, it is only in the
last centuries it was employed as micro- and nano-material for
advanced applications. Thanks to its numerous hydroxyl groups
cellulose could be modified to enhance its physic and chemical
properties and to produce hybrids materials, both with
inorganic or other organic compounds.”” In the last years,
different cellulose-based materials have been tested for the
degradation of organic’® and inorganic pollutants.’® The tunable
properties of cellulose make it a good host for biosensor
applications, also considering its intrinsic advantages. In fact,
cellulose is biodegradable, biocompatible, easily available, cost
competitive, nontoxic, and renewable. Taking into account
these features, cellulose was recently employed in the
development of different soft actuators.80.81
In general, actuators are mechanical devices capable of
producing reversible locomotion, deformations, or change in
properties responding to a variety of external stimuli.
Compared to traditional actuators, soft actuators possess
lighter, more flexible, and eco-friendly properties as well as
good adaptability to multiple environments. Soft microrobots
are very useful especially in biomedical field. In fact, they are
adaptable to tissues because they can easily face changes in the
fluidic environment of biological systems. Cellulose could be
employed as an actuator in the field of soft robotics. Although soft
robotics is commonly based on silicone elastomers, urethanes,
dielectric elastomer, or reinforced hydrogels®, some examples of
soft robotics based on cellulose actuators were reported.83 In
particular, soft robotics could be realized with cellulose nanofibers
(CNFs), due to their properties like: high strength and flexibility,
hydrophilicity, and  bio-compatibility,8* although cellulose
nanocrystals (CNCs)& and cellulose papers®! were also successfully

employed.

One of the first examples of cellulose-based actuators for
biomedical devices was presented in the study of Kim and
coworker for the development of bioartificial muscles based on
freeze-dried bacterial cellulose (FDBC) coupled with a
conducting layer made with the poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)
co-polymer.8¢ FDBC possesses a tridimensional network that
can adsorb large amounts of ionic liquids (like EMIM-BF4 and
BIMIM-CI) maintaining, at the same time good adhesion
strength with the PEDOT:PSS electrodes. This system showed a
harmonic response of FDBC hybrid actuators with the two

different ionic liquids. The largest bending deformation was
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obtained by adsorbing EMIM-BF; on the FDBC actuator and
reaching a maximum tip displacement of +1.511 mm in the
harmonic responses at an input voltage of 3 V, compared to a
peak tip displacement of £0.711 mm when the ionic liquid was
BMIM-CI.

Cellulose was employed not only in the typical sponge form
derived from bacterial cellulose but also as paper to produce
multi-responsive actuators. In fact, the same multilayered
devices were capable of responding to different external
stimuli, such as light and moisture, offering the great advantage
in harvesting energy from a variety of external stimuli with only
one actuator. Amjadi and Sitti, in 2016, proposed a
programmable bilayer actuator based on silver nanowires
(AgNWs) and PEDOT:PSS drop-casted on simple copy paper
coupled with a polypropylene (PP) film. 87 The driving force was
the large hygroscopic contraction of the copy paper united with
the large thermal expansion of the PP film. Additionally, an
electrothermal activator was studied a composite material
made of AgNWSs and PEDOT:PSS, in order to combine the high
electrical conductivity of the former, with the high affinity with
paper of the latter one. The final bilayer functioned with low
voltages of less than 8 V, a low input electric power per area of
0.14 W cm~2, and a temperature of less than 35 °C. In this
condition, they observed a powerful reversible shape-changing
behavior with curvature radii up to 1.07 cm~! and bending
angles up to 360°.Furthermore, the fine-tuned actuators tested
as soft gripper robots and lightweight wings for aerial robotics
produced high output forces and lifted objects 53.7 times
heavier than their own weight.>3 These results highlight the
potential for practical applications. More recently Nasseri and
coauthors, in 2023, reported the synthesis of pH responsive
hydrogel nanocomposites by using cellulose nanocrystals
(CNC).88 The self-healing zwitterionic hydrogel was obtained by

_— )

Ti,C,T, MXene e

polydopamine
coating

Ag
nanoparticles

Bacterial
Cellulose

co-polymerization of 3-dimethyl (methacryloyloxyethyl)
ammonium propanesulfonate (DMAPS)Pand Ghettaeniio #ed
(MAA) by a one-step UV-polymerization in the presence of N,
N’-methylenebis(acrylamide) (BIS) as a crosslinker. CNC
nanoparticles imparted a liquid crystalline phase and
introduced structural anisotropy when added at 10%. The
shape-change properties of this hydrogel were investigated at
two extreme pH values to expedite actuation, although milder
pH condition could be used to trigger deformation in the
biological environment. As a proof-of-concept, they designed
two pH-responsive small-scale robots and demonstrated the
transport of light cargo using tethered and untethered soft
robots made with these hydrogels.

In 2024 Li et al. designed a cellulose-based soft robot as a bi-
layer structure.®* They employed MXene for the design of this
material. The top layer is a hydrophilic composite membrane
made from a composite (CMN) of cellulose nanofibers (CNFs)
used as the matrix, MXene nanosheets as the photoabsorbent,
and carbon nanotubes (CNTs) as the conductive cross-linking
agent. The bottom layer consists of a hydrophobic Biaxially
Oriented Polypropylene (BOPP) membrane, which enables the
creation of a flexible bi-directional bending soft robot.
Humidity, natural light and electrothermal stimuli, can be used
to produce fast changes. The obtained soft robots achieved a
bending angle of 360° with only 67 mW cm-2 of natural light or
a voltage as low as 2.8 V, with a corresponding bending
curvature of 2.67 cm™. The fine tunable control of the
CMN/BOPP soft robots demonstrated their enhanced

applicability in various fields.8°

Figure 6. Schematic representation of the preparation of a BSAPM composite film. Multifunctional MXene composite film based on bacterial
cellulose (Denoted as BSAPM) with photothermal sterilization capabilities.

Recently, a very interesting example of pollutant removal realized by
a soft robotic system was reported®® by Quin et al. In this work, the
authors developed a hydrogel-based “bionic fish” capable of dyes
removal from water with different key properties. It was produced
by combining carboxymethyl chitosan (CMCs), a modified natural
polymer derived from renewable feedstocks®!, with a poly(N-

10 | J. Name., 2012, 00, 1-3

isopropylacrylamide) (PNIPAm) hydrogel. This polymer is capable of
solar energy absorption with a hydrophilic/hydrophobic switch at =
32 °C, that is, its low critical solution temperature (LCST). Then, the
authors realized the in-situ growth of Fe304 nanoparticles in the
cross-linked networks of PNIPAmM/CMCs hydrogel. In this way, the
fish could be easily removed, thanks to its magnetic properties. This

This journal is © The Royal Society of Chemistry 20xx
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system was able to remove organic pollutants such as Congo red
(CR), rhodamine B (RhB), and methylene blue (MB). Furthermore, it
filtered out harmful microbes and insoluble particles from a natural
lake water and demonstrated remarkable efficacy in salt purification
and salt resistance, also after five recycling cycles.

To the best of our knowledge, only recently two studies
reported nanorobot systems for water decontamination
starting from cellulose composite. The first one is related to
bacterial decontamination. In 2024, a multifunctional MXene
composite film was developed incorporating a
superhydrophobic TisC,Tx MXene nanosheet with bacterial
cellulose nanofibers (see Figure 6).92 This material shows self-
cleaning, photothermal actuation, and photothermal
sterilization capabilities. The first step involved rendering the
TisC,Tx MXene nanosheets superhydrophobic using a mussel-
inspired multilayer coating procedure that starts with a
polydopamine (PDA) treatment. This PDA-coated MXene, with
enhanced ambient stability, was further treated with Ag
nanoparticles via electroless Ag metallization, and then with a
hydrophobic 1H, 1H, 2H, 2H perfluorodecanethiol (PFDT)
coating. Finally, the multifunctional MXene composite film was
synthesized by combining superhydrophobic TisC;Tx MXene
nanosheets with bacterial cellulose (BC) using a vacuum
filtration process. The self-cleaning properties were successfully
tested by demonstrating a water-repellent surface with an
impressive water contact angle (WCA) of 152.3 + 1.4°.
Furthermore, it displays efficient photothermal conversion
performance and stability by reaching a surface temperature
over 120 °C when exposed to NIR light. Then, the photothermal
actuation properties were successfully tested both in linear and
rotational mode, after being exposed to continuous irradiation
from a NIR source. The actuator, shaped like an arrow, can
advance 5 cm in 11 seconds under irradiation with NIR light
(A=808 nm) at intensities of 0.4 W/cm?2. Finally, it also exhibits
excellent photothermal sterilization capabilities when tested
against typical pathogenic bacteria such as E. coli and S. aureus.
After being exposed to light for 20 min, the MXene/bacterial
cellulose composite demonstrates excellent photothermal
antibacterial activities if compared with the control groups,
indicating its potential as a promising photothermal material for
bioprotection.58

Finally, Wang and coworker developed a new composite for
conversion of the highly toxic Cr(VI) in Cr(Ill).%3 In this study,
ferrocene (Fc) was combined with cellulose, functionalized with
carboxymethyl groups (CMC), and polyethyleneimine (PEIl) for
Cr(VIl) remediation. The driving force is the reversible redox
behavior of Fc species and their low ionization potential. The
composite with these organic polymers addressed challenges
related to conductivity and stability. The hydrophilic groups on
the CMC surface allow chelating properties of this material for
various metal ions in aqueous solutions. Also, PEl is able of
strong complexing bonds with certain heavy metal ions.
Moreover, PEl facilitated the chemical crosslinking and
electrostatic interactions of Fc within the CMC, ensuring the
good dispersion and stability of Fc. The electrochemical
properties of the three-component composite were tested to
find a synergistic effect for both the parameters studied. To

This journal is © The Royal Society of Chemistry 20xx
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study the electrochemical activity of the obtaingd, electrode
materials linear sweep voltammetr{Ol(L8Y39/PRACORY e
voltammetry (CV) analysis were performed, while, to
investigate the electrode resistance, Electrochemical
Impedance Spectroscopy (EIS) tests were performed. The
results were compared with CMC alone, and CMC/PEI combined
material. The findings demonstrated electronic and ionic
transportation, higher specific capacitance (31.2 F/g) coupled
with improved electrode-electrolyte interactions compared to
CMC, and CMC/PEI components. The effects of voltage, solution
concentration and initial pH on electrochemical adsorption
were also investigated. The adsorption capacity of Cr(Vl),
achieving a maximum fitting adsorption amount of 428.2 mg/g
at an applied electric potential of 1.44 V vs. saturated calomel
electrode (SCE) and a reduction rate of Cr(VI) to Cr(lll) of 85.4
%. This result is 280.5 mg/g higher compared to those over CMC
and CMC/PEI. This material, seems to be a potential tool for the
complete Cr(Vl) removal and detoxification in water
treatment.?3 Micro/nanomotors have shown outstanding ability
to disrupt contaminants in complex water bodies. New
advantages in pollutants removal could be achieved by soft
magnetic microrobots technology.

Alongside cellulose, other polymeric soft materials have been
used for microrobots fabrication. For example, one system
involves 2D carbon nitride-based Janus microrobots based on
poly(heptazine imide).?* When coupling it with gold-capped
side in the presence of H,0; (0.5 vol%) and UV light illumination
(1.9 W/cm?, at 365 nm), the robots reached a speed of about 25
pum/s. The intriguing aspect of this system is that also after
illumination for approximately 30 min, the microrobots
continue their movement, as a likely consequence of the
discharge of stored energy. Chitosan microrobots loaded with
Fe304-ZnO have been used for the efficient photodegradation
under the application of an external magnetic field of persistent
organic pollutants, using parathion as model pollutant,
degrading it 75% in 30 min,®> by improving the pollutant
transport to the microrobots surface thanks to their speed
reaching values as high as 25 um/s.

A Janus micromotor combining polycaprolactone as a polymer
and PrecirolATO 5 as a lipid led to a soft microrobot propelled
by magnetic/IR light movement by combining polypyrrole
nanoparticles (PPNP) and magnetic NPs.%6 These microrobots
are shown to induce MB degradation by Fenton-induced
reaction. The combination of amine-modified dynabeads
functionalized through EDC/NHS activation with the carboxyl-
containing ligand poly(N-[3-
(dimethylamino)propyllmethacrylamide) allows for the
fabrication of self-assembling microrobots assemblies.?” This
polymer was chosen thanks to its antibacterial activity. The
microrobots assemblies had a plane-like morphology and were
able to propel under the action of external magnetic fields.
Notably, the speed of the microrobots is dependent upon the
size of the assembled plane, reaching values as high as 35 um/s
for a > 50 beads in a single assembly. These systems were
characterized for their capturing ability of P. aeruginosa
bacteria and also microplastics under a transversal rotating field
of 5 mT and 10 Hz frequency.®?
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7. Emerging materials for Perovskite and chalcogenide-
based microrobots

From Bismuth based to perovskite microrobots

Bismuth is able to form almost harmless compounds, earning it the
status of a green element. Among these compounds, Bismuth
oxyiodide (BiOl) is a low bandgap (1.7 eV) photocatalyst, which can
be activated by visible light due to its narrow band gap. In a typical
example, Dong et al.?8 employed a simple wet chemistry approach to
produce BiOl microrobots with one face coated with a metal layer by
sputter coating, propelled by self-eletrophoresis mechanism. When
exposed to visible light, the electrons from the conduction band are
blocked in the metal layer. The H* ions released from water oxidation
move towards the metal layer along with an electroosmotic flow of
water molecules to the metal side, causing a net displacement of the
particle. This propels the BiOl micromotor with BiOl side forward
with speeds as high as 1.5 um/s. When coupled with Fe304, Khairudin
and coworkers obtained flake-like BiOl-Fes04 microrobots able to
degrade polystyrene microplastics,®® reducing their concentration
from 0.05 g/L to 0.018 g/L under visible light illumination.

BiVO,4 also provides many examples given the simplicity of its
synthesis and the low resulting bandgap in the visible range, in the
interval between 2.3 and 2.5 eV. To this aim, Prof. Pumera’s group
showed the formation of BiVOs microrobots capable of capturing
bacteria.1® The non uniformity of the BiVO, surface leads to the
asymmetrical photogeneration of ions which leads to a net electrical
field, generating a symmetry break in the microrobots leading to
their self-diffusiophoretic movement. The authors found speeds as
high as 5+ 1 um/s at a very low H,0, fuel concentration 0.025 wt %).
The microrobots could attach S. cerevisiae cells and to destroy E. coli
thanks to the photogenerated production of ROS species (HO®, O~
and H,03). The ROS produced by such BiVO4 microrobots are also
able to disaggregate protein fibrils,19! this process being monitored
by Thioflavin T fluorescence.

In a different set of works, Heckel and coworkers prepared
catalytically active BiVOs microparticles showing a star-shape
morphology with heterogeneous multifacets, that can move without
asymmetrization.102 Those microparticles motion depends on the UV
and visible light irradiation, solution pH and zeta potential, reaching
speeds up to 7 um/s. Indeed, the authors observe movement on the
side faces for negatively charged particles (pH = 7), and ground-face
sliding for positively charged particles (pH = 3). The same authors
slightly changed the synthesis conditions to synthesize spheroidal
BiVO, photocatalytic swimmers13 reaching speeds 3 and 6 um/s.
They also investigated how these swimmers could form assemblies
and the resulting swimming velocities. The formation of composites
with graphene oxide with BiVO4 microrobots permits to mimic a
biomimetic ‘predator-bait’ behavior,1% which underpins a
competition between the electroosmotic flow and the self-
diffusiophoresis. In particular, under low light intensity (0.2 W/cm?2)
the smaller BiVO, particles move towards the large-sized ‘bait’
GO/BiVO, particles, whereas in the case of higher low light intensity
(0.6 W/cm?2), the self-diffusiophoresis prevails over the
electroosmotic flow and the two particles move away. Interestingly,
it is possible to combine a hybrid magnetic and light powered
microrobots motion by leveraging FesO4@BiVO,4 microrobots to
investigate the dynamics of their hybrid motion.1%> The authors

12 | J. Name., 2012, 00, 1-3

found that these microrobots can capture cellulgse,acetate
microplastics fragments derived from cigaPett@ fildFS Byittae
of the opposite zeta potential values. By light-triggered ROS
formation in the presence of transversal rotating magnetic field,
such microrobots can induce RhB photodegradation reached a
maximum value of 73 + 3 % at [H,0,] = 0.1 wt%.

Finally, by leveraging the phenomenal versatility of perovskite based
materials, the group of prof. Pumera showed the fabrication of
Bi,WOg microrobots for textile fibers degradation.% The motion of
the Bi;WOg microrobots was characterized by an asymmetrical
illumination set-up under low H,0, concentration (0.025 wt%)
reaching 2.9 + 0.4 um/s. These systems permitted to significantly
modify the morphology of textile fibers, as a result of the formation
of ROS species under sun-like illumination. It is important to mention
that that the inclusion of bismuth in perovskite-based materials
avoid the use of harmful lead, thereby achieving more sustainable
devices with higher stability in ambient conditions. 197 Remarkably,
in the field of microrobotics, to address the poor stability of
perovskite materials in water, Wang et al.l% employed SU-8
photoresist to stabilize CsPbBr; nanowires. This approach prevented
perovskite degradation in aqueous environments. The authors
realized bilayer achiral microrobots by a sequential spin coating
approach, in which a bottom Fe304 magnetic layer is covered by a
top CsPbBrs/SU-8-layer Figure 7 (A). As a result, these microrobots
are actuated by the employ of magnetic field 3D Helmholtz coil
system to roll or navigate on solid surfaces at speeds as high as at
550 + 20 um/s at 12 mT, as reported in Figure 7 (B).

Chalcogenide-based microrobots

Besides perovskites, chalcogenide-based microrobots have also been
explored for instance by antimony(lll) sulfide microrobots.19°
Interestingly, Sb,S3 is a semiconductor showing low toxicity and
sufficient stability in water and air, which can be used with the aim
to produce a in single pot synthesis in water under microwave
heating microrobots that can be moved by employing UV light
illumination at a speed of 0.3 + 0.1 um/s which can be increased up
to about 2 um/s in the presence of H,0, fuel at 10 wt %. A thoughtful
application of Sb,S3 microrobots has been shown in the field of
microplastics degradation.''® In particular, the photoactive
Sb,S3-based microrobots propelled via two orthogonal physical
modes. Thus, antimony sulfide/ferrite antimony sulfide-based
microrobots decorated with magnetite nanoparticles can be
designed for poly(3-hydroxybutyrate) and poly(lactic acid)
microplastics degradation.’® The photoactive Sbh,Ss;-based
microrobots propelled via two independent triggers, magnetic
field and light irradiation, which was ultimately enhanced by
introducing H,0, as fuel reaching speeds of about 1.6 pum/s.
Another remarkable example is constituted by WS, microrobots,
systems able to reach velocities up to 6000 pm/s.111

Of great interest is the MoS; material, an indirect bandgap (1.23 eV)
semiconductor, which has been explored for high speed
microrobots. In the seminal paper from Chen et al.112 MoS; colloidal
motors were able to swim in the presence of dissolved oxygen and
UV light, triggered by oxygen-induced self-diffusiophoresis. By using
structured light, it was even possible to organize the microrobots in
two predetermined shapes, as the one of a humanoid runner (see
Figure 7C). A phenomenal application of this class of
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microrobots was shown by their combination with Fe,03 for
microplastic removal,!13 as can be seen in Figure 7 D. Under full-
spectrum solar light irradiation, these systems reached
degradation of polystyrene microbeads after four hours,
reaching speeds of up to 6 mm/s, as reported in Figure 7 E. The
presence of Fe;Os; allowed for the easy removal of the
microrobots after microplastics degradation. The formation of
ROS species was monitored by chronoamperometric
measurements (Figure 7F).

MXene are metal carbides, nitrides or carbonitrides layered in a
two-dimensional material, initially discovered in 2011 by Naguib
and co-workers.8? They are always used in combination with
other materials to produce composites with powerful
application across various fields.124 MX-ene derived oxide

ARTICLE

materials oxidized to multi-layered TiO, onto which 3Rt layerwas
deposited and finally loaded with magnetic \2P&,051RdAGPartiResi20
As reported in Figure 7 (G-H), the microrobots movement is triggered
by UV light and consistently leads to speed in the range of 10-15
pum/s. Interestingly, the authors could demonstrate that owing to the
pH-dependent zeta potential of the synthesized microrobots, at pH
3, the microrobots exhibited a negative zeta potential (-60 mV),
enabling them to capture nanoplastics with a positive zeta potential
at this pH (+43 mV) The microrobots’ magnetic properties permitted
their capture by employing a neodymium magnet. Such
captured nanoplastics  were  subsequently  detected by
electrochemical impedance spectroscopy using serigraphic
electrochemical sensors (Figure 7 I-L) by measuring the charge
transfer resistance (Re) in a 10 mM Fe(CN)g*~/3~ aqueous solution at

microrobots have shown potentiality in the field of nanoplastics
collection and electrochemical sensing in agueous environments. In
particular, such microrobots were prepared by TisC;Tx MXene
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Figure 7. Examples of innovative materials for microrobots preparation. (A) Fabrication of bilayer achiral microrobots based on CsPbBr;
nanowires with a bottom Fe304 magnetic layer, covered by a top CsPbBr3/SU-8 layer. (B) 3D Helmholtz coil system for magnetic actuation
and control and movement of a BAM following a predefined trajectory. Reproduced with permission from Wiley and Sons ref.108
Copyright (2024). This is an open access article distributed under the terms of the Creative Commons CC BY license (C) Light-
activated redistribution of MoS; colloidal swarms. Adapted with permission from Small (Wiley and Sons) ref112, Copyright (2021).
(D) Time-lapse sequences representing the propulsion and trajectories of MoS,@Fe,03 microrobots before (0 s) and after (30 s) exposure to
UV-vis radiation in water.113 (E) Quantification of the MoS,@Fe,03 microrobots speed in response to different irradiation densities and
solvents (water and DMSO). For comparison, the velocities of control MoS; microrobots are included.113 (F) Chronoamperometric monitoring
of the PBS electrolyte, the MoS, microrobots and the MoS,@Fe;03 microrobots during alternating (ON-OFF) UV-vis irradiation cycles.
Reproduced under the terms of the Creative Commons CC-BY License from ACS ref.113 Copyright (2024) American Chemical Society.
(G) Movements of MXene-based y-Fe,03/Pt/TiO, microrobots (annealing conditions: 0 min at 550 °C) in water, both with and without UV
light irradiation.1’> (H) Instantaneous velocities with respect to time of the corresponding trajectories, representative self-orientation
triggered by UV light. Scale bars are 10 um. (J) Nyquist plots for: a bare screen-printed electrode sensor; one in contact with a suspension
containing ~10" nanoplastics ml™"; an SPE loaded with MXene-derived y-Fe,0s/Pt/TiO, microrobots (annealed at 550 °C for 0 min); and a
microrobot-loaded SPE after attracting nanoplastics. EIS experiments were conducted in a 10 mM Fe(CN)s**/3>~ aqueous solution at 0 V
relative to the reference, with a sinusoidal root-mean-square voltage of 10 mV applied over a frequency range of 10° to 10° Hz. Solid lines
indicated fits to experimental data. (L) Analysis of the Nyquist plots by the equivalent circuits: R (solution resistance) in series with Q; (double
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layer capacitance), in parallel with R (charge transfer resistance) and Q. (second constant phase element) and R values obtajped by fitting
Nyquist plots, error bars represent the fit precision. Reproduced under the terms of the Creative Commons CC-B¥Li¢eh3&fFot-Rattne

Communications, ref.115> Copyright © (2022).

8. Microrobots in complex environments: from liquid
interfaces to biohybrid microrobots

Liquid-liquid interfaces

The behavior of microrobots is typically studied in aqueous
systems or at solid-liquid interfaces, whereas their motility in
complex environments, such as dispersions or oil/water
interfaces, is still poorly understood, despite many studies in
the field have tried to elucidate the exact mechanisms. For
instance, it is known that interface-induced phoresis theoretical
model'’® would induce a unique microrobot motion at an
interface. Wang et al. proved that at a water-air interface''’ a
microrobot acceleration is observed due to the smaller viscous
drag compared to liquid-solid interface. Notably, the propulsion
in proximity to complex interfaces involving immiscible liquids
systems remain less extensively investigated.

To address this gap, our group explored methods for preparing
picolitre’® and femtolitrel?® droplets with precise volume
control, and investigated the critical role of reaction
confinement at oil-water interfaces at these liquid scales, using
inkjet printing technology.120.121 The question that can arise
within the context of microrobots is the following: can an oil-
water interface modify their movement mechanism? The
experiments of Liu et al.122 demonstrated chemical reactions
powering a micromotor at a silicone oil-water interface, lead to
a significant increase (typically in the range between 3-6 fold)
in motor speeds, as reported in Figure 8 A. The microrobots
they tested were formed employing previously reported
fabrication assemblies and were characterized by Janus-like
geometry, such as SiO,—Pt, PS-Pt, TiO,—-Pt, WO3-Pt, and Au-Pt
types, and PS—Ni-Pt Janus SiO,—PtO Janus structures (Figure 8
B). These were typically prepared by sputtering or metal
evaporation on microbeads. The authors wisely analyzed the
possible reasons for such increase in microrobots speed (Figure
8 C,D), such as tilt angles (i.e. the angle formed between the
plane that divides the two caps of a Janus microrobot and the
surface onto which it floats), hydrodynamic slips, interfacial
permeability, electroosmosis, and surface tension gradients,
finding that these effects play a quantitatively little effect on the
observed speed increase. The reason for such improvement is
likely speculated to be of electrostatic origin, due to charges
confined at the oil-water or air-water interface, as a result
related to electrical field induced acceleration of chemical
reactions in microdroplets23.124,

In a similar paper, Arlasnova et al prepared Pt/Au rods to study
their motion at the interface between hydrogen aqueous
peroxide solution and n-decane,'?> observing a significant
increase of the speed, up to 8 fold higher than their velocities
near a solid wall. Accordingly, the enhancement in velocity is
tentatively explained by the authors to electrokinetic effects
and the position of the rods at the water/oil interface. Albeit
plausible, this effect still requires careful demonstration. To this
end more experiments are necessary, especially to understand

14 | J. Name., 2012, 00, 1-3

the possible crucial role of microdroplets confinements at lower
volume scales. An insightful application in the field of
microrobots intervention within complex environments (i.e.
sand-water system) is provided by the work of Liu and
coworkers,126 who prepared N-UiO-66 MOFs by high-gravity
technology. Subsequently, the N-UiO-66 MOFs were assembled
onto polystyrene microbeads and asymmetrically loaded with
MnO; that allowed for ultrahigh speed in the presence of 5%
H,05fuel (1135 um/s). The resulting microrobots were found to
easily diffuse through water-sand-water system and improve
the adsorption capacity of methyl orange dye by approximately
five times e with respect to the initial MOF system.
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Figure 8. lllustration of the increased speed of microrobots at
oil-water interfaces. (A) Scheme (top) and real (bottom)
trajectories of 5 um PS-Pt microrobots, during the movement
from the glass surface of a glass towards a silicone oil-water
interface. The boundary line of the oil drop is represented by
the dashed line. The instantaneous motor velocities are
represented by a color code. (B) Velocity diagram of 5 um PS-Pt
microrobots (top, schematic; bottom, instantaneous) during
movement from a silicone oil-water interface to bulk water. The
upward movement is probably due to a heavier Pt plug oriented
toward the bottom. The experiments were all performed in 5
wt% H,0,. Increased microrobots speeds at oil-water interfaces
for different motor types (C) and interfaces with different oils
(D). Voyw and Vgjass are the microrobots speeds at the oil-water
interface and on the glass surface, respectively. The reported
error bars are the standard deviation calculated on more than
200 microrobots. Reprinted with permission from Liu et al.
ref122 (ACS) Copyright © 2024, American Chemical Society.

Biohybrid microrobots

Microorganisms can be harnessed as “biohybrid” microrobots,
exploiting some cellular characteristics. Current in-
development models make use of some microalgae species,
mainly Chlamidiomonas reinhardtii, 127128 or flagellated
bacterial species such as, but not limited to, Serratia
marcescens or Escherichia coli. 12° These biohybrid microrobots
(see Figure 9) leverage the intrinsic motility of microorganisms
as propulsion, or actuation, due to their natural capability to

This journal is © The Royal Society of Chemistry 20xx
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perform simple movements following chemotactic, phototactic
or magnetotactic stimuli, enhancing their ability to perform
complex tasks autonomously in dynamic environments.130.131
The anchorage of the microorganism to the carrier support may
also happen through aspecific interactions, such as positively
charged polystyrene beads that can interact with the negatively
charged outer membrane of S. marcescens, thus allowing the
bacteria to displace the beads.132 Alternatively, this may happen
via specific affinity-based mechanisms, such as biotin-
streptavidin, or antibody-antigen binding.133 Moreover, the
implementation of modern molecular and synthetic biology
approaches allows researchers to expand the biological
capabilities of these biohybrid microrobot. For instance
recombinant DNA technology can be used to enable
microorganisms to produce the cargo themselves, or enhance
specific native pathways, tailoring the microorganism to its
intended role.134135

Advancements in biohybrid microrobots technology focus on
enhancing their functionality and applications in various fields.
Current actuation methods are based on the natural capability
of certain microorganisms to navigate in the environment by
responding to different types of stimuli: light sources for
phototactic organisms, different chemicals for chemiotaxis,
magnetic fields for magnetotaxis, with each of these having its
own advantages and limitations.'3¢ C. reinhardtii-derived
microrobots can be easily maneuverer with optical stimuli,
thanks to the natural phototactic capability of the algae, thus
not requiring additional modifications. The phototactic
response is rapid (response time is in the order of seconds),
precise and modulable, since the microorganism response
varies according to the applied intensity.137 Limitations may
occur in closed environments such as deeper districts of the
human body considering that light might not be able to reach
them, and the usage of UV or infrared light might induce cellular
damage.'38 Chemotactic actuation is another versatile approach
because many motile bacteria express various types of
chemoreceptors, being able to move towards or against an
impressive variety of chemicals. Nevertheless, it is limited by
several conditions: firstly, the microorganism must express the
proper receptor to recognize the molecule of interest; secondly,
directing the microrobot is slow and heavily dependent on the
chemical concentration; lastly, chemotactic movement is
limited to aqueous media.138

Magnetic-based control is rapid, versatile in accessing diverse
environments, and can be implemented using naturally
magnetotactic species such as Magnetospirillum
gryphiswaldense or Magnetospirillum magneticum, or properly
modified models. As per the previous, even this method has its
limitations: it requires an external stimulation system and
electromagnets may overheat the target system. Also, similarly
to non-phototrophic species, non-magnetotactic
microorganism must be prior adapted and engineered for them
to be viable.132,140

Microbial microrobots can find various applications. For
instance, they are capable of real-time monitoring of pollutants
in water and soil, utilizing their natural motility and chemotactic
responses to navigate toward contaminants. These microrobots

This journal is © The Royal Society of Chemistry 20xx
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can also be engineered to detect specific toxic subsfancesand
respond accordingly, thereby enhancingObfforesoiR>pelilitién
control and removal.’#! Additionally, they can facilitate in situ
sensing of biochemical parameters, such as pH and
temperature, providing valuable data for environmental
assessments. Their ability to operate autonomously in
challenging environments makes them promising tools for
sustainable environmental management!424é,  Biohybrid
magnetic algae robots (MARs) based on Chlorella vulgaris (C.
vulgaris) leverage the magnetic features of Fes04 nanoparticles
allowing for precise movement at the average speed of
7.5 um/s under a rotating magnetic field at 3 mT intensity and
50 Hz frequency.*3 These systems were able to capture and
remove 50 nm diameter amino-modified polystyrene beads -
nanoplastics (80% removal efficiency) and remove 1.5 pm
diameter amino-modified polystyrene beads - microplastics
(54% removal efficacy) through electrostatic interactions. In the
biomedical field, they can facilitate targeted drug delivery,
navigate through body tissues, and perform minimally invasive
surgeries by mimicking the movement of immune cells.44145

Figure 9. Main features of biohybrid microrobots. Graphical
representation of the key aspects of microbial biohybrid nanorobots
technology. The most commonly used models are bacteria, E. coli or
S. marcescens (A), Magnetospirillum spp (B), or microalgae, C.
reinhardtii (C). Actuation methods can rely on chemotaxis (D),
magnetotaxis (E) or phototaxis (F). Loading of the cargo may happen
though specific interactions, such as antigen-antibody (G) or biotin-
streptavidin (H) binding, or through aspecific interaction, based on
charge attraction (l). Field applications may range from
environmental remediation and sensing (J), drug delivery (K) or
diagnostic biosensoristic. Created with https://BioRender.com.
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Perspectives of Microrobots in water remediation: Advantages and
Challenges.

Today, the most traditional approaches used for water
treatment can be resumed by considering sedimentation,
filtration, adsorption and photo-electrochemistry processes.146
On the other hand, microrobots are emerging as promising
approach in the field of water treatment due to their ability to
actively navigate and interact with contaminants at the
microscale, offering targeted removal of heavy metals, dyes,
and pathogens.147 Owing to their active motion, self-propelled
programmable micro- and nanoscale synthetic robots provide
exciting opportunities to improve water monitoring and
remediation processes, enhancing treatment efficiency by
overcoming diffusion-limited reactions and promoting
interactions with target pollutants.

Interestingly, the most important parameters concerning the
use of MNRs in water purification involve environmental
compatibility, and operational feasibility. Technically, they must
be able to move efficiently in water, selectively target specific
pollutants, and remove them effectively through adsorption,
degradation, or catalytic reactions. They should also be
designed to either degrade safely or be easily retrieved to reuse
or prevent secondary contamination. From an environmental
point of view, the materials used must be non-toxic and safe for
the aquatic life. The microrobots should remain stable and
effective under various real-world water conditions, such as
changes in pH, salinity, and temperature, while minimizing their
ecological impact over time.

On the other hand, the effectiveness of microrobots in pollutant
degradation is influenced by the concentration of pollutants,
the presence of interfering species, the concentration of
nanomotors, and the contact time. It is known that high
pollutant concentrations may lead to surface saturation,
reducing removal efficiency.148 Moreover, interfering species
such as competing ions or organic matter can hinder microrobot
activity by blocking active sites or affecting motion
behaviour.1*® To minimize these effects, the concentration of
microrobots must be optimized to ensure sufficient pollutant
interaction while minimizing cost and environmental impact.150
Moreover, contact time directly affects the degradation or
adsorption rate, where prolonged exposure improves
remediation efficiency up to a point of equilibrium.

Considering the most remarkable reports on MNRs-driven pollutant
degradation analysed in this review, it is possible to observe that in
the common protocols the tested materials are studied under
specific experimental conditions. The MNRs concentration is
typically on the order of a few mg/mL, significantly in excess with
respect to the pollutants concentration which is on the 10-2-10-5 M.
After an initial period needed to obtain pollutant-MNR adsorption—
desorption equilibrium, the system is subjected to the intended
combined stimuli (e.g. light irradiation, magnetic field), in a kinetics
typically on the order of tens of minutes to ensure almost complete
pollutant degradation. Control experiments are usually carried out in
the absence of stimuli, in the absence of MNRs to characterize the
photolysis of the pollutant or, when conducting photo degradation
of pollutant, in the presence of non-motile yet photocatalytic
microsystems to demonstrate the superior ability of MNRs in

16 | J. Name., 2012, 00, 1-3

photodegradation given their self-propulsion ability.*8 Notahly.conly
in a few reports the MNRs reuse after few dy€led &f U TR §indirg
that the MNRs retain their functionality. As far as the interfering
species are concerned, the crucial role of ions in the fluids where the
microrobots are immersed has been investigated!®? and also
theoretically analyzed.152 Since the motion of MNRs is based on the
formation of the electric fields between the charged MNRs and the
Debye layer, whose size can be dramatically influenced by the ionic
strength of the surrounding fluid, hence decreasing the MNRs
mobility. Finally, to better understand the photodegradation
mechanism of the pollutants, the researches typically take into
account the role photocatalytic species 027, h*, and *OH, using
specific scavengers such as benzoquinone,
ethylenediaminetetraacetic acid and isopropanol,*®3! finding the
most plausible species that govern the degradation of the pollutant
whilst quantifying the role of possible interferences that could affect
the MNRs activity in complex fluids.

However, despite their potential, there are several limitations
that currently prevent them from being deployed on a large
scale, most notably scalability. Indeed, while microrobots can
be considered effective in laboratory settings, the deployment
of microrobots in large water bodies or treatment plants
remains impractical. In fact, microrobots must be collected after
treatment to prevent secondary contamination yet current
recovery methods are inefficient. To improve applied research
in the field of water treatment, two main strategies would
ideally be appropriate. The first strategy would be to develop
new separation technologies capable of effectively and
efficiently removing micro/nanoparticles after water treatment
processes. The second strategy would be to considerer the
approach from micro to macro, applying the principles for water
treatment by microrobot research at lab scale. In this context,
Barreca et al. have design the innovative “Up-and-Down”
adsorption process recently proposed for pyrene removal from
acidic wastewater.’®® This active behaviour significantly
enhances mass transfer and accelerates reaction kinetics,
enabling faster and more efficient removal of contaminants.
Looking forward, microrobotic water remediation lies in the
integration of technologies and sustainable design principles.
Sensor equipped microrobots could dynamically adapt their
behavior based on
environmental cues, optimizing their performance in real time.
Environmentally friendly and biodegradable materials will be
essential to minimize the environmental impact and ensure that
the microrobots themselves do not become pollutants. It is true
that this technology is still at an early stage of development, but
several studies have highlighted its potential, particularly in the
removal of emerging contaminants such as micro- and nanoplastics.
The ability to operate at the nanoscale allows micro/nanorobots to
interact with pollutants in a highly specific manner, achieving a level
of precision that conventional methods such as filtration,
precipitation, or adsorption generally cannot reach. Furthermore,
their autonomous motion enables them to navigate complex
environments and access areas that are often unreachable by passive
materials.

Intriguingly, micro/nanorobots can be seen as promising prospects
as a new type of water purification method, considering that

contaminant concentrations or
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research in this field is still in its early stages and their practical
application in wastewater treatment faces significant challenges.
Issues such as limited scalability, high costs, environmental
compatibility, and the current reliance on chemical fuels are well
recognized in the literature. For these reasons, micro/nanorobots
cannot yet compete with more established technologies like
adsorbents or photocatalysts in terms of large-scale water
remediation. To date, research on micro/nanoplastic elimination by
micro/nanorobots is still in the laboratory stage, therefore, the
transfer to real systems is a crucial challenge that needs to be
addressed. Researchers should improve and optimize the stability,
recyclability and biocompatibility of micro/nanorobots.

The advantages of microrobots compared to heterogeneous catalysis
are several and can be applied in different fields, on mobility because
microrobots can move in the reaction medium unlike classical
catalysts that are added passively to the medium, microrobots are
advantageous because their movement facilitates the possibility of
reaction between the reagents and the catalyst, unlike classical
catalysis that requires mechanical agitation. Microrobots are easily
and dynamically controllable thanks to external stimuli such as light
or magnetic field to the detriment of classical catalysis that require
more rigid control. Microrobots can be used in complex
environments and thanks to their magnetic or selective properties
they can be easily recovered and reused, last but not least they can
have specific targets and therefore applications also in the
biomedical field, that classical catalysis lacks.15455155

Conclusions and Perspectives

This review aims at providing the reader with an overview on
the materials science involved in microrobots fabrication
advancing the research in pollutant decontamination. The
evolution of materials design has permitted the researchers to
combine sustainability and reconfigurability in synthesis
approaches along with low fuel consumption. To facilitate the
wider adoption of microrobots in science and technology, the
shift from magnetic to light or chemical controlled motion might
be a tremendous advantage. Of great interest is the
implementation of solar-driven photocatalytic microrobots,
which have demonstrated superior speeds in comparison to
conventional UV light driven systems and can be combined with
fuels to further enhance their performances.

In our opinion, three new forefront perspectives will likely
permit to this research field to expand and become active
matter of new investigations in the materials science
community advancing the established technologies for
pollutant decontamination: microrobots synthesis, behaviour in
complex media and bioinspired communication strategies (see
Table 2).

The first perspective deals with the sustainable synthesis of
microrobots by rational and scalable strategies that are also
cost-effective. Notably, photocatalytic and magnetic composite
materials are the most explored for light or magnetic field
triggered motion. Single-component photocatalytic
microrobots are typically synthesized by chemical methods such
as hydrothermal reactions, sol-gel, and coprecipitation. These
methods offer advantages and allow for higher yields compared

This journal is © The Royal Society of Chemistry 20xx
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to vapor deposition or sputtering techniques. Lhe earliest
photocatalytic microrobots were sensitigd BrRSTESUVOAERE
making it necessary to design microrobots capable of utilizing
visible radiation as well. Metal-free microrobots based on C3N4
have been developed, finding significant applications in
environmental fields, as they can capture heavy metals in
solutions through acid-base interactions between their surface
and the metal. Another material that enables the use of visible
light is BiVOa, which also demonstrates good photostability. This
type of micromotor has been used in various applications, such
as preventing microbial contamination, oxidizing benzylamine,
and degrading organic pollutants. Single-component
microrobots have shown several fabrication advantages.
However, their use has been limited by the need for fuel to
achieve propulsion and their dependence on specific types of
radiation. Their high speeds in pure water have made the use of
heterojunction microrobots advantageous compared to single-
component ones. The first ones studied were those based on
TiOy/Au, followed by Cu,O/Au, Si/Au, Fe;0s3/Au, BiOl/Au,
ZnO/Pt, C3N4/Pt, and AgCl/Ag. However, even in these cases,
limitations stemmed from the need to use chemical fuels or
organic solvents to enhance propulsion.
Metal-semiconductor heterojunctions permit self-propulsion in
aqueous environments even at low illumination, allowing for
applications in various fields. Nonetheless, the low yield of the
micromotor, high costs, and lengthy fabrication processes have
hindered their broader development. The use of low-cost
metals or metal alloys could provide a solution to these
challenges. Another strategy to address the limitations of the
previously mentioned structures is the development of
microrobots that incorporate two semiconductors within their
structure, ultimately facilitating the charge transfer between
materials.

Large-scale applications of micro- and nanorobots are severely
constrained by natural, technological, and economic challenges.
A major limitation lies in their industrial-scale fabrication, as
most published studies still rely on low-scalability, laboratory-
based experimental approaches.1®® The transition to mass
production could be facilitated by advanced techniques such as
scalable photolithography!>” and additive manufacturing,1°8
which enable the fabrication of high-resolution microrobots
with complex geometries. In particular, 3D printing stands out
as a promising solution due to its versatility in assembling multi-
material designs and its capacity for high-throughput
production.12 Another significant challenge is the reliance on
chemical fuels for propulsion. Hydrogen peroxide, although
widely used, poses safety concerns at concentrations above 3
wt%, thereby limiting its deployment in open or natural
environments. To address this, several biocompatible
alternatives are being investigated, including urea, glucose,15¢
or even water, particularly when propulsion occurs in aqueous
media.>®

To overcome the drawbacks associated with chemical fuels,
fuel-free propulsion strategies are under active development.
These rely on external physical stimuli, such as magnetic or
electric fields, light irradiation, or ultrasound, to induce and
control microrobotic motion.160¢ However, despite their
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promise, the practical implementation of such systems in real-
world environments, such as open water or contaminated soil,
remains technically demanding, largely due to the need for
adaptability to fluctuating environmental conditions. In this
context, recent advances have demonstrated innovative
approaches aimed at enhancing micromotor stability and
control in harsh conditions. For instance, Cu,O-based
micromotors have shown responsiveness to pH variations;®” Fe-
doped g-C;N, has maintained functionality in highly alkaline
environments;®1  and Pt/polyaniline-functionalized TiO;
microspheres have been shown to operate effectively in saline
media up to 0.1 M NaCl.162 Despite the significant progress
achieved, further studies are needed to fully address these
challenges. Promising directions include leveraging the dynamic
reconfigurability of these systems® and employing machine
learning-assisted design strategies,1%3 with the goal of enabling
fully functional microrobots capable of operating in complex
and variable environmental conditions.

As perspectives, new systems based on water stable perovskites
could highlight the future design of new microrobots, given the
extraordinary optical and electrical properties of these
materials. In addition, carefully designed experimental design
strategies permit to optimize synthetic schemes enhancing
morphology control and photocatalytic efficiency of the
microcrystals by reducing the number of involved experiments.
Secondly, the use of well-established 3D printing
methodologies,!? allows for the reduction of fabrication costs
along with a standardization of the size, geometry, composition
and scalability. Within real-world harsh environments, the
colloidal stability and the reusability of microrobots must be
carefully engineered, by optimizing the material composition
and tuning the external stimuli or the reaction conditions. Since
most of these experiments are conducted in aqueous
environments, the degradability and pollutants adsorption
capability of the microrobots is an important but still
underexplored aspect, which deserves future investigations.

A second aspect of fundamental importance is the investigation
confined
environments and liquid-liquid interfaces. This is a fundamental

of microrobots functionality and motion in

science question but also has many important consequences for
environmental related microrobot functionality. Indeed, the
functionality of microrobots in complex media is still an open
question, since it is not completely clear what mechanisms
underpin their movement in heterogeneous liquids or in liquid-
liquid interfaces where phase separation, electrostatic effects
and surface gradients effects play a role. Many efforts have
shown that the reduction of viscous drag can greatly influence
the movement of microrobots, however it can be expected that
further research is needed to decipher the role of liquid-liquid
phase separation in controlling the position and orientation of
microrobots. It is known that confinement in such complex
environments might lead to a different reaction kinetics, due to
a complex interplay of solvation, molecular crowding and
reduced diffusion distances, mimicking the conditions of living
cells. Understanding the control of microrobots motion in an
intrinsically heterogeneous ambient which is far from
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equilibrium®* could perhaps become a strategy far,improving
the sustained motion of microrobots andRiftiAvat&ly/ Rrdké theth
usable for decontamination in complex environments.

Apart from the basic science point of view, confinement can
provide a useful method for prompt microrobot usage and
recovery. Indeed, to optimize the performances of magnetic
micro-/nano- robots (MNRs) as well as to limit their effect
(themselves  “pollutants”) on aquatic matrices, the
aforementioned devices must be recovered, for example, after
having eliminated heavy metals from the water, by different
methods such as magnetic, photoinduced and membrane
separation. Subsequently, heavy metals can be desorbed by
chemical-physical methods allowing their reuse.165166,167 |t js
clear that the examples herein provided represent a proof-of
principle demonstration of the functionality MNRs without a
clear description of their recovery after usage. However, a part
from the possibility to recover the MNRs by external magnetic
fields, a remarkable advancement was shown by Vilela et al.168,
in which the authors leveraged the porous structure of
polyurethane-based sponge in which cobalt ferrite microrobots
were dispersed within a to facilitate the capture of pollutants
and also the recovery and reuse of the MNRs. The authors
investigated the reusability of such MNRs by the catalytic
degradation of malachite green dye in the presence of H,0;
concentrations by five consecutive cycles retaining 60% of the
decontamination ability.

A third remarkable advancement consists in the communication
strategies that can be programmed among microrobots to
enhance their capabilities in complex and dynamic scenarios of
intervention. This aspect is still far from being fully
demonstrated, in comparison to typical microrobots produced
by mechatronics.’®® Some studies have demonstrated
microrobots communication in the form of magnetic driven
motion,7% eventually leading to globally controlled motions.171
An advancement in microrobots motion under magnetic field
has been recently shown by the implementation of advanced
approaches,
learning!’?2 or multiagent reinforcement learning.1’3 Despite

machine learning namely reinforcement
being constructed from diverse materials—ranging from light-
responsive semiconductors like TiO,, to magnetic hybrids,
biodegradable hydrogels, and even biohybrid components—all
these microrobots share key functional traits. They are designed
to be stimuli-responsive, meaning they can sense and react to
specific environmental cues such as light, magnetic fields, or the
presence of pollutants. This responsiveness enables precise
movement and targeted action in contaminated environments.
Additionally, they all aim to degrade or remove pollutants
efficiently, often through catalytic processes or physical
entrapment. Another shared goal is environmental
compatibility: many are made from biodegradable or eco-safe
materials to minimize secondary pollution. Ultimately, these
microrobots represent a fusion of advanced materials science
and robotics, working toward a common purpose—smart,
adaptive, and sustainable environmental decontamination.

In conclusion, further research in the microrobots sector will
interdisciplinary effort, given the

need an enormous
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possibilities and applications in so many different fields. In this
scenario, the role of material scientists is clearly focused on the
continuous evolution of sustainable and intelligent materials
design applicable in real world scenarios.
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Table 2. Overview of the specifications for MNRs for applications in environmental decontamination.

Application Prerequisite

Synthesis scale-up and Multi-material designs
low-energy low fuel and high-throughput
consumption production combining

different materials by
additive manufacturing

Locomotion control in = Adaptable motion

complex media and behavior with sufficient

recovery speed in high viscosity
media or at the interface
with immiscible
interfaces

Collective behaviour for = Microrobots stability

remote intervention balanced with good
biodegradability,
absence of toxic

products formed after
their motion
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Advantages with
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technologies
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reconfigurable
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stimuli (light, magnetic,
chemical)

Spatial control in
pollutant detection,
transport and removal
from selected areas

Time-dependent control

of microrobots
migration under
external stimuli

permitting adaptive and
robust action

Perspectives
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