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Abstract

A mere fraction below 1% of the total global freshwater reservoirs of the Earth is readily
attainable. The escalating processes of industrialization, population expansion, and shifts in
climate patterns are further exacerbating the clean water shortage. The existing methodologies
for water purification and rectification exhibit partial efficacy in eliminating a majority of
contaminants, often yielding toxic byproducts that are introduced into the surrounding
environment. These issues are addressed by the employment of self-propelled, collective
micro- and nanoscale artificial robots, presenting a promising and feasible alternative path to
improve water monitoring and remediation by overcoming diffusion-limited reactions and
enhancing the interactions with specific target pollutants, encompassing objects such as organic
pollutants, biofilms and nano/microplastics.

The thesis explored self-propelled microrobots to address different environmental issues.
Single-component WO3 microrobots and Janus hematite/Pt microrobots were successively
demonstrated that they are capable of effective degradation of explosive contaminants in water
with enhanced propulsion and reusability without producing hazard by-products. Light-driven
ZnFe>O4-based microrobots exhibited effective treatment of biofilms by photodegradation and
physical erosion. Additionally, micro/nanoplastics have been emerging as a sever
environmental issue that may propose threat to human health. Algae-based microrobots have
been functionalized for efficient micro/nanoplastics removal via electrostatic interaction.
Collective behavior of microrobots that surpass individual capabilities also plays a crucial role

in cooperative endeavors for environmental remediation. Cubic hematite microrobots



swarming into microchains is achieved for the first time due to off-axis orientation of the dipole
moment. These intelligent microchains are successfully applied for object manipulation at
small scales and breaking polymer chains. Although extensive investigations have been
conducted on photocatalytic microrobots possessing light-induced wireless and controllable
motion, their potential in the context of cancer treatment via photodynamic therapy (PDT)
needs to be further studied. The heightened presence of antioxidants within the tumor
microenvironment can exert a down-regulatory influence on the levels of reactive oxygen
species (ROS), thereby impeding the efficacy of cancer therapeutic interventions. In this regard,
dendrite-shaped microrobots composed of light-responsive hematite with phototaxis as a
proficient agent are proposed here and demonstrated a capacity to induce apoptosis of prostate
cancer cells, thus markedly amplifying the overall efficacy of PDT. Moreover, these hematite
microrobots exhibit a versatile manipulation of their trajectory along a pre-defined path via the
exertion of an external magnetic field, facilitating the contactless transport of micro-scale cells.
The conceptualized dendrite-shaped hematite microrobots thus pave the way for the
advancement of bimodal light and magnetic field-propelled microrobots, holding substantial

promise for applications within the domain of biomedicine.

Keywords

Microrobots, micromotors, photocatalysis, self-propulsion, WO3, hematite, Janus structure,
collective behavior, phototaxis, environmental remediation, object manipulation, cancer

therapy.



Abstrakt

Méné nez 1 % z celkovych svétovych zasob sladké vody na Zemi je snadno dostupnych.
Rostouci industrializace, populacni expanze a zmény klimatickych vzorci dale zhorSuji
nedostatek Cisté vody. Stavajici metody CiSténi a upravy vody jsou jen Castecné ucinné pii
odstranovani vétSiny kontaminantd, piicemz Casto produkuji toxické vedlejsi produkty, které
se dostavaji do okolniho prosttedi. Tyto problémy lze fesit pouzitim samotizenych kolektivnich
mikro- a nanoskopickych umélych robotl, ktefi pfedstavuji slibnou a realizovatelnou
alternativu ke zlepSeni monitorovani a ¢isténi vody. Tim ptfekonavaji limity difiznich reakcei a
zvySuji interakce s konkrétnimi cilovymi zneciStujicimi latkami, véetné¢ organickych

znecistovatelll a nano-/mikroplasti.

Tato prace se zabyvala samofizenymi mikroroboty pro feseni riznych environmentalnich
problémi. Jednoslozkové WO3 mikroroboty a Janus hematit/Pt mikroroboty byly postupné
prokdzany jako u¢inné pii degradaci vybuSnych kontaminantii ve vodé diky zlepSenému
pohonu a opakovatelnosti pouziti, aniz by produkovaly nebezpecné vedlejsi produkty. Svétlem
fizen¢ mikroboty na bazi ZnFe>O4 vykazovaly U¢inné oSetfeni biofilmi fotodegradaci a
fyzikélni erozi. Mikro/nanoplasty se stavaji vaznym environmentalnim problémem, ktery
muze ohrozit lidské zdravi. Mikroroboti na bazi fas byly funkéné€ upraveny pro efektivni
odstranéni mikro-/nanoplastii prostfednictvim elektrostatické interakce. Kolektivni chovani
mikrorobotl, které prekonava individudlni schopnosti, také hraje kliCovou roli pii spolupraci

na environmentalni sanaci. Poprvé bylo dosazeno rojeni kubickych hematitovych mikrorobot



do mikrofetézcii diky mimoosé orientaci dipélového momentu. Tyto inteligentni mikrofetézce

byly Gspésné€ pouzity k manipulaci s objekty v malém méfitku a k rozpadu polymernich fetézct.

Ackoliv byla provedena rozsahla Setieni tykajici se fotokatalytickych mikrorobotl s
bezdratovym a kontrolovatelnym pohybem indukovanym svétlem, jejich potencial v kontextu
1é¢by rakoviny prostifednictvim fotodynamické terapie (PDT) je tieba dale studovat. ZvysSena
pritomnost antioxidantli v mikroprostiedi nddoru miize snizovat hladinu reaktivnich forem
kysliku (ROS), a tim omezovat ucinnost terapeutickych zasahl pti 1é¢bé rakoviny. V této
souvislosti jsou zde navrzeni dendriticky tvarovani mikroroboti sloZeni ze svétlem fizené¢ho
hematitu s fototaxi jako efektivnim prostfedkem, kteti prokazuji schopnost indukovat apoptdzu
bun¢k rakoviny prostaty, ¢imz vyznamné zvySuji celkovou tc¢innost PDT. Kromé toho tyto
hematitové mikroroboty umoziiuji vSestrannou manipulaci své trajektorie podél predem
definované drahy prostfednictvim aplikace externitho magnetického pole, coZ usnadiiuje
bezkontaktni transport mikroskopickych bun€k. NavrZzeni dendriticky tvarovani hematitovi
mikroroboti tak oteviraji cestu k rozvoji bimodalnich mikrorobotii pohanénych svétlem a

magnetickym polem, ktefi maji znacny potencial pro aplikace v oblasti biomediciny.

Klicova slova
Mikroroboti, mikromotory, fotokatalyza, samotizeni, WO3, hematit, Janus struktura, kolektivni

chovani, fototaxe, environmentalni sanace, manipulace s objekty, 1é¢ba rakoviny.



Organization of the thesis

This thesis is organized into eleven chapters. The introductory Chapter 1 outlines the primary
objectives and aims of the thesis. Chapter 2 provides a broad overview of the research topic
and its relevance to current scientific and technological advancements. In Chapter 3, a
comprehensive literature review is presented, highlighting a theoretical foundation for the
research and cutting-edge developments in the field of photocatalytic materials. A detailed
description of the methodologies employed throughout the thesis was presented in Chapter 4.
Following, Chapters 5-10 include the published papers that corresponds to objectives of this
thesis. Designing microrobots in terms of higher propulsion speed from single component WO3
microrobots to Janus hematite and ZnFe>O4 based microrobots for degradation of pollutants
and removal of biofilm are presented in Chapters 5,6 and 7. Chapter 8 and 9 describes the
collective behavior of cubic hematite and algae based microrobots and their environmental
applications. Following that, the scope of microrobots into the biomedical domain for
photodynamic cancer therapy by fabricating phototactic hematite microrobots is provided in
Chapter 10. The final Chapter 11 summarizes the main results of this research and provides
an outlook on the prospective applications and developments of the materials and methods

explored in the thesis.



1. Objectives of the thesis

The primary objective of this thesis is to develop advanced microrobot systems that address
critical environmental and biomedical challenges through innovative designs and
functionalities. First, the goal of the research is to design the structure of self-propelled
microrobots, to study the motion behavior and mechanism of designed microrobots. Given that
the global freshwater scarcity has been exacerbated by industrialization, population growth,
and climate change, the second of goal of the thesis is to employ photocatalytic and magnetic
microrobots capable of efficient water purification. These designed microrobots aims to
degrade contaminants, eliminate biofilm, and remove micro/nanoplastics without generating
toxic byproducts with enhanced propulsion and reusability. Apart from environmental
applications, the thesis also expands the scope of microrobots into the biomedical domain for
photodynamic cancer therapy. In this thesis, hematite, WO3 etc. have been selected and

fabricated as microrobots.

Based on the demonstration above, the goals of the thesis can be divided into three main points

as follows:

1. To design advanced microrobots in terms of higher propulsion speed, programmable

collective behaviors, response to environmental stimuli with phototaxis, and more.

» Tailoring the metal thickness of Janus structure and surface modification of self-

propelled microrobots and investigating the variation of propulsion speed.

»  Fabricating various morphologies of microrobots and investigating the collective and

phototactic behavior of microrobots.

» Providing the detailed motion mechanism of these studied microrobots.

2. To explore how these increasingly intelligent features allow advancement in environmental

and biomedical applications, such as degradation of hazard pollutants, object handling at

the micro/nanoscale, and photodynamic cancer therapy.
10



» Employing the designed microrobots to study the relationship between speed and

degradation of pollutants.

» Investigating the performance of fabricated microrobots for environmental

remediation and photodynamic cancer therapy.

3. To develop a cost-efficient, eco-friendly, mass-producible, and intelligent microrobot

system for various practical applications in real-world settings.

11



2. Introduction

Water is indispensable for all living beings, but unfortunately, only a small fraction of Earth's
freshwater, less than 1%, is readily accessible!>. Moreover, its contamination poses a grave
ecological threat. The situation is worsening due to the rising global demand for clean water,
driven by population growth, industrialization, and climate change®. Various pollutants such as
plastic waste, heavy metals, persistent organic pollutants (including pharmaceuticals and
pesticides), and oil spills pose significant risks to ecosystems. Once these contaminants enter
aquatic environments, they can lead to irreversible and cumulative harmful effects on aquatic
plants and animals. The pollutants can also be carcinogenic, mutagenic, and have other
detrimental effects. The risks are further amplified as these contaminants propagate through
the food chain®. Advanced techniques such as water chlorination, desalination, advanced
oxidation processes, and nanotechnologies have helped reduce the hazards and diseases related
to contaminated drinking water distribution systems. However, despite these advancements,
75% of water bodies are still at risk ecologically. During the process of water remediation, most
pollutants including micro/nanoplastics are not entirely removed from contaminated areas, and
in some cases, they are only partially degraded, leading to the release of toxic by-products into
the environment>®.

Meanwhile, with remarkable advancements in nanotechnology and nanomaterials within the
biomedical field, various therapeutic approaches for cancer treatments have been established,
including chemotherapy, gene therapy, radiotherapy, immunotherapy, and photodynamic
therapy (PDT)’. Among these approaches, PDT has garnered significant attention as a drug-
free and promising method for cancer treatment. PDT utilizes photocatalysts capable of
converting oxygen molecules into reactive oxygen species (ROS), which can inflict permanent
damage to cancer cells®. However, the therapeutic efficacy of PDT is hindered by the
overexpression of antioxidants within cancer cells’. To overcome this challenge, it is essential
to reduce the number of antioxidants in the microenvironment surrounding cancer cells, thereby
elevating ROS levels and effectively destroying the cellular antioxidation defense system,

leading to the synergistic killing of cancer cells. Moreover, object manipulation at the

12



micro/nanoscale is the foundation for various applications, including biomedical development,
single-cell analysis, and cell interaction studies'’. However, these existing methods have their
limitations. For example, atomic force microscopy (AFM) requires critical alignment and large
apparatus, optical tweezers (OT) rely on intense lasers, and dielectrophoresis (DEP) involves
strong electric fields'!. These factors can affect both the maneuverability of the manipulation
process and the viability of the cells involved. As a result, developing a single-cell manipulation
technique that is biofriendly, cost-effective, and easy to operate while ensuring autonomous
control remains a challenging task.

In nature, a series of vital life processes, such as cell division, DNA replication, and nutrient
transport, rely on the activity of biomolecular robots within the cytoplasm!2. These
biomolecular robots efficiently convert biochemical energy within organisms into mechanical
energy, enabling highly precise nanoscale assembly, transportation, and separation processes,
which are essential for sustaining cellular metabolism. Inspired by these nanoscale, self-driven
molecular robots with remarkable functionalities, researchers are actively exploring the
fabrication of self-propelled artificial robots to power micro- and nanosystems, which
represents a significant frontier in current nanomaterials research!!4,

The development of artificial robots dates back to 2002, when the Whitesides group proposed
and designed the first synthetic robot, a PDMS-based robot capable of converting chemical
energy into mechanical energy'>. Using platinum (Pt) as a catalyst and hydrogen peroxide
(H202) as fuel, the robot generated oxygen (Oz) through a chemical reaction, enabling
autonomous motion. This was the first centimeter-scale robot driven by a catalytic mechanism
using H20O> as fuel. The successful demonstration of autonomous motion in small-scale objects
captured the interest of researchers worldwide, inspiring the subsequent development of
numerous catalytic micro- and nanorobots, which are capable of propelling themselves by
transforming surrounding energies into mechanical motion'*. The motion mechanisms and
applications of micro- and nanorobots have become increasingly diverse, allowing them to be
broadly categorized into two main types: Externally powered micro- and nanorobots, which
rely on external energy sources such as magnetic fields (magnetically driven robots), electric

fields (electrically driven robots), ultrasonic waves (ultrasound-driven robots), or light
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(photocatalytic robots)!'®. Fuel-powered micro- and nanorobots, which utilize chemical fuels
such as H202 or water to generate propulsion. In particular, light emerges as an immensely
appealing energy source for empowering microrobots, given its potency, renewability, and
abundance!”'8, With advancement of nanoscience and nanotechnology, photoactive materials
i.e., TiO2, ZnO, Fe;03 have been widely investigated and designed for various environmental
and biological applications, for instance, effectively interact with target pollutants and tumor
cells, further improving the remediation process and accelerating the apoptosis of cancer
cells'®?°. Therefore, light-powered micro/nanorobots offer great potential to enhance treatment
efficiency by overcoming limitations caused by diffusion-limited reactions. Beyond the
utilization of photocatalytic materials, microrobots composed of magnetic materials also
represent a promising and innovative approach to address challenges by offering a targeted and
minimally invasive way of biofilm disruption®!. When subjected to an external magnetic field,
these microrobots demonstrate controlled actuation, which enables them to maneuver precisely.
The thesis mainly focuses on studying the motion behavior and the applications of self-
propelled microrobots for efficient water purification and photodynamic cancer therapy.
Through surface functionalization and morphology manipulation, self-driven microrobots
exhibit higher propulsion speed, and intriguing collective behavior and nature-mimic
phototactic actuation. Taking advantages of these properties of active microrobots, they were
applied for the study of the relationship between motion speed and pollutant degradation
efficiency; for breaking down hazard pollutants, elimination of biofilms, removal of
micro/nanoplastics and synergistic micro-sized objects transport; for eventually photodynamic
induced cancer cells apoptosis. In this thesis, photoactive and magnetic materials have been
mainly explored from Brownian motion to active and controllable locomotion as microrobots,
also further investigated for shedding light on of their potential in various fields, which hold
great promise in real-world settings. Given that the thesis is mostly focused on photocatalytic
microrobots, the mechanism of photocatalytic microrobots will be explained in details in

Chapter 3.
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3. Literature review

3.1. Theory and background

3.1.1 Photocatalysis: from fundamental principles to materials

Photocatalysis draws inspiration from the intricate process of photosynthesis, nature’s way of
converting sunlight into chemical energy??. A sophisticated energy transfer pathway involving
two key complexes: photosystem II (PSII) and photosystem I (PSI). PSII captures light at a
wavelength of 680 nm, triggering a cascade of reactions powered by water oxidation catalysts.
These catalysts split water into oxygen, protons, and electrons. The liberated electrons travel
to PSI, which absorbs light at 700 nm and boosts the electrons to an even higher energy state.
This heightened energy drives the reduction of NADP* into NADPH, a critical molecule that
powers subsequent processes like the fixation of carbon dioxide into hydrocarbons. This natural
system showcases the remarkable efficiency with which sunlight can be harnessed to drive
complex chemical processes.

Photocatalysis adapts this principle for human innovation, with its origins dating back to
Edmond Becquerel's discovery in 1839%. While the materials used for the photocatalysis can
be defined as photocatalysts, able to absorb light and induce chemical transformations. With
the advancement of nanoscience and nanotechnology, a broad category of photocatalysts has
been extensively explored and developed, including semiconductor particles (e.g., TiO2, Fe2Os3,
WOs3, BiVOs), 2D materials (e.g., g-C3N4, MoS,, and MXene), and QDs (e.g., graphene dots
and CdSe QDs) etc**. Among them, semiconductor materials represent one of the most popular
and widely investigated photocatalysts used to establish photocatalytic microrobots, requiring
facile fabrication methods, i.e., hydrothermal, microwave and sol-gel reactions. The
photoactivation of semiconductors plays a pivotal role in photocatalysis, with its effectiveness
influenced by the material's optical and structural characteristics, meanwhile the interactions at
the solid-liquid interface also matters. One of the most important parameters influencing

photocatalytic performance is the semiconductor's bandgap energy (Evg). This energy gap
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dictates the minimum wavelength (1) of light capable of initiating photocatalytic reactions, a

relationship that can be expressed mathematically as follows:

A (nm) = 2& = 1220 (3.1)

Epg  Eng

where £ is Planck's constant (6.63x1073* J-s), and ¢ is the speed of light (3.00x10% m/s)*.
Semiconductors with different bandgap energies shown in Figure 3.1., exhibit distinct light
absorption properties®®. Wide-bandgap materials, for instance, are primarily responsive to high-
energy ultraviolet (UV) light and are often utilized for applications requiring strong UV
activation. On the other hand, intermediate and narrow-bandgap semiconductors are optimized
for visible and near-infrared light absorption, respectively, enabling their use in the
development of microrobots and devices tailored for these spectral regions. By selecting the
appropriate semiconductor bandgap, photocatalytic systems can be designed that align with
specific energy inputs and application requirements, enhancing the versatility and efficiency of

photocatalysis.
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Figure 3.1. The energy band structure of various semiconductor materials, illustrating the valence

band (green) and conduction band (yellow). Reproduced from Ref. 26.

Upon light irradiation, photons having energy equal to or higher than the semiconductor
bandgap are absorbed, promoting electrons to the conduction band of the semiconductor, and

leaving holes in the valence band, which refers to electron-hole pairs separation process.
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Afterward, electrons and holes migrate to the surface site, further making contributions to
reduction and oxidation reactions, respectively, as demonstrated in Figure 3.2%’. To our best
knowledge, photogenerated charge carriers are generated, trapped, and recombined within
femtoseconds to nanoseconds, whereas interfacial surface reactions typically occur over
milliseconds. As a result, the rapid recombination of electron—hole pairs represent the primary

bottleneck, limiting the efficiency of photocatalytic processes?®.
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Figure 3.2. Photocatalytic mechanism illustrating the reactions taking place on a photocatalyst upon

irradiation.

3.1.2 Design of photocatalytic microrobots

Photocatalytic microrobots, or called light-driven microrobots based on photoactive materials
are capable to absorb light, perform photochemical reactions, and eventually convert light
energy into kinetic energy, i.e., mechanical motion?’. There are two primary strategies for
constructing light-driven micro/nanorobots (MNRs) using photocatalytic materials. The first
involves photocatalytic materials with carefully designed asymmetric micro/nanostructures.
The second relies on inducing non-uniform light exposure on a photocatalyst. Both strategies

enable photocatalytic materials to exhibit light-driven motion.

Asymmetric microrobots
Figure 3.3 highlights a widely adopted strategy for designing asymmetric microrobots. These

designs often incorporate irregularly shaped photocatalytic micro/nanoparticles which
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inherently generate non-uniform distributions of photochemical reaction products®®. For
instance, Villa etc. proposed single component multifaceted BiVO4 micromotors capable of
self-propulsion under light irradiation®'. Despite their potential, the practical implementation
of such structures is limited by the rapid recombination of electron—hole pairs, which indicates

weak propulsion forces and incapability in achieving precise motion control.

2 4

Irregular MNRs  Janus MNRs  Tubular MNRs

Figure 3.3. Design of asymmetric MNRs.

Among the most prominent designs for light-driven MNRs are based on Janus
micro/nanostructures®2. These particles possess anisotropic chemical and physical properties
within a single structure, facilitating asymmetric surface photochemical reactions and
photophysical effects that induce an uneven field distribution. Various fabrication techniques,
including physical vapor deposition and encapsulation, are employed to create these structures.
Another promising category is tubular micro/nanostructures, which leverage distinct
photoactivities between their inner and outer surfaces or differential mass diffusion between
their hollow interiors and the surrounding medium?*-*. In 2008, light-activated tubular
microrobots based on g-C3N4, a 2D material were demonstrated efficient bubble propulsion
due to that photogenerated O> molecules accumulate and nucleate as bubbles within the interior
of the micromotor®. These bubbles are subsequently ejected through one opening of the tubular
structure, propelling the micromotor in the opposite direction. These features enable propulsion
mechanisms such as bubble recoil and phoretic motion. Tubular structures are typically

fabricated using methods like template-assisted layer-by-layer assembly or dry spinning>®-3’.

Asymmetric photo-exposure
The second approach focuses on generating an asymmetric field by manipulating light

exposure to create spatially non-uniform reactions. One effective method involves irregular
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light irradiation, where the angle of illumination leads to uneven light penetration within
isotropic particles (Figure 3.4). This results in localized differences in photochemical activity
across the particle’s surface, causing asymmetric surface reactions. The resulting concentration
gradient of reactants or products produces a driving force that propels the particle in a specific
direction®, as shown in Figure 3.4. An alternative method employs structured light patterns to
achieve non-uniform photo-exposure. This technique can selectively activate certain regions of
a particle or material, inducing asymmetric changes in surface chemistry or physical properties.
For instance, light-responsive materials may deform asymmetrically when exposed to
structured light, creating a mechanical force that drives directional motion. This light-induced
deformation not only propels the MNR but also allows for more precise control over its
trajectory®®. Both strategies offer promising avenues for developing advanced light-driven

MNRs.
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Figure 3.4. Schematic illustration of uneven light penetration within isotropic particles. Reproduced from
Ref. 38.

3.1.3 Motion mechanism of photocatalytic microrobots

Under low Reynolds number conditions, the motion of a locomotive object is dominated by
viscous forces and random Brownian effects*’. For light-driven MNRs, overcoming the fluid's
viscous drag requires a constant input of energy in the form of a driving force. To address this
challenge, researchers have spent the last decade developing various strategies for designing

such systems®**!, These strategies focus on creating an asymmetric field around photocatalysts,
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disrupting the uniformity of photogenerated products’ distribution. Depending on how the
driving force is generated, light-driven MNR propulsion mechanisms can be mainly divided

into two categories: phoretic propulsion triggered by light, propulsion via bubble recoil.

3.1.3.1 Light-induced phoretic propulsion

Light-induced phoretic propulsion is a mechanism by which MNRs achieve motion in response
to light-induced gradients within their surrounding environment. This phenomenon typically
arises due to local variations in chemical concentration, temperature, or electric fields, which
are generated upon the interaction of light with the material properties of the MNR or its
surrounding medium. These gradients create asymmetric forces along the particle surface,
breaking the equilibrium and resulting in directed motion. Depending on the specific gradient
induced, light-induced phoretic propulsion can be further classified into light induced
electrolyte, nonelectrolyte and temperature gradients. This versatile mechanism has garnered
significant attention due to its remote controllability, high precision, and potential applications

in targeted delivery, environmental remediation, and microscale robotics**%.

Light induced electrolyte gradient

Light-driven MNRs utilizing electrolyte gradients as their propulsion mechanism operate based
on the interplay of ion-generating photochemical reactions and asymmetric ion distribution.
These systems primarily rely on two distinct mechanisms: self-electrophoresis and self-
diffusiophoresis, each offering a unique approach to generating motion**.

In the case of self-electrophoresis, the propulsion arises from an electric field (E) that is self-
generated by the asymmetric distribution of ions around the particle®. For example,
photocatalytic reactions on the MNR surface can produce a gradient of protons (H"), leading
to an imbalance in ion concentration. This creates a local electric field, which propels the
charged particle. The direction of movement depends on the surface charge of the MNR, as it
determines how the particle interacts with the self-induced electric field.

Alternatively, self-diffusiophoresis is based on the creation of solute concentration gradients
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that induce particle motion. For light-driven MNRs, photochemical reactions can produce ions
with significantly different diffusion rates. This disparity establishes a concentration
gradient, which not only generates a diffusion-induced E but also propels the
particle through electrophoresis. Additionally, this gradient induces fluid motion along
charged surfaces via electroosmosis, which can move nearby passive particles depending on
the substrate's charge polarity*®*’. Moreover, the localized solute concentration near the MNR
surface tends to be higher, resulting in chemophoretic flow (Figure 3.5)*. This flow directs
particles toward regions of lower solute concentration, complementing the overall
propulsion process. Together, these mechanisms demonstrate how light-induced electrolyte
gradients enable MNRs to achieve controlled and efficient motion, providing valuable

insights into designing advanced systems for targeted applications.
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Figure 3.5. Illustration of electrolyte diffusiophoresis. Reproduced from Ref. 48.

Light-induced nonelectrolyte gradient

Light-induced nonelectrolyte gradient propulsion refers to the motion of micro/nanorobots
driven by gradients of nonionic solutes, such as neutral molecules, that are generated through
light-activated processes***’. Unlike electrolyte gradients, which rely on charged species and
electrostatic interactions, nonelectrolyte gradient propulsion is based on the asymmetric

distribution of neutral molecules in the surrounding environment, leading to chemophoretic or
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thermophoretic forces. The underlying mechanism typically involves the interaction of light
with the MNR surface or the surrounding medium, which triggers a localized photochemical
or photothermal reaction. For example, light absorption by the MNR may induce the release or
depletion of neutral solutes, creating a concentration gradient. Alternatively, light-induced
heating can generate a temperature gradient in the medium. Both types of gradients disrupt the
symmetry of the surrounding environment, resulting in directed motion of the MNR. In terms
of chemophoretic propulsion, the concentration gradient of neutral solutes creates differences
in chemical potential around the MNR. These differences exert a force on the particle surface,
driving its motion toward regions of lower or higher solute concentration, depending on the
solute-MNR interaction. Several light-driven nanomaterials have been developed upon the
photodecomposition of H>O> to generate O under light irradiation in the presence of
semiconducting photocatalysts, which include peanut-shaped Fe,Os"!, isotropic TiO2
microparticles®?, and Janus Au-WO3@C microrobots™. Regrading thermophoretic propulsion,
the temperature gradient caused by light absorption induces a thermally-driven flow of the
surrounding medium. This flow is often accompanied by the motion of the MNR, which moves
either toward or away from the heat source depending on its thermophoretic properties®*>>.

Light-induced nonelectrolyte gradient propulsion offers several advantages for MNR design,
including the ability to avoid ionic species, which may destabilize the system or interfere with
specific applications. This propulsion mechanism is particularly promising for environments
where ionic interference must be minimized, such as biological systems, and for tasks requiring

precise and controllable movement at the microscale.

3.1.3.2 Bubble propulsion

Bubble propulsion was the pioneering mechanism for the movement of nano- and microrobots.
This process occurs when a transition metal catalyst (such as platinum, manganese, nickel, or
silver) decomposes a chemical fuel, producing oxygen bubbles®. Early versions of bubble-
driven nano- and microrobots faced challenges, including limited movement efficiency due to

ionic strength constraints. However, advances in robot design, such as optimizing geometry,
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have allowed researchers to overcome these limitations, enabling new movement patterns and
enhancing the functionality of these robots at the nanoscale®’-*8. Compared to phoresis-driven
robots, bubble-propelled robots offer notable advantages, including stronger thrust, faster
speeds, and a longer operational lifespan. For instance, Mou et al. developed a light-driven,
bubble-propelled microrobot using a TiO> tubular structure, achieving speeds up to 325 mm/s*.
The mechanism relies on the photocatalytic decomposition of H>O> under UV light, where
the TiO; catalyst generates O2 (Figure 3.6). The O2 molecules then nucleate and grow into
bubbles inside the TiO: tube. The confined space of the tube, which has a specific inner
diameter and length, plays a crucial role in promoting bubble formation. The internal
confinement accelerates the bubble nucleation and growth, enhancing the propulsion of the
microrobot, which demonstrates that the confined environment inside the tube is key to

significantly increasing the efficiency of the light-induced propulsion mechanism.
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Figure 3.6. Motion mechanism of TiO» tubular microrobots in presence of H,O». Reproduced from Ref. 36.

3.2 State of the art

3.2.1 Photocatalytic microrobots for environmental applications
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To date, extensive research efforts have been dedicated to exploring the potential of
photocatalysts for a plethora of application domains, including environmental remediation.'®
The initial reported PMNMs were comprised of plain TiO» microspheres®’. Under a UV light
intensity of 2.5 W/cm?, they exhibited self-diffusiophoresis, propelling themselves at a speed
of 10 = 3um/s in pure water. This groundbreaking work opened up novel opportunities for light-
driven MNRs. Afterward, single-component light-driven microrobots have been extensively
exploited. For instance, these graphene carbon nitride (GCN)-based microrobots have
demonstrated their capabilities in simultaneously monitoring and removing heavy metal
pollutants®®. Nevertheless, the microrobots' motion required a high concentration of fuel (H20>).
In this thesis, single-component WO3 microrobots capable of propelling in low concentrations
of fuel were first demonstrated for the degradation of pollutants.

In order to further improve the photocatalytic efficiency of photocatalysts and promote the
propulsion of photocatalytic MNRs, it is necessary to have an asymmetric structure, which in
turn converts this asymmetry into motion®”®! In this regard, "two-faced" Janus microrobots
deserve special mention, featuring a design wherein a photocatalytic semiconductor (i.e., TiO»,
Zn0O, and Cu20) is asymmetrically coated with a metal layer (Pt, Au, Fe, etc.), rendering them
highly efficient in harnessing light as a driving force (Figure 3.7)°%* %, Leveraging the self-
electrophoretic mechanism, these microrobots exploit the asymmetric generation of charges
upon light irradiation, thereby establishing a local electric field that induces their motion. The
presence of the metal layer plays a pivotal role in enhancing charge separation at the
semiconductor/metal interface, thus augmenting the microrobots' speed and photocatalytic
properties. TiO>—Au Janus photocatalytic microrobots with a novel approach aimed at
improving photocatalytic efficiency for the rapid detection and “on-the-fly” degradation of dye
pollutants (i.e., methyl blue) in aqueous environments have been developed®®. These innovative
microrobots can operate at a remarkably reduced activation UV light intensity of only 2.5
mW/cm? in pure water. Magnetic properties also play a crucial role in broadening the
microrobot's application scope and recyclability, aiming to achieve greater efficiency for
environmental remediation. For example, light-driven TiO;-Fe Janus microrobots have been

introduced, enabling highly efficient degradation of organic pollutants in water environments.

24



Advantageously, the TiO2-Fe microrobots could be easily collected and reused by external

permanent magnets®’.
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Figure 3.7. Schematic illustration of the photocatalytic activation of Janus microrobots and their self-

propulsion mechanism.

In line with the reported TiO»-based Janus microrobots, ZnO photocatalysts and metal Pt were
skillfully combined to create a hybrid ZnO-Pt photocatalytic microrobots for efficient
photodegradation of explosives (i.e., picric acid), which are more difficult to be degraded in
comparison to dye pollutants®®. These cases demonstrate that the ingenious combination of
photocatalyst and metal in the Janus structure can significantly enhance propulsion while
efficiently reducing the required light intensity and fuel concentration. However, the influence
of metal layer thickness on the self-propulsion ability of light-driven Janus microrobots has not
been reported yet. Additionally, the relationships between metal layer thickness and
microrobots’ speed and photocatalytic properties aiming at improving environmental
remediation efficiencies remain to be studied and clarified. To address this issue, Janus
hematite/Pt microrobots with different Pt layer thicknesses have been studied to demonstrate
the relationship between metal layer thickness and photocatalytic properties, further
investigating the differences in the degradation efficiencies of explosives and organic
pollutants. Hematite has been selected as the most used semiconductor due to its narrow band
gap, which can be activated by visible light, its low cost, biocompatibility, and for the
catalyzed photo-Fenton reaction in the presence of light and H>O,, which increases the
production of ROS to attack the target pollutants. Moreover, hematite is weakly magnetic,
allowing the navigation of hematite-based microrobots using magnetic fields, which endows

them with recyclability and navigation precision.
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Compared to single robots, micro/nanorobot swarms offer enhanced efficiency, robustness, and
flexibility. Integrating contaminant removal and degradation functions into robotic swarms
holds great promise for future environmental applications®®’®. Collective animal behavior
encompasses tasks that go beyond the capabilities of individual animals. These collective
behaviors have served as inspiration for artificial swarming micro- and nanorobots. Groups of
robots can accomplish tasks faster and handle size-dependent operations, like transporting large
cargoes that necessitate the cooperation of several robots. Swarms have a broader perception
of environmental variations compared to single robots, and even in the event of a robot failure,
the group can still complete the assigned task''"'"7*. For example, BixWQOs microrobots with
swarming behavior by forming swarms consisting of multiple microrobots were demonstrated
to tackle textile contamination in water (Figure 3.8)">. These swarms of microrobots can
collectively move together, leading to the formation of larger agglomerations. This swarming
behavior is attributed to the chemical gradient concentration created by their photocatalytic
activation, which induces osmotic and phoretic interactions among the microrobots. However,
practical applications require swarms to adapt to environmental changes through self-
organization and reconfigurability in shape and function, which still remains a challenge to be
further investigated. Due to the asymmetric orientation of the dipolar moment in the crystal,
cubic-shaped hematite microparticles have been illustrated that they possess the ability of self-
organization and reconfigurability. Therefore, it is desirable to study the collective behavior of

cubic hematite microrobots for tackling various problems in complex environments.
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Figure 3.8. Swarming of Bi2WO6 microrobots under light irradiation and their further attachment onto

the textile fibers. Reproduced from Ref. 75.
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3.2.2 Photocatalytic microrobots for biomedical applications

Over the last decade, a significant amount of research has focused on the biomedical
application of photocatalytic micro/nanorobots. These robots have been explored for various
purposes, including disease treatment, photo-related cancer therapy, cell manipulation, and
more. Villa et al. developed single-component BiVOs4 microrobots with precise
micro/nanostructures capable of autonomous swimming both individually and as part of a
collective assembly under visible-light irradiation. These microrobots can efficiently carry out
cargo loading and transport of passive particles and living microorganisms without requiring
any surface functionalization®!. In order to solve the neurodegenerative disorders that can cause,
for example, Parkinson's, Alzheimer's, and Huntington's diseases, concave
Bi1VO4 microspheres are used to disaggregate protein fibrils by the microrobots’ intrinsic on-
the-fly generation of ROS.

PDT, in particular, is a highly promising therapeutic technique that has been extensively studied
in fundamental research and applied in clinical medicine’”-’®. The principle of PDT involves
the transfer of energy from light-excited photosensitizers to surrounding oxygen molecules
(?0»), generating cytotoxic/ ROS, particularly singlet oxygen ('02), which effectively kills
cancer cells (Figure 3.9)"%. Despite significant progress in PDT research and clinical
applications, certain physical limitations have hindered its therapeutic efficacy. Existing
photosensitizer platforms still function as passive nanocarriers, and the generated 'O can only
reach the target organism through their own free diffusion, which may limit their effectiveness

in reaching certain regions efficiently®!.
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Figure 3.9 Two types of reaction during PDT.Reproduced from Ref. 43.
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Nevertheless, photocatalytic microrobots can offer distinct advantages for photodynamic
therapy, particularly due to their active actuation and excellent ability to generate ROS®> 34, A
multi-functionalized microrobot as a mobile photosensitizer platform was developed for
treating bacterial infections®. In comparison to passive carriers operating under the same
conditions, the active motion of the mobile photosensitizer led to a significant enlargement of
the coverage area of the photodynamic therapy system by approximately 10 times, effectively
spreading 'O, and resulting in a highly efficient photodynamic activity. However, the motion
direction and magnitude of single light-powered microrobots cannot be precisely controlled in
the absence of magnetite nanoparticle modification.

Certain microorganisms exhibit responses to light, causing them to change their orientation and
swim either toward or away from the light source. This phenomenon is referred to as
phototaxis®. The replication of such phototactic behaviors in artificial microrobots would
enable these microrobots to adjust their orientation and position by simply manipulating the
illumination conditions. Recent advancements have demonstrated phototactic reactions in
microrobots controlled by light®” %, In a study by Chen et al., they introduced a straightforward
design for phototactic microrobots*®. These microrobots utilized isotropic particles composed
of a single semiconductor material like TiO2, ZnO, or CdS, which were exposed to light from
a specific direction. As the material absorbed the light, only the side of the particle facing the
light became photocatalytically active. This non-uniform illumination of the isotropic particles
effectively transformed them into microrobots resembling Janus particles, possessing an active
chemical surface on one side and an inactive one on the other. Consequently, these isotropic
microrobots, subjected to anisotropic illumination, moved in the direction of the incident light.
Microrobots with phototaxis behavior have been exploited in the biomedical field, i.e., cell
manipulation and target drug delivery”’. However, light-powered microrobots with phototaxis
that break the constraint of 2D motion for PDT still need to be uncovered. In the thesis,
dendrite-shaped hematite microrobots have been demonstrated that exhibited phototaxis by

changing the light source directions for efficient PDT and cell manipulation.
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4. Methods
4.1 Microrobots fabrication

Single-component WO3 microrobots

Initially, 50 mL of deionized (DI) water was placed in an 80 mL beaker, followed by dissolving
1 mmol NaWOs4 in the DI water with magnetic stirring. Subsequently, 25 mmol of glucose
was added to the suspension. After thorough magnetic mixing, the solution was transferred to
an autoclave, sealed, and heated in a preheated oven at 200 °C for 20 h. After cooling to room
temperature, the precipitate was centrifuged using DI water and ethanol and then dried
overnight. The dried products were sealed, and calcined at 550 °C in air, and the resulting green

product was collected for further analysis.

Janus hematite/Pt microrobots

Hematite (a-Fe2Os3) microspheres were synthesized via a hydrothermal route. FeCls (Sigma
Aldrich, 97%) was dissolved in ultra-pure water (18 MQ cm) to create 1 M FeCls solution
under magnetic stirring. The solution was transferred to a 50 mL Teflon-lined stainless-steel
autoclave, hydrothermally treated at 160 °C for 20 h, and cooled to room temperature. The
product was collected by centrifugation, washed with DI water and ethanol, then vacuum-dried
at 60 °C for 12 h. For hematite/Pt Janus microrobots, synthesized microspheres were dispersed
in pure water (5 mg mL™), sonicated, drop-cast onto glass slides, and air-dried overnight.

Asymmetric Pt layers (30, 60, and 90 nm) were sputter-deposited, as shown in Figure 4.1.
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Figure 4.1 Schematic illustration of hematite microspheres synthesis and hematite/Pt Janus microrobots

fabrication.

Self-assembled cubic hematite microrobots

For cubic hematite microparticles, in a typical synthesis, 0.5 M FeCl; (Alfa Aesar, 98%) and
1.2 g hexamethylenetetramine (Sigma Aldrich, 99.5%) were directly dissolved in a 30 mL
mixture of ethanol and DI water (1:1 v/v) with vigorous magnetic stirring. Subsequently, 3 wt%
of CuCl; (Alfa Aesar, 98%) was added to the above solution. After 30 min stirring, the mixture
was transferred into a Teflon-lined stainless-steel autoclave and heated at 160 °C for 12 h.
Asymmetric Pt layers (30 nm) were sputter-deposited to fabricate cubic hematite

microrobots (Figure 4.2).

Cubic hematite/Pt
Autoclave Janus microrobot

Figure 4.2 Schematic illustration of cubic hematite synthesis and hematite/Pt Janus microrobots

fabrication.

Dendrite-shaped microrobots
Typically, 0.5 mmol K3[Fe(CN)s] (Sigma Aldrich, 99%) was dissolved in DI water (18 M€ cm)

first, and 0.5 g of PEG-4000 (3500 - 4500 g/mol, Alfa Aesar) was included to the yellow
aqueous solution. The composition remained strongly stirred for 30 min. The obtained solution
was shifted into a Teflon-lined stainless autoclave with a volume of 50 mL. Afterward, the
autoclave was placed in a preheated oven. The oven was set at 160 °C. The whole reaction time

lasted for 6 h. When the process ended, DI water and ethanol were used to wash the final
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product by centrifuging. Finally, the obtained product was dehydrated at 70 °C overnight.

Janus ZFO/Pt microrobots

ZFO microspheres were synthesized via a hydrothermal method. A mixture of 30 mL
isopropanol, 8 mL glycerol, 2 mmol Fe(NOs)s, and 1 mmol Zn(CHsCOO):-2H20 was stirred
for 30 min, transferred to a 50 mL Teflon-lined autoclave, and heated at 180 °C for 12 h. After
cooling, the precipitate was centrifuged, washed, dried at 60 °C overnight, and calcined at
450 °C for 3 h. Janus microrobots were prepared by dispersing ZFO microspheres (3 mg mL™)
in DI water, sonicating for 5 min, and depositing the suspension on glass slides to dry overnight.
A 30 nm Pt layer was asymmetrically sputtered onto the microspheres, with thickness
monitored by a quartz crystal microbalance. The microrobots were then detached using a

scalpel.

4.2 Motion experiments

4.2.1 Optical measurements

The motion behavior of microrobots was studied using a Nikon ECLIPSE TS2R inverted
microscope equipped with a Basler acA1920-155uc digital camera for high-resolution video
recording. Experiments were conducted using aqueous suspensions of microrobots without the
addition of surfactants to eliminate potential interference with their natural motion. The
motility of the microrobots was evaluated under varying concentrations of hydrogen peroxide
(H203) as a chemical fuel, prepared from a commercial 30% H:O: solution (Sigma Aldrich).

To investigate the phototactic response of the microrobots, a fixed ultraviolet (UV) light source
was utilized to illuminate the sample chamber from different directions. The UV intensity was
calibrated to a constant value of 1.674 W cm™ to ensure consistent exposure across experiments.
The response to negative phototaxis, characterized by movement away from the light source,
was recorded for subsequent analysis. Video recordings of the experiments were processed and
analyzed using the NIS Elements Advanced Research software to extract quantitative data on

microrobot speed, trajectory, and phototactic behavior.
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4.2.2 Magnetic measurements

The magnetic navigation of microrobots was conducted using a custom-built magnetic
controller system, designed to generate a transversal rotating magnetic field. The system
comprised three orthogonal pairs of electromagnetic coils mounted on a 3D-printed polylactic
acid (PLA) backbone, allowing precise manipulation of the magnetic field within the
experimental setup. The experiments were performed under an applied magnetic field strength
of 3 mT, with a rotational frequency of 10 Hz.

The microrobots were navigated within a confined environment, specifically a 100 um-wide
microfluidic channel, to mimic realistic microenvironments. Video footage of the microrobots'
motion was captured using the Nikon ECLIPSE TS2R inverted microscope and recorded at 20
frames per second (fps) using Pylon Viewer software. This setup ensured accurate monitoring
of the microrobots' magnetically guided trajectories, enabling detailed analysis of their

navigation efficiency and responsiveness to the applied magnetic field.

4.3 Materials characterization

4.3.1 Morphology and composition analysis

Scanning electron microscopy (SEM) is a powerful imaging technique used in various
scientific and industrial fields to obtain high-resolution, detailed images of the surface of a
sample. It offers significantly greater magnification and depth of field compared to optical
microscopy. In SEM, a focused beam of electrons is scanned over the surface of a sample. The
interaction between the electrons in the beam and the atoms on the surface of the sample
generates signals that are used to create an image’'. SEM images of microrobots were obtained
with a Tescan MIRA 3 XMU instrument. 100 pL of the suspended solution was placed on a
glass slide under the microscope. The solution on the glass slide was quickly dried under
irradiation of a LED lamp (100 W). Finally, this glass slide moved to the chamber of a Tescan
MIRA 3 XMU instrument.
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Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique often used with
electron microscopes to determine the elemental composition of materials. It functions by
exposing a sample to an electron beam, which causes the emission of X-rays with characteristic
energies from the sample's atoms. These emitted X-rays are captured by a detector and sorted
by a spectrometer based on their energies’’. The resulting X-ray spectrum displays peaks
corresponding to the elements present in the sample. EDX mapping analysis of microrobots

was performed using an Oxford EDX detector connected to the SEM.

X-ray Diffraction (XRD) is a versatile technique crucial for understanding crystalline
materials' atomic arrangements. By directing X-rays onto a crystal, it generates a diffraction
pattern that unveils the crystal's internal structure, driven by the interaction between X-rays
and atoms' periodic arrangement®® . The X-ray diffraction (XRD) patterns of the synthesized
products were analyzed using a Rigaku SmartLab 3 kW diffractometer. The instrument is
equipped with a fine-focus Cu Ka radiation source, which operates at a voltage of 40 kV and a

current of 30 mA, ensuring high-quality diffraction data with excellent resolution.

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analytical technique widely
used to determine the elemental composition, chemical states, and electronic structures of
materials®®. XPS spectra were acquired using a Kratos Analytical Axis Supra™ instrument,
ensuring high-resolution measurements. The acquired data were analyzed and fitted using

CASA XPS software to extract detailed information on the surface chemistry.

4.3.2 Optical characterization

UV-Vis, short for Ultraviolet-Visible Spectroscopy, is a widely used analytical technique in
chemistry and molecular biology. It involves shining ultraviolet (UV) and visible (Vis) light
through a sample and measuring the absorbance or transmission of light as it interacts with the
molecules in the sample. It passes light through a sample and gauges its absorption or
transmission at different wavelengths. Components include a light source emitting UV and

visible light, a monochromator for wavelength selection, a sample holder, and a detector
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measuring light intensity post-sample®®. In this thesis, a UV-Vis spectrophotometer (Jasco V-
750) was used to measure the absorbance spectra of the pollutant solutions. Microrobots,
pollutant solution (i.e., picric acid, 4-nitrophenol and Rhodamine B), and different
concentration of H,O» were sequentially added to UV-transparent cuvettes. After certain time
of UV exposure, suspensions were centrifuged, and the supernatants were analyzed using a
Jasco V-750 UV-Vis spectrophotometer. Degradation efficiency of pollutants was calculated

using the formula:
Degradation Ef ficiency = % x 100 4.1)
0

Cy and C| represent the initial and final PA concentrations.

4.4 Electrochemical measurements

Electrochemical experiments were conducted to investigate the electrochemical properties of
hematite and platinum electrodes under UV-light irradiation. A customized
photoelectrochemical setup was utilized, incorporating a 365 nm UV LED (700 mA, model
LZ4-04UV00, LedEngin Inc.) as the light source. The experiments were performed in a two-
electrode configuration, employing either a hematite electrode or a platinum (Pt) electrode as
the working electrode. An Ag/AgCl electrode was used in a dual role, functioning as both the

reference and counter electrode, to simplify the setup while ensuring accurate measurements.
4.4.1 Electrode preparation

The hematite working electrodes were prepared by depositing 100 uL of a 5 mg mL™" aqueous
suspension of hematite microparticles onto commercial indium tin oxide (ITO)-coated glass
slides (1 x 2 cm?, Sigma Aldrich, surface resistance 8—12 Q sq'). The hematite microparticles
used in these experiments were synthesized in walnut-like or cubic morphologies. After
deposition, the electrodes were dried at ambient conditions overnight to ensure proper adhesion
and uniform particle distribution on the substrate.

The Pt working electrodes were fabricated by sputtering a 30 nm thin layer of platinum onto

34



ITO-coated glass slides, creating a conductive and catalytically active surface. Both hematite

and Pt electrodes had an active immersion area of 1 x 1 cm? during the experiments.

4.4.2 Tafel measurements

Tafel measurements were conducted using a Metrohm AUTOLAB potentiostat. The
electrochemical tests were performed in deionized (DI) water under continuous UV-light
irradiation, ensuring consistent illumination of the working electrodes during measurements.
The potential range was scanned from -0.2 V to 0.6 V versus the Ag/AgCl reference electrode
at a constant scan rate of 5 mV s7'. This scan rate was chosen to provide a balance between

signal resolution and minimization of potential hysteresis effects.

4.5 In vitro cytotoxicity assessment

4.5.1 Cell culture and experimental setup

The in vitro cytotoxicity of the samples was evaluated using human PC-3 prostate cancer cells.
This cell line, derived from a grade 4 prostatic adenocarcinoma of a 62-year-old male and
originally obtained from a bone metastasis site, was sourced from HPA Culture Collections.
The cells were cultured in Ham’s F12 medium supplemented with 7% PBS and
penicillin/streptomycin (100 U mL™"). The cultures were maintained in a humidified incubator
at 37°C with 5% COs- to ensure optimal cell growth.

To prepare for imaging and analysis, PC-3 cells were seeded in p-Slide I Lauer Family flow
chambers. During the experiments, the chambers were placed in a gas-controlled environment
to maintain standard culture conditions, including a stable temperature (37°C), humidity (60%),
and CO: levels (5%). Imaging experiments spanned 24 hours, with images captured from seven
randomly selected fields of view to ensure statistically representative data. The observations

were performed at a frame rate of 3 minutes per frame using a high-resolution imaging setup.
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4.5.2 Imaging techniques and data analysis

Quantitative phase imaging (QPI) was performed using a Q-PHASE microscope, allowing for
non-invasive assessment of cell morphology and dry mass. Holographic images were captured
with a CCD camera, and fluorescence images were taken using an ANDOR Zyla 5.5 sCMOS
camera. Specialized software was employed for image reconstruction, enabling precise
measurement and visualization of cellular dry mass distribution. The dry mass values of

individual cells were calculated using the following formula:

m = % 4.2)
where m represents cell dry mass density (in pg pm™), ¢ is detected phase (in rad), A is
wavelength in um (0.65 um in Q-PHASE), and « is specific refraction increment (=0.18 um?
pg!). By measuring the integrated phase shift across the cells, their total dry mass was
determined, providing insight into variations in mass distribution under different experimental
conditions.

For hematite microrobots’ activation, samples were exposed to blue light at 485 nm with
controlled intensity and exposure duration, achieving a precise light dose. Viability of the cells
during imaging was assessed using the fluorescent dyes Calcein AM and PI, which selectively
stain live and dead cells, respectively. Fluorescence imaging was performed using a Q-PHASE

microscope equipped with FITC and TRITC filters, ensuring accurate visualization of cellular

viability.
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Part 1: Self-propelled photocatalytic microrobots with

enhanced propulsion for water purification
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5. Metal oxide single-component light-powered micromotors for

photocatalytic degradation of nitroaromatic pollutants

Published paper included in this chapter:

Xia Peng, Mario Urso and Martin Pumera*, Metal oxide single-component light-powered
micromotors for photocatalytic degradation of nitroaromatic pollutants. npj Clean Water 2023,
6,21.

5.1 Motivation of this study

Nitroaromatic compounds, widely utilized in industrial applications such as explosives,
pesticides, and dyes, pose significant environmental challenges due to their recalcitrant nature
and accumulation in water and soil systems, threatening human health. Traditional wastewater
purification methods, including biological and physical approaches, are either inadequate or
non-destructive, necessitating advanced strategies for effective pollutant degradation. While
photocatalysis has emerged as a promising light-driven solution, current approaches often rely
on passive diffusion or expensive noble metal coatings, limiting their practicality. This study
aims to develop low-cost, efficient photocatalytic micromotors leveraging light-driven motion

to enhance interactions with pollutants and address the limitations of existing technologies.

5.2 Paper conclusion

In this study, we successfully demonstrated the large-scale synthesis of precious metal-free,
single-component WOs micromotors using a facile and scalable hydrothermal method
combined with calcination. These micromotors exhibited light-responsive self-propulsion
without the need for H20: fuel, achieving active motion under asymmetric UV illumination.
Their remarkable photocatalytic activity was effectively utilized for the degradation of toxic
nitroaromatic pollutants, such as PA and 4-NP, achieving 70% and 40% degradation,

respectively, in water without external agitation. These results highlight the potential of WOs
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micromotors as a cost-effective, efficient, and sustainable solution for eliminating non-
biodegradable and hazardous pollutants in industrial wastewater, paving the way for their

practical application in environmental remediation.

5.3 Author contribution

For this study, I synthesized WO3 micromotors by hydrothermal reaction, and characterized the
micromotors by conducting SEM, EDX, XRD, and XPS. I evaluated the performance of the
motion, conducted the degradation experiments, plotted and analyzed all data. I wrote the draft

of the manuscript. All authors have given approval to the final version of the manuscript.
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Metal oxide single-component light-powered micromotors for
photocatalytic degradation of nitroaromatic pollutants

Xia Peng', Mario Urso(@®' and Martin Pumera )"+

Mass transfer is a key parameter in heterogeneous reactions. Micro/nanomachines, a promising technology for environmental

applications, significantly enhance the performance of conventional purification treatments because of the active motion ability
and thus enhanced diffusion (superdiffusion) of these photocatalysts, which in turn leads to dramatically improved mass transfer
and higher degradation capability compared to stationary microparticles. However, the design of micromotors generally involves
noble metals, for instance, Au and Pt, to achieve an effective autonomous motion. Considering the expensive fabrication cost and
complicated steps, we present Pt-free single-component light-powered WO3; micromotors capable of enhanced diffusion and

effective degradation of nitroaromatic compounds in water. These microswimmers, synthesized by a hydrothermal method, which
is highly scalable at low cost, followed by calcination, exhibit fuel-free light-driven motion due to asymmetric light irradiation. Picric
acid (PA) and 4-nitrophenol (4-NP) were selected as representative nitroaromatic contaminants and photocatalytically decomposed
by WO3 micromotors thanks to the close contact with the micromotors promoted by their self-propulsion. This work provides a low-
cost, sustainable, scalable method for enhancing mass transfer by creating moving catalysts with broad application potential for

water cleanup.

npj Clean Water (2023)6:21; https://doi.org/10.1038/s41545-023-00235-z

INTRODUCTION

Nitroaromatic compounds are organic composites that comprise
one or more nitro groups (-NO,) connected to the aromatic ring’.
Taking advantage of these groups, nitroaromatic compounds have
been broadly applied to fabricate diverse industrial products, such
as explosives, pesticides, and dyes?. Unfortunately, the nitro group
also hinders the biodegradation of these compounds, resulting in
continuous environmental accumulation. Indeed, their extensive
employment has led to severe contamination of groundwater and
soil, which is usually associated with drinking water quality,
severely posing a threat to human health®*. Traditional waste-
water purification approaches mainly depend on biological
oxidation and physical procedures (i.e., activated carbon adsorp-
tion, nano-filtration)*~’. The biological process is inadequate as
these compounds are barely degraded due to their high
constancy in the water system. Physical methods only transfer
the pollutants instead of destructive removal, which indicates that
further treatments are necessary. Advanced oxidation processes
(AOPs) have been extensively explored in degrading organic
contaminations in wastewater®='°, AOPs generally involve highly
reactive oxygen species (ROS), for instance, hydroxyl radical (-OH)
and superoxide radical (-O,), which can oxidize hazardous
chemical species in water''. Photocatalysis is a promising light-
driven AOP technology, necessitating a photocatalyst and proper
light irradiation to generate ROS that break down organic
pollutants. Recently, nanostructured TiO,, ZnO, and Fe,03 photo-
catalysts have received great interest'>"'’. For instance, Reddy
et al. proposed Cu-doped ZnO nanoparticles for RhB dye
degradation under light irradiation'®. Similarly, Z-scheme binary
heterostructured nanocomposites (i.e., MoS,/g-CsN4 and ZnWO,/
NiFe,O,) were employed for the efficient photocatalytic

degradation of toxic organic pollutants'®?°. However, these

approaches are restricted because of the passive diffusion of
photocatalytic materials, requiring constant agitation. Further-
more, most of them involved more than one component.
Consequently, it is highly desirable to explore more facile and
practical strategies to facilitate the removal of pollutants.

Light-powered micromotors, micro/nano-sized materials that
exploit energy from a powerful, renewable, and abundant source,
such as light, and convert it into motion, have received
considerable interest?'=2%, Previous research has shown that the
active locomotion of light-powered micromotors based on
photocatalytic materials can overcome the limitation of passive
diffusions of photocatalysts by enhancing the interactions with
targeted pollutants®’=3". For instance, Ma et al. developed tubular
micromotors based on TiO,, magnetic Fes0, nanoparticles, and Pt
for the effective degradation of rhodamine 6G3°. Moreover, light-
powered ZnO/Pt micromotors with H,O,-free light-driven propul-
sion ability and hematite/Pt Janus microrobots were explored for
nitroaromatic explosives decomposition®'32, However, a noble
metal coating was required in both cases to unlock the self-
propulsion ability, increasing fabrication costs and complexity.
Therefore, low-cost and simpler micromotors remain to be
explored for future practical applications.

Here, we demonstrate the photocatalytic degradation of
nitroaromatic pollutants by noble metal-free single-component
light-powered WO3; micromotors. Compared to Au-WOs@C Janus
micromotors proposed by Ren et al. for the photodegradation of
dye pollutants?®, single-component WO; micromotors without
the need for additional noble-metal coating were prepared by a
facile hydrothermal reaction followed by a calcination process.
Once exposed to asymmetric light illumination, the micromotors

'Future Energy and Innovation Laboratory, Central European Institute of Technology, Brno University of Technology, Purkynova 123, 61200 Brno, Czech Republic. 2Department of
Medical Research, China Medical University Hospital, China Medical University, No. 91 Hsueh-Shih Road, TW-40402 Taichung, Taiwan. 3Faculty of Electrical Engineering and
Computer Science, VSB - Technical University of Ostrava, 17. listopadu 2172/15, 70800 Ostrava, Czech Republic. “Department of Chemical and Biomolecular Engineering, Yonsei
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can exhibit fuel-free self-actuation in pure water, with remote
control and rapid response over on/off switching of UV-light.
Motion behavior in different conditions demonstrated that H,0,
enhanced the motion and diffusion of micromotors. Finally, these
WO3 micromotors were applied for the effective photodegrada-
tion of nitroaromatic compounds, among which picric acid (PA)
and 4-nitrophenol (4-NP) were selected as models because of their
hazardous nature and high stability in water. Such simple and low-
cost micromotors capable of degrading toxic substances hold
great potential in the micro/nanomotors systems for environ-
mental remediation.

RESULTS

Characterization of WO; micromotors

WO3 micromotors were successfully prepared via the combination
of a simple hydrothermal method and a calcination process, as
described in Fig. 1a. Specifically, a homogenous solution consist-
ing of the tungsten precursor and glucose was sealed under the
hydrothermal condition, followed by an annealing process in air to
promote the formation of single-component WO3; micromotors.
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Scanning electron microscopy (SEM) images in Fig. 1b illustrate
the obtainment of WOz microspheres with sizes varying from 1 to
2 um. A more detailed analysis displays a highly rough surface,
ascribed to a hierarchical structure composed of assembled
nanoparticles (Fig. 1c). Energy-dispersive X-ray spectroscopy (EDX)
elemental mapping images validate the existence and even
distribution of the W and O elements, as shown in Fig. 1d, e. The
X-ray diffraction (XRD) pattern of WO3; micromotors is displayed in
Fig. 1f, which agrees with the standard monoclinic phase (JCPDS
83-0951)%3. In fact, diffraction peaks are observed at 26 =22.9°,
23.4° 24.1°, 26.4°, 28.1°, 32.8°, 33.1°, 41.6°, 50,43° and associated
with the (002), (020), (200), (120), (112), (022), (202), (222), and
(400) crystalline planes of WOs. The chemical states of WO3
micromotors were additionally determined by X-ray photoelectron
spectroscopy (XPS). Figure 1g shows the main peaks ascribed to W
4f and O 1s, highlighted in the XPS wide spectrum. The high-
resolution spectrum of W 4f demonstrates two distinguished
peaks in Fig. 1g. The binding energies of W 4f;,, and W 4fs,,
positioned at 35.3 eV and 37.3 eV, respectively, match well with
reported values of the W8 oxidation state for WO5; microspheres.
The high-resolution spectrum of O 1s displays two peaks at 531.8
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The preparation process and characterization of WO3; micromotors. a Schematic illustration of the preparation of WO; microspheres
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and 530.3 eV binding energy (Fig. 1i)**. The peak at 531.8 eV is
ascribed to OH groups on the WO5; micromotors’ surface, and the
other peak agrees with the lattice oxygen in the crystal structure
of WOz micromotors.

Motion behavior of WO3; micromotors

The single-component WO; micromotors display autonomous
motion when exposed to UV-light illumination both in fuel-free
and H,0O, solutions. Previous research has elucidated the
locomotion mechanism of single-constituent photocatalytic
micromachines under light irradiation3>3¢. As illustrated in
Fig. 2a, the incidence of photons with higher energy than the
optical bandgap of WOz micromotors triggers the generation of
electron-hole pairs. According to previous works®>’~3°, the edge of
the conduction band (CB) of WO3 micromotors (Ecg = 0.77 Vnue,
where Ecg is the conduction band edge at the normal hydrogen
electrode (NHE)) lies below the photocatalytic hydrogen evolution
threshold. The photogenerated electrons in the CB could not react
with H" to generate H,, whereas they can decompose H,O or
H,0, in protons (H). Meanwhile, the photogenerated holes in the
valence band (VB) can contribute to breaking down H,0 or H,0,
into «OH, O, and H*. The non-uniform light exposure of WOs;
micromotors results in an asymmetrical generation of these
chemical species, establishing a product gradient leading to their
movement by self-phoresis*®*. An optical bandgap of 2.72eV,
representing the minimum energy to excite the electrons from the
VB to the CB, was determined from the absorption spectrum of
WO; micromotors (Fig. 2b) using the Tauc plot (inset in Fig. 2b)*2.
Figure 2c exhibits the time-lapse images of a WO3; micromotor’s
trajectory at intervals of ~5s in pure water and 1% H,0,
(Supplementary Videos 1 and 2). WOz micromotors exhibit
Brownian motion without light and fuel-free propulsion when
illuminated by UV-light. A longer trajectory can be observed when
1% H,0, is introduced due to the more pronounced product
gradient around the micromotor. The corresponding speeds of
these micromotors are also depicted in Fig. 2d and Supplementary
Fig. 1a, further indicating the light-controlled on/off movement in
pure water and H,0,.

The motion of WO5; micromotors under different conditions was
further studied by calculating the mean squared displacement
(MSD). As reported in Fig. 2e, the MSD of WOz micromotors in 1%
H,0, without UV-light irradiation follows a linear increase within
1s, indicating merely Brownian motion. The same is observed for
the micromotors in pure water (Supplementary Fig. 1b). When UV-
light is involved, the MSD of micromotors in pure water and H,0,
manifests a parabolic increase with time owing to the light-
induced micromotors’ self-propulsion (Fig. 2e and Supplementary
Fig. 1b)324344 According to MSD analyses, the diffusion coeffi-
cients (D) of WO3; micromotors were plotted and inserted in
Fig. 2e. Under UV-light irradiation in pure water, D is up to
2.0+0.1 um?s~', whereas a tenfold increase is noted in 1% H,0,
(20+1um?s™"). To study the parameters that regulate the
photocatalytic locomotion of WO3; micromotors, different con-
centrations of H,0, were introduced, as depicted in Fig. 2f. The
speed of micromotors was progressively increased from
5+Tums~' to 262 um s~ as a higher concentration of H,0,
(1% H,0,) was added.

Nitroaromatic pollutants degradation

Water contamination caused by nitroaromatic compounds poses
severe environmental hazards due to their wide usage for the
manufacture of explosives, pesticides, and pharmaceuticals and
their non-biodegradable nature with high persistence®. Recently,
various environmentally friendly treatments that employ active
propelled micro/nanomotors have been demonstrated for the
degradation or absorption of nitroaromatic compounds®>=48,
Nevertheless, most micromotors involve a primary half-coating
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with expensive Pt or Au to achieve the asymmetrical structure for
light-activated propulsion or chemically-driven motion based on
H,O, decomposition. There is a strong desire to develop easily
fabricated, low-cost, and recyclable micromotors as candidates to
facilitate their practical applications. Therefore, we employed the
single-component WOs; micromotors to degrade nitroaromatic
compounds in water. PA and 4-NP (molecular structures in the
insets in Figs. 3a and 4, respectively) were both selected as
representative nitroaromatic contaminants. PA was also employed
to investigate the reusability and photodegradation mechanism of
WO3 micromotors.

PA photocatalytic degradation capability of WOz micromotors
was estimated under UV-light irradiation up to 2h in 1% H,0.,.
Figure 3a shows the UV-Vis spectra of PA solutions at different
reaction times. The intensity of the absorbance peak after the
treatments with micromotors decreases with time, suggesting the
degradation of PA. The degradation efficiency of micromotors was
estimated according to Eq. (1)

. - Co—G
Degradation Efficiency = —< X 100% (1)
0

where C, represents the original PA concentration, while C; is the
PA concentration at the time t. Specifically, the decomposition
efficiency of PA is 72% after 2 h treatment, as shown in Fig. 3¢ (red
line). Additionally, several control experiments were accomplished
to assess other contributions to the PA photocatalytic degradation
using WOs micromotors: 1) PA + UV-light; 2) PA+ UV-light +
H,0,; 3) PA + H,0,; 4) PA + WO; + UV-light; 5) PA + WOs + H,0..
As shown in Supplementary Fig. 2a, negligible decreases in the
peak intensity can be observed after 2h photodegradation
without micromotors. For fuel-free motion (PA + WOs + UV-light)
and no motion (PA + WOs + H,0,), the degradation efficiencies
are merely 28% and 5%, respectively, which are lower than the
efficient motion with H,O, (PA + WOs + UV-light + H,0,). These
results suggest that UV-light and the addition of H,O, are not
sufficient to degrade PA. The reusability of materials has been
considered one of the most critical factors for their practical
applications. Figure 3b shows that the degradation efficiency still
exhibits up to 55% after several consecutive degradation cycles
(Supplementary Fig. 2b), which indicates that these micromotors
preserved their high photocatalytic capability.

Photogenerated radicals (i.e, ht, «OH, O,) are crucial for
degrading organic pollutants. Owing to the low CB position of
WO3; micromotors (Ecg =0.77 Vnue), the reduction of O,
(O +e—+0; (aq), —0.33 Vyue) cannot happen under light
irradiation®’. Consequently, photogenerated h* and -OH are
considered the main radicals that can break down PA. Upon UV-
light irradiation, «OH radicals can be formed in two paths: the
oxidation of water and reduction of H,O, adsorbed on the surface
of WO3 micromotors as follows.

H,O0 4+ h™ — eOH + H* Q)
H,0, + = — eOH + OH™ (3)

A suitable potential value for the reduction of H,0, is Ecg =
0.87 Vnue®. WO5 has a higher Ecg (0.77 Vyue), so this reaction can
happen due to being energetically favorable. Therefore, the
enhanced photodegradation efficiency achieved by PA + WO;
+ UV-light + H,0, relies on the photocatalytic capability of WO;
micromotors and also the enhanced radical production on the
surface of WO5; micromotors because of the presence of H,0,. In
order to further understand the degradation mechanism, radical
trapping experiments were performed®. In this regard, EDTA
(10 mgL™") and isopropanol (0.25 uL mL~") were chosen as typical
scavengers to capture h* and -OH, respectively®'. As shown in
Fig. 3c, the involvement of isopropanol sharply decreased the
photo-induced degradation efficiency of the micromotors,
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resulting in 37% (Supplementary Fig. 3b). Therefore, the addition
of isopropanol decreased the amount of free «OH species,
resulting in a markable decrease in the PA photodegradation
efficiency. On the contrary, the addition of EDTA accelerated the
photodegradation process, enhancing the photoactivity of the
micromotors after 2 h light exposure with 1% H,0, (Supplemen-
tary Fig. 3a). On these bases, it can be concluded that the radicals
*OH are the key photogenerated chemical species responsible for
PA oxidation (Fig. 3d).

4-Nitrophenol (4-NP) is a poisonous and bio-rebellious nitroaro-
matic contaminant that can harm human health considerably?. In
this work, WO3; micromotors were also used to degrade 4-NP.
Initially, control experiments were run to exclude the interference
of other factors (UV-light, H,0,, and their combination). As
depicted in Supplementary Fig. 4a, no noticeable decline in the
absorbance intensity can be observed when micromotors are not
involved in control experiments. Figure 4 demonstrates the 4-NP
degradation after the treatment with WO3; micromotors under
light exposure in water (free-fuel motion) and in the presence of
H,O, (fuel-driven motion) for different durations. Obviously,
micromotors powered by the fuel presented an enhanced
degradation activity, resulting in an efficiency of 40%, higher

npj Clean Water (2023) 21

than fuel-free motion (11%). This phenomenon can be explained
by the lower propulsion speed of micromotors in pure water
without any agitation.

DISCUSSION

Here, we reported the large-scale synthesis of precious metal-free
single-component WOs; micromotors via a facile hydrothermal
method, which is easily scalable, combined with calcination. We
demonstrated that such WO5; micromachines exhibit self-propulsion
upon light exposure, even without H,0, fuel. Specifically, they
displayed perceptive on/off motion capability with light exposure.
From MSD analyses, it can be proved that micromotors showed pure
Brownian motion without light, whereas self-propulsion was
achieved under asymmetric UV illumination. The active motion
and photocatalytic activity of WO3; micromotors were applied to
degrade toxic nitroaromatic pollutants, such as PA and 4-NP. The
micromotors degraded 70% of PA and 40% of 4-NP in water without
any external agitation. The photodegradation mechanism was also
investigated through radical trapping experiments, which confirmed
that «OH is the key ROS responsible for pollutant degradation. The
obtained results indicate the possibility of using single-component
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photocatalytic micromotors to eliminate non-biodegradable and
hazardous pollutants from industrial sewages.

METHODS
Synthesis of WO3; micromotors

Firstly, 50 mL of deionized (DI) water was placed in an 80 mL
beaker. Then, 1 mmol Na,WO, was dissolved in the prepared DI
water with constant magnetic stirring. Afterward, 25 mmol of
glucose was added to the prepared suspension. The final mixture
was magnetically mixed until obtaining a homogeneous solution.
Then, the solution was transferred into an autoclave. The
autoclave was sealed and placed in a preheated oven at 200 °C
and lasted for 20 h. When the reaction ended, the autoclave was
taken out from the oven and naturally cooled down to room
temperature. The precipitated product was cleaned using DI water
and ethanol and dried in an oven overnight. Then, the dried
products were sealed with aluminum foil and calcined at 550 °C in
air. The obtained green-colored product was collected for further
experiments.

Characterization of micromotors

SEM images of WO5; micromotors were acquired by a Tescan MIRA
3 XMU instrument. EDX mapping analysis was conducted by an
EDX detector (Oxford Instruments) coupled to the SEM. The
chemical states of WO5; micromotors were characterized by a
Kratos Analytical Axis Supra instrument.

Motion experiments

The micromotors’ motion was recorded by an inverted micro-
scope (Nikon ECLIPSE Ts2R) and a camera (BASLER acA1920-
155uc). Specifically, a 5pL aqueous suspension containing
WO;3; micromotors was used for motion experiments. Three
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concentrations of H,O, (Merck, 30%) were mixed with the
previous suspension, achieving final concentrations of 0, 0.1, and
1%, to observe and record the videos of micromotors’ motion with
a frame rate of 25 fps. No surfactants were involved in all
experiments. The micromotors were exposed to a UV-light source
(Cool LED pE-100, 1.6 W cm~2) with a 365 nm wavelength. In order
to observe the on/off behavior of micromotors, the light source
was switched on/off at defined time intervals (~5s). The WO;
micromotors’ velocities and trajectories were calculated from the
recorded videos and tracked by the NIS Elements Advanced
Research software. The diffusion coefficient of micromotors was
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calculated according to the following equations based on the
results of MSD plot fitting:

MSD = 4DAt 4

MSD = 4DAt + v2At? (5)

Pollutants degradation experiments

In all experiments, 2mgmL™" of micromotors, 50 UM aqueous
solution of picric acid (PA, Merck, 99%), and 1% H,0, were
consecutively placed in UV-transparent cuvettes. Once UV-light
(356 nm, 9 W) was turned on, the cuvettes were put in a closed box
for in total of 120 min. Control experiments without UV-light
irradiation or H,O, were performed to elucidate the contribution of
micromotors. After a different light exposure time, the mixtures were
centrifuged at a certain speed for 3 min to obtain the final solution
without the micromotors. A UV-Vis spectrophotometer (Jasco V-750)
was used to measure the absorbance spectra of the solutions. The
absorbance peak at 354nm was considered to calculate the
degradation efficiency. The degradation of 150 uM 4-nitrophenol
(4-NP, Sigma Aldrich, 99%) followed the same procedures as PA.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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6. Photo-Fenton degradation of nitroaromatic explosives by
light-powered hematite microrobots: when higher speed is

not what we go for

Published paper included in this chapter:

Xia Peng, Mario Urso and Martin Pumera*, “Photo-Fenton Degradation of Nitroaromatic
Explosives by Light-Powered Hematite Microrobots: When Higher Speed Is Not What We Go
For”, Small Methods 2021, 2100617.

6.1 Motivation of this study

The primary aim of this research is to investigate how the thickness of the metal layer affects
the motion dynamics of light-powered Janus microrobots and its impact on their photocatalytic
efficiency. Different from single component microrobots, Janus microrobot generally consist
of one photocatalyst and half coated metal layer. The metal layer plays important role in the
propulsion performance of microrobots due to that it improves the charge separation at the
semiconductor/metal interface, enhancing the microrobots’ speed and photocatalytic properties.
However, the impact of metal layer thickness on the self-propulsion performance of light-
driven Janus microrobots remains unexplored. Furthermore, the correlation between metal
layer thickness, microrobot speed, and photocatalytic efficiency has yet to be thoroughly

investigated and understood.

6.2 Paper conclusion

The research focused on investigating the influence of different thickness of metal layer on
microrobots, employing hematite as the active photocatalyst and sputtering half Pt as metal
layer. These microrobots, fabricated via hydrothermal synthesis and Pt sputtering (with 30, 60,
and 90 nm Pt layers), leverage hematite's photocatalytic properties, low cost, and magnetism.
A thicker Pt layer increased microrobot speed, as confirmed by Tafel measurements. However,
while faster motion was observed, degradation efficiency of picric acid (PA), a model explosive
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pollutant, decreased with thicker Pt layers. This reduction was attributed to greater
consumption of H>O» for propulsion, leaving less available for the hematite-driven photo-
Fenton degradation process. Interestingly, microrobots with a 30 nm Pt layer demonstrated the
balance between speed and pollutant degradation, successfully degrading PA, 4-NP, and RhB,
both individually and in mixtures. These findings highlight the need to balance motion and

catalytic efficiency by optimizing Pt layer thickness for water pollutant remediation.

6.3 Author contribution

I performed the fabrication of microrobots, recorded, and analyzed their motion, carried out
the degradation experiments, and interpreted the data. Then, I wrote the first version of the

manuscript.
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Photo-Fenton Degradation of Nitroaromatic Explosives by
Light-Powered Hematite Microrobots: When Higher Speed

Is Not What We Go For

Xia Peng, Mario Urso, and Martin Pumera*

Self-powered micromachines are considered a ground-breaking technology for
environmental remediation. Light-powered Janus microrobots based on photo-
catalytic semiconductors asymmetrically covered with metals have recently
received great interest as they can exploit light to move and contemporarily
degrade pollutants in water. Although various metals have been explored and
compared to design Janus microrobots, the influence of the metal layer thick-
ness on motion behavior and photocatalytic properties of microrobots have
not been investigated yet. Here, light-driven hematite/Pt Janus microrobots
are reported and fabricated by depositing Pt layers with different thickness

on hematite microspheres produced by hydrothermal synthesis. It has been
demonstrated that the thicker the metal layer the higher the microrobots
speed. However, when employed for the degradation of nitroaromatic explo-
sives pollutants through the photo-Fenton mechanism, higher rate of H,0,
consumption leads to higher propulsion speed of microrobots and lower
pollutants degradation efficiencies owing to less H,0, involved in the photo-
Fenton reaction. This work presents new insights into the motion behavior of
light-powered Janus micromotors and demonstrates that high speed is not
what really matters for water purification via photo-Fenton reaction, which is
important for the future environmental applications of micromachines.

past decades, tremendous efforts have
been made toward the precise control
of microrobots motion mechanism,
speed, and directionality, with the aim
to accomplish specific tasks in complex
environments.’ M The self-propulsion of
these tiny machines can be induced by
chemical fuels (H,0,, glucose, urea) or
external stimuli such as light, magnetic
fields, and ultrasound.'>-2% Light is a very
attractive energy source to power micro-
robots because it is powerful, renewable,
and abundant. Consequently, light-driven
microrobots have recently attracted great
attention and have been reported moving
at the cellular level, overcoming the major
limitation of toxic fuels such as H,0,, or
degrading “on-the-fly” harmful pollutants
in water.???l “Two-faced” Janus microro-
bots, consisting of a photocatalytic semi-
conductor asymmetrically covered by a
metal layer, represent the most efficient
light-powered microrobots.?>2%1  These
microrobots can move via the self-elec-
trophoretic mechanism due to the asym-
metric generation of charges under light

1. Introduction

Micro/nanorobots are smart micro/nanomaterials that can
efficiently convert the surrounding energy into autonomous
motion, navigate, and perform desired actions.?l They hold
great prospects in various application fields from biomedi-
cine to environmental remediation and sensing.>® Over the

irradiation, establishing a local electric field that induces their
motion.””] The metal layer plays a crucial role as it improves
the charge separation at the semiconductor/metal interface,
enhancing the microrobots’ speed and photocatalytic proper-
ties.”] Different metals, especially noble metals like Au and Pt,
have been combined with different photocatalysts (UV-light-
activated TiO, and ZnO, visible light-activated Fe,03 and BiOl)
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to fabricate light-driven Janus microrobots.?83U [t has been
demonstrated that the metal layer must be carefully chosen
in order to achieve the highest speed. Moreover, the optimal
metal layer may vary from one semiconductor to another. For
instance, Maric et al. studied the speed in pure water of UV-
powered metal/TiO, Janus microrobots with different metal
coatings (Au, Ag, Pt, Cu, Fe), reporting that TiO,/Pt micro-
robots showed the highest speed due to the largest electrochem-
ical potential difference between Pt and TiO, compared to the
other metalsi?’! while Au was found to be the best metal coating
for visible light-driven metal/BiOI Janus microrobots.?¥! The
effect of bimetals (bilayers of Au and Ag on TiO, microparticles
and bimetallic coatings of Pt-Pd and Au-Pd 80:20 on Fe,0;) has
also been investigated, evidencing a remarkable enhancement
in speed compared to single metals.?) Nevertheless, the influ-
ence of metal layer thickness on the self-propulsion ability of
light-driven Janus microrobots has not been reported yet. Addi-
tionally, the relationships between metal layer thickness and
microrobots’ speed and photocatalytic properties remain to be
studied and clarified.

In this work, the role of metal layer thickness in the motion
behavior of light-powered Janus microrobots was investigated
and how it affects microrobots’ photocatalytic properties was
also illustrated by applying them for the photocatalytic degrada-
tion of pollutants in water. Hematite was selected as the semi-
conducting side due to its low cost, biocompatibility, catalyzed
Fenton and photo-Fenton reaction, and intrinsic magnetism,
which allows navigation through magnetic fields. Pt has been
chosen as the metal side according to our previous paper.*”!
Hematite/Pt Janus microrobots were fabricated by depositing
Pt layers with different thickness (30, 60, and 90 nm) through
sputtering on hematite microspheres synthesized by a hydro-
thermal method (Scheme 1). All microrobots show self-propul-
sion under UV-light irradiation in pure water and higher speed
in the presence of small amounts of H,0,, with a rapid on/
off response to light. With increasing Pt layer thickness, micro-
robots exhibit faster motion, which was explained by electro-
chemical potential measurements from Tafel experiments. In
addition, the influence of metal layer thickness on pollutant
degradation was investigated using picric acid (PA) as a typical
high-energy nitroaromatic explosive pollutant in water. The

Hematite
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Scheme 1. Light-powered hematite/Pt Janus microrobots with different
Pt layer thickness for photo-Fenton degradation of explosive pollutants in
water. The higher Pt layer thickness results in higher microrobots speed
but lower efficiency in PA degradation via the photo-Fenton mechanism.
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photo-Fenton reaction in the presence of UV-light irradiation
and 0.1% H,0, was identified as the dominant degradation
mechanism. Still, the higher speed achieved with the thicker
Pt layer does not result in higher degradation efficiency, which
was attributed to the higher consumption of H,0, for motion,
leading to less H,0, available for photo-Fenton degradation.
This work presents new important insights into the motion
mechanism and speed of light-powered microrobots, and
evidences the rise of a competition between microrobots speed
and pollutant degradation efficiency when photo-Fenton pro-
cesses are involved.

2. Experimental Section

2.1. Synthesis of Hematite Microspheres

Hematite (o-Fe,0;) microspheres were synthesized by a facile
hydrothermal reaction. In a typical synthesis, FeCl; (Sigma
Aldrich, 97%) was added to ultra-pure water (18 MQ cm) to
form a 1 M FeCl; homogenous solution under magnetic stir-
ring. Then the solution was transferred into a 50 mL Teflon-
lined stainless-steel autoclave, heated at 160 °C for 20 h, and
cooled down to room temperature naturally. Afterward, the
product was collected by centrifugation and washed several
times with deionized water and ethanol. Finally, it was dried in
a vacuum oven at 60 °C for 12 h.

2.2. Preparation of Hematite/Pt Janus Microrobots

To prepare hematite/Pt Janus microrobots, the synthesized hem-
atite microspheres were suspended in pure water (5 mg mL™)
and dispersed by sonication. The suspension was dropped by
a pipette on glass slides and dried overnight. Pt layers with
different thickness (30, 60, and 90 nm) were asymmetrically
deposited on hematite microspheres by sputtering method.
The real-time thickness of the sputtered Pt layer was controlled
by a quartz crystal microbalance. After the sputtering process,
microrobots were released using a scalpel.

2.3. Microrobots Characterization

Scanning electron microscopy (SEM) images of hematite micro-
spheres and hematite/Pt Janus microrobots were obtained with
a Tescan MIRA 3 XMU instrument. Energy-dispersive X-ray
spectroscopy (EDX) mapping analysis was performed using
an Oxford EDX detector connected to the SEM. The magnetic
hysteresis loop was carried out on a Cryogenic-free VSM mag-
netometer at 300 K in magnetic fields up to 10 kOe.

2.4. Motion Experiments
A Nikon ECLIPSE TS2R inverted microscope coupled with a
Hamamatsu digital camera C13440-20CU was used to record the

microrobots’ motion. Briefly, a microrobot aqueous suspension
was dropped on a glass slide. Different concentrations of H,0,
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(Merck, 30%) were subsequently added to the drop in order to
study microrobots motion in 0%, 0.1%, and 1% H,0,. All exper-
iments were carried out in the absence of surfactants. Then,
the microrobots were activated by a 365 nm UV LED (CoolLED
PE-100) operated at different light intensities. Recorded videos
were analyzed to observe microrobot tracks and calculate their
speed through NIS Elements Advanced Research software.

2.5. Electrochemical Measurements

Tafel experiments were carried out using a customized
photoelectrochemical setup with a 365 nm UV LED (700 mA
powered LZ4-04UV00, LedEngin Inc.) in the two-electrode
configuration with either hematite electrode or Pt electrode as
working electrodes and an Ag/AgCl electrode as both refer-
ence and counter electrode. The hematite working electrode
was made by dropping 100 UL of a 5 mg mL™! aqueous sus-
pension of hematite microspheres on a commercial indium
tin oxide (ITO)-covered glass slide (1 x 2 cm?, Sigma Aldrich,
8-12 Q sq7!) and drying overnight. Pt working electrodes with
different Pt layer thickness were obtained by sputtering 30,
60, and 90 nm Pt on ITO-covered glass slides. Tafel measure-
ments were recorded at a scan rate of 5mV s from 0 to 0.5V
versus Ag/AgCl under UV-light irradiation on the working
electrodes (1 x 1 cm? immersed area) in pure water and 1%
H,0, solution using a Metrohm AUTOLAB potentiostat.

2.6. Pollutants Degradation Experiments

Microrobots (1 mg mL™), piric acid (PA, Merck, 99%) aqueous
solution (50 x 10 M), and 0.1% H,0, were successively added
to UV-transparent cuvettes. A control experiment with bare
hematite microspheres was also carried out. Cuvettes were
exposed to UV-light irradiation (365 nm UV LED lamp, 4 W)
for 2 h. Additional control experiments in the absence of UV-
light irradiation or H,0, were conducted to elucidate the degra-
dation mechanism. At the end of the process, the suspensions
were centrifuged (7000 rpm for 3 min) to separate the solu-
tion from the microrobots and UV-Vis absorption spectra were
recorded using a Jasco V-750 UV-Vis spectrophotometer. PA
degradation efficiency was calculated based on Equation (1)

Degradation Efficiency = % %100 (1)
0

where C, is the initial PA concentration and C; is PA con-
centration after the treatment with microrobots, measured
in correspondence of the maximum at 354 nm in the UV-vis
spectrum. The same procedure was applied for the degrada-
tion of 4-nitrophenol (4-NP, Sigma Aldrich) aqueous solution
(140 x 107® M) and Rhodamine B (RhB, Alfa Aesar) aqueous
solution (200 x 1076 m).

3. Results and Discussion

The aim of this work is to investigate the influence of
metal layer thickness on the speed and explosive pollutant
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photodegradation ability of light-driven Janus microrobots
based on photocatalytic semiconductors asymmetrically cov-
ered with a metal layer. For this purpose, among the different
semiconductors, hematite (0~Fe,03) has been selected due to its
low cost, biocompatibility, excellent photocatalytic properties,
catalyzed Fenton and photo-Fenton reaction, and magnetic field
navigability. Based on our previous work, Pt has been chosen
as the metal to fabricate Janus micromotors owing to its larger
electrochemical potential difference with hematite compared
to other single metals, leading to higher speed.! Specifically,
hematite/Pt Janus microrobots were fabricated using a simple
approach as illustrated in Scheme 2. Hematite microspheres
were first synthesized via a facile hydrothermal method and
subsequently coated with Pt layers with different thickness (30,
60, and 90 nm) by sputtering method to fabricate Janus micro-
robots. Figure 1 shows SEM images and the corresponding
elemental mapping images obtained by EDX of a bare hematite
microsphere and microrobots with different Pt layer thickness.
Hematite microspheres consist of self-assembled nanoparti-
cles, resulting in a highly rough surface as shown in the region
marked in red in Figure S1in the Supporting Information, and
exhibit a uniform distribution of Fe and O. After Pt layer depo-
sition, microspheres exhibit the distinct asymmetrical structure
of Janus microrobots. Furthermore, the atomic percentages
of Fe, O, and Pt were obtained by EDX, finding the 2:3 ratio
between Fe and O, as expected for hematite, and an increasing
amount of Pt with increasing thickness of the Pt layer. In par-
ticular, the atomic percentages were estimated as: 41% Fe and
59% O for the bare hematite microsphere; 39% Fe, 60.3% O,
and 0.7% Pt for 30 nm Pt microrobots; 36.8% Fe, 61% O, and
2.2% Pt for 60 nm Pt microrobots; and 41.7% Fe, 55.1% O, and
3.2% Pt for 90 nm Pt microrobots. It must also be noted that
the ratio of Pt among the different samples is =1:2:3, which is
in agreement with the selected sputtered thicknesses (30, 60,
and 90 nm).

000
o0

Hematite microspheres

Hydrothermal reaction
at 160°C for 20 h

. ®
&
...... ® .. - 60 nm
L] %
Yo,
Hematite Pt layer
microspheres deposition

Hematite/Pt Janus
microrobots

Scheme 2. Schematic illustration of hematite microspheres synthesis
and hematite/Pt Janus microrobots fabrication.
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Figure 1. SEM and EDX elemental mapping images of a bare hematite microsphere and hematite/Pt Janus microrobots with different Pt layer thick-

ness (scale bars are T um).

The motion behavior of hematite/Pt microrobots with dif-
ferent Pt layer thickness was evaluated in pure water and in
the presence of H,0, under UV-light irradiation. Figure 2a
reports 5 s long trajectories of microrobots in 0%, 0.1%, and
1% H,0, (Movies S1-S3, Supporting Information). All micro-
robots show Brownian motion in the dark and fuel-free self-
propulsion ability under UV-light irradiation, independently of
the thickness of the Pt layer, which was not observed for bare
hematite microspheres also in the presence of both H,0, fuel
and UV-light irradiation (Movie S4, Supporting Information).
Moreover, at a fixed Pt layer thickness, a higher concentration
of H,0, facilitates longer navigation trajectories within the
5 s recording. The speed of 30, 60, and 90 nm Pt microrobots
in different concentrations of H,0, was also calculated from
the average of more than 20 different microrobots (Figure 2b).
From 0% to 1% H,0,, the speed increases from 5 £ 1 to
14 + 2 um s! for 30 nm Pt microrobots, from 7 £ 0.7 to
21 £ 3 um s7! for 60 nm Pt microrobots, and from 4 + 0.7 to
27 £ 5 um s7! for 90 nm Pt microrobots. In addition, a larger Pt
layer thickness results in higher speed for the same concentra-
tion of H,0, fuel. Only a small deviation from this behavior
is noted for the 90 nm Pt microrobots in pure water as they
display a lower speed compared to 60 nm Pt microrobots.
Upon UV-light irradiation, separation of photogenerated
electron-hole pairs in hematite occurs at the interface with Pt,
and electrons are injected from the hematite conduction band
into Pt. As a consequence, more protons are produced at the
hematite side from the oxidation of water and H,0,, if present.
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This gradient of protons generates a powerful fluid flow toward
Pt side and establishes an electric field which results in Janus
microrobots self-propulsion via a self-electrophoretic mecha-
nism.[923242830.321 The addition of small amount of H,0,
(0.1%) results in a much stronger gradient of charges and
thus in a faster propulsion and higher speed. Furthermore, in
the absence of light irradiation and in the presence of H,0,,
microrobots can move via a self-diffusiophoretic mechanism
due to the gradient of products resulting from the Pt-catalyzed
decomposition of H,0,. In general, these findings suggest that
increasing the metal layer thickness can significantly enhance
the speed of light-powered Janus microrobots.

To further explore the parameters that control the light-
powered motion of hematite/Pt microrobots, UV-light on/
off switching experiments were performed. Figure 2c reports
the speed of microrobots with different Pt layer thickness for
on/oft switching of UV-light irradiation at time intervals of
=5 s in 1% H,0,. All microrobots display a perceptive on/off
response to light. In addition, the influence of light intensity
on microrobots’ motion and speed was taken into considera-
tion. When the UV-light source intensity was varied from 0.4 to
1.6 W cm™2, the speed of 90 nm Pt microrobots nearly tripled,
increasing from 10 + 1to 27 £ 5 um s™! (Figure S2, Supporting
Information).

The underlying reasons for the differences in the speed
when different Pt layer thicknesses are deposited on the surface
of hematite microspheres were investigated. According to pre-
vious reports, the speed of a light-powered Janus microrobot is
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Figure 2. Motion behavior of hematite/Pt Janus microrobots in pure water and in different concentrations of H,0,. a) Micrographs showing 5 s long
trajectories (scale bars are 20 um). b) Comparison of microrobots speed. c) Microrobots speed in 1% H,0, by on/off switching of UV-light irradiation

at time intervals of =5 s.

correlated with the mixed potential difference between the two
sides of the microrobot.’>=%l In particular, it has been demon-
strated that the larger is such potential difference, the higher is
the speed.?>3% On these bases, the mixed potential difference
between hematite and Pt electrodes with different thickness
were measured in pure water and in 1% H,0, under UV-light
irradiation. As shown in Figure 3a, the lowest potential dif-
ference (132 mV) between hematite and 90 nm Pt electrodes
is observed in pure water, which is consistent with the lowest
speed of 90 nm Pt microrobots in pure water (Figure 2b).
There is an exception, since a larger difference for 60 nm Pt
microrobots was expected on the bases of speed measure-
ments. However, in 1% H,0,, a thicker Pt layer results in a
larger potential difference with hematite, which is exactly con-
sistent with the trend observed for the speed.

-5 T T T T
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146 mV | :
|
-6 132 mV 1 : L
I

Log (jil) [A]
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Hematite
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©
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The motion mechanism of hematite/Pt microrobots with dif-
ferent Pt layer thickness was studied by calculating the mean
squared displacement (MSD) with and without UV-light irra-
diation for 30 and 90 nm Pt microrobots, which represent the
two extreme conditions. As reported in Figure S3 in the Sup-
porting Information, the MSD of 30 nm Pt microrobots in pure
water and in dark (UV-off) increases linearly over time, indi-
cating a Brownian behavior (Figure S3a, Supporting Informa-
tion). The same is observed for 90 nm Pt microrobots. Under
UV-light irradiation (UV-on), the MSD of both microrobots
follows a parabola due to the light-induced self-electrophoretic
motion of microrobots (Figure S3a, Supporting Information).
The main differences between the two samples are observed
in dark and in the presence of H,0,. In fact, without UV-light
irradiation, 30 nm Pt microrobots displayed parabolic MSD

(b)-s L ssmv

1
~
T

Log (Iil) [A]
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©
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10 — —_ : ; . .
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Figure 3. Tafel plots of hematite and 30, 60, and 90 nm thick Pt electrodes under UV-light irradiation a) in pure water and b) in 1% H,0,.
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Figure 4. Investigation of PA degradation by light-driven hematite/Pt Janus microrobots with different Pt layer thickness. a) Absorbance spectra of PA
treated for 2 h with 30 nm Pt microrobots under UV-light irradiation in pure water (photocatalysis) without UV-light irradiation in 0.1% H,0, (Fenton
reaction) and under UV-light irradiation in 0.1% H,0, (photo-Fenton reaction). b) PA degradation efficiency of bare hematite and 30, 60, and 90 nm
Pt microrobots after 2 h UV-light irradiation in 0.1% H,0,. c) Time-dependent H,0, consumption by 30, 60, and 90 nm Pt microrobots under UV-light
irradiation in 0.1% H,0,. d) Microrobots’ speed at different stages of the degradation process.

only in 1% H,0, (Figure S3b, Supporting Information). There-
fore, it can be concluded that for 30 nm Pt microrobots, self-
diffusiophoresis in 0.1% H,0, is not powerful enough to
overcome the Brownian motion, and it becomes dominant only
at higher H,0, concentrations. Contrarily, 90 nm Pt microro-
bots exhibit self-diffusiophoretic motion also at the lower con-
centration of 0.1% H,0, (Figure S3c, Supporting Information).
Thus, the strength of the diffusiophoresis increases with the
amount of sputtered Pt, and plays a major role in the improved
self-propulsion ability of 90 nm Pt microrobots in the presence
of H,0,, in agreement with Tafel measurements. From MSD
analysis, the diffusion coefficients of the microrobots were cal-
culated and plotted in Figure S3d in the Supporting Informa-
tion. The diffusion coefficient rises by increasing the Pt layer
thickness and H,0, concentration.

The improved light-powered motion of hematite/Pt micro-
robots with increasing Pt layer thickness was tested for the
photocatalytic degradation of pollutants in water. PA (mole-
cular structure in the inset in Figure 4a) was selected as a
high-energy explosive representative contaminant. Initially, we
investigated the mechanism of PA degradation using 30 nm
Pt microrobots for 2 h under different conditions: 1) UV-light
irradiation, no H,0, (photocatalysis); 2) no UV-light irradiation,
0.1% H,0, (Fenton reaction); and 3) UV-light irradiation, 0.1%
H,0, (photo-Fenton reaction). The absorbance spectra of PA
solutions before and after treatments are shown in Figure 4a. A
significant decline of PA absorbance intensity is observed only
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for the solution treated via photo-Fenton reaction, suggesting
that photo-Fenton is the dominant degradation mechanism.
This behavior is in agreement with previous reports.?%3¢l In
fact, it has been proven that photo-Fenton reaction generates
stronger oxidative species, i.e., hydroxyl radicals and superoxide
radicals required for the degradation of pollutants, compared to
photocatalysis and Fenton reaction.*’!

After identifying the most effective degradation mechanism,
bare hematite and microrobots with different Pt layer thickness
were all employed to degrade PA under UV-light irradiation in
0.1% H,0, for 2 h (the corresponding absorption spectra are
reported in Figure S4, Supporting Information). As shown
in Figure 4b, bare hematite displays a lower PA degradation
efficiency (38%) than 30 nm Pt microrobots (56%) owing to
their autonomous motion and enhanced diffusion. It should
be noted that in the case of microrobots, half of the hematite
area is, in principle, coated by Pt. Nonetheless, they still exhibit
superior efficiency compared to bare, static hematite, indi-
cating that self-propulsion plays a crucial role in the effective
and rapid degradation of PA. A higher speed leading to a faster
PA degradation was expected. Surprisingly, the degradation
efficiency of 60 and 90 nm Pt microrobots is merely 24% and
12%, respectively, which is lower than 30 nm Pt microrobots
and bare hematite. These results indicate that the higher thick-
ness of Pt layer and, consequently, the higher speed of micro-
robots could not be beneficial for photo-Fenton degradation of
pollutants. One possible explanation for this behavior is that
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Pt overcoated the surface of hematite microspheres, leading to
less exposed surface of hematite participating to the degrada-
tion process. Nevertheless, EDX elemental mapping (Figure 2)
shows that the Janus structure of 60 and 90 nm Pt microrobots
is preserved. An alternative explanation is that the higher thick-
ness of the Pt layer could accelerate the decomposition of H,0,,
leaving less H,0, available for the photo-Fenton degradation.
In order to verify this hypothesis, H,0, consumption over
time by microrobots under UV-light irradiation was evaluated
as shown in Figure 4c. H,0, was almost completely consumed
by 60 and 90 nm Pt microrobots within only 5 min from the
start of the process. In contrast, almost 50% of H,0, was still
present after 5 min treatment with 30 nm Pt microrobots and a
not negligible amount was detected also after 2 h. The kinetics
of the reaction with the thickness of the layer was successfully
fitted only by using the third-order kinetics model®®!

(e
C (6

where C, is the initial concentration of H,0,, C; is the con-
centration of H,0, at the time t [s], and k [mol? L? S7Y is

the third-order rate constant. The plots of (Cif)as a function

of t for hematite/Pt microrobots at varying Pt layer thickness are
shown in Figure S5a in the Supporting Information. From the
linear fitting of these plots, the rate constant k was calculated
using Equation (2), finding that k increases with Pt layer thick-
ness as k3o ym pr = 14 mol™ L2 S™' < kgo pm pr = 528 mol 2 12 S
< koo nm pt = 827 mol™? L? S7! (Figure S5b, Supporting Infor-
mation). These k values demonstrate much faster H,0, con-
sumption of 90 nm Pt micromotors, which also confirms Tafel
measurements results that in H,0, a thicker Pt layer results in
a larger potential difference with hematite and higher speed of
microrobots, as shown in Figure 3b.

Microrobots speed at different stages of the degradation pro-
cess was further investigated. Figure 4d shows that the speed
of 90 nm Pt microrobots decreases dramatically after 30 min.
Notably, the speed of 30, 60, and 90 nm Pt microrobots after
2 h UV-light irradiation is consistent with the trend of micro-
robots speed already illustrated in Figure 2b in pure water
(0% H,0,). Based on these experimental results, it should be
emphasized that the higher thickness of Pt, which significantly
enhances the photocatalytic capacity of Janus microrobots, is
generally preferable. However, when conducting photo-Fenton
degradation experiments with such microrobots, the opposite
trend is observed for the degradation efficiency.

The photo-Fenton degradation kinetics of PA using hematite/
Pt Janus microrobots under UV-light irradiation in 0.1% H,0,
were also evaluated following the first-order kinetics model*’!

h{%):—kt 3)

where C, is the initial concentration of PA, C, is the concentra-
tion of PA at the time t [min], and k [min™] is the first-order
rate constant. The plots of In(C,/C) as a function of ¢ for hema-
tite/Pt microrobots at varying Pt layer thickness are shown in
Figure S6a in the Supporting Information. From the linear
fitting of these plots, the rate constant k was calculated using
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Equation (3), finding that k decreases with Pt layer thickness as
K30 nm pt = 0.686 x 1072 min~ > kgy ym pr = 0.226 x 102 min~! >
koo nm pt = 0.0975 x 1072 min™' (Figure S6b, Supporting
Information). The ks ,y, pe 1S nearly seven times larger than
k9o nm pt and three times larger than kg, pi [t can be seen that
the Pt layer thickness of hematite microrobots has a significant
effect on the degradation rates, which further proves the supe-
rior degradation ability of 30 nm Pt hematite microrobots.

The degradation ability of the optimal 30 nm Pt microrobots
against 4-nitrophenol (4-NP) and rhodamine B (RhB) pollut-
ants was further investigated. 4-NP has been selected as a more
toxic pollutant which can cause considerable damage to the eco-
system and human health.[*”] Instead, RhB has been chosen to
carry out selectivity test, since the UV-Vis absorption peak of
PA (354 nm) and 4-NP (313 nm) are almost overlapped while
RhB absorbs at higher wavelength (peak at 553 nm), allowing to
discriminate it from PA. Both 4-NP and RhB degradation were
carried out under UV-light irradiation in 0.1% H,0, to exploit
the photo-Fenton mechanism. The measured UV-Vis spectra
for 4NP and RhB degradation are shown in Figure S7a,b in
the Supporting Information, respectively. The absorbance of
the pollutant solution treated with microrobots decreases with
UV-light irradiation time, which is indicative of the significant
degradation of 4NP and RhB. Specifically, the decomposition
efficiencies of 4-NP and RhB are 63% and 38% after 120 min,
as reported in Figure S7e in the Supporting Information. The
mixture of pollutants with PA was also degraded by 30 nm Pt
microrobots (Figure S7a,b, Supporting Information). Owing to
the overlap between PA and 4-NP absorption peaks (Figure S7c,
Supporting Information), the degradation of a mixture of PA
and RhB (peak at 553 nm) was studied (Figure S7d, Supporting
Information). It must be noted that the degradation efficiency
of RhB (35%) is similar to the one of RhB (38%) when it is
in mixture with PA. However, the degradation efficiency of PA
(34%) in the mixture is lower than bare PA (56%). Still, the sum
of the degradation efficiency of PA and RhB in the mixture is
close to that of bare PA and bare 4-NP. Notably, the micro-
robots are not specific for PA degradation, but can degrade PA
in mixture of pollutants such as RhB with a lower efficiency.
This lower efficiency of PA can be explained by the larger size
of RhB molecule compared to PA, hindering PA adsorption,
and hence, degradation on microrobots surface.

Regarding these degradation results, it is worth noting
that other microrobots have been used for degradation of PA,
achieving higher efficiencies (84%) than 30 nm Pt microrobots
(56%) in this work.””l However, these values were achieved using
an extremely powerful UVight source (300 W) compared to
merely 4 W UV-light lamp. Furthermore, Fe;0, nanoparticles have
been introduced to achieve navigable motion and magnetic collec-
tion. Here, hematite microspheres are intrinsically magnetic as
previously demonstrated.?%) Magnetic hysteresis loop of hematite
microspheres using vibrating sample magnetometer (VSM) was
measured and plotted in Figure S8 in the Supporting Informa-
tion. Hematite exhibits a coercivity of about 0.2 emu g™ at about
1 kOe magnetic field, which is enough to induce the rotation of
microrobots using small magnets and, in combination with UV-
light irradiation, achieve precise navigation (Movie S5, Supporting
Information).!! Based on these considerations, 30 nm Pt micro-
robots hold great potential in pollutant photodegradation.

© 2021 Wiley-VCH GmbH
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4, Conclusions

The influence of metal layer thickness on the motion and speed
of light-powered Janus microrobots as well as on their applica-
tion in environmental remediation was investigated. Hema-
tite/Pt Janus microrobots with different Pt layer thickness
(30, 60, and 90 nm) were fabricated by hydrothermal synthesis
of hematite microspheres and Pt layer deposition via sput-
tering. Hematite was chosen among the photocatalytic semi-
conductors owing to its low cost, biocompatibility, catalyzed
Fenton and photo-Fenton reactions, and intrinsic magnetism.
A higher Pt layer thickness generally leads to a higher speed
as confirmed by Tafel measurements. This result demon-
strates that the speed of light-powered Janus microrobots can
be greatly enhanced by increasing metal layer thickness. The
enhanced speed of these microrobots for the degradation of
picric acid (PA) as a model for explosive pollutants was tested
in water. The photo-Fenton reaction proved to be the dominant
mechanism. Surprisingly, by increasing the Pt layer thickness,
a faster light-powered motion of microrobots in the presence
of H,0, and less degradation efficiency of PA were obtained,
which is attributed to the higher consumption of H,0, for
microrobots motion based on the Pt-catalyzed decomposition
of H,0,, resulting in less H,0, available for the photo-Fenton
degradation process on hematite side. Furthermore, successful
degradation of 4-NP, RhB and in mixture with PA indicates
superior capability of 30 nm Pt microrobots. This work pre-
sents a new approach to control the speed of Janus microrobots
based on tailoring the metal layer thickness. The competition
between H,0, consumption for motion and photo-Fenton reac-
tion must be carefully considered when using these micro-
robots for degradation of pollutants in water.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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7. Active microrobots for dual removal of biofilms via chemical

and physical mechanisms

Paper published in this Chapter:

Xia Peng, Cagatay M. Oral, Mario Urso, Martina Ussia, Martin Pumera, Active Microrobots
for Dual Removal of Biofilms via Chemical and Physical Mechanisms. ACS Appl. Mater.
Interfaces 2025, 17, 3608—3619.

7.1 Motivation of this study

The proliferation of bacterial biofilms is closely tied to the emergence of infectious diseases.
Additionally, biofilms pose significant challenges in water distribution systems and industrial
pipelines, such as water-cooling plants and municipal drinking water networks, represents a
serious public health concern. Traditional antibiotics often fail to eliminate biofilms due to their
protective EPS matrix and the presence of bacterial cells. In response, innovative approaches
have emerged, such as active photocatalytic microrobots for chemically degrading biofilms and
mechanical strategies for physically disrupting the biofilm structure. In this paper,
photocatalytic ZnFe>O4 microrobots were employed to get insight into the removal of bacterial

biofilm via photodegradation and collectively physical eradication.

7.2 Paper conclusion

This study introduced two effective strategies for bacterial biofilm removal using ZFO-based
microrobots. Light-driven ZFO/Pt microrobots, with an asymmetric Pt coating, exhibited UV-
activated motion via self-electrophoresis, effectively removing E. coli biofilms through active
motion and ROS production in the presence of H-0.. Magnetically driven ZFO microrobots,
leveraging their paramagnetic properties, achieved precise collective manipulation for
mechanical biofilm disruption on open surfaces and within narrow channels. These approaches

highlight the versatility of ZFO microrobots for biofilm treatment in various environments.
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7.3 Author contribution

I prepared the microrobots and I performed morphological characterization using SEM and
analyzed the elemental composition through EDS and XPS. I conducted motion experiments
under light irradiation and under magnetic field. Finally, I conducted part of bacteria

experiments and wrote the manuscript draft.
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ABSTRACT: Bacterial biofilms are complex multicellular com- Biofilm treatment

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

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

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

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

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

Photocatalytic degradation Mechanical removal

KEYWORDS: micromotors, microrobots, photocatalysis, magnetically driven, biofilm, collective motion

1. INTRODUCTION free drinking water has become highly critical, emphasizing the
importance of implementing effective biofilm control measures.
Current disinfection methods, such as UV treatment and
chemical disinfectants, face challenges like high energy
consumption, harmful byproducts, and the risk of promoting
resistant biofilms. Moreover, their effectiveness against emerg-
ing pathogens is uncertain and requires further evaluation. Novel
technologies have recently emerged as a potential remedy, such
as chemical removal strategies based on the utilization of
photocatalytic nanoparticles to degrade biofilm or physical
removal strategies based on the mechanical disruption of
biofilm."> These approaches are capable of concurrently
targeting the EPS matrix and dormant bacterial cells, holding
particular promise for biofilm treatment.'*~"”

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

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

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

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

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

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

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

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

behavior under the influence of an external magnetic field. This
functionality is achieved even without the Pt layer, earning them
the designation of magnetically driven ZFO microrobots. Gram-
negative Escherichia coli (E. coli) was selected as a model strain
for the incubation of biofilm due to its extensive existence in the
environment and then treated with light-driven ZFO/Pt
microrobots or magnetically driven ZFO microrobots. Light-
driven ZFO/Pt microrobots showed excellent performance in
killing bacteria under UV light irradiation in the presence of a
low concentration of H,0,, whereas the static microrobots
demonstrated only minor removal of the biofilm, which further
demonstrates the primary contribution of the dynamic
locomotion of microrobots in achieving efficient biofilm
removal. Furthermore, magnetically driven ZFO microrobots
have been substantiated to effectively prevent biofilm formation
from both open surfaces and inner parts of glass tubes having
varying diameters, demonstrating that magnetic microrobots
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hold significant potential for biofilm disruption strategies in both
open and confined spaces. This concept is schematically
illustrated in Scheme 1. The proposed microrobots, having
dual functionalities and scalable fabrication possibilities, hold
significant promise for biofilm eradication, especially in
addressing long-standing challenges in industrial applications.

2. RESULTS AND DISCUSSION

2.1. Fabrication and Characterization of ZFO-Based
Microrobots. Magnetically driven ZFO microrobots were
fabricated by a hydrothermal reaction, followed by a calcination
process. Light-driven ZFO/Pt microrobots were prepared by
asymmetrical Pt sputtering as schematically shown in Figure 1a,
resulting in the half-coating of ZFO microrobots with a Pt layer.
The morphology of ZFO-based microrobots was characterized
and illustrated by scanning electron microscopy (SEM) images
in Figures SI and 1b. These micrographs display a spherical
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Figure 2. Motion behavior of light-driven ZFO/Pt microrobots. (a) Average speed values of the light-driven ZFO/Pt microrobots at various
concentrations of H,0, without (light off) or with (light on) UV light irradiation. Error bars represent the standard deviation with n = 3 independent
replicates. (b) Trajectory and instantaneous speed (color-coded) of a microrobot in 0.5 wt % H,O, without (0—10 s) and with (10—20s) UV light
irradiation. Scale bar = 10 ym. Black arrows represent the motion directions of the microrobot. (c) MSD plots of the light-driven ZFO/Pt microrobots
in 0.5 wt % H,0, without and with UV light irradiation. The inset shows the corresponding diffusion coefficients (D) calculated by fitting the MSD
plots. (d) UV—vis absorbance spectrum of the light-driven ZFO/Pt microrobots. The inset reports the corresponding Tauc plot. (e) Schematic
illustration of the proposed propulsion mechanism of the light-driven ZFO/Pt microrobots.

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

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

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

2.2. Motion Behavior of Light-Driven ZFO/Pt Micro-
robots. Motion analysis of light-driven ZFO/Pt microrobots
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Figure 3. Magnetic motion of ZFO microrobots. (a) Magnetic hysteresis loop of magnetically driven ZFO microrobots. The inset depicts the magnetic
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Average speed values of magnetically driven ZFO microrobots under a transverse rotating magnetic field. Error bars represent the standard deviation
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Hz frequency. (e) Schematic illustration of configuration and external manipulation of a magnetically driven ZFO microrobot agglomerate. (f) Time-
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was performed both under UV light illumination and under dark
conditions. Different amounts of H,0O, were eventually
employed as a fuel. As can be appreciated from Figure 2a,
under UV light exposure, the microrobots exhibited free-fuel
motion in water, registering a speed value of about 3 ym s~'. The
speed of the microrobots further increased up to 9.8 and 14.7
pum s' by adding 1 and 1.5 wt % of H,0,, respectively.
Differently, in the dark, the microrobots did not show any
significant displacement without H,O, or in the presence of 0.5
wt % H,0,. When 1 and 1.5 wt % H,O, were introduced under
the dark condition, the speed of microrobots registered about
5.1 and 7.6 um s~', respectively. Therefore, at high H,O,
concentrations, the microrobots could move, even without UV
light irradiation. Figure 2b displays a characteristic trajectory
and instantaneous speed (color-coded) of a single microrobot in
the dark and under UV light irradiation (Supporting Movie 1).
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The instantaneous speed is ~1.5 ym s~ without UV light in the
initial 10 s, which is in good agreement with Figure 2a.
Afterward, UV light boosted the microrobot speed in a circular
trajectory, demonstrating that light irradiation can make a
noticeable difference in the speed and trajectory of ZFO/Pt
microrobots.

To further analyze the motion behavior of the microrobots
under different conditions, a mean squared displacement
(MSD) analysis was conducted (Figure 2c). In the presence of
0.5 wt % H,0,, MSD values of ZFO/Pt microrobots exhibited a
linear increase under the dark condition (gray pattern),
indicating Brownian motion. However, when UV light was
introduced, MSD values followed a parabolic relationship with
time. This observation is attributed to the light-driven self-
propulsion of ZEQ/Pt microrobots.*” Based on the analysis of
MSD values, diffusion coefficients (D) of the microrobots were
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Figure 4. Biofilm removal via light-driven ZFO/Pt microrobots. (a) Schematic illustration of the biofilm removal process in the presence of light-
driven ZFO/Pt microrobots, UV light irradiation, and H,O, fuel. (b) Absorbance values for stained biofilms treated at different conditions (water, 0.2
wt % H,0,, or microrobots at 10, 25, and 50 ug mL ™" concentrations in the presence of 0.2 wt % H,0,) without (light off) or with (light on) UV light
irradiation for 30 min. (c) Fluorescence images of stained living bacteria after the treatments under different conditions. Scale bar is 10 ym. (d) CFU
counts for different groups (water, 0.2 wt % H,O,, or microrobots at 10, 25, and 50 g mL™" concentrations in the presence of 0.2 wt % H,0,) under
UV light irradiation for 30 min and (e) the corresponding digital images. (f) LIVE/DEAD assay for biofilms treated for 30 min under UV light
irradiation at different conditions (water, 0.2 wt % H,O,, microrobots 50 g mL™" concentration in the presence of 0.2 wt % H,0,). Scale bars: 100 ym.
Error bars represent the standard deviation with n = 3 independent replicates.

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

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

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

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

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

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

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

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

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

3. CONCLUSIONS

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

3616

concept studies for effective biofilm removal that will lay the
foundation for the next generation of intelligent microrobots. In
real-world applications, future studies should focus on
investigating biofilm elimination using more efficient micro-
robots in simulated industrial pipelines or drinking water
systems.

4. EXPERIMENTAL METHODS

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

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

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

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

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

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.4c18360.

SEM and EDS images of magnetic ZFO microrobots;
optical images of the glass tube with varying diameters;
fluorescence intensity of 2-hydroxyterephthalic acid;
speed of light-driven ZFO/Pt microrobots in 0.2%
H,0,; crystal violet staining of biofilm after treatment;
absorbance changes for E. coli biofilm with different
groups; microscope images of living bacteria after
treatment; CFU images for different groups; and
fluorescent image of the treated region on the agar plate
(PDF)

Motion behavior of ZFO/Pt microrobots with on/off
switching of UV light irradiation in 0.5 wt % H,0O, (Movie
1) (AVI)

Magnetic motion of ZFO microrobots at different
frequencies of a transversal rotating magnetic field
(Movie 2) (AVI)

Trajectories of a single ZFO microrobot along a
predefined path under the control of a transversal rotating
magnetic field (Movie 3) (AVI)

Reconfiguration and actuation of the collective micro-
robots swarm under the control of a permanent magnet
(Movie 4) (AVI)

Motion behavior of light-driven ZFO/Pt microrobots in
0.2% H,0, (Movie 5) (AVI)

B AUTHOR INFORMATION

Corresponding Author
Martin Pumera — Future Energy and Innovation Laboratory,
Central European Institute of Technology, Brno University of
Technology, 61200 Brno, Czech Republic; Department of
Medical Research, China Medical University Hospital, China
Medical University, TW-40402 Taichung, Taiwan; Advanced
Nanorobots & Multiscale Robotics Laboratory, Faculty of
Electrical Engineering and Computer Science, VSB— Technical
University of Ostrava, 70800 Ostrava, Czech Republic;
orcid.org/0000-0001-5846-2951;
Email: martin.pumera@ceitec.vutbr.cz

3617

Authors

Xia Peng — Future Energy and Innovation Laboratory, Central
European Institute of Technology, Brno University of
Technology, 61200 Brno, Czech Republic

Cagatay M. Oral — Future Energy and Innovation Laboratory,
Central European Institute of Technology, Brno University of
Technology, 61200 Brno, Czech Republic

Mario Urso — Future Energy and Innovation Laboratory,
Central European Institute of Technology, Brno University of
Technology, 61200 Brno, Czech Republic

Martina Ussia — Future Energy and Innovation Laboratory,
Central European Institute of Technology, Brno University of
Technology, 61200 Brno, Czech Republic; ® orcid.org/0000-
0002-3248-6725

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.4c18360

Author Contributions

X.P. prepared and characterized the microrobots, conducted
motion experiments, and wrote the manuscript draft. X.P. and
C.M.O. conducted bacteria experiments. C.M.O. obtained
fluorescence images. M.Ur. and M.Us. contributed to exper-
imental design and data interpretation. X.P. and M.P. originated
the idea. M.P. supervised the project. All authors have approved
the final version of the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by ERDF/ESF project TECHSCALE
(No. CZ.02.01.01/00/22_008/0004587). This research was
cofunded by the European Union under the REFRESH—
Research Excellence For REgion Sustainability and High-tech
Industries project number CZ.10.03.01/00/22_003/0000048
via the Operational Programme Just Transition. X.P. was
supported by the China Scholarship Council (CSC No.
202008320382) and acknowledges grant CEITEC-VUT-J-24-
8537, realized within the Specific CEITEC Junior Project and
Brno Ph.D. Talent scholarship funded by the Brno City
Municipality. C.M.O. acknowledges the financial support of
BUT (CEITEC VUT-J-22-8091). CzechNanoLab project
LM2023051, funded by MEYS CR, is gratefully acknowledged
for the financial support of the measurements/sample
fabrication at CEITEC Nano Research Infrastructure.

B REFERENCES

(1) Blair, K. M.; Turner, L.; Winkelman, J. T.; Berg, H. C.; Kearns, D.
B. A Molecular Clutch Disables Flagella in the Bacillus Subtilis Biofilm.
Science 2008, 320, 1636—1638.

(2) Mah, T. F; Pitts, B.; Pellock, B.; Walker, G. C.; Stewart, P. S.;
O’Toole, G. A. A Genetic Basis for Pseudomonas Aeruginosa Biofilm
Antibiotic Resistance. Nature 2003, 426, 306—310. 3

(3) Arnaouteli, S.; Bamford, N. C.; Stanley-Wall, N. R.; Kovécs, A. T.
Bacillus Subtilis Biofilm Formation and Social Interactions. Nat. Rev.
Microbiol. 2021, 19, 600—614.

(4) Liu, Y.; Shi, L.; Su, L.; Van der Mei, H. C.; Jutte, P. C.; Ren, Y.;
Busscher, H. J. Nanotechnology-Based Antimicrobials and Delivery
Systems for Biofilm-Infection Control. Chem. Soc. Rev. 2019, 48, 428—
446.

(5) Peterson, B. W.; He, Y,; Ren, Y.; Zerdoum, A.; Libera, M. R;;
Sharma, P. K.; van Winkelhoff, A. J.; Neut, D.; Stoodley, P.; van der Mei,
H. C.; Busscher, H. J. Viscoelasticity of Biofilms and Their
Recalcitrance to Mechanical and Chemical Challenges. FEMS Micro-
biol. Rev. 2018, 39, 234—245.

https://doi.org/10.1021/acsami.4c18360
ACS Appl. Mater. Interfaces 2025, 17, 3608—3619


https://pubs.acs.org/doi/10.1021/acsami.4c18360?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c18360/suppl_file/am4c18360_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c18360/suppl_file/am4c18360_si_002.avi
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c18360/suppl_file/am4c18360_si_003.avi
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c18360/suppl_file/am4c18360_si_004.avi
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c18360/suppl_file/am4c18360_si_005.avi
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c18360/suppl_file/am4c18360_si_006.avi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Pumera"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5846-2951
https://orcid.org/0000-0001-5846-2951
mailto:martin.pumera@ceitec.vutbr.cz
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xia+Peng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cagatay+M.+Oral"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mario+Urso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martina+Ussia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3248-6725
https://orcid.org/0000-0002-3248-6725
https://pubs.acs.org/doi/10.1021/acsami.4c18360?ref=pdf
https://doi.org/10.1126/science.1157877
https://doi.org/10.1038/nature02122
https://doi.org/10.1038/nature02122
https://doi.org/10.1038/s41579-021-00540-9
https://doi.org/10.1039/C7CS00807D
https://doi.org/10.1039/C7CS00807D
https://doi.org/10.1093/femsre/fuu008
https://doi.org/10.1093/femsre/fuu008
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c18360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(6) Dieltjens, L.; Appermans, K.; Lissens, M.; Lories, B.; Kim, W.; Van
der Eycken, E. V.; Foster, K. R.; Steenackers, H. P. Inhibiting Bacterial
Cooperation Is an Evolutionarily Robust Anti-Biofilm Strategy. Nat.
Commun. 2020, 11, No. 107.

(7) Chauhan, A.; Ghigo, J. M.; Beloin, C. Study of in Vivo Catheter
Biofilm Infections Using Pediatric Central Venous Catheter Implanted
in Rat. Nat. Protoc. 2016, 11, 525—541.

(8) Arciola, C. R.; Campoccia, D.; Montanaro, L. Implant Infections:
Adhesion, Biofilm Formation and Immune Evasion. Nat. Rev. Microbiol.
2018, 16, 397—409.

(9) Sun, M; Chan, K. F.; Zhang, Z.; Wang, L.; Wang, Q; Yang, S.;
Chan, S. M,; Chiu, P. W. Y,; Sung, J. J. Y;; Zhang, L. Magnetic
Microswarm and Fluoroscopy-Guided Platform for Biofilm Eradication
in Biliary Stents. Adv. Mater. 2022, 34, No. 2201888.

(10) Ussia, M.; Urso, M.; Dolezelikova, K.; Michalkova, H.; Adam, V.;
Pumera, M. Active Light-Powered Antibiofilm ZnO Micromotors with
Chemically Programmable Properties. Adv. Funct. Mater. 2021, 31,
No. 2101178.

(11) Chan, S.; Pullerits, K.; Keucken, A.; Persson, K. M.; Paul, C. J.;
Radstrom, P. Bacterial Release from Pipe Biofilm in a Full-Scale
Drinking Water Distribution System. npj Biofilms Microbiomes 2019, S,
No. 9.

(12) Farh, H. M. H.; El Amine Ben Seghier, M.; Taiwo, R.; Zayed, T.
Analysis and Ranking of Corrosion Causes for Water Pipelines: A
Critical Review. npj Clean Water 2023, 6, No. 6S.

(13) Gomes, L. B.; Simdes, M.; Simdes, L. C. An Overview on the
Reactors to Study Drinking Water Biofilms. Water Res. 2014, 62, 63—
87.

(14) Villa, K;; Sopha, H.; Zelenka, J.; Motola, M.; Dekanovsky, L.;
Beketova, D. C.; Macak, J. M.; Ruml, T.; Pumera, M. Enzyme-
Photocatalyst Tandem Microrobot Powered by Urea for Escherichia coli
Biofilm Eradication. Small 2022, 18, No. 2106612.

(15) Urso, M.; Ussia, M.; Pumera, M. Smart Micro- and Nanorobots
for Water Purification. Nat. Rev. Bioeng. 2023, 1, 236—251.

(16) Liu, Y.; Naha, P.C; Hwang, G.; Kim, D.; Huang, Y.; Simon-Soro,
A,; Jung, H. L; Ren, Z,; Li, Y.; Gubara, S.; Alawi, F.; Zero, D.; Hara, A.
T.; Cormode, D. P.,; Koo, H. Topical Ferumoxytol Nanoparticles
Disrupt Biofilms and Prevent Tooth Decay in Vivo via Intrinsic
Catalytic Activity. Nat. Commun. 2018, 9, No. 2920.

(17) Chen, Z; Wang, Z,; Ren, J; Qu, X. Enzyme Mimicry for
Combating Bacteria and Biofilms. Acc. Chem. Res. 2018, 51, 789—799.

(18) Benoit, D. S. W,; Sims, K. R.; Fraser, D. Nanoparticles for Oral
Biofilm Treatments. ACS Nano 2019, 13, 4869—4875.

(19) Hu, Y; Ruan, X; Lv, X; Xu, Y.,; Wang, W,; Cai, Y.; Ding, M;
Dong, H.; Shao, J.; Yang, D.; Dong, X. Biofilm Microenvironment-
Responsive Nanoparticles for the Treatment of Bacterial Infection.
Nano Today 2022, 46, No. 101602.

(20) Wang, Z.; Klingner, A.; Magdanz, V.; Misra, S.; Khalil, I. S. M.
Soft Bio-Microrobots: Toward Biomedical Applications. Adv. Intell.
Syst. 2023, 6, No. 2300093.

(21) Soto, F.; Wang, J.; Ahmed, R;; Demirci, U. Medical Micro/
Nanorobots in Precision Medicine. Adv. Sci. 2020, 7, No. 2002203.

(22) Zhang, Z.; Wang, L.; Chan, T. K. F.; Chen, Z.; Ip, M.; Chan, P. K.
S;; Sung, J. J. Y,; Zhang, L. Micro-/Nanorobots in Antimicrobial
Applications: Recent Progress, Challenges, and Opportunities. Adv.
Healthcare Mater. 2022, 11, No. 2101991.

(23) Wu, R; Zhu, Y.; Cai, X,; Wu, S.; Xu, L.; Yu, T. Recent Process in
Microrobots: From Propulsion to Swarming for Biomedical Applica-
tions. Micromachines 2022, 13, No. 1473. )

(24) Zhang, F.; Zhuang, J.; Li, Z.; Gong, H.; de Avila, B. E. F.; Duan,
Y.; Zhang, Q.; Zhou, J.; Yin, L.; Karshalev, E.; Gao, W.; Nizet, V.; Fang,
R. H,; Zhang, L.; Wang, J. Nanoparticle-Modified Microrobots for in
Vivo Antibiotic Delivery to Treat Acute Bacterial Pneumonia. Nat.
Mater. 2022, 21, 1324—1332.

(25) Liu, D.; Wang, T.; Lu, Y. Untethered Microrobots for Active
Drug Delivery: From Rational Design to Clinical Settings. Adv.
Healthcare Mater. 2022, 11, No. 2102253.

(26) Rojas, D.; Kuthanova, M.; Dolezelikova, K.; Pumera, M. Facet
Nanoarchitectonics of Visible-Light Driven Ag;PO, Photocatalytic

3618

Micromotors: Tuning Motion for Biofilm Eradication. NPG Asia Mater.
2022, 14, No. 63.

(27) Ussia, M.; Urso, M.; Kment, S.; Fialova, T.; Klima, K;
Dolezelikova, K.; Pumera, M. Light-Propelled Nanorobots for Facial
Titanium Implants Biofilms Removal. Small 2022, 18, No. 2200708.

(28) Guix, M.; Mayorga-martinez, C. C.; Merkoc, A. Nano/
Micromotors in (Bio) Chemical Science Applications. Chem. Rev.
2014, 114, 6285—6322.

(29) Hy,D.; Li, H;; Wang, B.; Ye, Z.; Lei, W,; Jia, F.; Jin, Q.; Ren, K. F.;
Ji, J. Surface-Adaptive Gold Nanoparticles with Effective Adherence
and Enhanced Photothermal Ablation of Methicillin-Resistant Staph-
ylococcus Aureus Biofilm. ACS Nano 2017, 11, 9330—9339.

(30) Villa, K; Viktorova, J.; Plutnar, J.; Ruml, T.; Hoang, L.; Pumera,
M. Chemical Microrobots as Self-Propelled Microbrushes against
Dental Biofilm. Cell Rep. Phys. Sci. 2020, 1, No. 100181.

(31) Yuan, K; Jurado-Sinchez, B.; Escarpa, A. Dual-Propelled
Lanbiotic Based Janus Micromotors for Selective Inactivation of
Bacterial Biofilms. Angew. Chem., Int. Ed. 2021, 60, 4915—4924.

(32) Mayorga-Martinez, C. C.; Zelenka, J; Klima, K,; Mayorga-
Burrezo, P.; Hoang, L.; Ruml, T.; Pumera, M. Swarming Magnetic
Photoactive Microrobots for Dental Implant Biofilm Eradication. ACS
Nano 2022, 16, 8694—8703.

(33) Dong, Y.; Wang, L.; Zhang, Z.; Ji, F.; Chan, T. K. F,; Yang, H,;
Chan, C.P.L,; Yang, Z.; Chen, Z.; Chang, W. T.; Chan, J. Y. K; Sung, J.
J. Y,; Zhang, L. Endoscope-Assisted Magnetic Helical Micromachine
Delivery for Biofilm Eradication in Tympanostomy Tube. Sci. Adv.
2022, 8, No. eabq8573.

(34) Zhou, H.; Mayorga-Martinez, C. C.; Pan¢, S.; Zhang, L.; Pumera,
M. Magnetically Driven Micro and Nanorobots. Chem. Rev. 2021, 121,
4999—-5041.

(35) Wang, L.; Meng, Z.; Chen, Y.; Zheng, Y. Engineering Magnetic
Micro/Nanorobots for Versatile Biomedical Applications. Adv. Intell.
Syst. 2021, 3, No. 2000267.

(36) Hwang, G; Paula, A. J.; Hunter, E. E; Liu, Y.; Babeer, A;
Karabucak, B.; Stebe, K.,; Kumar, V.; Steager, E.; Koo, H. Catalytic
Antimicrobial Robots for Biofilm Eradication. Sci. Robot. 2019, 4,
No. eaaw2388.

(37) Dong, Y.; Wang, L.; Yuan, K; Ji, F,; Gao, J.; Zhang, Z.; Du, X,;
Tian, Y.; Wang, Q.; Zhang, L. Magnetic Microswarm Composed of
Porous Nanocatalysts for Targeted Elimination of Biofilm Occlusion.
ACS Nano 2021, 15, 5056—5067.

(38) Sun, B; Sun, M.; Zhang, Z.; Jiang, Y.; Hao, B.; Wang, X,; Cao, Y,;
Chan, T. K. F.; Zhang, L. Magnetic Hydrogel Micromachines with
Active Release of Antibacterial Agent for Biofilm Eradication. Adv.
Intell. Syst. 2023, 6, No. 2300092, DOI: 10.1002/aisy.202300092.

(39) Huang, S.; Gao, Y.; Lv, Y.; Wang, Y.; Cao, Y.; Zhao, W.; Zuo, D,;
Mu, H.; Hua, Y. Applications of Nano/Micromotors for Treatment and
Diagnosis in Biological Lumens. Micromachines 2022, 13, No. 1780.

(40) Ji, H.; Hu, H,; Tang, Q.; Kang, X,; Liu, X; Zhao, L.; Jing, R.; Wu,
M, Li, G; Zhou, X;; Liu, J.; Wang, Q.; Cong, H.; Wu, L,; Qin, Y.
Precisely Controlled and Deeply Penetrated Micro-Nano Hybrid
Multifunctional Motors with Enhanced Antibacterial Activity against
Refractory Biofilm Infections. J. Hazard. Mater. 2022, 436, No. 129210.

(41) Urso, M.; Ussia, M.; Pumera, M. Breaking Polymer Chains with
Self-Propelled Light-Controlled Navigable Hematite Microrobots. Adv.
Funct. Mater. 2021, 91, No. 2101510, DOI: 10.1002/adfm.202101510.

(42) Urso, M.; Ussia, M,; Novotny, F.; Pumera, M. Trapping and
detecting nanoplastics by MXene-derived oxide microrobots. Nat.
Commun. 2022, 13, No. 3573, DOI: 10.1038/s41467-022-31161-2.

(43) Manjura Hoque, S.; Sazzad Hossain, Md.; Choudhury, S.;
Akhter, S.; Hyder, F. Synthesis and Characterization of ZnFe,O,
Nanoparticles and its Biomedical Applications. Mater. Lett. 2016,
162, 60—63.

(44) Huang, Y.; Liang, Y.; Rao, Y.; Zhu, D.; Cao, J.; Shen, Z.; Ho, W.;
Lee, S. C. Environment-Friendly Carbon Quantum Dots/ZnFe,0,
Photocatalysts: Characterization, Biocompatibility, and Mechanisms
for NO Removal. Environ. Sci. Technol. 2017, 51, 2924—2933.

(4S) F Fang, Z.; Zhang, L.; Qi, H.; Yue, H.; Zhang, T.; Zhao, X.; Chen,
G.; Wei, Y,; Wang, C.; Zhang, D. Nanosheet Assembled Hollow

https://doi.org/10.1021/acsami.4c18360
ACS Appl. Mater. Interfaces 2025, 17, 3608—3619


https://doi.org/10.1038/s41467-019-13660-x
https://doi.org/10.1038/s41467-019-13660-x
https://doi.org/10.1038/nprot.2016.033
https://doi.org/10.1038/nprot.2016.033
https://doi.org/10.1038/nprot.2016.033
https://doi.org/10.1038/s41579-018-0019-y
https://doi.org/10.1038/s41579-018-0019-y
https://doi.org/10.1002/adma.202201888
https://doi.org/10.1002/adma.202201888
https://doi.org/10.1002/adma.202201888
https://doi.org/10.1002/adfm.202101178
https://doi.org/10.1002/adfm.202101178
https://doi.org/10.1038/s41522-019-0082-9
https://doi.org/10.1038/s41522-019-0082-9
https://doi.org/10.1038/s41545-023-00275-5
https://doi.org/10.1038/s41545-023-00275-5
https://doi.org/10.1016/j.watres.2014.05.039
https://doi.org/10.1016/j.watres.2014.05.039
https://doi.org/10.1002/smll.202106612
https://doi.org/10.1002/smll.202106612
https://doi.org/10.1002/smll.202106612
https://doi.org/10.1038/s44222-023-00025-9
https://doi.org/10.1038/s44222-023-00025-9
https://doi.org/10.1038/s41467-018-05342-x
https://doi.org/10.1038/s41467-018-05342-x
https://doi.org/10.1038/s41467-018-05342-x
https://doi.org/10.1021/acs.accounts.8b00011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b02816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b02816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nantod.2022.101602
https://doi.org/10.1016/j.nantod.2022.101602
https://doi.org/10.1002/aisy.202300093
https://doi.org/10.1002/advs.202002203
https://doi.org/10.1002/advs.202002203
https://doi.org/10.1002/adhm.202101991
https://doi.org/10.1002/adhm.202101991
https://doi.org/10.3390/mi13091473
https://doi.org/10.3390/mi13091473
https://doi.org/10.3390/mi13091473
https://doi.org/10.1038/s41563-022-01360-9
https://doi.org/10.1038/s41563-022-01360-9
https://doi.org/10.1002/adhm.202102253
https://doi.org/10.1002/adhm.202102253
https://doi.org/10.1038/s41427-022-00409-0
https://doi.org/10.1038/s41427-022-00409-0
https://doi.org/10.1038/s41427-022-00409-0
https://doi.org/10.1002/smll.202200708
https://doi.org/10.1002/smll.202200708
https://doi.org/10.1021/cr400273r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr400273r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b04731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b04731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b04731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.xcrp.2020.100181
https://doi.org/10.1016/j.xcrp.2020.100181
https://doi.org/10.1002/anie.202011617
https://doi.org/10.1002/anie.202011617
https://doi.org/10.1002/anie.202011617
https://doi.org/10.1021/acsnano.2c02516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c02516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.abq8573
https://doi.org/10.1126/sciadv.abq8573
https://doi.org/10.1021/acs.chemrev.0c01234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aisy.202000267
https://doi.org/10.1002/aisy.202000267
https://doi.org/10.1126/scirobotics.aaw2388
https://doi.org/10.1126/scirobotics.aaw2388
https://doi.org/10.1021/acsnano.0c10010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c10010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aisy.202300092
https://doi.org/10.1002/aisy.202300092
https://doi.org/10.1002/aisy.202300092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/mi13101780
https://doi.org/10.3390/mi13101780
https://doi.org/10.1016/j.jhazmat.2022.129210
https://doi.org/10.1016/j.jhazmat.2022.129210
https://doi.org/10.1016/j.jhazmat.2022.129210
https://doi.org/10.1002/adfm.202101510
https://doi.org/10.1002/adfm.202101510
https://doi.org/10.1002/adfm.202101510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-022-31161-2
https://doi.org/10.1038/s41467-022-31161-2
https://doi.org/10.1038/s41467-022-31161-2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.matlet.2015.09.066
https://doi.org/10.1016/j.matlet.2015.09.066
https://doi.org/10.1021/acs.est.6b04460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b04460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b04460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jallcom.2018.05.259
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c18360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

ZnFe,0, Microsphere as Anode for Lithium-Ion Batteries. J. Alloys
Compd. 2018, 762, 480—487.

(46) Koseoglu, Y.; Baykal, A.; Toprak, M. S.; Géziiak, F.; Basaran, A.
C.; Aktag, B. Synthesis and Characterization of ZnFe,O, Magnetic
Nanoparticles via a PEG-Assisted Route. J. Alloys Compd. 2008, 462,
209-213.

(47) Manohar, A.; Vijayakanth, V.; Kim, K. H. Influence of Ca Doping
on ZnFe,O, Nanoparticles Magnetic Hyperthermia and Cytotoxicity
Study. J. Alloys Compd. 2021, 886, No. 161276.

(48) Sundararajan, M.; Sukumar, M.; Dash, C. S.; Sutha, A.; Suresh, S.;
Ubaidullah, M.; Al-Enizi, A. M.; Raza, M. K.; Kumar, D. A Comparative
Study on NiFe,0, and ZnFe,0, Spinel Nanoparticles: Structural,
Surface Chemistry, Optical, Morphology and Magnetic Studies. Phys. B
2022, 644, No. 414232.

(49) Khezri, B.; Villa, K. Hybrid Photoresponsive/Biocatalytic Micro-
and Nanoswimmers. Chem. - Asian J. 2022, 17, No. e202200596.

(50) Villa, K; Novotny, F.; Zelenka, J.; Browne, M. P.; Ruml, T,;
Pumera, M. Visible-Light-Driven Single-Component BiVO, Micro-
motors with the Autonomous Ability for Capturing Microorganisms.
ACS Nano 2019, 13, 8135—8145.

(51) Peng, X.; Urso, M.; Pumera, M. Photo-Fenton Degradation of
Nitroaromatic Explosives by Light-Powered Hematite Microrobots:
When Higher Speed Is Not What We Go For. Small Methods 2021, S,
No. 2100617.

(52) Lyu, X; Liu, X;; Zhou, C.; Duan, S.; Xu, P.; Dai, J.; Chen, X;
Peng, Y.; Cui, D.; Tang, J.; Ma, X.; Wang, W. Active, Yet Little Mobility:
Asymmetric Decomposition of H,0, Is Not Sufficient in Propelling
Catalytic Micromotors. J. Am. Chem. Soc. 2021, 143, 12154—12164.

(53) Brooks, A. M.; Tasinkevych, M.; Sabrina, S.; Velegol, D.; Sen, A;
Bishop, K. J. M. Shape-Directed Rotation of Homogeneous Micro-
motors via Catalytic Self-Electrophoresis. Nat. Commun. 2019, 10,
No. 49S.

(54) Navidpour, A. H.; Fakhrzad, M. Photocatalytic and Magnetic
Properties of ZnFe,O, Nanoparticles Synthesised by Mechanical
Alloying. Int. ]. Environ. Anal. Chem. 2022, 102, 690—706.

(55) Lin, Z.; Fan, X.; Sun, M.; Gao, C.; He, Q; Xie, H. Magnetically
Actuated Peanut Colloid Motors for Cell Manipulation and Patterning.
ACS Nano 2018, 12, 2539—2545.

(56) Oral, C. M.; Ussia, M.; Urso, M.; Salat, J.; Novobilsky, A.;
Stefanik, M.; Ruzek, D.; Pumera, M. Radiopaque Nanorobots as
Magnetically Navigable Contrast Agents for Localized In Vivo Imaging
of the Gastrointestinal Tract. Adv. Healthcare Mater. 2023, 12,
No. 2202682.

(57) Jurado-Sanchez, B.; Wang, J. Micromotors for Environmental
Applications: A Review. Environ. Sci. Nano 2018, 5, 1530—1544.

(58) Shen, H.; Cai, S.; Wang, Z.; Ge, Z.; Yang, W. Magnetically Driven
Microrobots: Recent Progress and Future Development. Mater. Des.
2023, 227, No. 11173S.

(59) Fu, D,; Jiang, J.; Fu, S.; Xie, D.; Gao, C,; Feng, Y.; Liu, S.; Ye, Y,;
Liu, L; Tu, Y,; Peng, F. Real-Time Micromotor Probe for Immune
Neutrophil Activation State. Adv. Healthcare Mater. 2023, 12,
No. 2300737.

(60) Valdez-Gardufio, M.; Leal-Estrada, M.; Oliveros-Mata, E. S.;
Sandoval-Bojorquez, D. I; Soto, F.; Wang, J.; Garcia-Gradilla, V.
Density Asymmetry Driven Propulsion of Ultrasound-Powered Janus
Micromotors. Adv. Funct. Mater. 2020, 30, No. 2004043.

(61) Muhammad, M. H,; Idris, A. L.; Fan, X;; Guo, Y.; Yu, Y.; Jin, X;;
Qiu, J; Guan, X.; Huang, T. Beyond Risk: Bacterial Biofilms and Their
Regulating Approaches. Front. Microbiol. 2020, 11, No. 928.

(62) Wasinski, B. Extra-Intestinal Pathogenic Escherichia Coli —
Threat Connected with Food-Borne Infections. Ann. Agric. Environ.
Med. 2019, 26, 532—537.

(63) Zhang, S.; Abbas, M.; Rehman, M. U.; Wang, M; Jia, R.; Chen,
S.; Liu, M.; Zhu, D.; Zhao, X.; Gao, Q; Tian, B.; Cheng, A. Updates on
the Global Dissemination of Colistin-Resistant Escherichia Coli: An
Emerging Threat to Public Health. Sci. Total Environ. 2021, 799,
No. 149280.

3619

https://doi.org/10.1021/acsami.4c18360
ACS Appl. Mater. Interfaces 2025, 17, 3608—3619


https://doi.org/10.1016/j.jallcom.2018.05.259
https://doi.org/10.1016/j.jallcom.2007.07.121
https://doi.org/10.1016/j.jallcom.2007.07.121
https://doi.org/10.1016/j.jallcom.2021.161276
https://doi.org/10.1016/j.jallcom.2021.161276
https://doi.org/10.1016/j.jallcom.2021.161276
https://doi.org/10.1016/j.physb.2022.414232
https://doi.org/10.1016/j.physb.2022.414232
https://doi.org/10.1016/j.physb.2022.414232
https://doi.org/10.1002/asia.202200596
https://doi.org/10.1002/asia.202200596
https://doi.org/10.1021/acsnano.9b03184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b03184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smtd.202100617
https://doi.org/10.1002/smtd.202100617
https://doi.org/10.1002/smtd.202100617
https://doi.org/10.1021/jacs.1c04501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c04501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c04501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-08423-7
https://doi.org/10.1038/s41467-019-08423-7
https://doi.org/10.1080/03067319.2020.1726331
https://doi.org/10.1080/03067319.2020.1726331
https://doi.org/10.1080/03067319.2020.1726331
https://doi.org/10.1021/acsnano.7b08344?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b08344?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adhm.202202682
https://doi.org/10.1002/adhm.202202682
https://doi.org/10.1002/adhm.202202682
https://doi.org/10.1039/C8EN00299A
https://doi.org/10.1039/C8EN00299A
https://doi.org/10.1016/j.matdes.2023.111735
https://doi.org/10.1016/j.matdes.2023.111735
https://doi.org/10.1002/adhm.202300737
https://doi.org/10.1002/adhm.202300737
https://doi.org/10.1002/adfm.202004043
https://doi.org/10.1002/adfm.202004043
https://doi.org/10.3389/fmicb.2020.00928
https://doi.org/10.3389/fmicb.2020.00928
https://doi.org/10.26444/aaem/111724
https://doi.org/10.26444/aaem/111724
https://doi.org/10.1016/j.scitotenv.2021.149280
https://doi.org/10.1016/j.scitotenv.2021.149280
https://doi.org/10.1016/j.scitotenv.2021.149280
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c18360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Part 2. Collective behavior of microrobots for environmental

treatments at the small scale

71



8. Shape-controlled self-assembly of light powered microrobots
into ordered microchains for cells transport and water

remediation

Paper published in this chapter:

Xia Peng, Mario Urso, Martina Ussia and Martin Pumera, Shape-Controlled Self-Assembly of
Light- Powered Microrobots into Ordered Microchains for Cells Transport and Water

Remediation. ACS Nano 2022, 16, 7615-7625.

8.1 Motivation of this study

After investigation of single movement, the development of autonomous microrobotic systems
capable of synchronized operation in complex environments holds immense potential for
addressing challenges in environmental remediation, biomedical applications. While
significant progress has been made in designing microrobots with swarm-like behaviors,
achieving self-assembly and coordinated motion without external stimuli remains a major
challenge. Inspired by nature’s ability to organize complex systems through simple interactions,
this work seeks to explore the collective behaviors of light-driven microrobots, emphasizing

their self-assembly into reconfigurable microchains powered by dipolar interactions.

8.2 Paper conclusion

This study demonstrated that cubic hematite/Pt microrobots, due to their asymmetrical
magnetic dipole moment, can self-assemble into microchains, which was visualized by SEM
measurements. These light-powered microchains, driven by UV-light in low H>O>
concentrations, exhibit various propulsion modes based on microrobot orientation and can be
reconfigured using external magnetic fields. Their collective behavior enables tasks such as
yeast cell capture and transport, removal of suspended matter from water, and degradation of

polymers, offering a low-cost, versatile solution for multimodal applications.
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robots can self-assemble into ordered microchains, contrary to the

random aggregation observed for walnut-like microrobots. The microchains exhibit different synchronized motions under
light irradiation depending on the mutual orientation of the individual microrobots during the assembly, which allows them to
accomplish multiple tasks, including capturing, picking up, and transporting microscale objects, such as yeast cells and
suspended matter in water extracted from personal care products, as well as degrading polymeric materials. Such light-
powered self-assembled microchains demonstrate an innovative cooperative behavior for small-scale multitasking artificial
robotic systems, holding great potential toward cargo capture, transport, and delivery, and wastewater remediation.

micromotors, swarming, collective behavior, self-assembly, cargo transport, photo-Fenton degradation

Ranging from ant colonies to bird flocking, nature provides a
plethora of intriguing collective phenomena in biological
systems, self-assembled in a synchronized manner to
accomplish desired tasks and goals that individual capabilities
cannot achieve. For example, a colony of ants can cooperate on
the basis of achievable local information to transport food,
construct nests, and self-assemble into sophisticated structures
when encountering rugged terrain;l vast groups of starlings can
twist, turn, swoop, and swirl across the sky in beautiful shape-
shifting clouds, known as starling murmurations, to scare and
repel natural enemies. Such ingenious behaviors in the absence
of any external influences exhibit superior advantages to
complete tasks in a highly efficient and robust way or to survive
in complex environments, fascinating researchers, especially
from the field of micro/nanorobotics. Inspired by the
cooperative actions of living organisms, various artificial
swarm robotic systems consisting of relatively simple robots
have been developed, capable of complex task sequencing and
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communal formations relying on operator inputs or artificial
intelligent software.””

Artificial micro/nanorobots, a relatively young field of
research that has seen significant growth, becoming one of
the most attractive research topics nowadays, are autono-
mously self-propelled micro/nanomaterials able to harvest and
convert energy from their surrounding environment into
autonomous movement with distinct capabilities for accom-
plishing various tasks."™” Various energy sources, including
chemical fuels (H,O,, glucose, urea) or external stimuli such as
light, magnetic fields, and ultrasound, have been exploited to
activate the self-propulsion of micro/nanorobots.'’~"? Partic-
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ularly, light is a very attractive energy source to power
microrobots because it is powerful, renewable, and abundant.
To obtain an active moving particle, it is necessary to have an
asymmetric structure, which in turn converts this asymmetry
into motion.””*" In this regard, the “two-faced” Janus
microrobots consisting of a photocatalytic semiconductor
(UV-light-activated TiO, and ZnO, visible light-activated
Fe,0; and BiOI) asymmetrically covered by a metal layer
(Pt, Au, Ag) represent the most efficient light-powered self-
motile microrobots.”*™>! Owing to their powerful motion,
micro/nanorobots can accomplish numerous and different
tasks, holding excellent prospects in various application fields
from biomedicine to environmental remediation and sens-
ing.‘u_35 Still, further improvements are expected from
rudimentary communication between individual microrobots
(e.g, micro/nanorobotic swarms), allowing synchronized
operation and high adaptability to different complex
conditions.>*™>® On the basis of this consideration, the careful
selection of the constituent materials plays a crucial role in
micro/nanorobots’ organization manners. In fact, self-pro-
pelled micro/nanorobots composed of colloids can exhibit
swarm behaviors via physical or chemical interactions, such as
dipole—dipole interactions, capillary forces, van der Waals
forces, etc., rather than informatic communication in macro-
robotic systems.””~* For instance, Bi,WOg microrobots
present swarms of multiple microrobots under continuous
light exposure due to the release of ionic species.”® Another
case of microrobotic assembly is provided by peanut-shaped
hematite colloids. With a combination of oscillating and
rotating magnetic fields, swarms can be formed in the state of
chains, vortices, and ribbons.'* Similarly, helical swimmers
consisting of polymeric helical structures covered with
ferromagnetic thin films can be assembled into straight chains
and various other configurations, such as bent chains, crosses,
and more.*” Furthermore, Au/Ru nanorods have been forced
by acoustic standmg waves into various configurations, such as
chains or rlngs Nevertheless, microrobots that can self-
assemble into microchains without any external influences with
a reconfigurable capability and exhibit light-driven propulsion
in a synchronized way with different motion modes remain to
be explored.

In this work, we demonstrate the intriguing collective
behavior of light-powered cubic hematite microrobots different
from that of walnut-like hematite microrobots (Scheme 1).

Scheme 1. Shape-Controlled Self-Assembly Capabilities of
Light-Powered Hematite/Pt Janus Microrobots under UV-
Light Irradiation
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The microrobots are fabricated by asymmetrically depositing a
30 nm thin Pt layer on the surface of walnut-like and cubic-
shaped hematite microparticles synthesized by facile and low-
cost hydrothermal processes. All microrobots show self-
propulsion under UV-light irradiation in pure water. Cubic
microrobots display faster locomotion than walnut-like ones,
agreeing with the larger mixed potential differences observed
from Tafel measurements.

Moreover, cubic hematite microrobots can self-assemble
into microchains exhibiting three types of autonomous motion
under UV-light irradiation, according to the orientation of
microrobots during the formation of the microchains. The self-
assembled microchains can address multitasking requirements
when environmental variations are encountered, including
capturing, picking up, and transporting micro-objects, such as
cells and suspended matter in water resulting from the
contamination with personal care products, or photocatalytic
degradation of polymer chains. This work offers self-assembled
light-powered microchains based on dipolar interactions
between individual cubic hematite/Pt Janus microrobot,
which promise cargo transportation and degradation of
pollutants in water, including plastic materials.

RESULTS AND DISCUSSION

Janus Microrobots Fabrication. The different shapes of
micro/nanorobots play a crucial role in their self-assembly or
collective behaviors. In this work, we investigate the influence
of microrobots’ shape on their collective behavior using self-
propelled light-driven walnut-like and cubic hematite/Pt Janus
microrobots.

As illustrated in Figure la, different shapes of hematite
microparticles have first been synthesized by facile hydro-
thermal reactions. To fabricate Janus microrobots, 30 nm Pt
films are physically deposited on the surface of hematite
microparticles by the sputtering method. Scanning electron
microscopy (SEM) images and the corresponding elemental
mapping images obtained by energy-dispersive X-ray spectros-
copy (EDX) of the two hematite shapes are presented in
Figure 1b,c. Figure 1b shows walnut-like hematite micro-
particles with a diameter of 2—3 pm and a hierarchical porous
structure resulting from the random arrangement of hematite
nanoparticles (approximately 100 nm). As shown in Figure 1c,
hematite microcubes display a round-edged morphology and a
relatively rough surface with an average size of about 2 pm.
EDX images manifest a uniform distribution of Fe and O for
both hematite microparticles. After Pt layers deposition, both
hematite microrobots exhibit the distinct asymmetrical
structure of Janus microrobots, as indicated by the uneven
Pt distribution.

X-ray diffraction (XRD) has been performed to assess
hematite microparticles’ crystalline structure, as shown in
Figure S1. The recorded XRD patterns correspond to the
characteristic a-Fe,O, pattern (PDF card # 00-001-1053). The
peaks appearing at the following 20 values x24.12°, 33.12°,
35.61°, 40.88°, 49.51°, 54.22°, 57.63°, 62.45°, and 64.11°,
correspond to the (012), (104), (110), (113), (024), (116),
(018), (214), and (300) planes, respectively. These peaks
agree with the distinctive rhombohedral centered hexagonal
structure of the a-Fe,0; crystal, commonly called hematite.*®

Single Microrobots Propulsion. The hematite/Pt Janus
microrobots display autonomous propulsion abilities in water
and low amounts of H,0, fuel when irradiated with UV light
on the basis of a light-induced self-electrophoretic mechanism.
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Figure 1. (a) Fabrication scheme of hematite/Pt Janus micro-
robots with different shapes. SEM and EDX elemental mapping
images of (b) walnut-like and (c) cubic hematite/Pt Janus
microrobots. Scale bars are 1 pgm.

Upon exposure to UV light, charge separation occurs within
hematite, and electrons from the hematite conduction band are
transferred to the Pt layer. Consequently, protons are
produced at the hematite side from water oxidation and
consumed at the Pt side, establishing a proton gradient. This
generates an electroosmotic flow, causing a net displacement of
the particles and propelling the Janus microrobots with
hematite as the forward side.*> The addition of a small
amount of H,0, can result in a much stronger gradient of
charges and more powerful propulsion, as illustrated in Figure
S2. Figure 2a reports the speed of the walnut-like and cubic
microrobots in different concentrations of H,0,, calculated
from the average of more than 10 different microrobots. In
pure water (0% H,0,), the speed of walnut-like microrobots
(S + 1 um s7') is slightly higher than cubic hematite

microrobots (4.2 + 0.8 um s™'). However, the addition of a
small amount of H,0, (0.1%) results in a huge increase in the
speed of cubic hematite microrobots (19 + 1 ym s™'), while
the speed of walnut-like ones is merely 6 + 1 ym s™". Figure 2b
shows the trajectories of walnut-like and cubic microrobots in
0.1% H,0, under UV-light irradiation after S s of recording,
demonstrating the much longer navigation within S s of the
cubic ones (Supplementary Movie 1). When a higher
concentration of H,0, is applied (1% H,0,), there is an 8-
fold increase in the speed of cubic microrobots (32 + 3 ym
s™') compared to pure water, while it is just tripled for walnut-
like ones (14 + 2 pum s™').

To better understand the underlying reasons for the
differences in the speed of microrobots with different shapes,
the mixed potential difference between walnut-like and cubic
hematite microparticles and a Pt electrode has been evaluated
in 1% H,0O, under UV-light irradiation. According to previous
works,*®*?! a Tafel measurement is used to obtain the
potentials established at different segments of the Janus
microrobots (hematite and Pt) under UV-light illumination
in H,0,. Tafel plots indicate that the variation in the mixed
potentials between the electrodes is larger for cubic micro-
robots and consistent with the observed higher speed. As
shown in Figure 2c, cubic hematite microrobots show a more
negative mixed potential under UV-light illumination than
walnut-like hematite microrobots, indicating that more
electrons migrate from the cubic hematite electrode to the
Pt electrode. The potential difference between cubic hematite
microparticles and Pt electrodes (47 mV) is much larger than
that for walnut-like hematite (4 mV), consistent with the trend
of microrobots’ speed in Figure 2a. This phenomenon can be
explained by the photoabsorption and charge transport
properties of different faces in the hematite crystal structure.
As evidenced by previous papers,*”*” it has been demonstrated
that the (110) surface of hematite is more active than the
(104) surface for photoelectrochemistry. As shown in Figure
S1, the normalized XRD pattern illustrates that the ratio of
peaks corresponding to (110) and (104) faces for cubic
hematite is larger than that for walnut-like hematite, which is
consistent with the result of the Tafel measurement.

Collective Behavior of Self-Assembled Microchains.
We have discovered that the different microrobots’ shapes give
rise to different interactions. Figure 3a displays the temporal
evolution of systems of walnut-like and cubic microrobots. In
the beginning, walnut-like and cubic microrobots are randomly
dispersed in water. After 10 min of observation, walnut-like
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Figure 2. (a) Comparison of microrobots’ speed in pure water and at different concentration of H,0,. (b) Micrographs showing walnut-like
and cubic microrobots trajectories in 0.1% H,0, under UV-light irradiation. Scale bars are 5 ym. (c) Tafel plots of walnut-like and cubic
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Figure 3. (a) Self-assembly of walnut-like and cubic microrobots in
pure water in the absence of UV-light irradiation and the
corresponding SEM images after 10 min of observation. Scale
bars for SEM are 5 pum. (b) The magnetic dipole moment
orientation in a hematite cube and the alignment of a chain. (c)
Length of the self-assembled microchains formed in pure water in
the absence and presence of UV-light irradiation as a function of
time.

microrobots display a random aggregation into large
disordered clusters. As shown in Figure S3a, the direction of
the magnetic dipole moment is perpendicular to its long axis."*
According to previous research, walnut-like hematite micro-
robots can assemble into chains cooperating with the magnetic
field>' In contrast, only two-particle chains are found in the
absence of a magnetic field, and mostly random aggregations
are observed, as displayed in Figure S3b. Rod-shaped hematite
microparticles with a long axis of approximately 1 ym and a
short axis of approximately 500 nm have also been fabricated
to study their collective behavior without any external
influence (Figure S4a). After S min observation under the
microscope in the absence of UV-light irradiation and H,0,,
rod-shaped hematite microparticles form random aggregates
(Figure SSa), the same behavior as walnut-like hematite
microparticles. On the contrary, cubic microrobots self-
assemble into ordered microchains, which can be observed
from optical microscopy and SEM. The live formation of the
microchains is also presented in Supplementary Movie 2 and
Supplementary Movie 3, while several other microchains are
reported in Figure S6. As SEM images show in Figure S7, we
observe that cubic hematite microrobots self-assemble into
microchains with different lengths in pure water without UV-
light irradiation. The time-lapse images captured from
Supplementary Movie 3 further reveal the live formation
process of self-assembled microchains in pure water and in the
absence of UV light. As shown in Figure S8a, most
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Figure S. Interaction of cubic microrobots and self-assembled microchains with yeast cells in 0.1% H,O, under UV-light irradiation. Time-
lapse images of (a) a single microrobot transporting a yeast cell and (b) a single microrobot rotating with yeast cells, (c) a microchain
capturing multiple yeast cells, and (d) controlled capture/release of the yeast cell by a microchain by turning on/off the UV light. Scale bars

are S pm.

microrobots are well-dispersed in water. After 20 s, several
microrobots gradually self assemble into longer microchains, as
marked by the red circles. Figure S8b demonstrates the long-
range assembling process, which requires a longer time. After 2
min, the most noticeable microchain marked by the red
rectangle varies from a four-microrobot configuration to an
eight-microrobot configuration, whose length changes from
approximately 6 ym to more than 10 pm. This intriguing
phenomenon is due to the orientation of the magnetic dipole
moment in the crystal of cubic hematite, as illustrated in Figure
3b. For cubic hematite, the magnetic dipole moment is not
aligned along a particle symmetry axis. As explained in a
previous work,>” the competing anisotropic interactions
between the cube shape and dipole moment orientation are
crucial for the formation of these microchains. Moreover, cubic
hematite displays a fixed and permanent dipole moment, even
in the absence of a magnetic field, which is strong enough to
induce the formation of self-assembled microchains.™ Tt is
worth noting that the presence of the Pt layer does not
influence the active interaction between individual hematite
microrobots, also as shown in Figure S6 and Figure S7. The
length of the self-assembled microchains has been measured
both in the dark and under UV-light irradiation and plotted as
a function of the time, finding that it increases from 20 + 3 to
100 + 20 ym in the dark and from 18 + 4 to 80 + 16 ym in
the presence of UV light when the time changes from S to 20
min (Figure 3c). We assume that the light-induced motion of
microrobots influences the formation of microchains to a
certain degree, leading to shorter lengths under light
irradiation. On the basis of these results, it can be concluded
that the absence of external disturbances favors the self-
assembly of the microrobots. Considering that reducing the
size of cubic hematite particles may affect the self-assembly
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capability, nanosized cubic hematite, whose size is reduced
nearly 4 times compared to that of cubic hematite micro-
particles (Figure S4b), can self-assemble into microchains, as
shown in Figure SSb, demonstrating that the permanent
magnetic dipole moment in the crystal structure is still strong
enough to overcome the Brownian motion of nanosized cubic
hematite in water.

The motion of the self-assembled microchains under UV-
light irradiation has then been investigated. The microchains
exhibit three main motion modes in 0.1% H,0, under UV-
light irradiation that are associated with a self-propulsion
direction (1) parallel or (2) perpendicular to the microchain
axis or (3) a rotational behavior (Supplementary Movie 4).
Figure 4a presents a series of time-lapse images, which
illustrate the autonomous locomotion of microchains with
different propulsion modes.

The peculiar and varying motility of the microchains is
ascribed to the distribution of the microrobots’ Pt layers along
the microchains, which depends on the microrobots’ mutual
orientation during the self-assembly process. To corroborate
this hypothesis, a numerical simulation of the 2D spatial
distribution of H,O resulting from the reaction at the Pt/H,0,
interface between H,O,, photogenerated electrons transferred
from hematite to Pt, and H" produced at the hematite side has
been conducted. Despite its simplicity, this simulation provides
an idea of the reaction at the Pt surface responsible for
establishing a products’ spatial gradient and, in turn, for the
microchains’ self-propulsion modes. At a first approximation, a
microchain formed by only two adjacent microrobots is
considered to simplify the calculation. The different
orientations of the Pt layers in the two microrobots give rise
to different configurations, as shown in Figure 4b (Pt layers
parallel to the plane are excluded). In configurations 1 and 2,
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the Pt layers are on the small side of the microchains.
However, configuration 1 results in the movement of the
microchain along its axis. In contrast, configuration 2 leads to a
static microchain as the driving forces of the two microrobots
are equal and oppositely directed. Configurations 3 and 4 are a
combination of translation and rotation, while configuration §
is responsible for the pure rotation of the microchain. Finally,
configuration 6, where the two Pt layers are adjacent and
placed on the longer lateral side of the microchain, enables the
locomotion of the microchain along the direction perpendic-
ular to its axis. It is important to point out that cubic hematite
can arrange in longer microchains. However, the chains with
more cubes could occur in hundreds of combinations, making
their simulation and interpretation difficult. In this regard, we
have conducted simulations for microchains formed by six
microrobots (Figure S9), selecting three different combina-
tions of the configurations illustrated in Figure 4b. This study
demonstrates that the motion behavior of longer microchains
can be traced back to the ideal two-particle microchains model.
Unfortunately, these propulsion modes and the moving
direction of microchains cannot be precisely controlled at
the present stage due to the random configuration of hematite
microrobots and different orientations of their Pt layers during
the self-assembly with or without UV-light irradiation.

Microchains also exhibit reconfigurable capability when an
external magnetic field is applied. First, the magnetic hysteresis
loop of hematite microrobots is measured using a vibrating
sample magnetometer (VSM). Figure S10a demonstrates that
hematite microrobots exhibit ferromagnetic behavior. Then,
the suspended solution of hematite microrobots is injected into
a microfluidic channel. Time-lapse optical microscopy images
in Figure S10b, captured from Supplementary Movie §,
illustrate that hematite microrobots rotate and move toward
the upside direction along the channel under a transversal
rotating magnetic field of 3 mT and 10 Hz, which results in the
deformation of microchains. When the external magnetic field
is removed, these microrobots spontaneously reconfigure into
microchains. Such emerging collective behavior, leading to a
synchronized motion of the microchains and reconfigurable
capability, is promising for completing tasks like the transport
of cells or suspended matter as an example of possible
contamination in water.

Yeast Cells Capture, Transport, And Release. Light-
driven microrobots that can generate a local electric field and
chemical gradients have demonstrated diverse interactions with
surrounding passive particles, which is of great importance for
performing desirable tasks such as cargo transport, object
manipulation, and sensing.”*"*® The self-assembly of cubic
microrobots into autonomous motile microchains has inspired
their use for cargo transport applications using yeast cells as a
model for living microorganisms, owing to their relatively big
size (approximately 2—3 um for haploids) that can be easily
visualized by optical microscopy. Figure 5 displays the
interaction between a cubic microrobot and yeast cells under
UV-light irradiation in 0.1% H,0, (Supplementary Movie 6
and Supplementary Movie 7). The time-lapse images in Figure
Sa demonstrate the long-distance transportation of a yeast cell
by a single cubic microrobot. Besides, the rotation of multiple
yeast cells can be realized by a single microrobot, as shown in
Figure Sb. The transportation capability of self-assembled
microchains has also been evaluated. The self-assembled
microchain in Figure Sc shows an autonomous motion parallel
to the microchain axis, capturing four yeast cells, proving how
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the cooperation of several microrobots allows capturing and
transporting several cells simultaneously in the absence of a
magnetic field. We have further investigated the controlled
release of yeast cells by switching on/off the UV light in 0.1%
H,0, using the self-assembled microchains. As illustrated in
Figure 5d, the microchain captures one yeast cell under UV-
light irradiation owing to the photogenerated local chemical
gradients, which induces a phoretic attraction of the
surrounding yeast cells. By turning off the UV light, the
yeast cell is immediately released, which is attributed to the
hindered self-propulsion of the microchain and consequently
the stopped generation of a chemical gradient around it. When
UV light is turned on again, the microchain produces
photogenerated local chemical gradients, picks up again the
yeast cell, and continues to transport it.

Removal of Suspended Matter in Water. Autonomous
moving self-assembled microchains composed of synchronized
microrobots hold great potential in separating microplastics
and suspended matter from water. The removal of suspended
matter (Figure S11) extracted from commercial toothpaste has
been accomplished by the shoveling effect of microchains
under UV-light irradiation in 0.1% H,0, (Supplementary
Movie 8). The artificially colored time-lapse images in Figure
6a (original images in Figure $12) demonstrate the motion of a
microchain that was cleaning water by collecting suspended
matter “on-the-fly”. In fact, it can be observed that the removal
area increases along the propulsion trajectory of the micro-
chain, and within 60 s, a considerable number of pieces are
quantitively accumulated on the forward side of the micro-
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Figure 6. (a) Artificially colored time-lapse images of a self-
assembled microchain for the removal of suspended matter under
UV-light irradiation in 0.1% H,0,. White circles represent the area
of suspended matter removal, blue areas are suspended matter
pieces, and red areas are microchains. The scale bar is 5 gm. (b)
PEG chain photodegradation. From top to bottom, MALDI-MS of
untreated PEG and PEG treated with microchains under 24 h of
UV-light irradiation in 1% H,0,.
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chain, which further proves robust binding force between the
single microrobots of the microchain. Compared to other light-
driven micromotors, most agents can exhibit swarming
behavior in a random aggregation form under light
irradiation*®>” rather than regular microchains, which shows
superior capability toward the removal of microplastics.”®
Furthermore, intrinsic hematite magnetism without any surface
functionalization can be used to navigate the microchains with
captured microplastics using an external magnetic field,
completing the remediation process. In addition to precise
wireless positioning using an external magnetic field, micro-
chains can also navigate to regions difficult to access, such as
industrial tubes that are hard to reach with conventional
strategies, providing an alternative solution for environmental
applications in the future.”*~%

PEG Photodegradation. To demonstrate the ability of the
self-assembled microchains to degrade pollutants in water,
PEG 4000 has been chosen as a model for polymeric materials
like plastics, whose degradation can be monitored by Matrix-
Assisted Laser Desorption/Ionization Mass Spectrometry
(MALDI-MS). A higher concentration of H,0, (1% H,0,)
has been employed in this experiment to exploit a higher self-
propulsion speed and enhanced photocatalytic activity
required to break the strong covalent bonds in polymer
chains. The PEG is exposed to UV-light irradiation for 24 h in
the presence of the cubic microrobots leading to the self-
assembled microchains. Figure 6b reports MALDI spectra of
bare PEG and microrobots-treated PEG solution. Signals
corresponding to PEG macromolecular chains around 4000
mass completely disappear after treatment with microchains
upon exposure to UV light and H,0,, which is attributed to
the combination of photocatalysis and catalyzed photo-Fenton
reaction producing (g)hotogenerated ROS to attack C—O bonds
in PEG backbone.”" Several control experiments have been
performed to corroborate the effectiveness of the chain-like
structure toward the degradation of PEG. It is worth noting
that cubic hematite can form microchains under motion and
no-motion conditions, i.e., with or without exposure to UV
light. Thus, it is difficult to establish the contribution of the
microchain formation in this specific case. Due to this, PEG
was treated with 1% H,0, and UV-light irradiation separately
and together to exclude secondary effects during the
photodegradation process. As it is possible to appreciate in
Figure S13, it is clearly shown that PEG treated with UV light
and H,0, separately remains stable or only partially degraded
after 24 h of treatment, while, when UV light and H,0, are
applied in combination, the PEG photodegradation is notable
but significantly lower than that for cubic hematite micro-
chains. In agreement with previous studies about photo-
degradation of PEG mediated by microrobots, it is possible to
conclude that the photo-Fenton reaction due to the
simultaneous presence of iron-based microstructures, UV
light, and H,O, is more effective.”® On the other hand, as
already discussed before and as evidenced in Figure S6, the
hematite microcubes are able to self-assemble into microchains
both with or without UV light and in the absence or presence
of H,0,. Thus, it is not possible to compare their
photodegradation abilities with those of the single micro-
robots. Nevertheless, we retain that single microrobots can
spontaneously aggregate without peculiar configurations in
contaminated water solutions, thus partially reducing the
surface area available and making it difficult to understand the
different performances between single or aggregated systems.*”
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Regarding the use of H,0O,, previous research has demon-
strated that the concentrations of 1% H,O, decreased from 10
000 ppm to less than 2 ppm after 24 h long treatment with
hematite microrobots, which is lower than 8 ppm, the allowed
limit of H,O, in drinking water. Consequently, it can be
concluded that H,O, does not introduce new pollution to the
water system.28

CONCLUSION

In summary, we have demonstrated the influence of hematite/
Pt microrobots shapes on their self-assembly behaviors.
Because of the asymmetrical magnetic dipole moment
orientation in the crystal, cubic hematite/Pt microrobots can
self-assemble into regular microchains with morphologies
different from those of walnut-like microrobots, which solely
display random aggregation. Taking advantage of the intriguing
collective behavior, we have also developed light-powered
microchains composed of individual cubic hematite/Pt micro-
robots, exhibiting autonomous locomotion under UV-light
irradiation in a low concentration of H,O,. These microchains
demonstrate different types of self-propulsion depending on
the various possible mutual orientations of the microrobots
during the self-assembly, as well as reconfigurable capability
after an external magnetic field was employed to break the
formation of self-assembled chains. To prove the exceptional
benefits of a collective behavior compared to that of individual
microrobots, these light-powered self-assembled microchains
are employed for yeast cells’ capture, release, and transport, for
the capture and removal of suspended matter in water
originated from personal care products, and for the definitive
degradation of polymeric materials. This work offers a different
perspective on the collective behavior of photocatalytic
microrobots with the benefits of easy batch fabrication, low-
cost, and a broad range of multimodal applications.

EXPERIMENTAL SECTION

Synthesis of Walnut-like Hematite Microparticles. Walnut-
like hematite microparticles were prepared by a one-step hydro-
thermal reaction. In brief, FeCl; (Alfa Aesar, 98%) was added to
deionized water (DI water, 18 MQ cm) to form a 1 M homogeneous
solution under magnetic stirring. Then, the solution was transferred
into a 50 mL Teflon-lined stainless-steel autoclave, heated at 160 °C
for 20 h, and cooled to room temperature naturally. Afterward, the
product was collected by centrifugation and washed with DI water
and ethanol several times. Finally, it was dried in a vacaum oven at 60
°C for 12 h.

Synthesis of Cubic-Shaped Hematite Particles. For cubic
hematite microparticles, in a typical synthesis, 2.45 g FeCl; (Alfa
Aesar, 98%) and 1.2 g of hexamethylenetetramine (Sigma-Aldrich,
99.5%) were directly dissolved in a 30 mL mixture of ethanol and DI
water (1:1 v/v) with vigorous magnetic stirring. Subsequently, 3 wt %
CuCl, (Alfa Aesar, 98%) was added to the above solution. After 30
min of stirring, the mixture was transferred into a Teflon-lined
stainless-steel autoclave and heated at 160 °C for 12 h. After that, the
autoclave was cooled naturally to room temperature. The resultant
precipitate was collected by centrifugation, washed several times with
DI water and ethanol, and then dried at 80 °C in a vacuum oven for 8
h. For nanosized cubic hematite, 2.45 g FeCl, (Alfa Aesar, 98%) and
1.2 g of hexamethylenetetramine (Sigma-Aldrich, 99.5%) were
directly dissolved in a 30 mL mixture of ethanol and DI water (1:1
v/v) with vigorous magnetic stirring. After 30 min of stirring, the
mixture was transferred into a Teflon-lined stainless-steel autoclave
and heated at 160 °C for 10 h. After that, the autoclave was cooled
naturally to room temperature. The resultant precipitate was collected
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by centrifugation, washed several times with DI water and ethanol,
and then dried at 80 °C in a vacuum oven for 8 h.

Synthesis of Rod-Shaped Hematite Microparticles. An
NaOH solution (90 mL of 6 N) was added to 100 mL of a well-
stirred 2 M FeCl; solution in a 200 mL Pyrex bottle for 5 min,
followed by the addition of 10 mL of 0.6 M Na,SO, solution, and the
agitation was continued for additional 10 min. The tightly stoppered
bottle containing the Fe(OH); gel, which consisted nominally of 0.9
mol dm™ Fe(OH);, 0.1 mol dm™ Fe**, and 107 mol dm™ SO,*,
was placed in an oven preheated to 100 °C, and the gel was aged for 8
days.

Preparation of Hematite/Pt Janus Microrobots. The synthe-
sized hematite microparticles were suspended in DI water (5 mg
mL™") and dispersed by sonication. The suspension was dropped by a
pipette on glass slides and dried overnight. A 30 nm thin Pt layer was
asymmetrically deposited on hematite microparticles by the sputtering
method. The real-time thickness of the sputtered Pt layer was
controlled by a quartz crystal microbalance. After the sputtering
process, microrobots were released using a scalpel.

Microrobots Morphological, Chemical, And Structural
Characterization. Scanning electron microscopy (SEM) images of
hematite microparticles and hematite/Pt Janus microrobots were
obtained with a Tescan MIRA 3 XMU instrument. For SEM imaging
of self-assembled microchains, hematite microrobots were dispersed
in DI water, and sonicated for S min. Then, 100 xL of the suspended
solution was placed on a glass slide under the microscope. After
hematite microrobots were observed to assemble into microchains,
the solution on the glass slide was quickly dried under irradiation of a
LED lamp (100 W). Finally, this glass slide was moved to the
chamber of a Tescan MIRA 3 XMU instrument. Energy-dispersive X-
ray spectroscopy (EDX) mapping analysis was performed using an
Oxford EDX detector connected to the SEM. The XRD patterns of
the products were examined by a Rigaku SmartLab 3 kW
diffractometer, equipped with a fine focus Cu sealed tube operating
at 40 kV and 30 mA.

Motion Experiments. A Nikon ECLIPSE TS2R inverted
microscope coupled with a Basler digital camera acA1920-155uc
was used to record the microrobots’ motion. Briefly, a microrobot
aqueous suspension was dropped on a glass slide. Different
concentrations of H,0, (Merck, 30%) were subsequently added to
the drop to study microrobot motion in 0, 0.1, and 1% H,O,. All
experiments were carried out in the absence of surfactants. Then, the
microrobots were activated by a 365 nm UV LED (Cool LED pE-
100) operated at a measured light intensity of 1.6 W cm™2. Videos
were recorded at 20 fps and analyzed to obtain microrobot tracks and
calculate their speed through NIS Elements Advanced Research
software.

Electrochemical Measurements. Tafel experiments were carried
out using a customized photoelectrochemical setup with a 365 nm UV
LED (700 mA powered LZ4—04UV00, LedEngin Inc.) in the two-
electrode configuration with either hematite electrode or Pt electrode
as working electrodes and an Ag/AgCl electrode as both the reference
and counter electrode. The hematite working electrode was made by
dropping 100 L of a 5 mg mL™" aqueous suspension of walnut-like
or cubic hematite microparticles on commercial ITO-covered glass
slides (1 X 2 cm?, Sigma-Aldrich, 8—12 Q sq™') and overnight drying.
The Pt working electrode was obtained by sputtering a 30 nm thin Pt
layer on an ITO-covered glass slide. Tafel measurements were
recorded at a scan rate of S mV s~} from —0.2 to 0.6 V vs Ag/AgCl
under UV-light irradiation on the working electrodes (1 X 1 cm?
immersed area) in DI water using a Metrohm AUTOLAB
potentiostat.

Numerical Simulation. The numerical simulation was performed
using the transport of the diluted species module of the COMSOL
Multiphysics software for the cross-section of two (or six) adjacent
hematite/Pt Janus microrobots. Each microrobot was designed as a
square with a size of 2 gm X 2 ym. The H,O generation at the
interface between Pt and H,0, due to the photogenerated electron—
hole pairs in hematite was simulated. For this purpose, one of the four
sides of each square was considered the generation one to emulate the

7622

face of the microrobot coated by the Pt layer. The most significant
configurations of the two microrobots have been taken into account in
the simulation (or their combinations for the simulation with six
microrobots). To calculate the H,O diffusion for 0.1 s light
irradiation, an H,O diffusion coefficient in water at 25 °C of 2.99
x 107 m* s was used, while the photogeneration rate was set to 1
mmol m™ s\,

Magnetic Experiment. Magnetic field-controlled navigation
experiments were performed using a homemade magnetic controller
system consisting of three orthogonal coil pairs in a 3D-printed
polylactic acid (PLA) backbone, which generates a transversal rotating
magnetic field. Navigation experiments were performed with an
applied magnetic field of 3 mT at the frequency of 10 Hz inside a 100
pum wide microfluidic channel. Videos were recorded by using a
Nikon ECLIPSE TS2R inverted microscope and Pylon Viewer
software at 20 fps.

Yeast Cells Transport. Five grams of commercial yeast extract
was suspended in 200 mL of distilled water under magnetic stirring
for 10 min. Then, the solution was moved to an autoclave and heated
at 121 °C for 15 min. After that, the broth was vortexed briefly to
disperse yeast cells and immediately moved to a temperature-
controlled shaking incubator at 300 rpm for 4 h at 37 °C. Yeast cells
were centrifuged at S000 rpm for S min to remove the culture media
and then transferred in DI water (see the referenced protocol in the
Supporting Information). An aqueous diluted yeast suspension (S L)
and a suspension of the cubic hematite microrobots (S uL, 1 mg
mL™") were placed onto a glass slide to record the videos at a final
concentration of 0.1% H,0O,.

Removal of Suspended Matter in Water. One gram of
commercial toothpaste was dissolved in 200 mL water. Then, a
vacuum filtration device was used to filter the solution. A membrane
(Whatman membrane filter) with 0.2 ym holes was used. After the
filtration, the extracts were washed with distilled water three times.
The final products were obtained after drying in a vacuum oven for §
h. For the removal of suspended matter, S yL of the resulting solution
(2 mg mL™"), § uL cubic hematite microrobots (3 mg mL™"), and 5
UL 0.1% H,0, (the final concentration) were mixed to a clean glass
slide to record videos.

PEG Photodegradation. The photocatalytic degradation ability
of microrobots was evaluated through the degradation of polyethylene
glycol (PEG, M,, 4000, Alfa Aesar) under UV-light irradiation. One
milligram of PEG 4000 and 1 mg of microrobots were added to 1 mL
of 1% H,0, solution in a disposable cuvette. The cuvette was
irradiated for 24 h using a 365 nm UV LED lamp (9 W) as the light
source. Similarly, three control samples were prepared: (i) without the
addition of microrobots; (ii) UV-light irradiation without H,0, and
microrobots; (iii) 1% H,0, without UV-light irradiation and
microrobots. After the degradation experiments, all solutions were
centrifugated at 3500 rpm for S min to separate the solution from the
microrobots for further analyses. The PEG 4000 degradation was
evaluated by UltrafleXtreme Matrix-Assisted Laser Desorption/
Ionization Mass Spectrometry (MALDI-MS, Bruker Daltonics,
Bremen, Germany) operated in linear gpsitive detection mode
following the protocol of a previous paper.”
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9. Biohybrid magnetically driven microrobots for sustainable

removal of micro/manoplastics from the aquatic environment

Paper published in this chapter:

Xia Peng, Mario Urso, Martina Kolackova, Dalibor Huska and Martin Pumera, Biohybrid
magnetically-driven microrobots for sustainable removal of micro/nanoplastics from the
aquatic environment. Adv. Funt. Mater. 2023, 2307477.

9.1 Motivation of this study

Microplastics, as one of the main environmental pollutants, are defined as fragments less than
5 mm in size, which do not easily sediment and frequently pass by filtration systems, holding
potential threats even for marine organisms and human beings. Recently, microplastics also
have been found in human stools proving that the threat is ubiquitous, not only endangering to
the marine organisms. Taking advantage of active movement, it is interesting to investigate the
capture and removal of microplastics by microrobots. This study aims to establish the
microrobot platform for efficient and dynamic removal of micro/nanoplastics from the aquatic

environment.

9.2 Paper conclusion

This study developed eco-friendly algae-based microrobots for efficient capture and removal
of micro- and nanoplastics from aquatic environments. The microrobots are based on Chlorella
vulgaris—a widely used microalga with negatively charged surfaces. By incorporating
positively charged FesOs nanoparticles, these microrobots achieved precise actuation and
collective manipulation under an external magnetic field, enhancing electrostatic attraction for
targeted plastic capture. The MARSs (micro-algae robots) demonstrated removal efficiencies of
approximately 92% for nanoplastics and 70% for microplastics. They retained ~80% efficiency
for nanoplastics and =54% for microplastics even after five reuse cycles. To assess their

practical applicability, MARs were tested in various real-world water samples, including tap

85



water, rainwater, and lake water.

9.3 Author contribution

I prepared and characterized the microrobots. I captured and analyzed their motion under a
magnetic field, evaluating their responsiveness and performance. Additionally, I conducted
experiments to test their efficiency in capturing micro- and nanoplastics in various water

samples. Finally, I interpreted the data and wrote the draft of the manuscript.
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Biohybrid Magnetically Driven Microrobots for Sustainable
Removal of Micro/Nanoplastics from the Aquatic

Environment

Xia Peng, Mario Urso, Martina Kolackova, Dalibor Huska, and Martin Pumera*

The proliferation of micro/nanoplastics derived from the fragmentation of
plastic waste released in the environment represents an increasingly alarming
issue with adverse implications for aquatic ecosystems worldwide.
Conventional approaches for mitigating such contamination are inadequate in
removing plastic fragments with exceptionally tiny sizes. Therefore, it is highly
urgent to develop efficient strategies to address the threats posed by
micro/nanoplastics. Here, biohybrid microrobots, integrating the magnetic
properties of Fe;O, nanoparticles, are investigated for the dynamic removal of
micro/nanoplastics from various aquatic environments via high-precision
magpnetic actuation and reliable electrostatic interactions. After the surface
decoration with Fe;O, nanoparticles, algae cells can achieve precise
locomotion and wireless manipulation by regulating an external magnetic
field. Taking advantage of this active movement, magnetic algae robots
(MARSs) display considerable capture and removal efficiencies for
micro/nanoplastics in water with extensive application scenarios. The
reusability of MARs is also investigated, proving great recyclable performance.
The growth and cell viability experiments elucidate that the presence of Fe;O,
nanoparticles may result in hormesis stimulation of algae growth. Such
recyclable microrobots with eco-friendly and low-cost characteristics offer an
attractive strategy for sustainably tackling micro/nanoplastics pollution.

1. Introduction

Plastics are synthetic polymers composed of
hundreds to thousands of organic subunits
known as monomers, which are intercon-
nected through robust covalent bonds.[!!
Their exceptional properties, characterized
by high chemical and thermal stability,
have led to widespread utilization, while
simultaneously presenting a significant
obstacle in terms of their environmen-
tal management and elimination. Nowa-
days, the rampant abuse of plastics cou-
pled with inadequate disposal measures
has led to a dire situation.*?] Undesir-
ably, large plastic waste can disintegrate
into minute pieces, microplastics (<5 mm
in size) and nanoplastics (<1000 nm in
size), which have become a growing global
concern due to their harmful effects on
aquatic organisms and human beings.[*°!
Microplastics tend to settle and accumu-
late on the seafloor. Nanoplastics, due to
their buoyancy, remain suspended in water
and disperse rapidly under the influence of
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marine currents.l’! In the marine realm, the ingestion of mi-
cro/nanoplastics by fish and other aquatic organisms can re-
sult in physical harm and impede their digestive and re-
productive processes. The unfortunate consequence of this
phenomenon is the suffering and eventual death of these
creatures.®®) Furthermore, the absorption of toxic substances
by micro/nanoplastics, due to their high surface-to-volume ra-
tio, can pose a risk to human health by transferring these harm-
ful chemicals up the food chain.*#!l Thus, there is a press-
ing need to address the pervasiveness of plastic pollution, specif-
ically the proliferation of micro/nanoplastics in the environ-
ment. In light of this, conventional methods, such as phys-
ical removal methods (i.e., filtration and sedimentation)>-14]
and chemical degradation methods (i.e., chemical oxidation
and photodegradation)!’>!# have been explored for the treat-
ment of micro/nanoplastics in the environment, which are
generally limited by low efficiencies and lack of accessible
and cheap characterization means because of the tiny size of
micro/nanoplastics.

The advent of micro/nanorobots, which synergistically
integrate the exceptional physical-chemical attributes of mi-
cro/nanomaterials with powerful locomotion and allow exacti-
tude in positional control,l'?? is transforming a plethora of
application domains, such as biomedicine, > sensing,[26-28
imaging,[*31 and environmental remediation.B1** In the
past decades, diverse micro/nanorobots actuated by light,!33]
chemical fuels,?”] and magnetic fields[*#3?] have been developed
to tackle the threats posed by micro/nanoplastics. Photocatalytic
Au@Ni@TiO, micromotors could remove microplastics via
phoretic interaction by individual micromotors in a low amount
of H,0, or shoveling interaction due to the assembled mi-
crochains of several micromotors under the control of magnetic
fields.®®]  Light-powered multi-layered TiO,/Pt microrobots
display negative photogravitaxis, leading to a strong, fuel-free
motion in three dimensions when exposed to light. With a dis-
tinctive blend of self-propulsion and adjustable Zeta potential,
these microrobots swiftly draw and capture nanoplastics on
their surfaces, even within the gaps among stacked layers.*)]
Moreover, the bubble separation of microplastics was achieved
by chemically driven core-shell MnO,-based micromotors in
the presence of H,0,.*”] Recently, autonomous magnetorobots
consisting of ion-exchange resin spheres and paramagnetic
Fe;0, nanoparticles were demonstrated for removing or sepa-
rating micro/nanoplastics from nonmarine waters.*®! Similarly,
well-designed adhesive PDA@Fe; 0, MagRobots demonstrated
robust adhesion to microplastic pollutants in moist aquatic en-
vironments, facilitating efficient capture, transport, and retrieval
of microplastic contaminants under the influence of an external
rotating magnetic field.*>) Nevertheless, the involvement of
chemical fuels may lead to secondary contamination of the
environment, and the fabrication cost of microrobots compris-
ing noble metals such as Au and Pt is relatively expensive,
making it unfavorable for large-scale production and viable
implementation. More importantly, exploring inexhaustible
resources from the natural world to address micro/nanoplastics
elimination represents a research topic worthy of
investigation.

Here, we demonstrate biohybrid microrobots integrating al-
gae platforms and magnetic nanoparticles for active capture
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and removal of micro/nanoplastics from aquatic environments
with excellent sustainability and ease of scaling, as illustrated
in Figure 1. Chlorella vulgaris (C. vulgaris), which represents
one of the most important microalgae in various biotechnol-
ogy fields,!*!] was selected as the structural platform of the mi-
crorobots. Through decorating the algae surface with Fe;O,
nanoparticles , the resulting MARs exhibited active motion under
wireless magnetic manipulation with a rapid on/off response to
the applied magnetic field, without the involvement of chemical
fuel and noble metals. The enhanced replication capability of al-
gae with 0.3 mgemL~! Fe,; O, nanoparticles revealed the hormesis
effect on the algae growth rather than higher toxicity. Biohybrid
MARs were applied to capture and remove micro/nanoplastics
thanks to their active movement and electrostatic interactions.
Improved efficiency for capturing nanoplastics than microplas-
tics was demonstrated and attributed to the much smaller surface
area of nanoplastics, allowing MARs to capture a larger num-
ber of plastic particles. Such magnetic microrobots also display
practical utilization in different aquatic environments, endowing
them as promising candidates for real-world applications in the
future.

2. Results and Discussion

2.1. Fabrication and Characterization of MARs

The proposed construction process of magnetic algae robots
(MARSs) is conceptually illustrated in Figure 2a. Taking advan-
tage of negative surface charges resulting from the carboxylic
(—COOH) group on the algae cytomembrane,*?! the algae sur-
face was partially decorated with oppositely charged magnetic
Fe,0, nanoparticles, leading to MARs. The morphology of bare
algae and MARs was investigated and characterized by scanning
electron microscopy (SEM) and energy-dispersive X-ray (EDX)
spectroscopy mapping images. As shown in Figure 2D, the orig-
inal alga cell possesses the characteristic spheroidal micro-sized
structure, and the diameter is ~3-5 pm. After mixing the al-
gae and Fe;0, nanoparticles suspensions (Figure Sla, Support-
ing Information), the SEM image depicted in Figure 2c suggests
that the MAR preserved the original structural feature of the alga
cell, while a small amount of Fe;O, nanoparticles asymmetri-
cally bound to its surface. The distribution of the element Fe
confirmed that MARs were successfully decorated with Fe;O,
nanoparticles. To further confirm the successful contact between
Fe,;0, nanoparticles and bare algae cells, X-ray diffraction (XRD)
patterns of Fe;O, nanoparticles and MARs were measured. The
peaks in the XRD pattern of Fe;O, nanoparticles in Figure 2d
correspond to the (220), (311), (400), (422), (511), and (440) crys-
talline planes of Fe,;O, inverse spinel structure (PDF No. 89—
0691).131 As expected, these characteristic peaks can also be
appreciated in the XRD pattern of MARs. Zeta potential mea-
surements validated the electrostatic interaction between algae
and Fe;0, nanoparticles. Fe;O, nanoparticles exhibit a positive
charge due to the interaction between Fe-OH sites on the surface
of Fe;O, nanoparticles and H* ions in the medium, resulting in
the generation of positive (Fe-OH?*) surface charges.[**] As de-
picted in Figure 2e, the zeta potential of algae varies from —27 to
—8 mV after being integrated with Fe;O, nanoparticles (18 mV).

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. Biohybrid MARs for effective removal of micro/nanoplastics from water. a) Bare algae cells integrated Fe;O, nanoparticles on the surface via
electrostatic absorption. b) Utilizing magnetic actuation and electrostatic interactions, MARs facilitate the removal of micro/nanoplastics from water by

drawing them to their surface.

2.2. Motion Behavior of MARs

Precise and controllable locomotion of microrobots is of great sig-
nificance for the capture and removal of micro/nanoplastics.3*!
The original C. vulgaris cells exhibit uncontrollable Brownian
motion, as shown in Figure S2 and Movie S1 (Supporting In-
formation). On the contrary, extracellular deposition of Fe;O,
nanoparticles constitutes an attractive strategy to endow the al-
gae with excellent magnetic properties, as schematically illus-
trated in Figure 3a. The optimal concentration of Fe;O, nanopar-
ticles loading on the microalgae cells’ surface was investigated as
shown in Figure S3 and Movie S2 (Supporting Information). The
Fe,0, nanoparticles concentration of 0.3 mg mL~! was identified
as the optimal one for the preparation of MARs because only a
few Fe;0, nanoparticles-free microalgae were left in the mixture,
while higher concentrations led to microalgae overloading or un-
bound Fe;O, nanoparticles. The magnetic properties of Fe;O,
nanoparticles (Figure S1b, Supporting Information) and MARs
were investigated by the hysteresis loop measured by a VSM.
Figure 3b shows the measured magnetization curve for MARs,

Adv. Funct. Mater. 2024, 34, 2307477 2307477 (3 of 1 1)

exhibiting 20.4 emu g~ with zero coercivity, which indicates a
superparamagnetic behavior.*’! In addition to being easily sep-
arated from water, untethered magnetic manipulation of MARs
can be achieved by the magnetic field generated by a permanent
magnet, as displayed in Figure 3c and Movie S3 (Supporting In-
formation). Using a rotating magnetic field generated by a home-
made set of orthogonal coil pairs allows exploiting several param-
eters to tune MARs actuation precisely, such as the magnetic field
intensity and rotation frequency. MARSs speed shows remarkable
variation under different intensities and frequencies. In partic-
ular, Figure 3d provides the evidence that the MARs speed in-
creases proportionally with the frequency until reaching 35 um
s7! when exposed to a magnetic field intensity of 5 mT and a
frequency of 30 Hz, which is commonly known as the “step-
out” frequency,*’! followed by a decline since MARs cannot fol-
low the rotation of the magnetic field at higher frequencies. The
motion behavior of MARs can be easily recognized by switching
on/off the magnetic field, as evidenced by the distinctive changes
in the instantaneous speed over time reported in Figure 3e. The
time-lapse images in Figure 3f also corroborate the controllable

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Preparation and characterization of MARs. a) Schematic diagram of the fabrication process. SEM and EDX elemental mapping images of: b) (a)

a bare alga and c) a MAR. Scale bars are 1 um. d) XRD patterns of Fe;O4 nanoparticles and MARs. €) Zeta potential of bare algae, Fe; O, nanoparticles,
and MARs.

actuation of MARs manipulated by the external magnetic field
(Movie S4, Supporting Information).

2.3. Cell Viability of Microalgae

The growth of C. vulgaris cells under Fe,;O, nanoparticles expo-
sure at the concentrations of 0.3 and 0.6 mgemL~! was studied.
First, the growth was observed and expressed as OD750, a typi-
cal growth evaluation parameter.[*®! In fact, C. vulgaris absorbed
some Fe;O, which caused interference in the measurement, re-
sulting in false-negative results. Concurrently, it showed and con-
firmed the excellent capacity of C. vulgaris for metal accumula-
tion, similar to previous works.[**% Therefore, the growth was
then evaluated gravimetrically by comparing dry mass (DW) af-
ter treatment. As shown in Figure 4a, the dry mass of both Fe; O,
nanoparticles-treated C. vulgaris was comparable with the con-
trol. Notably, the treatment with 0.3 mgemL~" concentration of
Fe, O, nanoparticles significantly favored the growth process. In-
deed, Fe;0, nanoparticles may trigger the hormesis stimulation
of C. vulgaris. Contrarily, a slightly reduced growth can be ob-
served in the presence of 0.6 mgemL~! concentration of Fe;O,
nanoparticles, which indicates that higher doses can be more
toxic, hindering the growth of microalgae.5!! To explain this be-
havior, different aspects and properties of the materials need to

Adv. Funct. Mater. 2024, 34, 2307477 2307477 (4 0f11)
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be considered since iron plays a crucial role in the cell division
process.[?l Additionally, the morphology of nanoparticles or se-
lected microalgal species may be also considered.*®! For instance,
a reduced growth of C. vulgaris. was previously demonstrated
in the presence of 0.1 mgemL™! and a higher concentration
of Fe,0, nanoparticles.”) Another study revealed the highest
tolerant/sublethal dose of Fe,;O, nanoparticles, specifically 0.05
mgemL~!, using microalgae Coelastrella terrestris.>* Figure 4b,
as a photo documentation supplement of the growth process,
also displays the color change over time for the control sam-
ple and the Fe;O, nanoparticles concentration of 0.3 mgemL™,
consistent with the results in Figure 4a. On the contrary, the
color of the sample with a concentration of Fe,O, nanoparti-
cles of 0.6 mgemL™" is darker even at 0 h. Consequently, the
higher amount of Fe;O, nanoparticles does not allow a straight-
forward comparison between the results in Figure 4a and the
photos in Figure 4b for the 0.6 mgemL~"' Fe,;O, nanoparticles
concentration. Although the morphology of nanoparticles may
affect their toxicity in microalgal growth,[>>>¢ the results indi-
cate minimal toxicity of selected Fe;O, nanoparticles despite us-
ing relatively high concentrations on the growth of C. vulgaris. It
is worth noting that the 0.3 mgemL~! Fe,;O, nanoparticles con-
centration corresponds to the growth condition of MARs whose
motion and micro/nanoplastics removal has been investigated in
this work.
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Figure 3. Magnetic motion of MARs. a) Schematic diagram of the motion principle of MARs under a rotating magnetic field. b) Magnetic hysteresis
loop of MARSs. ¢) Magnetic property of MARs using a permanent magnet promises precise manipulation by utilizing an external magnetic field. d) MARs
speed at different intensities and frequencies of the applied rotating magnetic field. Error bars represent the standard deviation, n = 10 independent
replicates. e,f) MARs on/off response in terms of instantaneous speed and time-lapse micrographs by on/off switching of the applied rotating magnetic

field. The scale bar is 10 um.

2.4. Micro/Nanoplastics Capture

The escalating presence of hazardous micro/nanoplastics in
aquatic ecosystems poses an emergent challenge to the health
of aquatic organisms and human beings.’] Microrobots, the
ground-breaking technology that integrates active interaction
and precise orientation, represent a practical approach to ad-
dressing this issue.’®%0 Here, magnetically actuated MARs
promise sustainable removal of micro/nanoplastics in water
from different sources.

Amino-modified polystyrene (PS) micro- and nanoparticles
with diameters of 1.5 ym and 50 nm were used as representa-
tive microplastics and nanoplastics (Figure 5a,b). The size dis-
tribution of the micro/nanoplastics was also determined by dy-
namic light scattering, whose results are consistent with the

Adv. Funct. Mater. 2024, 34, 2307477 2307477 (5 of 1 1)

size indicated by SEM analysis, as illustrated in Figure 5c,d.
The measured Zeta potential of micro/nanoplastics is shown in
Figure 5e. Both types of plastic particles are positively charged
because of the amino-modified surface. In particular, the Zeta
potential values for nanoplastics and microplastics are +44 and
+38 mV, respectively. In comparison, the Zeta potential of MARs
is —8 mV, facilitating the electrostatic attraction between MARs
and micro/nanoplastics. Based on the information provided by
the manufacturer, the micro/nanoplastics exhibit blue fluores-
cence. Taking advantage of this property, micro/nanoplastics re-
moval was monitored by a spectrofluorometer, which allows for
examining the treated solutions. To assess this method, serial di-
lutions of the as-received micro/nanoplastic suspensions (6 x
10° microplastics mL™! and 4 x 10 nanoplastics mL™!) were
performed, and the corresponding fluorescence intensities are

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Cell viability of algae in the presence of Fe;O4 nanoparticles. a) Growth of C. vulgaris without (control) and with Fe;O4 nanoparticles at 0.3
and 0.6 mgemL~" concentrations. Every sample was taken daily, dried, and recalculated to dry weight (DW, geL™"). Error bars represent the standard
deviation, n = 3 independent replicates. b) Photographs of C. vulgaris during the experimental testing without (control) and with Fe;O, nanoparticles at
0.3 and 0.6 mgemL™" concentrations.
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shown in Figure 5f,g. It was noted that the fluorescence inten-
sity significantly decreased with the increasing dilution factor, as
expected. Considering that 50 nm large nanoparticles cannot be
visualized under an optical microscope, only the optical images
of microplastic suspensions after serial dilutions were captured
and reported in Figure S4 (Supporting Information), evidencing
a good agreement with the variation of fluorescence intensities
reported in Figure 5g. Additionally, a detection limit of 1.8 x 10°
microplastics mL~! and 5 X 10'° nanoplastics mL~! were deter-
mined.

The micro/nanoplastics capture mechanism is schemati-
cally illustrated in Figure 6a. MARs effectively remove mi-
cro/nanoplastics due to their powerful motion, induced by a
transversal rotating magnetic field (Figure S5, Supporting Infor-
mation) at 3 mT intensity and 50 Hz frequency, resulting in an
average speed of MARs of 7.5 pm s™!, promoting electrostatic in-
teractions with targeted plastics. Micro/nanoplastics removal by
MARSs was evaluated in square-shaped cuvettes under magnetic
motion along a predefined trajectory (Figure S6, Supporting In-
formation) or no motion conditions for different treatment peri-
ods (0, 5, 10, 20, 30, and 40 min). The fluorescence spectra in
Figure S7 (Supporting Information) show the variation of mi-
cro/nanoplastics concentrations before and after treatments by
MARs without/with applying the rotating magnetic field, respec-
tively, indicating the successful removal of micro/nanoplastics
from water. The removal efficiency was calculated based on Equa-
tion (1):

C,—C
Removal Efficiency = OC L x 100% (1)
0

where micro/nanoplastics concentrations at time ¢ (C,) and 0 min
(C,) were determined by measuring the fluorescence intensity at
418 nm, corresponding to the highest peak. Specifically, the re-
moval efficiencies of nanoplastics (Figure 6b) are 92% and 71%
for active motion and no motion, respectively, calculated from
Figure S7a,b (Supporting Information), demonstrating the con-
tribution of the MARS’ active motion in accelerating nanoplas-
tics removal. Figure 6¢ reports the microplastic removal efficien-
cies, which are 70% for active motion and 41% for static con-
dition (Figure S7c,d, Supporting Information). In order to ex-
plain the removal efficiency difference between nanoplastics and
microplastics, SEM images of MARs after interactions with mi-
cro/nanoplastic suspensions for 40 min under the rotating mag-
netic field were collected and shown in Figure 6d. Nanoplastics
exhibit a remarkable affinity to the entire surface of MARs due to
the much smaller size compared to microplastics and sufficient
electrostatic interactions. In contrast, microplastics, though still
minute in size, encounter challenges in occupying the surfaces
of MARs due to their similar order of magnitude in size as mi-
croalgae cells. Hence, the comparable size between microplas-
tics and algae restricts the microplastics’ ability to effectively
cover a significant portion of the MARs surface, limiting their
removal efficiency. Consequently, MARs show higher potential
in the removal of nanoplastics. Fluorescence images in Figure
S8 (Supporting Information) also demonstrate that nanoplastics
covered the surfaces of MARs after the treatment. Microplas-
tics removal by the MAR was also observed at an optical micro-
scope (Figure 6e). The time-lapse images captured from Movie
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S5 (Supporting Information) illustrate the successful capture and
transport of microplastics that interacted with the MAR in water,
which also elucidates that Fe;O, nanoparticles remained on the
surface of the microalgae during the active capture and removal
of micro/nanoplastics and barely caused secondary contamina-
tion under control of the rotating magnetic field at 3 mT inten-
sity and 50 Hz frequency. On the contrary, thanks to the presence
of Fe;O, nanoparticles, MARs empowered with active motion
exhibited better performance in removal of micro/nanoplastics
than bare algae cells, as illustrated in Figure S9 (Supporting Infor-
mation). For real world settings it is important to investigate the
effect on the removal efficiency of the micro/nanoplastics shape.
However, this aspect goes beyond this present study due to limita-
tions in acquiring fluorescent micro/nanoplastics with different
shapes at a fixed size. Of note, according to the previous research,
different shapes of microplastics show negligible effects on the
removal efficiency.*®]

The reusable and low-cost characteristics of microrobots are
considered the crucial feature that influences their long-term
and sustainable applications for environmental remediation.!!
Figure 6f shows that MARs preserved electrostatic attraction ca-
pability over five cycles of treatment, guaranteeing ~80% re-
moval efficiency for nanoplastics and ~54% for microplastics af-
ter the cycles. Through the cycle process, the magnetic response
of MARs became weaker due to the vigorous agitation required
to release the plastic particles from the robots’ surface, which is
ascribed to the loss of Fe; O, nanoparticles from the algae surface,
as shown in Figure S10 (Supporting Information). On the other
hand, the navigation speed of MARs decreased during the recy-
cling experiments (Figure S11, Supporting Information), which
also results in the declined removal efficiencies. Nonetheless, the
magnetic properties of MARSs can be revived by mixing them with
freshly prepared Fe; O, nanoparticles again. The microalgae cells
preserved their original shape and green color after recycling ex-
periments, as shown in Figure S12 (Supporting Information),
which elucidates their high viability.l°!] To prove the practical uti-
lization of MARSs, Figure 6g reports the removal efficiencies of
nanoplastics by MARs in different aquatic environments, such
as tap water, rainwater, and lake water (Figure S13, Supporting
Information), confirming the MARs excellent operation not only
in DI water samples but also in real contaminated water samples.
The removal efficiencies in tap water, rainwater, and lake water
were 90%, 86%, and 89%, respectively. MARs performance was
also evaluated against the mixture of nano- and microplastics,
finding a slight decrease (84%), owing to surface take-up compe-
tition between the two classes of plastic particles. These experi-
ments validate the applicability of the proposed strategy in natu-
ral settings.

3. Conclusion

In conclusion, we have presented eco-friendly and magnetic field-
driven algae-based microrobots for effective capture and removal
of micro/nanoplastics from the aquatic environment. The type of
algae C. vulgaris, one of the most important microalgae in various
biotechnology fields, was chosen as the platform for formulating
biohybrid microrobots with a negatively charged surface. After
decoration with positively charged Fe;O, nanoparticles, microal-
gae realized precise actuation and collective manipulation rather
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Figure 6. Micro/nanoplastics capture by MARs. a) Schematic diagram of the dynamic removal of micro/nanoplastics by MARs under the rotating
magnetic field. b) Nanoplastics and c) microplastics removal efficiencies by MARs as a function of time varying from 0 to 40 min. d) SEM images
depicting MARs after being exposed to the suspensions of micro/nanoplastics. Scale bars are 1 um. e) Time-lapse images showing the transport of
microplastics by a MAR. Scale bars are 5 pm. f) Reusability of MARs for nanoplastics (NP) and microplastics (MP) removal from water over five cycles.
g) Removal efficiencies of MARs from DI water, tap water, rainwater, lake water, and the mixture of nanoplastics and microplastics. Error bars represent

the standard deviation, n = 3 independent replicates.

than uncontrollable Brownian motion. To investigate the toxic-
ity of Fe;O, nanoparticles for microalgae, biomass experiments
were conducted, which demonstrated that the exposure to 0.3
mgemL~! Fe,;O, nanoparticles resulted in the hormesis stimu-
lation of algae cells growth. The capture of micro/nanoplastics
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by MARs in water was performed under the control of an ex-
ternal magnetic field to promote the electrostatic attraction of
targeted micro/nanoplastics. Taking advantage of their active
motion, MARs exhibited considerable efficiencies of 92% for
nanoplastics and 70% for microplastics. The reusability of MARs
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was also tested over five cycles, preserving ~80% removal effi-
ciency for nanoplastics and ~54% for microplastics. Consider-
ing the complexity of real aquatic environments, different water
samples (tap water, rainwater, lake water) were collected and ex-
amined to validate the applicability of MARs. The introduced bio-
hybrid microrobots, originating from naturally existing microal-
gae integrated with magnetic Fe;O, nanoparticles, hold consid-
erable promise for addressing environmental challenges associ-
ated with micro/nanoplastics in a sustainable and cost-effective
manner.

4. Experimental Section

Model Organism: C. vulgaris (SAG 211-11b), a strain of green mi-
croalgae, was obtained from the Department of Experimental Phycol-
ogy and Culture Collection of Algae (EPSAG) at Georg-August-Universitit
Géttingen (Géttingen, Germany). The microalgae were cultivated in Tris-
acetate-phosphate (TAP) medium, using Erlenmeyer flasks, and shaking
at 120 rpm under mixotrophic conditions. The cultures were grown at 23
+ 1°C with illumination at 130 pmol m~2 s~1 in 12-h light and 12-h dark
photoperiods.

Synthesis of Fe30, Nanoparticles: Briefly, 0.6 g CaCl, (Sigma Aldrich,
ACS reagent, 99%) and 0.6 g FeSO, (Sigma Aldrich, ACS reagent, 99%)
were dissolved in 21 mL deionized (DI) water (18 MQ cm), respectively, to
form uniform solutions. Then, two solutions were mixed under magnetic
stirring for 5 min at room temperature. Subsequently, 1.1 g FeCl; (Alfa
Aesar, 97%) was added to the mixture under continuous magnetic stirring
for 15 min at 60 °C in an oil bath. Afterward, NaOH solution (Merck, 25%)
was added to the mixture slowly until the mixture’s pH value reached ~11,
and the solution turned into a uniform black suspension. After oil bath
treatment for another 15 min under magnetic stirring, the resulting prod-
uct was isolated using a permanent magnet and washed three times with
DI water and ethanol, respectively. Finally, the Fe;O4 nanoparticles were
naturally dried in a fume hood at room temperature.

Synthesis of MARs:  The green algae were washed using DI water sev-
eral times to eliminate the TAP medium from the surface. Then, they were
suspended in DI water. 0.3 mgemL™" (final concentration) Fe;O, nanopar-
ticles solution was sonicated for 15 min, mixed with the algae suspen-
sion (Vre304:Vaigae = 1:1), and vortexed for 10 min at 1000 rpm. A perma-
nent magnet was applied to primarily assess the magnetic performance of
MARs.

Characterization of MARs: To perform SEM characterization, MARs
were initially treated with 2.5% glutaraldehyde for an overnight fixation at 4
°C, followed by washing with DI water to remove residues. After overnight
drying, MARs were characterized by scanning electron microscopy (SEM,
MIRA3-XMU) with an energy-dispersive X-ray (EDX) detector (Oxford In-
struments) after coating with 10 nm gold/palladium. X-ray diffraction
(XRD) was used to measure the crystal structure (Rigaku SmartLab 3 kW
diffractometer, Cu Ka radiation). The same methodology was used to treat
and examine bare algae. The magnetic hysteresis loop was measured us-
ing a Quantum Design Versalab cryogen-free VSM at 300 K, with an ap-
plied magnetic field ranging from —15 to 15 kOe at 10 Oe s~ steps. Mi-
cro/nanoplastics and MARs were diluted in DI water, respectively, and then
1 mL solution was transferred into a cuvette. Then, size distribution and
Zeta potential measurements were carried out using a Malvern Panalyti-
cal Zetasizer Ultra instrument, where the cuvette was placed inside. The
measurements were repeated three times to produce the error bars.

Motion Analysis:  The magnetic movement of MARs was evaluated and
recorded using an inverted Nikon ECLIPSE TS2R microscope coupled with
a BASLER acA1920-155uc digital camera. No surfactant was utilized dur-
ing the experiments. A homemade magnetic setup composed of three
orthogonal coil pairs positioned on a polylactic acid (PLA) support was
employed to regulate the magnetic motion. The setup created a transver-
sal rotating magnetic field. The microrobots were steered under magnetic
fields of 3 and 5 mT at various frequencies ranging from 0 to 300 Hz. The
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captured videos were analyzed using NIS Elements Advanced Research
software.

The components of the transversal rotating magnetic field, B,, B,, B,
are expressed by the following equations:

B, = By cos (wt) sin (a) (2)
B, = By cos (wt) cos (a) (3)
B, = By sin (wt) )

In these equations, By denotes the magnetic field’s magnitude, which
bears a direct proportionality to the current flowing through the coils. Ad-
ditionally, @ = 2xf, where f is the frequency in Hertz [Hz], ¢t is the time
in seconds [s], and « is the navigation angle, spanning a comprehensive
range from 0 to 360°. It is pertinent to note that by adjusting the value of
a, a remarkable degree of control is achievable to empower the manipu-
lation of the microrobots’ trajectory confined within the XY plane, further
ensuring high precision over their navigation.

The magnetic field assessments were conducted at the center of the coil
holder, wherein a sample holder can be well positioned and the magnetic
field was measured by using an A1302 Hall effect sensor.

Microalgal Growth Test: Toxicological assays were performed accord-
ing to OECD guidelines, TG 201, employing 72 h of exposure. In brief, C.
vulgaris cells in the exponential growth phase were inoculated into sterile
TAP media with/without adding 0.3 and 0.6 mgemL~" Fe;O, nanoparti-
cles. The experiments were conducted in 6-well culture plates with 5 mL
of medium, and the cultures were maintained under the aforementioned
conditions for 72 h. During experimental windows, every sample was taken
daily, dried for 24 h, and analyzed gravimetrically.

Micro/Nanoplastics Capture Experiments: Fluorescence spectroscopy
was used for micro/nanoplastics quantification. Two stocks of mi-
cro/nanoplastics were prepared by diluting the commercial suspension,
respectively. Specifically, 1.5 mL of MARs and 1.5 mL micro/nanoplastics
solutions were transferred in cuvettes. Then, the cuvettes were put in the
center of the rotating magnetic setup, set at 3 mT intensity and 50 Hz fre-
quency. Following the treatment, MARs were isolated from the solution
by employing a permanent magnet. The MARs and the treated solutions
were preserved for subsequent analysis. The experiments were replicated
a minimum of three times.

To evaluate the reusability of MARs, they were separated by an exter-
nal magnet from the purified water after the treatment and subjected to
vigorous shaking in water for 5 min to dislodge the micro/nanoplastics
from their surface. After shaking, MARs were collected again and applied
for following cycles. Each cycle was repeated three times to calculate the
error bars.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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10. Self-propelled magnetic dendrite-shaped microrobots for

photodynamic prostate cancer therapy

Paper published in this chapter:

Xia Peng, Mario Urso, Jan Balvan, Michal Masarik, and Martin Pumera, Self-Propelled
Magnetic Dendrite-Shaped Microrobots for Photodynamic Prostate Cancer Therapy. Angew.
Chem. Int. Ed. 2022, 61, €202213505.

10.1 Motivation of this study

Photocatalytic materials offer a promising avenue for drug-free therapies, particularly in cancer
treatment where drug usage can be minimized. Photocatalysts generate reactive oxygen species
(ROS), disrupting the antioxidant environment, and enhancing cytotoxicity against cancer cells.
However, the efficiencies of cancer therapy remain limitations, ascribed to passive diffusion of
photocatalysts. Microrobots that consist of photosensitizers can exhibit active actuation,
overcoming the hindrance of inert motion. Meanwhile, microrobots exhibiting phototaxis have
found utility within the realm of biomedicine, specifically in applications such as cellular
manipulation and targeted drug delivery. Nonetheless, there remains an unexplored frontier in
the domain of light-driven microrobots with phototaxis, where liberation from the confines of
two-dimensional motion for photodynamic therapy (PDT) and non-contact cell manipulation

remains a promising pursuit.

10.2 Paper conclusion

This study demonstrated that the increasing intelligence of photocatalytic microrobots was
further realized by exploring the tactic behavior of dendrite-shaped microrobots, fabricated by
a low cost and one-step hydrothermal method to realize the on-site generation of ROS to trigger
prostate cancer cell therapy. Transportation of micro-sized targets in a non-contact way, such

as cells, was demonstrated by manipulating the movement of a single microrobot, which
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produced a powerful fluid flow pushing the targeted cell. Moreover, the hematite microrobots
presented good biocompatibility. In vitro experiments proved that hematite microrobots can
induce apoptosis of prostate cancer cells upon reaction with the ROS generated by the photo-

Fenton reaction, enhancing PDT efficacy.

10.3 Author contribution

I prepared and characterized the microrobots, optimized their integration with FesOa
nanoparticles, and analyzed their photocatalytic and magnetic motion under a magnetic field.

I also interpreted the data, assessed their efficiency and reusability, and drafted the manuscript.
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Self-Propelled Magnetic Dendrite-Shaped Microrobots for
Photodynamic Prostate Cancer Therapy

Xia Peng, Mario Urso, Jan Balvan, Michal Masarik, and Martin Pumera*

Abstract: Photocatalytic micromotors that exhibit wire-
less and controllable motion by light have been exten-
sively explored for cancer treatment by photodynamic
therapy (PDT). However, overexpressed glutathione
(GSH) in the tumor microenvironment can down-
regulate the reactive oxygen species (ROS) level for
cancer therapy. Herein, we present dendrite-shaped
light-powered hematite microrobots as an effective GSH
depletion agent for PDT of prostate cancer cells. These
hematite microrobots can display negative phototactic
motion under light irradiation and flexible actuation in a
defined path controlled by an external magnetic field.
Non-contact transportation of micro-sized cells can be
achieved by manipulating the microrobot’s motion. In
addition, the biocompatible microrobots induce GSH
depletion and greatly enhance PDT performance. The
proposed dendrite-shaped hematite microrobots contrib-
ute to developing dual light/magnetic field-powered

micromachines for the biomedical field. }
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Introduction

Inspired by the extensive photosynthesis process in nature,
artificial microrobots consisting of “smart materials” with
intrinsic capacity or functionalized integration can similarly
convert light sources into energy for autonomous motion
induced by diverse mechanisms, for instance, bubble thrust
and self-phoretic propulsion.!'*! These light-powered self-
propelled microrobots have obtained considerable attention
over the past years because of the remote and controllable
motion by an external renewable and abundant energy
source such as light and their potential applications in
various fields, i.e., sensing, imaging, and environmental
remediation."*! Plenty of photocatalytic materials (TiO,,
ZnO, Fe,0;, BiOI) have been exploited as the main
constituent for the fabrication of innovative light-powered
microrobots.’ ™! Breaking the material’s symmetry by the
uneven deposition of a noble metal coating represents a
promising strategy to endow them with an effective motion
by light irradiation. For instance, the TiO, microparticles
with Au half-coating exhibited motion behavior once
exposed to UV light by self-electrophoresis, i.e., in charge of
a localized electric field induced by the asymmetrical
generation of a charged products gradient.”) In addition,
light-powered fuel-free spherical ZnO/Pt micromotors dis-
played the capability of positioning themselves to the light-
exposure direction and exhibiting phototactic behavior at
considerable velocities.""! However, the dependence on
expensive noble metals remains a challenge in the micro/
nanorobotics field, not only for light-powered but also for
fuel-driven micro/nanorobots.”*¥! On the other hand, mag-
netic materials are extensively integrated on the surface of
microrobots in order to achieve precisely controllable
motion for biomedical applications.'”*! Consequently, sim-
ple, single-component, inherently magnetic, and low-cost
light-driven microrobots are highly desired for real-world
applications.

Given the tremendous progress in nanotechnology and
nanomaterials in the biomedical field, many therapeutic
approaches have been established for tumor treatments, for
instance, chemotherapy, gene therapy, radiotherapy, immu-
notherapy, and PDT." Among them, PDT has received
extensive attention as an emergent and promising drug-free
cancer treatment method.”*! PDT employs photocatalysts
that can convert oxygen molecules into ROS, which can
cause permanent damage to cancer cells.”*" However,
overexpression of GSH existing in cancer cells critically
impedes the therapeutic effect of PDT. Reducing the GSH
amount in the microenvironment of cancer cells and, in turn,

© 2022 Wiley-VCH GmbH


http://orcid.org/0000-0002-0442-2759
http://orcid.org/0000-0001-7993-8138
http://orcid.org/0000-0001-5463-3338
http://orcid.org/0000-0003-1172-7195
http://orcid.org/0000-0001-5846-2951
https://doi.org/10.1002/anie.202213505
https://doi.org/10.1002/ange.202213505
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202213505&domain=pdf&date_stamp=2022-10-25

GDCh
~~

boosting ROS level is very important to destroy the cellular
antioxidation defense system, synergistically killing cancer
cells.” The employment of photocatalytic materials to
develop light-powered microrobots capable of active propul-
sion and producing ROS provides an emerging and promis-
ing tool to oxidize GSH and maximize the benefit of cancer
treatment.

In this work, we propose single-component dendrite-
structured hematite microrobots with dual magnetic/optical
propulsion modes for effective GSH depletion, increasing
the cytotoxicity against prostate cancer cells. Dendrite-
structured hematite microparticles were synthesized in one
step by a simple and facile hydrothermal reaction. The
single-component hematite microrobots exhibit negative
phototaxis when exposed to light irradiation by self-
diffusiophoresis, as well as the magnetic motion under a
rotating magnetic field. These single-component hematite
microrobots provide two actuation modes that can both
control the direction of their movement. Taking advantage
of these features, the non-contact transportation of targeted
microscale objects, such as cells, can be achieved using
hematite microrobots by generating a localized fluid flow.
The prostate cancer cells were selected to examine the PDT
capacity of hematite microrobots. Under exposure to light in
the presence of H,0,, the hematite microrobots based on
the photo-Fenton reaction produce abundant ROS to induce
GSH depletion and greatly enhance the PDT efficiency
against prostate cancer cells. These results demonstrate that
the dendrite-structured hematite microrobots can be an
adjuvant for augmenting cancer therapeutic efficacy and a
promising alternative for future biomedical applications.

Result and Discussion

Figure 1 reveals the fabrication process and characterization
of hematite microrobots. A one-step low-cost hydrothermal

”}%}*

Hydrothermal
reaction

Washlng
Fe3* precursor

Research Articles

Angewandte

intemationaldition’y Chemie

reaction was employed to produce single-constituent hema-
tite microrobots, as schematically shown in Figure 1A.
Scanning electron microscopy (SEM) images at different
magnifications of hematite microrobots are displayed in
Figure 1B. The low-magnification SEM image reveals the
hematite microrobots’ uniform and symmetric dendrite-like
structure (Figure 1B). The dimensions of the main trunks
are approximately 8—10 um. The high-resolution SEM image
shows an attractive dendrite-like structure. The highly
arranged branches are allocated on two sides of the central
trunk. This asymmetrical dendrite-like structure can facili-
tate the migration of diverse chemical species beneficial for
the motion of microrobots and their potential applications,
owing to abundant active catalytic spots provided by the
appreciable edges of the branches. Energy-dispersive X-ray
spectroscopy (EDX) elemental mapping images validate the
existence and uniform distributions of Fe and O elements,
as shown in Figure 1B. The X-ray diffraction (XRD)
spectrum of hematite microrobots is manifested in Fig-
ure 1C, indicating that pre-synthesized microrobots are well
evidenced in the hexagonal phase (JCPDS no. 33-0664).
The chemical states of hematite microrobots were charac-
terized by X-ray photoelectron spectroscopy (XPS). Fig-
ure 1D displays the high-resolution spectrum of Fe 2p. Two
peaks at binding energies of ~711eV for Fe 2p;, and
~724 eV for Fe 2p,, with the corresponding satellite peaks
at ~719 and ~733 eV binding energies can be distinguished.
These are characteristics of Fe'* ions in hematite.””] The
high-resolution O 1s spectrum in Figure 1E shows two
contributions at ~532eV and ~530eV binding energy,
assigned to Fe—O within Fe,O; and hydroxyl groups
attached to FeO, respectively.

The motion behavior of hematite microrobots was
evaluated under light exposure. The actuation mechanism of
single-component light-powered microrobots has been eluci-
dated in previous works.’*** As demonstrated in Figure 2A,
the electrons excited by the light jump to the conduction

(@)
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Figure 1. Preparation and characterization of hematite microrobots. A) Schematic illustration of the synthetic procedure. B) SEM images at two
magnifications and EDX mapping images. C) XRD spectrum. D) Fe 2p XPS spectrum. E) O 1s XPS spectrum.
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A Photocatalytic Propulsion Mechanism
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Figure 2. A) Schematic illustration of the motion mechanism of hematite microrobots. B) UV-Vis absorbance spectrum of the hematite
microrobots. The inset reports the accorded Tauc plot. C) Tafel plot of the hematite microrobots with/without light irradiation in water. D) Average
speed at various concentrations of H,O, under light exposure. Trajectories of hematite microrobots in E) 0.5% H,0, and F) 1% H,0,. Scale bars

are 10 ym.

band (CB) of hematite microrobots, leaving holes in the
valence band (VB). The electron-hole pairs will produce O,
molecules and protons by H,0, decomposition.’* A chem-
ical gradient of O, molecules and protons will be asymmetri-
cally created, prompting the motion of microrobots based
on self-diffusiophoresis. The optical band gap (E,) of
hematite microrobots in Figure 2B was obtained using the
Tauc plot according to the measured UV/Vis absorption
spectrum.”” The estimated E, value is 2.02 €V, proving that
hematite microrobots can absorb light in the visible range.
To elucidate the photocatalytic activity of hematite micro-
robots upon light exposure, the mixed potential was
measured from the Tafel plot of the hematite microrobots
under dark/light circumstances in water. As shown in
Figure 2C, the mixed potential of hematite transfers to a
more negative value with light exposure, which shows a
difference of 40 mV between dark and light, indicating that
hematite microrobots generated electron-hole pairs under
light irradiation.’”? The speed of microrobots in pure water
was merely 2.54+0.5 ums™, but it progressively increased to
18+£5 ums™' when a higher concentration of H,O, solution
was introduced (Figure 2D). Photocatalytic decomposition

Angew. Chem. Int. Ed. 2022, 61, €202213505 (3 of 8)

of H,0, proceeds according to the reaction scheme in
Equation (1):

a-Fe,O; +hv — e +h*
H,0, +2h" - 2H" + O, @
HzOz + 267 + ZHJr — 2H20

As shown in Figure 2E, captured from Supplementary
Movie 1, an enhanced wall-bound 2D motion of the micro-
robots rather than Brownian motion can be observed at a
low H,0, concentration when UV light is irradiated from
the bottom. Interestingly, when the higher H,O, concen-
tration was employed, the time-frame images in Figure 2F
manifest that the microrobots can exhibit powerful propul-
sion and move upwards against gravity, away from the
bottom wall. They immediately swim out of focus, showing
negative phototaxis (Supplementary Movie 1).5*! When
the light is turned off, the microrobots gradually move back
to the glass wall plane and get focused again. Control
experiments with different light directions were also con-
ducted to study further the negative phototactic motion
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Figure 3. A) Polar graph showing the trajectories of hematite micro-
robots. B) The speed of the hematite microrobot with the light on/off
responses. C) Schematic illustration of the negative phototaxis of
hematite microrobots. D) Light-controlled steering of a single hematite
microrobot by negative phototaxis in 1% H,0O,. The scale bar is 10 pm.
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Figure 4. Magnetic actuation of hematite microrobots. A) Magnetic
hysteresis loop of hematite microrobots. B) The scheme of a hematite
microrobot in a rolling behavior under a rotating magnetic field.

C) Representative tracking trajectories of hematite microrobots under a
rotating magnetic field of 3 mT and 5 mT at different frequencies for

5 s. Dashed lines represent the long axis of hematite microrobots and
the sense of revolution. D) Corresponding speeds of microrobots
under a rotating magnetic field. E) Trajectory of a hematite microrobot
following a predesigned “nano” track.
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(Supplementary Movie 2). In the polar graph shown in
Figure 3A, it can be seen that the trajectories of most
microrobots tend to move away from the light source when
UV light is placed in a tangential direction. The light on/off
switching experiment also was included and shown in
Figure 3B, demonstrating that the microrobots exhibit
distinct light on/off responses. As evidenced by previous
works,*>#! single-component isotropic microrobots that
exhibit negative phototaxis under light irradiation are
propelled by self-diffusiophoresis. The produced products
gradient could originate a directed local fluid flow, propel-
ling the hematite microrobots toward the low product
concentration area, as schematically shown in Figure 3C.
Furthermore, a light-guided hematite microrobot is shown
in Figure 3D, captured from Supplementary Movie 3. By
changing the light source direction, the controlled move-
ment of dendrite-shaped hematite microrobots can be
achieved.

A previous paper has elucidated the inherent magnetic
property of hematite microparticles.* The magnetic hyste-
resis loop of hematite microrobots was plotted in Figure 4A,
suggesting a ferromagnetic behavior. Hematite microrobots
can perform a rolling motion along their long axis when
applying a transversal rotating magnetic field, moving in the
perpendicular direction, as depicted in Figure 4B. Time-
frame images (Figure 4C, Supplementary Movie 4 and 5)
demonstrate that a hematite microrobot rotated along its
central trunk and moved toward the orthogonal direction
under a rotating magnetic intensity of 3 and 5mT at
different frequencies, varying from 5 Hz to 30 Hz. The
propulsion trajectories of hematite microrobots exhibited a
significant decline in a predefined time as the magnetic field
frequency was higher. Figure 4D shows that the speed of
microrobots linearly increases with the frequency up to the
highest velocity of 22 ums™ at the frequency of 10 Hz and
5mT, known as the “step-out” frequency. Above this
frequency, the speed significantly decreases because the
magnetic torque is inadequate to keep a synchronous
association between the rotating magnetic field and the
magnetic moment existing in hematite microrobots."***! This
behavior agrees with the previously reported peanut motors
that are transversely magnetized and is consistent with the
trajectories shown in Figure 4C."*! In addition, Figure 4E
shows that the hematite microrobot swims along a prede-
fined “nano” track in a rolling mode (Supplementary
Movie 6), which indicates that hematite microrobots can be
precisely controlled and navigated to specific locations,
holding tremendous potential for biological applications.

Controllable and precise cell transportation is of signifi-
cant interest concerning desirable therapy, for example,
targeted cell study and transport, for which two methods,
contact and non-contact, can be realized.*** In order to
accomplish a flexible operation in the defined surroundings,
the non-contact manipulation of microrobots holds great
advantages in non-contamination and remote control for
biological applications. By regulating the parameters of the
external rotating magnetic field, the locomotion of hematite
microrobots possesses the feature of flexible and remote
control. Moreover, the rotation of the peculiar dendrite-like
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structure impels the adjacent fluid to produce a local
hydrodynamic flow field to manipulate targeted cells with-
out contact. Yeast cells were selected as a cell model. As
shown in Figure 5A, captured from Supplementary Movie 7,
the yeast cell is synchronously moved along with the
microrobots, exhibiting a linear trajectory. Considering the
complex bio-microenvironments, we also control the loco-
motion of microrobots to transport the cell in a circular
trajectory (Figure 5B), demonstrating that hematite micro-
robots can realize controllable non-contact cell transporta-
tion in arbitrary trajectories. Figure SC displays the
synchronized locomotion trajectories of the microrobot and
the yeast cell under magnetic field navigation. By employing
the actuation of the single microrobot along a predesigned
trajectory, the selected yeast cell was effectively steered
along a parallel route, showing a mean moving velocity of
~3ums~', as displayed in Figure 5D. Furthermore, it is
highlighted that there is no overlap between these two
trajectories, which further indicates that hematite micro-
robots can realize the non-contact transportation of targeted
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objects along desired paths, enabling a significant benefit for
future biomedical applications.

Drug-free therapy based on photocatalytic materials is
highly desirable, being considered a beneficial method for
cancer treatment where no drugs are involved.”"! The ROS
produced by the photocatalyst can oxidize GSH into
oxidized glutathione (GSSG) to destroy the antioxidant
microenvironment and increase cytotoxicity against cancer
cells. The effect of hematite microrobots in eliminating GSH
was examined using 5,5-dithiobis (2-nitrobenzoic acid)
(DTNB) as an indicator since it reacts with GSH to form a
5-thio-2-nitrobenzoic acid anion, which was monitored by
UV/Vis spectroscopy.”” As shown in Figure SIA, DTNB
exhibits an absorption peak at 323 nm. The combination of
GSH results in the disappearance of the peak at 323 nm.
Instead, an absorption peak at 408 nm appeared, represent-
ing the successful formation of the 5-thio-2-nitrobenzoic acid
anion. Initially, we investigated GSH consumption using
hematite microrobots under different conditions: 1) micro-
orobots + GSH; 2) microrobots + GSH + blue light; 3) micro-
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Figure 5. Controllable non-contact cell transportation by a hematite microrobot. A) Linear transport of the yeast cell and B) circular transport of the
yeast cell under a rotating magnetic field of 5 mT at 10 Hz. Red curves show the trajectory of the targeted cell. Red arrows beside the cell indicate
the transport direction. Scale bars are 20 ym. C) Trajectories of the microrobot and transported yeast cell. D) Speed of the microrobot and

transported yeast cell along the circular path.
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orobots + GSH + magnetic stirring; 4) microrobots+ GSH +
fuel (0.05% H,0,); 5)microrobots+ GSH+fuel (0.05%
H,0,) +blue light (Figure S1). As shown in Figure 6A, GSH
content significantly decreased to 22 % after the treatment
with hematite microrobots under light illumination in H,O,
fuel. The microrobots can consume a relatively high amount
of GSH thanks to the photo-Fenton reaction that enhances
ROS production to oxidize GSH in the solution. Figure 6B
displays the variation of GSH concentration over time.
After 60 min treatment, microrobots can consume 8 mM
GSH. In order to investigate the main ROS responsible for
GSH consumption, radical trapping experiments were
carried out, as shown in Figure 6C. In this regard, ethyl-
enediaminetetraacetic acid (EDTA, 10 mgL™), isopropanol
(0.25 uLmL™"), and nitro-blue tetrazolium (NBT, 10 mgL ")
were chosen as typical scavengers to capture 4*, *OH, and
*O*", respectively.”” The involvement of isopropanol and
NBT significantly increase the photocatalytic performance
of hematite microrobots, leading to higher efficiencies of
86 % and 88 %, respectively. On the contrary, the addition
of EDTA decreased the GSH consumption, indicating that
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the scavenging of holes by EDTA inhibits GSH oxidation.
On this basis, it was concluded that the photogenerated
holes are the key active photo-induced product responsible
for GSH depletion and may boost the microrobots’ cytotox-
icity for cancer cell treatment (Figure 6D).

Since hematite microrobots can increase ROS produc-
tion and oxidize GSH, they were applied for “proof of
concept” in vitro PDT therapy of prostate cancer cells. The
cytotoxicity of hematite microrobots was investigated first.
From Figure 6F, the hematite microrobots have no effect on
the viability of prostate cancer cells without fuel (H,0,) and
light exposure. After 9 h incubation, no apparent cytotox-
icity was noted at a 1 mgmL™ concentration of microrobots
(Figure S3), suggesting the high biocompatibility of hematite
microcatalysts. The effect of fuel (0.05% H,0O,) and light
exposure (485 nm, 48 mW cm?) on the viability of prostate
cancer cells were also conducted to exclude other potential
contributions, demonstrating just a mild decrease (88 %),
whereas, in the simultaneous presence of hematite micro-
robots, the cell viability significantly decreases down to 24 %
(Figure 6F and Figure S2). To visualize cell killing efficiency,
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Figure 6. A) GSH consumption under different conditions (GSH+ M: GSH + Microrobots; GSH + M+ L: GSH + Microrobots + Light; GSH+M +S:
GSH + Microrobots + Stirring; GSH+ M+ F: GSH + Mlcrorobots + Fuel; GSH+ M+ F + L: GSH + Microrobots + Fuel + Light). B) GSH consump-
tion as a function of time. C) Radical trapping experiments conducted using hematite microrobots with the involvement of EDTA, NBT, and
isopropanol. D) The proposed mechanism and scheme for therapy performances based on hematite microrobots. E) Cell viability after treatment
at different conditions (F + L: Fuel + Light; M: Microrobots; M+ L: Microrobots + Light; M + F: Microrobots + Fuel; M + F -+ L: Microrobots + Fuel +
Light). F) Calcein AM and PI staining method to investigate the death of prostate cancer cells caused by different conditions after 9 h treatment.

Scale bars are 50 pm.
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Calcein AM and propidium iodide (PI) co-staining experi-
ments were conducted to validate the obtained results. The
cell viability and morphology of the prostate cancer cells
were observed under the fluorescent microscope, as shown
in Figure 6F. Virtually no red-stained cells in the control
group can be observed, elucidating that only a few cells were
killed. In the microrobots-free treated group (fuel+light)
and microrobots+light treated group, a few cells were
stained in red, indicating a weak PDT effect. In contrast, the
number of dead cells observed in treatments involving
microrobots + fuel 4 light was significantly increased, dem-
onstrating once again that the microrobots show enhanced
cytotoxicity by the photo-Fenton reaction to kill the
majority of cancer cells.

Conclusion

In summary, we developed dendrite-shaped photocatalytic
magnetic hematite microrobots by a low-cost and one-step
hydrothermal method to realize the on-site generation of
ROS to trigger prostate cancer cell therapy by GSH
depletion. These microrobots exhibited dual light /magnetic-
driven propulsion without integrating multiple components,
undergoing negative phototaxis under light irradiation and
controllable actuation along a predefined path subjected to
an external rotating magnetic field. Transportation of micro-
sized targets in a non-contact way, such as cells, was
demonstrated by manipulating the movement of a single
microrobot, which produced a powerful fluid flow pushing
the targeted cell. Moreover, the hematite microrobots
presented good biocompatibility. In vitro experiments
proved that hematite microrobots can induce GSH oxidation
upon reaction with the ROS generated by the photo-Fenton
reaction, enhancing the PDT efficacy toward prostate cancer
cells. Future efforts will be focused on evaluating the
performance of microrobots in vivo using animal models,
including biocompatibility tests of microrobots and addi-
tional experiments to assess undesirable side effects that
may be caused by microrobots. In addition, the therapeutic
efficacy may be further increased by coating the microrobots
with pH-responsive polymeric layers encapsulating drugs.
These evaluations of microrobots in vitro/vivo experiments
will contribute to broadening the horizon for biological
applications of microrobots. Overall, the proposed drug-free
PDT by dendrite-shaped hematite microrobots holds ex-
cellent potential for future clinical applications.
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11. Conclusions

In summary, this thesis presents a comprehensive investigation into active microrobots and
their application in sustainable environmental and biological applications. The research offers
critical insights into the synthesis, characterization, and photocatalytic properties of different
materials. A notable contribution of this thesis is to design more advanced microrobots in
terms of i.e., higher propulsion speed, programmable collective behaviors, and response to
environmental stimuli with phototaxis, which establishes a microrobotic system for water
purification and cancer therapy. The primary findings are systematically categorized into

three thematic parts, each addressing the key research objectives outlined in Chapter 1.

Firstly, we reported the large-scale synthesis of single-component WO3; microrobots with active
propulsion via a facile hydrothermal method, which is easily scalable, combined with
calcination. The active motion and photocatalytic activity of WO3; microrobots were applied to
degrade toxic nitroaromatic pollutants, such as picric acid (PA). The microrobots degraded 70%
of PA in water without any external agitation. In order to further enhance propulsion capability,
Janus-structured hematite/Pt microrobots were designed with different thicknesses of Pt layers.
This result demonstrates that the speed of light-powered Janus microrobots can be greatly
enhanced by increasing metal layer thickness. The enhanced speed of these microrobots for the
degradation of PA as a model for explosive pollutants was also tested in water. This work
presents a new approach to enhance the speed of Janus microrobots based on tailoring the metal

layer thickness.

Apart from photocatalytic degradation of pollutants, the exploration of biofilm removal was
also investigated by designing ZnFe;O4/Pt Janus microrobots. ZFO microspheres were
synthesized via a cost-effective and scalable hydrothermal method, followed by a calcination
process. Subsequently, a Pt layer was deposited on the surface of the ZFO microspheres to
create asymmetric Janus microrobots, enabling self-propulsion under UV light irradiation.
These light-driven ZFO/Pt microrobots exhibited active locomotion with controllable "stop-
and-go" motion under UV light, demonstrating effective photodegradation capabilities. These
microrobots effectively eliminated Gram-negative Escherichia coli (E. coli) biofilms through
a dual mechanism: photogenerated reactive oxygen species (ROS) facilitated antibacterial
activity, while their light-powered active locomotion enhanced mass transfer, accelerating
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biofilm removal in aquatic environments. This work highlights their applicability as a robust

solution to biofilm-related challenges in various industrial and environmental contexts.

Secondly, in order to further investigate the influence of microrobots shapes on their collective
behaviors, hematite/Pt Janus microrobots has been demonstrated. Because of the asymmetrical
dipolar moment orientation in the crystal, cubic hematite/Pt microrobots can self-assemble into
regular microchains with morphologies. They exhibit different motion modes under light
irradiation depending on the configuration of single microrobots. To prove the exceptional
benefits of a collective behavior compared to individual microrobots, these light-powered selt-
assembled microchains were employed for yeast cells capture, release, and transport, for the
capture and removal of suspended matter in water originated from personal care products, as
well as the definitive degradation of polymeric materials. This work offers a different
perspective on the collective behavior of photocatalytic microrobots with the benefits of easily

batch fabrication, low-cost, and a broad range of multimodal applications.

Additionally, the treatment of micro/nanoplasctics presents a severe threat to human health due
to their tiny size and persistent nature. In this regard, algae cells were selected as the platform
of microrobots incorporated with Fe3O4 nanoparticles for precise manipulation. The algae-
based microrobots exhibit collective behavior under control of external magnetic field and
controllable motion to predefined location. Also, these microrobots realized 90% capture of
nanoplastics and 70% capture for microplastics, which is ascribed to the reliable electrostatic

interaction.

Finally, the increasing intelligence of photocatalytic microrobots was further realized by
exploring the tactic behavior of dendrite-shaped microrobots. These microrobots were
fabricated using a low-cost, one-step hydrothermal method, enabling efficient on-site ROS
production through the photo-Fenton reaction under light illumination. The microrobots
undergo negative phototactic motion under light irradiation and controllable actuation along a
predefined path subjected to an external rotating magnetic field. They also demonstrated the
ability to transport micro-scale targets, such as individual cells, in a non-contact manner by
generating a strong fluid flow through precise manipulation of their motion. This feature
allowed for controlled positioning and interaction with targeted cells. Importantly, the

hematite-based microrobots exhibited excellent biocompatibility, ensuring their suitability for

110



biomedical applications. In vitro experiments confirmed their therapeutic potential, as the ROS
generated under light irradiation effectively induced apoptosis in prostate cancer cells,
significantly enhancing photodynamic therapy (PDT) efficacy. These findings highlight the
promise of dendrite-shaped hematite microrobots as a cost-effective and multifunctional
platform for cancer therapy, combining precise manipulation, biocompatibility, and efficient

ROS-based treatment mechanisms.

Looking ahead, the development of active microrobots holds tremendous promise for
advancing environmental and biomedical technologies. Future research should focus on
optimizing the performance of these microrobots, particularly in terms of scalability, speed,
and efficiency for large-scale applications. Replacing the noble metal with other more cost-
efficient strategies involved in the fabrication of Janus microrobots is of great importance for
sustainable development. In addition, further exploration of new materials and hybrid systems
could improve the biocompatibility, stability, and reusability of these microrobots, enabling
their safe and effective deployment in real-world settings. Advances in artificial intelligence
and machine learning could also contribute to the development of smarter microrobots capable

of autonomous decision-making and adaptive behaviors in dynamic environments.
Ultimately, as these microrobots evolve, they have the potential to revolutionize fields ranging

from environmental cleanup to personalized medicine, offering innovative solutions to some

of the most pressing challenges in both sustainability and healthcare.
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