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“What is a scientist after all?
1t is a curious man looking through a keyhole,
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Abstract

The advancements in nanotechnology enabled the development of new diagnostic tools and drug
delivery systems based on nanosystems, which offer unique features such as large surface area to volume ratio,
cargo loading capabilities, increased circulation times, as well as versatility and multifunctionality. Despite
this, the majority of nanomedicines do not translate into clinics, in part due to the biological barriers present
in the body. Synthetic nano- and micromotors could be an alternative tool in nanomedicine, as the continuous
propulsion force and potential to modulate the medium may aid tissue penetration and drug diffusion across
biological barriers. Enzyme-powered motors are especially interesting for biomedical applications, owing to
their biocompatibility and use of bioavailable substrates as fuel for propulsion.

This thesis aims at exploring the potential applications of urease-powered nanomotors in nanomedicine.
In the first work, we evaluated these motors as drug delivery systems. We found that active urease-powered
nanomotors showed active motion in phosphate buffer solutions, and enhanced in vitro drug release profiles
in comparison to passive nanoparticles. In addition, we observed that the motors were more efficient in
delivering drug to cancer cells and caused higher toxicity levels, due to the combination of boosted drug release
and local increase of pH produced by urea breakdown into ammonia and carbon dioxide.

One of the major goals in nanomedicine is to achieve localized drug action, thus reducing side-effects.
A commonly strategy to attain this is the use moieties to target specific diseases. In our second work, we
assessed the ability of urease-powered nanomotors to improve the targeting and penetration of spheroids, using
an antibody with therapeutic potential. We showed that the combination of active propulsion with targeting
led to a significant increase in spheroid penetration, and that this effect caused a decrease in cell proliferation
due to the antibody’s therapeutic action.

Considering that high concentrations of nanomedicines are required to achieve therapeutic efficiency;
in the third work we investigated the collective behavior of urease-powered nanomotors. Apart from optical
microscopy, we evaluated the tracked the swarming behavior of the nanomotors using positron emission
tomography, which is a technique widely used in clinics, due to its noninvasiveness and ability to provide
quantitative information. We showed that the nanomotors were able to overcome hurdles while swimming in
confined geometries. We observed that the nanomotors swarming behavior led to enhanced fluid convection
and mixing both in vitro, and in vivo within mice’s bladders.

Aiming at conferring protecting abilities to the enzyme-powered nanomotors, in the fourth work, we
investigated the use of liposomes as chassis for nanomotors, encapsulating urease within their inner
compartment. We demonstrated that the lipidic bilayer provides the enzymatic engines with protection from
harsh acidic environments, and that the motility of liposome-based motors can be activated with bile salts.

Altogether, these results demonstrate the potential of enzyme-powered nanomotors as nanomedicine
tools, with versatile chassis, as well as capability to enhance drug delivery and tumor penetration. Moreover,
their collective dynamics in vivo, tracked using medical imaging techniques, represent a step-forward in the

journey towards clinical translation.
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Resumen

Recientes avances en nanotecnologia han permitido el desarrollo de nuevas herramientas para el
diagnostico de enfermedades y el transporte dirigido de farmacos, ofreciendo propiedades tnicas como una
gran capacidad de encapsulacion de farmacos, el control sobre la biodistribucion de estos, versatilidad y
multifuncionalidad. A pesar de estos avances, la mayoria de nanomedicinas no consiguen llegar a aplicaciones
médicas reales, lo cual es en parte debido a la presencia de barreras biologicas en el organismo que limitan su
transporte hacia los tejidos de interés. En este sentido, el desarrollo de nuevos micro- y nanomotores sintéticos,
capaces de autopropulsarse y causar cambios locales en el ambiente, podrian ofrecer una alternativa para la
nanomedicina, promoviendo una mayor penetracion en tejidos de interés y un mejor transporte de farmacos a
través de las barreras bioldgicas. En concreto, los nanomotores autopropulsados por enzimas poseen un alto
potencial para aplicaciones biomédicas gracias a su biocompatibilidad y a la posibilidad de usar sustancias

presentes en el organismo como combustible.

El objetivo de esta tesis es explorar el potencial de nanomotores, autopropulsados mediante la enzima
ureasa, para aplicaciones biomédicas. En el primer trabajo, se evalud el uso de estos nanomotores como
vehiculos para el transporte de farmacos anticancerigenos. Se observo que los nanomotores, activos gracias al
consumo de urea, eran capaces de moverse en solucion salina y su actividad resulté en una mayor liberacion
de farmaco in vitro, en comparacion con particulas pasivas. Ademas, se observd que estos motores poseian
una mayor eficiencia para el transporte del firmaco en el interior de células cancerigenas, causando una mayor
toxicidad que las particulas pasivas gracias a la combinacion de la liberacion del farmaco y los cambios en el

pH promovidos por la conversion de urea en amoniaco y didxido de carbono.

El mayor reto al que se enfrenta la nanomedicina actualmente es la consecucion del transporte de
farmacos dirigido, reduciendo al maximo los efectos secundarios que estos puedan causar en tejidos sanos del
organismo. La estrategia mas comun para conseguir dirigir farmacos a tejidos diana es el uso de biomoléculas
capaces de reconocer ciertas células o tejidos, como por ejemplo los anticuerpos. En el segundo trabajo de esta
tesis, se diseflaron nanomotores propulsados por ureasa y equipados con un anticuerpo capaz de reconocer
células cancerigenas de vejiga, cultivadas en forma de esferoides. Se estudid cémo el movimiento de los
nanomotores podia mejorar la capacidad de reconocimiento de estas, donde se demostrd que la combinacion
de nanomotores activos con el anticuerpo, resulta en una mayor eficiencia en la penetracion de esferoides de
cancer de vejiga, y que este efecto causaba una mayor inhibicion de la proliferacion celular, debido a los efectos

terapéuticos del anticuerpo.

Considerando el hecho de que se necesita transportar altas concentraciones de nanomedicinas para
conseguir efectos terapéuticos, en el tercer trabajo se investigd el comportamiento colectivo de nanomotores

propulsados por ureasa. Para ello, a parte del uso de microscopia Optica para analizar el movimiento y el

XII



comportamiento colectivo de los nanomotores, en este trabajo se utilizaron técnicas de imagen molecular
basada en emision de positrones, una técnica no invasiva ampliamente utilizada en ambitos clinicos, capaz de
proporcionar datos cuantitativos. Se observo que los nanomotores eran capaces de superar obstaculos y avanzar
a través de espacios confinados con diferentes geometrias, y que su movimiento en forma de enjambres es

capaz de generar movimiento de fluidos tanto in vitro como dentro de la vejiga de ratones vivos.

Con el objetivo de proteger la actividad enzimatica en ciertos ambientes, como puede ser el estdmago,
donde el pH acido podria destruir las enzimas de los nanorobots, en el cuarto trabajo se investigo el uso de
liposomas como elemento protector. Se demostré que la bicapa lipidica proporciona proteccion de las enzimas
en ambientes donde el pH es extremadamente 4cido, y que el movimiento de estos nanomotores se puede
activar mediante el uso de sales biliares, lo que les confiere un alto potencial para aplicaciones en el tratamiento

y diagnostico de enfermedades gastrointestinales.

En conjunto, los resultados presentados en esta tesis doctoral demuestran el potencial del uso de
nanomotores autopropulsados mediante enzimas como herramientas biomédicas, ofreciendo versatilidad en su
disefio y una alta capacidad para promover el transporte de farmacos y la penetracion en tumores. Por ultimo,
su movimiento colectivo observado in vivo mediante técnicas de imagen médicas representan un significativo

avance en el viaje hacia su aplicaciéon en medicina
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Chapter 1

Introduction

“A great discovery does not issue from
a scientist’s brain ready-made, like
Minerva springing fully armed from

Jupiter’s head; it is the fruit of an
accumulation of preliminary work”

Marie Curie






INTRODUCTION

1.1. From Nanotechnology to Nanomedicine

Biological systems were one of the inspirations that drove Richard P. Feynman to a series of thoughts
that culminated on his lecture “Engineering and Science: There’s plenty of room at the bottom”,' which was
considered the birth of nanotechnology.? Advancements in technology led to the emergence of several topics
of research, such as nanofabrication,’ nanomaterials,*> bionanotechnology,*® and ultimately nanomedicine.’"
20

The past decades exhibited a considerable stream in research outputs in the field of nanomedicine
(Figure 1a).2° Several physical effects at the interface between the molecular and macroscopic worlds were
explored,”'** leading to new insights for the design of healthcare products. For instance, for diagnostics and
imaging, new sensor devices aim to increase sensitivity, reduce production costs and/or measure novel
analytes, and nanoparticulated contrast agents are investigated to enhance medical imaging. %
Nanostructured biomaterials are used in the implant industry due to their ability to improve mechanical

roperties.”*?” However, one of the sectors that gathers more attention in nanomedicine is the development of
prop g p

new drug delivery systems.”*>' This is due to the unique features that nanostructured materials offer, namely

32-34 32-34 -

large surface area to volume ratio, cargo loading capabilities, increased circulation times,*>*® and the
possibility to integrate multifunctionality into a single particle.’” *' Particularly, in drug delivery, researchers
not only aim at improving the bioavailability and pharmacokinetics of drugs, but also at the development of
safe and effective therapy approaches that are lesion-specific, thus having fewer off-target effects.

A myriad of advances were made in the development of new drug delivery systems, stemming from
applied research to the approval and commercialization of new products comprising nanotechnology (Figure
1a).*** Nanoscale manufacturing, either by building up molecules (bottom-up) or micronizing of materials
(top-down), yield a plethora of nanoparticle types with different physical and chemical properties suited for
drug delivery systems (Figure 1b-g), such as high entrapment efficiency or ease of surface modification. In
this sense, liposomes were one of the first nanoparticulate systems to be reported and used as drug carriers.**
*¥ These nanoparticles are fabricated using bottom-up approaches by hydrating phospholipid films, and have
been extensively studied in nanomedicine due to their biocompatibility and loading abilities of varied sizes of
cargoes, ranging from small drug molecules, to genes and proteins (Figure 1b). In fact, Doxil® — the first
clinically nanomedicine approved — was based on doxorubicin-loaded liposomes.*’ Following this, several

other nanomedicines based on liposomes were approved, as the cases of Myocet™ and Daunosome®.*

Enzyme-Powered Nanomotors Towards Biomedical Applications | 1
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Figure 1. Evolution of nanomedicine. a) Chronological outputs of nanomedicine and drug delivery systems from
academic research to clinical use, where various types of nanoparticles are used, such as b) stealth liposomes, c)
micelles, d) metallic nanorods, e¢) metallic nanospheres, f) mesoporous silica nanoparticles, and g) polymeric

nanoparticles. Adapted from Shi et a/’’ and Chen et at,’’ respectively, with permission from Springer Nature.

Other nano-sized structures, such as metallic nanoparticles, were investigated as drug delivery systems

(Figure 1c-g).>>>* For example, iron oxide nanoparticles have been widely studied for photodynamic cancer

55,56 57-59 60-62

therapy™~" or hyperthermia, while silver nanoparticles were explored for their antimicrobial activity.
Polymers were also used for the fabrication of nano-scaled delivery systems, taking advantage of inherent
desirable features such as biodegradability, stability, affinity to drug molecules, etc. to yield functional
nanocarriers.” % In addition, researchers emulated the attractive features of liposomes using copolymers to
fabricate polymersomes, which are self-assembled hollow capsules with high structural versatility,
encapsulation efficiency and stability %

Another strategy followed for the development of drug delivery systems was the fabrication of drug
nanoconjugates, where drug molecules were attached to polymers or proteins to improve their circulation time
and efficacy.”” " Drug stability and efficiency issues were also tackled by nanosizing pharmacologically active
substances, yielding nanocrystals, which improve the solubility and dissolution rates of poorly soluble
compounds.’”

Drug delivery systems based on nanomedicine aim at improving both safety and treatment efficacy.
However, nanocarriers’ design should be approached considering requirements beyond biocompatibility and
drug loading abilities, as for instance, the incorporation of multiple functionalities into a single carrier. Anti-
fouling coatings, targeting ligands, as well as co-encapsulation of drugs and diagnostic agents are examples of
multifunctionalities that can increase both efficacy and safety of nanomedicines (Figure 2a).””*! Researchers
designed functional nanocarriers for combination therapy, where the co-delivery of drug cocktails aims to
achieve better efficacies while reducing side-effects.”®? Nanocarriers with triggered drug release abilities
were widely investigated as a means to ensure a localized therapeutic effect (Figure 2b-c), using molecular

gates or stimuli-sensitive coatings to attain this purpose.***® Furthermore, the incorporation of multiple therapy

2 | Enzyme-Powered Nanomotors Towards Biomedical Applications
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modes, such as chemo- and thermal therapies, as well as permeating agents in one single carrier has also been

explored to increase the efficiency of the nanomedicines (Figure 2d).

) 87-89

The advancements in nanomaterials synthesis and engineering enabled the development of systems

where diagnostics and treatment capabilities are combined to improve clinical outcomes, i.e. theranostic

systems, which typically consist in single entities that can perform both functions simultaneously.’***
a) o Antifouling . b) )
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Figure 2. Nanomedicines incorporating multifunctionality. a) Design example of multifunctional nanocarrier, adapted
from Chen et al.’! b) Co-delivery of several pharmaceuticals by a single nanocarrier and triggered drug release. Adapted
and

Zhang et al.%% d) Nanoparticle capable of enhanced permeation, carrying both drugs and iron oxide nanoparticles, which

from Chen et al,’’ and Yin et al.®? ¢) Drug delivery triggered by environment stimuli, adapted from Chen et al,

could be used as imaging contrast or to generate reactive oxygen species, adapted from Di Corato ef al.*’ Adaptations

with permissions from the publishers.

Although the field is associated with many possible applications in the clinic, the most striking one is

cancer management, such as patient stratification.”’ Another interesting theranostics approach is monitoring

the response post-treatment, aiming at achieving rapid prognosis between therapy cycles.”? In this way, the

early and sensitive detection of alterations at molecular level allows necessary adjustments to be made,

ensuring the best treatment outcome.

95,96

Theranostics were also explored for imaging-guided localized therapy,® tumor characterization,

93,97

prediction of tumor-nanocarrier and tumor-drug interactions, ™’ and even as a source of information for the

design of personalized treatments.”*'*
Altogether, the advances in nanomedicine hold great promise for the establishment of more effective and
personalized therapies, with a particular focus on cancer treatment, as this disease continues to be among the

most significant healthcare problems globally.

Enzyme-Powered Nanomotors Towards Biomedical Applications | 3
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1.2. Nanomedicine: Progress and Challenges

Despite the plethora of research outputs concerning nanoparticle-based cancer therapies, to date only a
few cancer nanomedicines have been approved.*****>!°! Based on a search on the clinicaltrials.gov database
using the keywords ‘nanoparticle’ and ‘cancer’ on April 2021, there were 116 active clinical studies on cancer
nanomedicines. However, only three new nanomedicine products were approved for clinical used since
2016.***1% In contrast, the Web of Science database shows that over 50.000 research articles including the
terms ‘nanomedicine’ and ‘drug delivery’ were published between 2000 and 2020.

This disparity between research outputs, the nanomedicines under clinical investigation and the ones
that actually reach regulatory approval indicates the difficulty in the translation of research into clinical
u’se'10,20,102—104

Several challenges must be addressed in order to achieve better results in the clinical translation of
nanomedicine.'*'%'% First, key factors such as controlled, reproducible and scalable synthesis of
nanomedicines are essential to reduce batch-to-batch variation and thus enable clinical translation. Second, a

105197 mostly due to the

fundamental understanding of the nanoparticles behavior i vivo is an unmet challenge,
need for the development of tools that enable their imaging and study in biological systems, with a focus on
obtaining quantitative data. In fact, a recent meta-analysis study that reviewed the delivery of nanoparticles to
tumors surveyed the literature, from 2006 to 2016, and reported that only 0.7% of the administered nanoparticle
dose actually reaches the tumor site.'® This can be due to several reasons, such as the myriad of biological
barriers that nanomedicines face in vivo,'® which are not mimicked well enough in vitro.

Upon entering the body, nanoparticles will firstly face the mononuclear phagocytic system (MPS)

barrier, which is a network of organs such as the spleen, liver and lymph nodes, that have phagocytic cells able

109-112

to capture the nanoparticles before they reach the target site (Figure 3a).

Figure 3. Biological barriers encountered by nanomedicines in vivo. a) Mononuclear phagocytic system (MPS). b)
Physical barriers such as flows, shear forces and geometrical constraints. ¢) Interstitial fluid pressure arising from the
uneven vasculature. d) Complex extracellular matrix surrounding tumor tissue. ¢) Endosomal trapping of nanomedicines.
f) Efflux of delivered drugs due to the action of molecular and ionic pumps, such as multi-drug resistant proteins. Adapted

from Blanco ef al'!? and Chen et al,’’ with permission from Springer Nature.

4 | Enzyme-Powered Nanomotors Towards Biomedical Applications
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Even if the nanoparticles are engineered to avoid the MPS, e.g. with coatings that prolong their circulation
lifetime, then they are subjected to other barriers, as is the case of flows and shear forces (Figure 3b), which
limit both active and passive targeting strategies.''*'!*

Furthermore, when the nanoparticles reach the tumor site, they encounter the hurdles presented by the
heterogeneities in the tumor microenvironment, i.e. a dense extracellular matrix (ECM) (Figure 3c) and high
interstitial fluid pressures (Figure 3d).'°!'*!'> These phenomena, coupled to the accumulation of nanoparticles
in the peripheral tumor cells (binding-site barrier effect)!'®!'” hinder the penetration of nanomedicines into the
tumor, leaving deep-seeded cells untreated. Additionally, to effectively act as drug delivery systems, upon

1819 and ensure that the

entering the cells, the nanoparticles need to avoid endosomal trapping (Figure 3e¢),
drug delivery does not suffer from efflux due to the action of molecular and ionic pumps (Figure 3f).!20.12!

Apart from the barriers discussed above, nanomedicines face yet other hurdles, such as biofouling. When
administered in vivo, opsonin proteins present in the nanomedicines’ surroundings can bind to their surface
and hinder their functionality.'*"'?® Moreover, the translation of nanomedicines to clinical use requires that
the formulations adhere to high standards of in vivo stability, adequate safety vs. efficacy ratios, as well as
fabrication scalability.*

In the past decades, researchers focused on developing nanomedicines able to overcome the physical and

chemical barriers that handicap in vivo effectiveness.

1.3. Synthetic nano- and micromotors: a motile alternative to improve nanomedicine

Active matter, in particular synthetic nano- and micromotors could be an elegant alternative to
conventional nanoparticles in the design of nanomedicines, since they could bring a series of advantages, not
only due to the driving force provided by propulsion, but also because of their potential to modulate
physicochemical properties of the microenvironment, such as pH or viscosity. This could be of special interest
to overcome biological barriers, especially cell and tissue penetration, as well as to improve nanomedicines or
drug diffusion into tumor regions.

Nano- and micromotors were studied for their ability to perform various proof-of-concept tasks, such as

127-131 dri11132—134

tow multiple cargos, or capture species present on their surroundings.'**'* These tiny

machines were explored as functional and controlled tools for applications across fields such as environmental

140-144 145-147 148-156

remediation, sensing, and in biomedicine.

However, nano- and microscale motion is challenging, since at these scales reciprocal work will only
result in back-and-forth movements, and non-reciprocal work or time-reversal asymmetry is required to
achieve net displacement. Purcell compares nanoscale motion to a human swimming in a pool of honey, i.e.
motion at low Reynolds number (Re) regimes is governed by viscous forces, while macroscale motion (e.g. a
human swimming in water) is governed by inertial forces (high Re)."”” Re is a dimensionless number, defined

as the ratio of inertial to viscous forces acting on an object in a fluid,

Re = pV I/p = (Inertial Forces)/(Viscous Forces) , (D
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where, p is the density of the fluid, V and 1 are the velocity and the characteristic length of the object,
respectively, while p is the viscosity of the fluid.

Researchers investigated different methods to achieve nanoscale motion, by coupling synthetic particles

158-168 131,169-179

to motile living organisms (e.g. bacteria, cells, etc.), or by designing nano- and micromotors

capable of converting energy into mechanical work. In this sense, motors can either utilize energy from

180-183 188-191 183,192

external inputs, such as magnetic,'®'*" light, or ultrasound fields, or harness free energy from

their surroundings and convert it to displacement via chemical reactions,!32%

1.3.1. Biohybrid Motors

Researchers took advantage of the innate motile abilities of microorganisms and cells to develop self-
propelled systems able to accomplish specific tasks. These so-called biohybrid motors focus on the coupling
of synthetic materials with motile biological entities, which bear interesting features, such as responsiveness
to environmental stimuli (e.g., pH, temperature, or chemical gradients).

Several flagellated biological units were used to power the propulsion of biohybrids. Sperm is a
promising candidate, since this type of cells demonstrated powerful propulsion in biological environments,
and can exhibit chemo-, thermo- and rheotaxis, which can be advantageous to control the motors directionality.
Typically, these biohybrids are fabricated by entrapping single sperm cells within tubular structures. Magdanz
et al used a rolled-up microtube with magnetic properties to fabricate a sperm-based micromotor, investigating
the influence of design parameters on the performance of this biohybrid, such as radius of the microtube and
penetration depth of the sperm cells, as well as temperature.'”> Moreover, by taking advantage of sperm
motility and the magnetic control, the authors demonstrated separation of selected motors on a microfluidic
chip. The same group continued working towards the improvement of sperm micromotors,'” investigating the
effect of the microtubes’ length, and studying different biofunctionalizations to improve the coupling
efficiency. The authors reported that the addition of caffeine to the medium led to a temporary improvement
on the micromotors’ velocity.

Researchers hypothesized that such biohybrids could hold potential in the development of alternative
fertilization methods, micromanipulation and targeted drug delivery."*'"*!"'"7 In this regard, Medina-
Sanchez et al used metal-coated polymer helices to aid the transport of sperm with deficient motility, thus
helping it carry out their natural function.'”® The authors showed the efficient capture, transport and release of
live sperm in microfluidic cells that mimicked physiological conditions. In addition, Striggow et al entrapped
sperm cells on capped microtubes fabricated by using photoresist and lithography, showing that the streamlined
shape improved navigation through obstacles, and demonstrating their motility in oviduct fluid (Figure 4a).'™
However, the authors point out that for successful applications in biomedicine, further control on directionality
towards the target, as well as triggered degradability of the encasing tubes are required. To improve on this
issues, Chen et al studied the chemotactic behavior of sperm micromotors, showing their ability to detect and
respond to external chemical stimuli and swim toward a gradient of egg secretions.'” The authors also
demonstrated that additional control on the propulsion could be achieved by controlling the osmolarity of the

solution, pointing the potential of these micromotors as controlled and responsive devices.
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Apart from sperm, bacterial cells were also used in the development of biohybrid micromotors. These
multiflagellated motile microorganisms are present in several areas of the body. Moreover, like sperm cells,
bacteria exhibit chemo- and pH taxis, and in specific cases they can follow oxygen gradients, or sense and
align with magnetic fields, which opens possibilities for several biomedical applications. Due to their great

diversity, bacteria allow for the fabrication of multiple biohybrid motors, based on spherical particles,'®*'6>2%!

166,168 202 163,203

microtubes, cells,” or even rotors.

The earlier works on the use of bacteria to propel microscale spherical particles mostly consisted on the
use of multiple bacteria to achieve efficient displacement of the particle cargo.'®"'** For instance, Behkam and
Sitti attached several S. marcescens to polystyrene microbeads, controlling the motility of the complex through
the addition of heavy metal ions (motion off) or ion chelating agents (motion on).?** Akin et al showed the
potential of bacterial biohybrids as delivery systems by coupling L. monocytogenes bacteria to cargo-loaded
nanoparticles (Figure 4b)."* To improve the biohybrid’s stability, Park et al engineered S. typhimurium
bacteria to display biotin in the outer membrane proteins, using this as a link to attach several bacteria to
microparticles."®” Similarly, Taherkhani and co-workers loaded a substantial amount of nanoliposomes to the
surface of magnetotactic bacteria through carbodiimide chemistry, aiming at designing a self-propelled

therapeutic agent with magnetic control.*"!

Figure 4. Biohybrid micromotors. a) Sperm-powered micromotor based on a streamlined microtube. Adapted from
Striggow et al,’”® with permission from the publisher. b) Bacterial biohybrids coupled to cargo-loaded nanoparticles.
Adapted from Akin ef al,’*® with permission from the publisher. ¢) Janus biohybrids powered by E. coli. Adapted from

167
L,

Stanton et al,’®” with permission from the publisher.
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Biohybrids composed of several bacteria lack directionality, since each bacterium exerts force in a
different direction. To achieve better control, Zhuang and Sitti investigated the chemotactic behavior of a
biohybrid motor driven by several S. marcescens. This motor actively moved towards a gradient of L-serine
with consistent speed.'®" The same group reported the fabrication of a multifunctional hybrid micromotor,
composed by a polyelectrolyte multilayer magnetic microparticle, loaded with a model drug cargo and coupled
to E. coli bacterium.'®® These motors could be guided via magnetic fields, and exhibited biased directional
motion towards aspartate. Researchers also worked into coupling a single bacterium to synthetic entities,
paying special attention to the adhesion between the two components of the biohybrids. Stanton et a/
systematically studied the affinity of E. coli to different metals, for the fabrication of bacteria-powered
micromotors. For this, the authors developed Janus particles, where polystyrene particles were half coated with
either Fe, Ti, Au or Pt (Figure 4c) and the latter revealed to yield better results compared to the others,
indicating that surface hydrophobicity played a key role for bacteria adhesion.'®’

The design of bacteria-powered swimmers could potentially be improved by changing the shape of their
synthetic component, since spherical particles induce torque and rotational motion, which in turn reduce net
displacement. Stanton and co-workers reported the first biohybrid that did not comprise a spherical chassis.
Instead, the authors designed a polydopamine microtube capable of partially entrapping a single bacterium and
exhibiting increased unidirectional speed.'®® Stanton et a/ further explored this strategy using magnetotactic
bacteria and mesoporous silica microtubes loaded with antibiotics, demonstrating the versatility of chassis
used for the development of biohybrids and their potential to dismantle biofilms.'%

In addition to sperm and bacteria, other motile living organisms, such as algae,'® monocytes,'” or

176

neutrophils’” were also explored as means to power the motion of micro-scaled loads.

1.3.2. Externally Powered Nano- and Micromotors

Externally powered nano- and micromotors are fuel-free machines that take up physical inputs for their
propulsion. Light irradiation has been extensively studied as a source of energy to power the motion of nano-
and micromotors, since it brings advantages as wireless and remote propagation, tunability and reversibility,
which allow the light-powered motors to be controlled in a non-invasive manner, with precise spatial and
temporal resolution.””® The nano- and micromotors propelled by light-irradiation must contain a photoactive
material in their composition, which can either perform photochemical reactions (photocatalytic), convert the
absorbed light into heat (photothermal), or induce isomerization (photochromic). These light-triggered
processes lead to the generation of an asymmetric field of products or energy across the motors, which in turn
provokes their active motility.

Photochemically powered nano- and micromotors are among the most thoroughly explored in light-
propulsion, where photocatalytic reactions give rise to bubble nucleation or generate a gradient of solute, thus
pushing the motors forward. In the latter case, the propulsion of micro motors can be based on self-

electrophoresis,”* " diffusiophoresis,*”*'?

or thermophoresis phenomena. Silver chloride was widely
explored as a photochemically active material to develop light-powered nano- and micromotors of different
shapes and with interesting motility behaviors. The motion patterns of AgCl spherical particles under

ultraviolet (UV) light were investigated. The authors showed that these motors could exhibit three different
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diffusive dynamics (ballistic propulsion, enhanced diffusion and subdiffusion), as well as active schooling and
coupling.?”2!32!4 The effect of shape and, therefore, number of active sites on the propulsion of light-powered
micromotors based on AgCl was also studied by Simmchen et a/, where the authors demonstrate that a micro-
star shaped motor facilitated motility (Figure 5a).*'?

The photocatalytic abilities of titanium dioxide were also probed in the fabrication of motors. In this
sense, Hong and co-workers reported on the ability of TiO, micromotors to not only propel, but also exhibit
expansion-contraction behaviors under UV light. The authors hypothesized that the motility arose from the
uneven distribution of chemical species, such as O,", OH radicals or H'.?'* However, this material has a wider
absorption spectrum, which allows the use of wavelengths other than the UV region for light-powered
propulsion. In this sense, Jang et a/ reported the fabrication of black TiO, and Au micromotors capable of
propelling under exposure to a broad range of wavelengths (Figure 5b).2'° In turn, Wang and co-workers
fabricated nanocap-shaped nanomotors based on Au-TiO; shells, and showed their motility powered by visible
light. The authors attributed the motility to a plasmon resonance effect leading to self-electrophoresis between
the two metallic layers of the nanocaps.*'” Similarly, micromotors based on bismuth oxyiodide*'® or copper
oxide coated with light-inert materials were also shown to propel under visible light.

The ability of light-powered motors to exhibit taxis was also investigated. Dai et a/ fabricated a nanotree
comprising TiO; and silica, which upon exposure to light acted as a photocathode and a photoanode,
respectively, leading the propulsion of nanotrees (Figure 5c). These motors were able to self-align in the
direction of light propagation, and exhibit positive of negative phototaxis depending on the surface charge of
the silica tail.*®

Besides photocatalysis, the development of light-powered motors also relies on the use of photothermal
materials, where the generation of a temperature gradient across asymmetric particles upon continuous light
irradiation leads to displacement of the surrounding fluid, resulting in active motion.*'**** In this sense, Xuan
et al reported a Janus mesoporous silica/Au motor, driven by NIR light due to the generation of a net
thermophoretic force along the asymmetric motor, which enabled the motor to propel at an ultrafast speed.”?
The generation of thermal gradients along Janus motors was also exploited by Jiang and co-workers,*’ as well
as Qian and colleagues,”' who used Au as photothermal material.

Confined structures, such as tubular cavities, instead of inherently asymmetric particles can also be used
to achieve propulsion via generation of temperature gradients. Wu et a/ fabricated a superfast multilayer rocket
functionalized with Au in the inner cavity. The rockets propelled upon irradiation with NIR light due to the
generation of a high temperature gradient between the inner and outer surfaces, providing the motors with

impressive speed (Figure 5d).2%

Tubular structures also favor propulsion via bubble-recoil mechanism, since
the cavity hinders the diffusion of gases, which then nucleate into bubbles that push the motors forward upon
ejection. Mou et al exploited this effect to develop a TiO, microtubular motor propelled by the photocatalytic
decomposition of hydrogen peroxide.””® By modulating the temperature of the motors, and thus their
photocatalytic activity, it is possible to control the bubble release frequency. Similarly, Giudicatti et al
fabricated a micromotor with tubular shape using roll-up technology, which propelled due to the photocatalytic

activity of TiO, under UV light.*” Wu and co-workers evidenced this using a tube-shaped multilayered motor
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functionalized with a Au shell and Pt nanoparticles. The authors showed that the motility of the tubular
microengines was not observed by simple addition of hydrogen peroxide, but could be switched on with NIR
light.**® Nevertheless, this type of motion mechanism is not entirely fuel free, and makes use of toxic chemicals

such as hydrogen peroxide for bubble generation.

b e-beam
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As-synthesized Janus micromotor
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ve phototaxis
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—
Figure 5. Light-powered nano- and micromotors. a) AgCl microstar-shaped motors and their propulsion under UV light.
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Adapted from Simmchen et al,’’? with permission from the publisher. b) Black TiO, Janus nanomotors propelled by

216

visible light. Adapted from Jang et al,’’% with permission from the publisher. ¢) Light/powered nanotrees exhibiting

positive and negative phototaxis. Adapted from Dai ef al,’’® with permission from the publisher. d) Light-powered rockets

propelled by NIR irradiation. Adapted from Wu et al,**® with permission from the publisher.

Another external source of power to propel nano- and micromotors are magnetic fields, which do not
require high intensity lasers, offer remote guidance abilities, and are minimally affected by the surrounding
medium. These motors can either use rotating magnetic fields, where the magnetic induction vector rotates at
a fixed frequency in space, provoking a torque in magnetic structures. Zhang et al explored this effect to propel
and steer artificial bacterial flagella consisting of a spiral rod tail and a soft magnetic head, showing their

displacement and control over directionality under homogeneous magnetic fields.”’ Schamel and co-workers
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also used magnetic fields to propel a nanosized helix-shaped propeller and study their locomotion through

20 However, in water or water-

macromolecular meshes of biologically relevant fluids and gels (Figure 6a).
like solutions, these nanomotors were unable to overcome thermal fluctuations and display directional motion,
as previously predicted through simulations.”' Other magnetic nano and micromotors actuated using rotating

232

fields were reported, showing their ability to probe hydrodynamic forces such as shear and vorticity,~ as well

2322334 controlled motility in patterned surfaces,” and navigation through mucus

as towing different cargos,
and tissues.”***® Oscillating magnetic fields were also used to power the propulsion of nano- and micromotors
of diverse shapes and compositions. For instance, Dreyfus and co-workers reported the fabrication of an
artificial flagellum made of a linear chain of colloidal magnetic particles linked by DNA attached to a red
blood cell. This flagellum aligned with a uniform magnetic field and upon exposure to an oscillating field
exhibited a beating behavior that led to propulsion.”® Liu et al also used oscillating magnetic fields to propel
a worm-like wrinkly micromotor composed of iron and nickel (Figure 6b).*" In turn, Li and colleagues
reported the fabrication of a magnetic walker - a dimeric micromotor composed of Janus microparticles capable
of rolling back and forth in an alternating manner - which could be steered through defined paths.**'

Alternatively, electric fields can also be used as an external energy source to propel nano- and
micromotors.***2*7 In this case, the electric energy is converted to motion, through mechanisms such as the
generation of electro-osmotic or electrohydrodynamic flows. Chang et al/ reported a micro-semiconductor
diode motor, capable of rectifying current internally which leads to generation of electro-osmotic flows
pushing the motor forward (Figure 6c).>*” Similarly, Calvo-Marzal and co-workers showed the electric-field
powered motility of a semiconductor diode nanowire.**

Ni and co-workers took a radically different strategy, designing clusters of colloidal molecules
connected through capillarity-assisted particle assembly. These charged particles were able to deform vertical
electric fields and drive the induced charge on the electrodes, provoking an electrodynamic flow that led to
active motion.**®

In another approach, Loget and Kuhn presented a new concept for triggered motility, where the applied
electric field led to the polarization of the motors, causing redox reactions and gas bubble formation, and thus
directional motion and rotation (Figure 6d).>*’

Even though progress has been made in powering propulsion recurring to electric fields, these motors
may lack controllability and practicality for biomedical applications.

Other alternative actuator of externally powered nano- and micromotors are ultrasound waves, which
are widely used in clinics and offer advantages such as speed and deep tissue penetration. Several motors
with different shapes and sizes powered by ultrasonic standing waves were developed.****** Wang et al
reported the design of asymmetrical bimetallic nanorods, comprising Au in the concave end and Ru in the
convex end.”* Upon exposure to ultrasounds, an uneven sound pressure distribution was originated due to
the asymmetry of the nanorods structure, which induced their motility. Similarly, Ahmed and colleagues

showed the ultrasonic actuation and magnetic steering of a Au-Ni-Ru nanowire in phosphate buffer (Figure
66) 251
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Figure 6. Nano/ and micromotors powered by external magnetic-, electric- and ultrasound fields. a) Helix-shaped

1,3% with permission from the

magnetic motor capable of moving through viscoelastic media. Adapted from Schamel et a
publisher. b) Annelid-like magnetic motor moving upon exposure to oscillating magnetic fields. Adapted from Liu et
al,?*" with permission from the publisher. ¢) Semiconductor diode motor powered by electric fields. Adapted from Chang
et al " with permission from the publisher. d) Electric-field powered rotation of micro-objects due to redox reactions.
Adapted from Loget and Kuhn,?” with permission from the publisher. €) Ultrasound-powered propulsion of a Au-Ni-Ru

nanowire. Adapted from Ahmed ef al,*’! with permission from the publisher.
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In addition, Wang et al developed Au nanorod motors powered by ultrasound and showed their propulsion

within living cancer cells.*** The abilities of ultrasound-powered Au-based nanowires to carry different cargos

248,254 255,256

such as drugs, nucleic acids, and protein were also demonstrated. ¢ 2%

In a different approaches, Wu et al used red blood cells as a chassis to develop ultrasound powered
motors, incorporating iron oxide nanoparticles,”> and Sabrina et al reported the acoustic motility of shape-
dependent microspinners.*®

Acoustic droplet vaporization was also used to propel motors via ultrasound. Kagan et a/ demonstrated
this effect loading tubular structures with perfluorocarbon, which upon ultrasound exposure vaporized causing
a powerful thrust that propelled the microtubes.**’

Recently, McNeill ef al reported the wafer-scale fabrication of motors with variable sizes, propelled
via/bubble ejection powered by ultrasonic waves.?*' Ren et al fabricated micromotors with 3D steering features

and able to propel at low power acoustic force.**

1.3.3. Chemically Powered Nano- and Micromotors

The use of free chemical energy present in the surrounding environment is an ingenious strategy to
power the motion of nano- and micromotors, which avoids the use of burdensome and expensive equipment.
This type of motors typically consists of a chassis, which can have a myriad of different shapes and
compositions, and/or a material (organic or inorganic) able to react with molecules in the fluid.

The use of inorganic materials to power the propulsion of motors can be divided in two major
categories: motors comprising i) elements or alloys that react with water, or ii) inorganic catalysts.

The first report of a water-driven was microsphere of Al-Ga alloy partially coated with titanium. The
exposed alloy hemisphere ejected hydrogen bubbles upon contact with water, providing the micromotor with
directional motion at remarkable speed (Figure 7a).** To avoid toxicity caused by the leaching of Al and Ga
species, other elements were also exploited to fabricate water-driven motors. For instance, Gao et al presented
a Zn-based electro-deposited polyaniline/Zn microrocket, which moved in extremely acidic media due to the
redox reactions taking place at the inner Zn cavity.”®* The same group later demonstrated the use of tubular Zn

micromotors for combinatorial delivery of cargoes such as silica and Au nanoparticles.”®

Mg is also of
considerable interest to power the propulsion of motors, as it can use acid or water to react and generate
bubbles, thus enabling the use of the motors in various environments. These motors have been reported to
show propulsion in seawater,’®® serum,?®” as well as simulated body fluid and blood plasrna.268

Even though water-driven motors present several advantages towards the operation in biological
media, they typically incorporate noble metals in their composition, which can remain in the body and cause
toxic responses. To circumvent this issue, Chen and co-workers investigated different designs of motors based
on transient materials (e.g. Mg, ZnO, Si, Zn and Fe) and demonstrated their degradability (Figure 7b).** In
turn, Zhou and colleagues, reported the fabrication of a biodegradable poly(aspartic acid)/Fe—Zn microrocket

which was able to propel in gastric acid.*”

Calcium carbonate is another example of inorganic material that is
highly biocompatible and has been used to fabricate micromotors. Jia and co-workers used CaCOs as base
material for the development of micromotors that can glide on microtubules with considerable velocities, by

converting ADP into ATP via creatine phosphate kinase activity.”’! In another work, Guix et al used CaCO;
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microspheres as both chassis and propulsion engine for the development of micromotors, which were able to
propel in acidic environments due to the reaction between the carbonate and the acid in the media (Figure
7). 27

The propulsion of nano- and micromotors was also achieved using inorganic catalysts. In this sense,
the motors were designed incorporating elements capable of catalyzing the decomposition of molecules present
in the surrounding medium and converting the resulting energy into net displacement. This type of motors has
been widely investigated since their onset with the pioneer works of Whitesides,*”* Sen, Mallouk®™* and Ozin’s
groups.””” Even though these pioneer systems presented different propulsion mechanisms, the common thread

among these works was the use of hydrogen peroxide as fuel for propulsion.

a) H, b)
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Figure 7. Chemically powered motors propelling through reactions with water. a) Al-Ga alloy-based micromotor moving

1’263

in pure water by bubble ejection. Adapted from Gao et al,”>” with permission from the publisher. b) Transient micromotors

1’269

that degrade after propelling. Adapted from Chen et a with permission from the publisher. ¢) CacO3 based motors

propelling in acidic media. Adapted from Guix et al,’”? with permission from the publisher.

The most typical inorganic catalyst used to fabricate these motors is Pt, and through the years several
shapes and design were reported. Janus nano- and microparticles of different compositions, half coated with
Pt, using techniques such as sputtering or electron-beam deposition, were widely used for fundamental studies
on active matter due to their simplistic arrangement.”’*?*® For instance, Simmchen et al investigated the

7 while Volpe and co-workers focused

topographical guidance of Pt-based active Janus colloids (Figure 8a),
on the motility in patterned environments.”® Rods and tubular structures, where Pt is asymmetrically
distributed towards one end of the rod, or enclosed in the tube inner cavity, were developed using diverse
materials.*¥ 2

Electrochemical deposition was used to fabricate rod-shaped Pt based motors. In this regard, multiple
examples of rod-shaped motors were demonstrated, using Pt in combination with other metals such as

Au,145’293_295 Ru’295 and Cu.2%
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Laocharoensuk et a/ boosted the speed of bimetallic nanowire motors by combining carbon nanotubes
with the Pt catalyst. The authors hypothesized that this combination led to increased electrocatalytic activity
towards hydrogen peroxide, and improved internal electron transfer, thus leading to higher speeds.?”” Demirok
et al also reported the increase in speed of nanowire-shaped nanomotors by using Ag/Au alloys instead of pure
Au segments (Figure 8b).%%

Tubular structures were also explored for the development of catalytic motors. For instance, Solovev
et al reported the fabrication of tubular motors using roll-up technology. These motors propelled due to the
catalytic conversion of hydrogen peroxide by the Pt place in the inner layers of the tubes. In addition, by
introducing an Fe thin film into the tubes, the authors were able to control the motors directionality.”’ Solovev
et al later reported another tubular motor consisting in InGaAs/GaAs/(Cr)Pt fabricated with the same
technology, and its application as a nanotool for micromanipulation.”®* Sanchez et al took advantage of roll-

up technology to develop Ti/Fe/Pt tubular motors, showing their ability to manipulate cells.’* Later, Parmar

et al used the same technology to develop Fe/Pt multi-functional motors and explored their use as

292

environmental remediation tools (Figure 8c).
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Figure 8. Nano- and micromotors powered by inorganic catalysts. a) Silica/Pt-based Janus micromotor guided by
topographical pathways. Adapted from Simmchen et al,*®” with permission from the publisher. b) Ag-Au alloy nanowire
motors propelled by hydrogen peroxide catalysis. Adapted from Demirok et al,**® with permission from the publisher. c)
Microtubular motors fabricated by roll-up technology, moving due to catalytic conversion of hydrogen peroxide by Pt.
Adapted from Parmar, et al,**> with permission from the publisher. d) Stomatocyte nanomotors containing Pt
nanoparticles in the inner cavity. Adapted from Wilson et al,**! with permission from the publisher. €) Stomatocyte
nanomotor powered by catalysis of hydrogen peroxide by manganese oxide nanoparticles. Adapted from Pijpers et al,*®?

with permission from the publisher.
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Wu et al also explored tubular structures as chassis for Pt-based catalytic motors. The authors used
template-assisted layer-by-layer assembly to develop a tubular motor where the inner cavity was functionalized
with Pt nanoparticles, leading to motion via ejection of oxygen bubbles.**

Vilela et al used sequential electrochemical deposition to create a multifunctional microtubular motor,
which consisted of multilayers of graphene oxide, nickel, and platinum. The authors showed efficient motility
in the presence of hydrogen peroxide, as well as the ability to capture several heavy metals from contaminated
water.'?

Besides spherical, rod and tubular shapes, other configurations were also tested in the design of
chemical motors based on inorganic catalysts. Stomatocytes, which are bowl-shaped polymersomes made of
block copolymers, can entrap the catalysts within the bowl cavity, allowing the asymmetric release of the
reaction products. Wilson et al pioneered the use of such geometries as nanomotors. The authors loaded Pt
nanoparticles in the stomatocyte cavities and reported their autonomous movement due to the localized release
of oxygen and water (Figure 8d).**' The versatility of these structures was also demonstrated, showing

305

temperature modulation of speed,’® magnetic control over directionality,’® ability load cargos and exhibit

chemotaxis,’® as well as biodegradability and triggered cargo release.’’>%

Beyond Pt, other inorganic catalysts were explored to power the propulsion of different nano- and
micromotors. Parmar et al demonstrated cobalt ferrite cluster micromotors and their ability to degrade
antibiotics.>'° In addition, Villa et al used manganese oxide to propel mesoporous silica-based microtubular
motors, taking advantage of motility and surface functionalities to remove heavy metals and organic pollutants
from contaminated waters.'*® Pijpers et al fabricated stomatocytes based on biodegradable poly(ethylene
glycol)-block-poly(D,L-lactide) block copolymers (Figure 8e¢), and loaded them with manganese oxide

nanoparticles, that upon reaction with hydrogen peroxide at very low concentrations led to the bubble-

propulsion of the stomatocytes.*"

1.3.4. Enzyme-powered nano- and micromotors

The use of enzymatic catalysis emerged as an ingenious and biofriendly alternative to inorganic

314

catalysts,*''"* bringing several advantages, such as the use of in situ fuels,’'* capacity to modulate their

3% and to be tailor-made to specific applications due to the wide variety of enzymes

surrounding environment,
available.

A variety of nano- and micromotors, consisting of different base materials and shapes have been reported
thus far. *">#Structures based in inorganic materials were investigated for the development of enzyme-
powered nano- and micromotors. Sanchez et al demonstrated the use of catalase to power the propulsion of
rolled-up microtubes via bubble expulsion mechanism in the presence of hydrogen peroxide (Figure 9a).**
However, since catalase requires the use of a toxic substrate, the quest to develop fully biocompatible
motor/fuel complexes led to the use of other enzymes.

Silica -based materials, in particular mesoporous silica, offer a wide range of advantages for the
fabrication of nano- and micromotors for biomedical applications. This material is well-known and studied,

has a high surface area and high cargo loading capacity. Furthermore, silica is reported to present good
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biocompatibility and it is General Recognized As Safe (GRAS) by the Food and Drug Administration
(FDA).*' In addition, its easy surface chemistry allows several possibilities of surface modifications, such as
conjugation of enzymes, antibodies or cargos. In this sense, Sanchez’s group demonstrated the use of different
enzyme as engines to power the motion of silica based nano- and microparticles.*'**'732*32 Ma et al showed
the enzyme-powered propulsion of mesoporous silica based Janus nanomotors (Figure 9b).*** The authors
broke symmetry by depositing silica on one half of the particles, and functionalizing the other half with
enzymes, namely urease, catalase or glucose oxidase. The active propulsion of the Janus enzymatic nanomotors
in the presence of the specific substrates was characterized by tracking their displacements using optical
microscopy, and by DLS. Furthermore, the authors used optical tweezers to measure the force exerted by the
motors, revealing a driving force around 60 fN applied on a catalase-powered nanomotor.*** Moreover, Ma et
al reported the use of urease as engine to power the propulsion of Janus hollow mesoporous silica
microcapsules.’'” The authors showed that the capsule micromotors were able to transport cargoes such as
nanoparticles, and their direction of motion could be controlled by a magnetic field due to the Ni element
coated on one side of the motors via electron-beam deposition. In addition, Schattling et a/ immobilized
catalase and glucose oxidase onto one face of Janus silica particles, and demonstrated their enhanced diffusion
(Figure 9c).**

Apart from silica, materials such as gold nanorods and metal-organic frameworks (MOF) were studied
as chassis of enzymatic nanomotors.*'®** Pavel ef al and Bunea et al tested several enzymes, including glucose
oxidase, glutamate oxidase xanthine oxidase, horseradish peroxidase and catalase and achieved propulsion of
polypyrrole-gold nanorods.****** The authors observed a substrate-dependent enhanced diffusion of the
nanorods and explained it by self-electrophoresis mechanism, based on the bio-electrochemical reactions.
Moreover, You and co-workers developed MOF-based nanomotors functionalized with glucose oxidase and
catalase and demonstrated their motility in the presence of hydrogen peroxide.’’® The authors exploited the
enhanced generation of oxygen radicals upon near-infrared irradiation for photodynamic therapy, showing the
potential of these systems in nanomedicine.

The power of enzyme catalysis was also used to achieve the propulsion of several organic structures.
For instance, Mano and Heller coupled glucose oxidase and bilirubin oxidase onto a macroscale carbon fiber.
This macro-fiber motor moved at the air-liquid interface as a result of the bio-electromechanical power
generated by glucose catalysis (Figure 9d).**¢ In addition, Pantarotto et a/ employed the combination of
glucose oxidase and catalase enzymes to propel one-dimensional carbon nanotubes by bubble expulsion
mechanism.*’

Dey et al demonstrated the propulsion of polystyrene microparticles powered by urease and catalase. In
this case, the authors used biotin-streptavidin linkage to immobilize two individual enzymes, catalase, and
urease, onto the surface of the polystyrene particles. Upon investigating the motion of the micromotors by
optical microscopy and DLS techniques, the authors hypothesized that a thermal effect due to the exothermic
nature of the enzymatic reactions could be the origin of the micromotors self-propulsion.®'’

Polymeric structures were also studied as chassis for nano- and micromotors. Abdelmohsen ef a/ loaded

a combination of catalase and glucose oxidase into supramolecular stomatocytes. The glucose present in the
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fluid was converted into gluconic acid and hydrogen peroxide. The latter was then converted by catalase into
water and oxygen, which formed bubbles that were expelled from the small cavity of the bowl-shaped
stomatocytes, leading to their active motility (Figure 9¢).**

Nijemeisland and co-workers added an extra level of complexity to multiple enzyme systems and
explored the cascade reactions of a chain of enzymes to power the propulsion of stomatocytes. The authors
rationally designed an enzymatic network with multiple feedforward loops, comprising horseradish
peroxidase, L-Lactate oxidase, hexokinase, and glucose-6-phosphate dehydrogenase. These feedforward loops
were activated in the presence of glucose, and their action ultimately led to the production of oxygen bubbles,
which were expelled through the cavity of the bowl-shaped stomatocytes providing them propulsion.**® In
another work, Che ef a/ developed a stomatocyte with transient behavior mediated by ATP and apyrase. This

nanosystem was decorated with polylysine (PLL), and the interaction of PLL with ATP led to the closing of

the cavity, while the addition of ATP-consuming apyrase caused its opening (Figure 9f).**
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Figure 9. Nano- and micromotors powered by enzymatic catalysis. a) Microtubular motor fabricated by roll-up

technology and powered by catalase. Adapted from Sanchez et al,’%’

with permission from the publisher. b) Enzymatic
nanomotors based on Janus mesoporous silica nanoparticles. Adapted from Ma er al,*?* with permission from the
publisher. ¢) Silica-based Janus nanomotors powered by catalase and glucose oxidase. Adapted from Schattling et al,**
with permission from the publisher. d) Carbon fiber nanomotor powered by bilirubin oxidase and glucose oxidase.
Adapted from Mano and Heller,**¢ with permission from the publisher. €) Stomatocyte nanomotor powered by glucose
oxidase and catalase. Adapted from Abdelmohsen et al,*?’ with permission from the publisher. f) Stomatocyte motor with
transient behavior mediated by apyrase. Adapted from Che et al,’* with permission from the publishers. g) Organoclay-

based buoyant motor propelled by the biocatalytic decomposition of hydrogen peroxide. Adapted from Kumar et al,*#’

with permission from the publishers.
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Schattling et al also investigated polymeric materials for the fabrication of enzymatic nanomotors. In
this work, the authors used PLL/PMA particles and combined them with PtNPs, glucose oxidase enzymes, and
trypsin to achieve a double-fueled motor, leading to an enhancement in the diffusivity of the motors.**!

Other polymer-based structures have been used as chassis for nano- and micromotors. Joseph et al
reported the design of asymmetric synthetic vesicles, called polymersomes, based on the self-assembly of
amphiphilic copolymers in water.**? These polymersomes encapsulate glucose oxidase and catalase in the inner
compartment, which upon the presence of a gradient of glucose lead to the propulsion of the polymersome
motors via expulsion of reaction products through the semi-permeable fraction of the vesicle.

Traditional liposomes were also demonstrated as chassis for micromotors. Ghosh et a/ reported the use
of transmembrane ATPase to power the propulsion of liposome vesicles, observed using fluorescence
correlation spectroscopy.’”’ In a subsequent work, Somasundar et al reported the positive and negative
chemotaxis (displacement toward or further away from the substrate) of enzyme-powered liposome vesicles,
using not only ATPase, but also catalase and urease as engines.**®

Other organic materials were also reported as scaffolds/chassis for the fabrication of enzymatic motors.
Kumar et al the motility of organoclay-DNA protocells co-encapsulating catalase and glucose oxidase. These
structures demonstrated sustained buoyant movement in an oscillatory and vertical manner (Figure 9g).**" In
a distinct approach, Li and co-workers developed a tadpole-like molecular bottlebrush nanomotor, propelled
by catalase.**® These motors exhibited propulsion in water and also in a tumor microenvironment gel model
containing breast cancer cells, showing promise for biomedical applications. Wu et a/ fabricated catalase-
powered Janus capsules composed of poly(styrenesulfonate) sodium salt and poly(allylamine hydrocholoride,
via template assisted polyectrolyte layer-by-layer techniques.*** Following a similar approach, Wu et al also
developed biodegradable poly-L-lysine/BSA based micro-rockets that propelled due to biocatalytic
decomposition of hydrogen peroxide.**® Furthermore, Tang et al used platelets as the chassis for a Janus
enzymatic micromotor.**® The authors showed the potential of the platelet-based urease motors demonstrating
their motility in the presence of substrate urea.

The extensive work on the use of enzymes and combinations thereof to function as engines to power the
propulsion of nano- and microstructures also led to the interest of the community in unravelling fundamental
aspects intimately connected with their motility. For instance, the degree of asymmetry necessary to achieve
self-propulsion is still under investigation. The stochastic coating of enzymes onto nano- and microstructures
to power their motility was reported.’'®*!*>?! In this sense, Patifio and co-workers used super-resolution
microscopy to explore the stochastical binding of enzymes to motors and the formation of patches to break the
symmetry, thus allowing propulsion.®'® Apart from symmetry breaking, other aspects are crucial for the design
of enzymatic nano- and micromotors, such as the biocatalytic properties of the enzymes chosen,’* and the
properties of the surrounding medium, as it has been reported that the presence of ionic species in the
surrounding medium has a detrimental effect in the motion of catalytic motors.**’*°
Despite the efforts devoted to investigating the mechanisms underlying synthetic motion at the nano-

and microscales, this concept remains unclear. Fundamental studies provide a deeper understanding on the
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factors governing catalytic motion, which is paramount for the rational design of enzymatic nano- and
micromotors.

In this thesis, the work is focused on the potential biomedical applications of enzyme-powered
nanomotors, which do not require external power sources and harness the required energy for propulsion from

endogenous bioavailable fuels.

1.4. Potential Biomedical Applications of Nano- and Micromotors

Despite its infancy, the field of nano- and micromotors devoted considerable attention to nanomedicine.
The research community explored combinations of biocompatible chassis and propulsion sources and
demonstrated proof-of-concept biomedical applications of motors taking advantage of their unique capabilities

314,351-353

arising from motility, namely aiding in the penetration of complex biological structures, and

performing superior drug delivery compared to traditional passive particles,?*¢308-334-356

1.4.1. Active Transport and Delivery of Cargos

In the advent phase of research in nano- and micromotors, their continuous and powerful thrust was
explored to achieve towing of multiple cargoes.'**!21313573%8 I the early proof-of-concept demonstrations,
the cargos chosen were mostly synthetic microparticles or ensembles of micro-objects®”'#****"3% For instance,
Baraban et al used catalytic Janus micromotors to carry both single particles and ensembles of particles.’
Similarly, Solovev et al demonstrated the transport and assembly of micro-objects via magnetic control of

catalytic tubular microbots (Figure 10a).%*

Moreover, Gao et al reported on the self-assembly of Janus
micromotors and their capability of transporting ensembles of spheres,'?” while Sanchez et al reported the
transport of microparticles in flow streams of microfluidic channels.*®® Burdick et al also took advantage of
microfluidic channels to demonstrate the directional motion and controlled transport of a microparticle.*®!

Apart from transporting synthetic materials, researchers also investigated the ability of nano- and

micromotors to deliver biological entities, such as whole cells,!33!73300362364 Ty thig

regard, Sanchez et al
demonstrated the transport of multiple cells through a microfluidic chip, as a proof-of-concept demonstration
of the applicability of motors in cell sorting and separation.’*®® Aiming at the development of novel assisted-
fertilization techniques, Medina-Sanchez ef a/ showed the delivery of a non-motile sperm cell through the use
of helical micromotors.'” In regards to diagnostic applications, Balasubramanian et al fabricated a catalytic
microtube capable of detecting, capturing and transporting circulating tumor cells in vitro (Figure 10b)."*
The applicability of nano- and micromotors as active nanovehicles for drug delivery was also
investigated. Researchers aimed at taking advantage of the continuous momentum provided by the nano- and

233256 proteins,™ and anticancer

micromotors to deliver pharmacological actives, such as nucleic acids,
drugs.'3%307365366 In this sense, Esteban-Fernandez de Avila et al used ultrasound/powered motors for the
delivery of Caspase-3.® Similarly, Hansen-Bruhn et al demonstrated direct intracellular delivery of a
functional Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) associated protein/single
guide ribonucleic acid (RNA) complex, achieving a highly effective (green fluorescent protein) GFP gene

knockout (Figure 10c).*®
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The use of motors as vehicles for chemotherapeutic agents was also assessed. Wu et al showed the

303

effective delivery of doxorubicin to Hela cells by a Pt-based catalytic nanorocket.”™ Gao et al showed

magnetic nanoswimmers delivering doxorubicin to HelLa cells which were seeded in a microfluidic
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Figure 10. Proof-of-concept biomedical applications of nano- and micromotors. a) Transport and assembly of micro-

objects by catalytic motors. Adapted from Solovev et al,*”

with permission from the publisher. b) Capture and transport
of circulating tumor cells in PBS. Adapted from Balasubramanian et al,’3’ with permission from the publisher. ¢) Delivery
of CRISPR-guide RNA complex to cells enabled by ultrasound propelled motors. Adapted from Hansen-Bruhn et al,?*°
with permission from the publisher. d) Redox-triggered destruction of a stomatocyte nanomotor in response to chemical
stimuli. Adapted from Tu ef al,*’® with permission from the publisher. €) Targeted delivery of doxorubicin by an antibody-
functionalized magnetic microroller. Adapted from Alapan et al,’*” with permission from the publisher. f) Enteric

micromotor powered by magnesium-water reactions, able of selectively positioning in the intestines. Adapted from Li et

al,*% with permission from the publishers.
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Considering that one of the major goals in nanomedicine is to achieve the delivery of drugs while
avoiding their off-target effects, researchers also centered their focus on investigating strategies to target the
drug-loaded nano- and micromotors to specific sites. In this sense, apart from the use of external guidance,
researchers incorporated typical strategies from traditional nanomedicine, using cleavable linkers to trigger
release the loaded cargo in response to their surroundings.’*®3***® For instance, Tu et al fabricated
doxorubicin-loaded stomatocyte nanomotor, which exhibited triggered drug released due to redox reactions
(Figure 10d).*”® Moreover, Diez and co-workers developed a glucose-mediated motor for the triggered
delivery of insulin. This motor consisted of Au and silica, loaded with insulin, which was release on-command
in response to presence of glucose.”’ Llopis-Lorente et al and Diez et al also investigated the use of molecular
gates to avoid drug leaching before entering the target cells, developing motors which apart from efficient

propulsion in fluids, were able to perform delivery of drugs in response to endogenous stimuli.*>>¥3¢3¢ In

another strategy, researchers have used peptide moieties to trigger the internalization of the nanomotors.***¢
In this regard, Alapan et al showed the targeted delivery of doxorubicin to breast cancer cells using magnetic
microroller robots functionalized with antibodies against the human epidermal growth factor receptor 2
(Figure 10e) .**’ In turn, Peng and co-workers developed a peptide/functionalized stomatocyte nanomotor to

facilitate cellular uptake and thus improve the efficiency of drug delivery.*>

1.4.2. Microsurgery and Enhanced Penetration of Cells or Tissues

Given the growing interest in the concept of minimally invasive surgery and robot-assisted surgery,
researchers also took advantage of the magnitude of the force exerted by the nano- and micromotors
propulsion, using these motile structures as microsurgery tools. Xi et al developed a sharp-end microtool that
enabled drilling and related incision operations of tissues, ex vivo."3? Furthermore, Gultepe et al reported a
micromotor-assisted biopsy tool, where thermally activated microgrippers are used to excise tissues from
porcine bile ducts.'** Srivastava et al fabricated a micromotor capable of drilling into cells due to actuation
by magnetic fields."** In a similar approach, Vysko¢il and co-workers demonstrated a magnetic walker capable
of entering cells in a micro-surgery manner, being able to enter a cell and removing a piece of the cytoplasm
without inducing damage to the cytoplasmic membrane.*’® Diller and Sitti reported a magnetic micromotor
with micro-gripper arms capable of locomotion for precise transport, orientation, and programmable assembly
of micro-objects, and hypothesized its potential as a microsurgery tool.’’! In a step-forward for the field,
Chatzipirpiridis et al fabricated a microtubular magnetic motor capable of performing microsurgery, showing
controlled rotation and displacement inside the vitreous humor of a living rabbit eye.**

The use of coatings that only allow the activation of the motors in specific locations as a strategy to
enhanced penetration and retention of motors in tissues has also been considered. In this regard, Mazur et al
recently demonstrated an in vitro proof-of-concept micromotor activable in the presence of bile salts, which
are a part of GI fluids. The PLL micromotor was coated with liposomes, which disintegrated asymmetrically
upon presence of bile salts, leaving the PLL exposed to electrolytes and thus giving rise to motility.*”* The
concept of motors activable in specific conditions was also investigated in vivo. Several works have been
reported using either by showing the design of micromotors that activate in specific environments, such as the

stomach due to the acidity of the gastric fluid.****"**”> An example of this is the work of Gao and co-workers,
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who developed tubular micromotors based on Zn and studied their biodistribution, retention in target site,
cargo delivery, and toxicity profiles in mice stomachs.’’* Coating the micromotors with enteric films, which
only disintegrate in the intestines, is another method to accomplish the delivery of the cargo on the desired
location.*®® For instance, Li et al coated tubular micromotors powered by magnesium with an enteric polymer,
which upon reaching the desired segments of the gastrointestinal tract (GI) would disintegrate and allow the
magnesium present in the motor to contact with the aqueous environment of the intestine, leading to motor

activation (Figure 10f).*%

1.5. From one to many: collective behavior of synthetic motors

In the recent years, the research in nanomedicine made it increasingly evident that in order to achieve
satisfactory results, the administered doses of nanomedicines needed to be in the magnitude of trillions of
nanoparticles per administration.'” In the body, the nanomedicines are expected to carry out similar and
competitive functions, therefore strategies to amplify the efficiency of nanomedicines were demanded. In this
regard, the design of nanocarriers in such ways that they can exhibit collective behavior, instead of acting as
single entities has become an increasingly explored method to improve their in vivo response.'”’® The
community working on nano- and micromotors and their applications in nanomedicine also took this into

account and reported the swarming behavior of motors in vitro, ex vivo and in vivo.
1.5.1. In Vitro Evaluation of the Collective Behavior of Nano- and Micromotors

Taxis

The pioneering works on the evaluation of the collective behavior of nano- and micromotors were
performed in in vitro settings, where the researchers studied the interactions of the motors in response to stimuli
on a global scale. For instance, Sen et a/ and Hong et al/ evaluated the ability of motors to exhibit tactic
behaviors, such as the movement toward higher hydrogen peroxide concentrations of PtAu rods (Figure
11a).>'**"" Baraban et al also investigated the chemotactic behavior of both catalytic Janus particles and
microjets, using microfluidic channels and gradients of hydrogen peroxide.*”

The chemotactic behavior of enzyme-powered nano- and micromotors was also investigated by several
researchers. For instance, Dey ef al took advantage of enzyme’s ability of exhibit chemotaxis to separate a mix
of active and inactive enzymes.’”” Moreover, Zhao et al demonstrated that the chemotactic behavior of
enzymes could lead to assembly in a enzymatic cascade, which could have potential implications for the study
of the organization of metabolic networks within cells.*** Dey et al also investigated the chemotaxis of
polystyrene-base enzymatic motors using microfluidic channels, showing the chemotactic migration of both
urease- and catalase powered particles.’’ In a similar manner, Somasundar et al showed the positive and
negative chemotaxis of liposome-based enzymatic motors, denoting the enzyme-catalysis induced positive
chemotaxis and solute—phospholipid led to negative chemotaxis of the motors.***

The movement toward higher concentrations of the enzymatic substrate was also exploited in vitro for
the development of micromotors towards localized drug delivery. In this regard, Wang et al developed

catalase-powered micromotors with chemotactic response to inflammation. The motors reported in this work
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carried doxycycline, a drug commonly used in the treatment of periodontal disease and showed directional

movement toward macrophages which were stimulated with phorbol esters to release hydrogen peroxide.*'*

Assembly, clustering and swarming

Taking inspiration from self-organization and swarms in nature (e.g., bacterial colonies of schools of
fish), researchers investigated nano- and micromotors’ collective phenomena and ability to perform tasks as
an ensemble. The interest in complex multi-unit systems of nano- and micromotors has expanded considerably

during the last decade, ranging from studies regarding self-assembly of motors into multimers and rotors,*’*-*%!~

388 389-395 396-398

to the design and analysis of more complex behaviors such as clustering, aggregation and

swarming, 20%39%-425
In order to achieve “quorum intelligence”, motors must be able to communicate with each other, for
example by releasing chemical signals into their surroundings. In this sense, several stimuli were studied as
triggers for collective behavior of motile particles, as the case of light irradiation. For instance, Ibele et a/
reported AgCl particles that were not only able to propel upon UV light exposure, but also release ions into
the medium. The released ions acted as signals to the neighboring particles, provoking a ‘schooling’ behavior
into regions with higher particle concentration. Moreover, the authors also denoted that in a mixture of AgCl
motors with non-light sensitive silica particles, the system exhibits a ‘predator-prey’ behavior, where the silica
particles actively seek the motors upon UV light irradiation.”” Similarly, Ibele et a/ made use of the AgCl
motors to further study their swarming dynamics, demonstrating that these particles can show both single- and
collective oscillations in their motion, while in the presence of hydrogen peroxide and UV light. The authors
stated that this behavior arose from the oscillatory, reversible conversion of AgCl to metallic silver at the
surface of the motors, which led to the formation of clusters that could engage in collective motility.**’

In vitro collective phenomena were additionally investigated by Palacci et al regarding clustering and
self-organization stemming from nonequilibrium driving forces. These forces led to the generation of 2D
“living crystals”, which were capable of forming, breaking, exploding, and re-forming at another location, due
to a competition between propulsion and attractive interactions induced by osmotic and phoretic effects
activated by light (Figure 11b).**® Moreover, Hong et al studied photocatalytic titanium dioxide micromotors
and their ability to generate collective behaviors in the presence of silica particles and UV irradiation. The
authors observed that silica particles had a strong tendency to aggregate around the titanium dioxide motors.
The exposure to UV light generated microfireworks, due to the expulsion of the silica particles by the titanium
dioxide motors. The process showed to be reversible, with multiple cycles of aggregation/generation of
microfireworks by switching the UV light on and off (Figure 11c). The authors hypothesized that the clustering
collective behavior was a result of a sum of multiple mechanisms, namely diffusiophoresis as a result of the
differential diffusion of the photocatalytic products, osmotic propulsion due to the uneven solute concentration
on different sides of the silica particles, and surface charge interactions originating from the charge separation
and redistribution of the titanium dioxide motors due to UV irradiation.?"”

Magnetic fields were widely used for powering the propulsion of nano- and micromotors, and also to
trigger the emergence of their collective dynamics. Researchers strived to generate collective behaviors, with

high pattern stability and controlled reconfiguration abilities. Yu et al reported an ultra-extensible ribbon-like
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magnetic swarm, with multimode reconfiguration abilities. These ribbon-like structures were able to merge,
split and elongate on demand (Figure 11d). Moreover, the swarms could perform controlled navigation and
exhibit pattern stability through confined environments. The authors stated that this work could pave the way
for applications of swarms in maskless patterning for microfabrication, micromanipulation, as well as for the
understanding of complex morphological transformations in living systems.*’’

Xie et al also showed magnetic micromotors that were capable of swarming behavior and shape
reconfiguration. In this work, the authors use alternating magnetic fields to lead hematite particles into swarms
shaped as chains, vortexes, or ribbons. The high degree of control provided by the magnetic field and the
ability to reconfigure shape on-demand has great potential to address multitasking requirements or
environmental variations expected to be encountered in vivo (Figure 1le).*"’ Similarly, Yigit et al
demonstrated the collective behavior with well-defined spatial organization, by engineering attractive and
repulsive interactions among individual magnetic particles. These magnetic micromotors were able to show
dynamic programmable self-assembly into chains and propel in semiplanar surfaces.*'*

These reports hold great potential in nanomedicine, where ridged surfaces are common (e.g. stomach
and intestinal linings, tumor vasculature, etc), and control over well-defined ensembles could, for example,
potentially improve active transport and diffusion of actives. In this regard, Schuerle et a/ used swarms of
magnetotactic bacteria to create a living ferrofluid. The authors tested the swarm in a microfluidic model of
blood extravasation and tissue penetration, consisting of channels lined with a collagen matrix and showed
that collective motility led to enhanced transport of co-delivered nanoparticles into the collagen matrices.*'®

However, systems that rely on magnetic fields face important challenges for nanomedicine applications,
primarily due to the fact that magnetic gradients drop off rapidly with distance in respect to the magnet, which
limits their applicability to surface tissues.**”**

Several authors investigated the collective dynamics of chemically powered nano- and
micromotors.***4% 35 The first works regarding this type of motors concerned their self-organization and
coordination of motility in solution.*®**%** Gibbs et al reported tadpole-like catalytic motors that self-
assembled in solution to form dimeric clusters. Moreover, Wang et al demonstrated that PtAu nanorods
exhibited pairwise interactions in the presence of hydrogen peroxide, where attractive and repulsive forces
arose from the catalytically generated electric field, driving the assembly of nanorods doublets or triplets which
moved collectively in the same direction. The authors also showed that these motors were able to collect tracer

particles at their head or tail, originating close-packed rafts.***
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Figure 11. In vitro collective behavior of nano- and micromotors. a) Chemotaxis of PtAu rods, adapted from Hong et

al.’”” b) Collective motion of ‘living crystals’, adapted from Palacci et al.**® ¢) Titanium dioxide-based microfireworks
powered by UV light, adapted from Hong et al.’”*> d) Ribbon-like magnetic swarm and its shape reconfiguration, adapted
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from d) Ribbon-like magnetic swarm and its shape reconfiguration, adapted from Yu et al.?"” ¢) Multimode magnetic

swarm, its transformation and locomotion. Adapted from Xie et al.’? f) Predator-prey behavior of micromotors, adapted
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from Mou et al.”? g) Spontaneous synchronization of micromotor emsembles, adapted from Zhou et al.**% h) Ion-

exchange based emergence of swarming behavior of chemically powered motors, adapted from Wu et al.*?* Adaptations

with permission from the publishers.

Aiming at studying the ability of chemically powered nano- and micromotors to perform cooperative
tasks as ensembles, researchers increased the complexity of the systems investigated. In this sense, Zhou et al
demonstrated the spontaneous synchronization of micromotor ensembles in vitro (Figure 11g).**° The authors
exploit Ag Janus micromotors ability to spontaneously synchronize their dynamics as chemically couple

oscillators, and show that the contraction/expansion phenomena are highly dependent on inter-particle or inter-
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cluster distances. In addition, researchers took inspiration from the predator-prey interactions abundant in
nature and designed biomimetic swarms where prey particles are chased by predator particles (Figure 11f).
For this, Mou et al/ designed a binary system comprising attractive diffusiophoretic particles (prey) and
diffusiophoretic repulsive ones (predator), and evaluated the interactions between the two populations, paving
the way for micromotor systems capable of carrying out cooperative functions.*** Shklyaev and co-workers
investigated the role of enzymatic micropumps to organize capsules in solution into swarms. In this work, the
authors demonstrated that the energy released by the enzymatic pumps can be harness to organize
microparticles, leading to the formation of ensembles, which could be used to control the targeted delivery of
carriers in microfluidic devices.*'

The amplification of response through swarming and cooperation of nano- and micromotors holds great
potential for the improvement of nanomedicines efficacy. However, these behaviors require motor systems to
comprise features such as quorum sensing and intelligent consensus decision-making, which must be achieved
through inter-motor communication. Wu et al devoted efforts on the quest to develop a chemically powered
motor swarm capable of inter-unit communication (Figure 11h). For this, the authors explored the non-
reciprocal ion exchange interactions between ZnO nanorods and sulfonated polystyrene beads, where the
chemical “waste” of one acted as the “fuel” for the other. This exchange led to the formation of nanorod-
microbead complexes, which could further interact to form hierarchical and dynamic swarms capable of phase
segregation and consensus decision-making due to chemical communication, shedding light on the design of

adaptable and responsive chemical motor swarms.**

1.5.2. Ex Vivo and In vivo Imaging and Evaluation of Swarms’ Functionalities

Despite the exciting research on the in vitro generation and characterization of nano- and micromotor
swarms, their applicability and efficacy in real scenarios is required to advance the development of more
efficient active nanomedicines. To achieve that long-standing milestone, researchers turned to ex vivo models
for the study of swarm behavior, focusing mostly on magnetically powered systems.

Wau et al took advantage of helical micromotors ability to move in complex viscous media and explored
them as intraocular delivery devices (Figure 12a).”” For this, Wu et a/ coated the helical motors with a slippery
perfluorocarbon liquid layer, which allows them to propel in the vitreous humor of the eye. By using rotating
magnetic fields, the authors were able to achieve propulsion of the micromotors within porcine eyes ex vivo,
and image the phenomenon using optical coherence tomography. In similar approach, Yu et a/ demonstrated
the active generation and actuation of magnetic micromotor swarms in various fluids (i.e., gastric fluid, plasma
and whole blood), as well as through the vitreous humor of bovine specimen ex vivo (Figure 12b). The swarms
could be induced by the magnetic fields or by the surrounding medium and were imaged using medical
techniques, namely ultrasound imaging.*’

In turn, Wang et al reported the real-time navigation guidance of a paramagnetic microswarm using ultrasound.
This swarm was comprised of magnetite nanoparticles and was generated by exposure to rotating magnetic
fields. The authors studied the effect of depth in the imaging of the swarm, as well as the minimum dose
required for the precise localization of the swarm ex vivo, revealing a maximum depth of ca. 8 mm, with a

steady-state error of ca. 34% of the swarm’s body length.**® Wang et al also demonstrated a strategy to
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assemble and disassemble magnetic clusters on uneven surfaces, using the bladder of a swine and imaging the

process with ultrasound (Figure 12¢).**’
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Figure 12. Ex vivo and in vivo imaging and evaluation of nano- and micromotor swarms and their biomedical applications.
a) Slippery swarm of micromotors penetrating the vitreous humor of the eye, imaged ex vivo using optical coherence
tomography. Adapted from Wu et al.**” b) Swarms of micromotors navigating in porcine eyes, imaged using ultrasound.
Adapted from Yu et al.**’ ¢) Ex vivo imaging of the assembly and disassembly of a magnetic swarm imaged by ultrasound.
Adapted from Wang et al.***d) In vivo actuation of a swarm of magnetic motors, imaged by optical fluorescence. Adapted
from Servant et al.**’ €) Motor toxoid for active delivery of oral vaccination, imaged by optical fluorescence. Adapted
from Wei et al.*! f) PACT imaging of micromotors in the GI tract, adapted from Wu et al.**? g) MRI imaging of spirulina-

based motor swarms inside a rat’s stomach, adapted from Yan et al.** Adaptations with permission from the publishers.

However, a major milestone in the field is to move nano- and micromotors from in vitro or ex vivo
settings to living organisms, where the precise tracking of motility and validation of in vitro proof-of-concept
functionalities still has not been widely investigated. In this sense, Chao and co-workers developed a magnetic
nanomotor for the acceleration of thrombolysis and tested its efficacy in vitro, as well as in vivo. The authors
demonstrated that the mass transport of tissue plasminogen activator in a microfluidic channel was enhanced
by the presence of the motors, and then validated the efficiency of the treatment in a rat embolic model.
Nevertheless, in this work, the validation was based on end results — i.e. in the efficiency of thrombus removal,
and the process was not monitored through imaging.**

In another approach, Servant et al demonstrated the actuation and in vivo imaging of a swarm of
magnetic helical micromotors in deep tissues (Figure 12d). The so-called artificial bacterial flagella could be
precisely controlled by weak rotating magnetic fields, and their navigation within the peritoneal cavity of a
mouse was tracked using whole-body optical fluorescence imaging.**’ Contrarily to the work mentioned above,
in this report the author focused on imaging and motility tracking, rather than in the validation of a specific

biomedical application of the motors.
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Joseph et al designed polymersome-based nanomotors aiming at blood-brain barrier crossing. The
nanomotors in this work were powered by either glucose oxidase or a combination of glucose oxidase and
catalase and exhibited chemotactic response toward a gradient of fuel concentration. The authors demonstrated,
using immunofluorescence histology, that active nanomotors augment blood-brain crossing in vivo.>*

The potential of nano- and micromotors as nanomedicines with specific activation in desired locations,
namely the gastrointestinal tract, was also investigated in vivo.

74 Li**® and Esteban-Fernandez de Avila er al,*” concerning the

Apart from the works from Gao,
localized activation and retention within the GI tract, Wei and co-workers developed a micromotor capable of
delivering antigens in the intestine, and showed that propulsion led to enhanced retention and immunogenic
response, demonstrating the capabilities of actively-propelling systems as oral vaccination platforms (Figure
12¢).**! The common feature throughout the works mentioned is the use of optical fluorescence imaging to
evaluate the retention of motors within the target organ after the treatment, without real-time monitoring of
motility and collective behavior in vivo.

The in vivo swarming behavior of micromotors was investigated using medical imaging techniques. In
this sense, Wu et al reported the development of micro-robotic system for targeted navigation in the intestines
(Figure 12f), guided by photoacoustic computed tomography (PACT).*? To achieve stability in vivo and
navigation in the intestines, the micromotors were encapsulated to resist the stomach. Recurring to the
visualization by PACT, the capsules were then disintegrated upon reaching the intestines using near-infrared
irradiation. Similarly, Xie et al used photoacoustic imaging to track the swarming behavior of magnetic motors
in vitro and to evaluate their efficacy in the treatment of bacterial infections in vivo.**

In another approach, Yan et al/ showed the remote control of magnetic microrobots and their applicability
for imaging-guided therapy using magnetic resonance imaging (MRI).** For this, the researchers used
Spirulina microalgae as template, and dip-coated it with magnetite, thus enabling its remote control and
visualization with MRI (Figure 12g), demonstrating it as a potential tool for imaging-guided therapy.

The rapid development of actively propelled nano- and micromotors, as well as the many proof-of-
concepts reported show that these tools hold great potential in the nanomedicine field being able to overcome
barriers, enhance retention in the target sites and even enable localized treatment guided by medical imaging
techniques. Even though researchers have shown several demonstrations of nano- and micromotors abilities,
and despite the considerable advantages of the use of enzymes as engines, enzyme-powered nanomotors have
been scarcely explored as nanomedicine tools. The work developed on the scope of this thesis is focused on
the study of enzymatic nanomotors, with a special focus on urease as engine and the investigation of their
potential as active nanomedicines, going from in vitro proof-of-concept demonstrations of enhanced drug
delivery, cancer targeting in three-dimensional models, as well as chassis versatility, to in vivo monitoring of

nanomotor swarming behavior using medical imaging techniques
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OBJECTIVES

Considering the state of the art in the field of nano- and micromotors, the objectives of this thesis were
established in order to tackle key aspects on the fabrication of nano- and micromotors for biomedical
applications, and on the understanding of paramount interactions between the active carriers and biological

systems. These objectives are defined as follows:

@) To study the effect of active motion of enzyme-powered nanomotors on drug
release and delivery to 2D cell cultures, in comparison to non-motile mesoporous

silica nanocarriers.

(ii) To examine the ability of urease-powered nanomotors to target and penetrate into

3D bladder cancer spheroids.
(iii)  To investigate the motion dynamics and collective behavior of enzymatic
nanomotors in vitro and in vivo, using optical microscopy and medical imaging

techniques.

(>iv) To fabricate new enzyme-powered nanomotors with features to protect enzymatic

activity from harsh biological environments and trigger motion on-demand.
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ENHANCED DELIVERY

Nano- and micromotors emerged as an attractive alternative for the development of nanomedicines,
since their intrinsic propulsion may help to surpass biological barriers that hinder the in vivo efficacy of
traditional nanoparticles. In this work, we aimed at assessing the efficacy of enzyme powered nanomotors as
active drug delivery vehicles. For this, we developed urease-powered nanomotors comprising doxorubicin
anticancer drug loaded onto the mesoporous silica shell. Mesoporous silica has been widely studied as drug
nanocarrier owing to its high cargo loading capacity, controllability in size and shape, and well-known surface
chemistry.

Urease-powered nanomotors showed self-propulsion in ionic media and significantly improved
doxorubicin release, in a urea concentration-dependent manner. We further explored the capabilities of the
nanomotors as drug delivery systems by studying their drug delivery efficacy to cells. We found that the
synergy between the enhanced drug release and the local increase in pH, caused by urea decomposition into

carbon dioxide and ammonia, resulted in higher cytotoxic effect toward HeLa cells of the doxorubicin-loaded

nanomotors than their passive counterparts.
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Graphical Abstract 1. Doxorubicin-loaded urease powered nanomotors for enhanced drug release and

delivery to HeLa cells.
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Enzyme-Powered Nanobots Enhance Anticancer

Drug Delivery

Ana C. Horteldo, Tania Patifio,* Ariadna Perez-|iménez, Angel Blanco,

and Samuel Sdnchez*

The use of enzyme catalysis to power micro- and nanomotors exploiting
biocompatible fuels has opened new ventures for biomedical applications
such as the active transport and delivery of specific drugs to the site of
interest. Here, urease-powered nanomotors (nanobots) for doxorubicin (Dox)
anticancer drug loading, release, and efficient delivery to cells are presented.
These mesoporous silica-based core-shell nanobots are able to self-propel

in ionic media, as confirmed by optical tracking and dynamic light scattering
analysis. A four-fold increase in drug release is achieved by nanobots after

6 h compared to their passive counterparts. Furthermore, the use of Dox-
loaded nanobots presents an enhanced anticancer efficiency toward Hela
cells, which arises from a synergistic effect of the enhanced drug release and
the ammonia produced at high concentrations of urea substrate. A higher
content of Dox inside Hela cells is detected after 1, 4, 6, and 24 h incubation
with active nanobots compared to passive Dox-loaded nanopatrticles. The
improvement in drug delivery efficiency achieved by enzyme-powered nano-
bots may hold potential toward their use in future biomedical applications
such as the substrate-triggered release of drugs in target locations.

1. Introduction

The design of active and smart systems capable of bypassing
side effects while increasing drug efficacy is a long-standing
challenge in biomedicine and nanotechnology. Such systems
require a number of characteristics, namely, biocompatibility,
biodegradability, and circulation stability. Furthermore, their
maneuvering for full motion control is required to be able to
deliver cargo at the defined locations, minimizing undesirable
effects in the bystander tissues.1-3]
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Traditional drug delivery systems
rely on the use of passive nanoparticles
(i.e., without propulsion capabilities),
which has been reported to have low
efficacy.”) In contrast, in the last decade,
researchers have developed micro-/nano-
particles able to self-propel in aqueous
media, which have potential as novel
and active drug delivery vehicles."! Pro-
pulsion at the micro-/nanoscale can be
achieved by a multitude of approaches,
such as the use of ultrasound waves, 1]
light,'112 magnetic fields, ™ by cou-
pling motile cells to particles,'>2! or by
catalytic decomposition of a chemical
substrate.?> 2] Since catalytic micro-/
nanomotors were primarily based on the
use of toxic fuels, such as hydrogen per-
oxidel?-2l and hydrazine,*! the potential
of these synthetic motors in the biomedical
field demanded the quest for alternative
biocompatible fuel sources. Alternatively,
the use of enzymes as biological catalytic
units to power the motion of varied micro-/nanostructures
has been reported.?>3'-37] Enzyme catalysis presents several
advantages as compared to other catalytic motors. For instance,
enzymes provide a more versatile library of relevant, bioavail-
able, and biocompatible substrates to be used as fuels upon
demand of the target application.

The self-propulsion abilities of these synthetic motors may
bring distinct improvements when compared to passive drug
carriers. Namely, self-propulsion provides the vehicles with con-
tinuous driving force, aiding their transport across biological
tissues.>3® In addition, upon regulation of the motors’ speed,
cell targeting and internalization phenomena could be modu-
lated, providing enhanced control and tunability of the drug
delivery system.’% Considerable efforts have been applied to
the fabrication of micro-/nanomotors that fulfill the require-
ments for ideal drug delivery vehicles.?1324042] Mesoporous
silica, specifically the Mobil Composition of Matter No. 41
(MCM-41) type, is a widely studied material for biomedical
applications which is approved for clinical use by the FDA.[4344]
Previous research on this type of silica revealed it to be biocom-
patible, which in addition to its high cargo loading capacity,
tunability, and easy surface chemistry make it an optimal
chassis for drug delivery vehicles.*¥! Our group previously
demonstrated the self-propulsion of micro- and nanostructures
based on MCM-41 silica and their coupling with enzymes to

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Schematic illustration of the fabrication and drug delivery system features of the urease nanobots. a) Fabrication of the nanobot mesoporous
structure using cetyltrimethylammonium bromide (CTAB) and tetraethylorthosilicate (TEOS), and further modification with amine groups using
3-aminopropyltriethoxysilane (APTES). b) Loading of doxorubicin (Dox) onto the mesoporous shell, urease attachment and enhanced drug release

provoked by self-propulsion due to the presence of urea.

engineer nanomotors powered by the biocatalytic conversion of
urea and glucose, aiming at their application in the biomedical
field.31324546] However, the benefits in drug delivery based on
active particles compared with passive particles, as well as their
motion in physiological media has not been reported yet.

Herein, we present the facile fabrication of enzymatic
nanomotors, dubbed nanobots, comprised of a solid silica
core and a mesoporous silica shell (Scheme 1a). The shell was
coated with urease enzymes which allows to harness chemical
energy and convert it into mechanical work even in ionic media
(phosphate buffer saline (PBS) buffer solution), an important
characteristic for their potential use in biomedical applications.
Furthermore, the mesoporous shell provides high loading
capacity, enabling the retention of the anticancer water-soluble
drug doxorubicin (Dox) (Scheme 1b) and its active transport
toward cancer cells. The presence and release of Dox inside the
cell is quantified and imaged by fluorescence microscopy.

2. Results and Discussion

2.1. Synthesis and Characterization of the Urease Nanobots

Solid silica spheres, synthesized using a modified Stober
method,*”) were used as core for the fabrication of core-shell
mesoporous  silica nanoparticles (MSNPs), as depicted in
Scheme S1 (Supporting Information). The mesoporous silica
shell was grown based on previously reported approaches that
provide stability and low aggregation in solution.’!l We used
cetyltrimethylammonium bromide (CTAB) as porogenic agent
and triethanolamine (TEOA) as a base catalyst (see experi-
mental details in the Experimental Section). The MSNPs were
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functionalized with 3-aminopropyltriethoxysilane (APTES) to
obtain nanoparticles with free amine groups on the surface
(MSNP-NH,), which were used to covalently attach urease to
the nanoparticles using glutaraldehyde (GA) as linker molecule,
thus yielding urease nanobots. The fabrication process was
characterized by scanning electron microscopy (SEM) and
dynamic light scattering (DLS). Figure 1a displays SEM micros-
copy image of MSNP, revealing the good monodispersity of the
MSNPs (@ = 344 + 3, average size * standard error of mean
(SE), N =60). DLS analysis of the hydrodynamic radius showed
a single population distribution, indicating that the particles
were not aggregated, even after their functionalization with
APTES. After urease attachment, however, a slightly broader
peak than the one detected for the MSNP-NH, was observed,
indicating a lower monodispersity of the particles in terms of
hydrodynamic radius, which could be attributed to enzyme
conjugation (Figure 1b, green). Furthermore, we evaluated the
evolution of the surface charge upon the modifications of the
as-synthesized MSNPs (Figure 1c), denoting negative surface
charge for the MSNPs (—16.5 * 1.4 mV, average * SE, N = 9)
and a clear shift to positive surface charge after amine mod-
ification (43.5 + 0.4 mV, average * SE, N = 9). Moreover, we
observed a sharp decrease on the positively charged surface
after the functionalization with urease enzyme (10.3 % 1.0,
average * SE, N = 9) (Figure 1c). Since urease has an isoelec-
tric point between 5.0 and 5.2, the observed decrease on the
surface charges could be attributed to a successful binding
of urease enzyme to the particles.*®! The porosity and struc-
ture of the nanobots were analyzed by transmission electron
microscopy (TEM). We observed a clear core-shell structure
(Figure 1d-f), where the nanochannels formed upon CTAB
removal can be clearly distinguished (Figure 1f). The presence

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Characterization of the mesoporous silica nanoparticles (MSNPs) and further modifications to obtain the mesoporous silica nanoparticles
functionalized with urease (nanobots). a) SEM microscopy image of MSNPs. b) Hydrodynamic radii and c) surface charge evolution upon surface
modification of the mesoporous silica nanoparticles with amine functional groups and further with urease enzyme. d) TEM microscopy images of
MSNP-NH,, e) evidencing the core-shell structure, and f) porosity features of the nanoparticles.

of urease enzyme on the particles’ surface, as well as the elimi-
nation of unbound enzymes was analyzed through the use of a
colorimetric kit based on reduction of copper by proteins’ pep-
tide bonds (Figure S1, Supporting Information).[*’]

2.2. Motion Behavior of Urease Nanobots

In the presence of urea, the urease bound to the surface of the
nanobots catalyzes the decomposition of urea into ammonia
and carbon dioxide [(NH,)2CO + H,0 — CO, + 2NH;]. As
previous reports have shown, enzymatic catalysis can be used
to achieve self-propulsion of micro- and nanostructures with
different architectures.[?231:343645] Some nanomotors have
been fabricated by inducing structural asymmetries such as
the creation of Janus particles®!32 or other asymmetric shapes
such as polymeric stomatocytes.> However, other studies
have reported an enhanced diffusion for non-Janus spherical
polystyrene particles.’” The actual mechanism of motion
for enzymatic motors is still under debate.[3%:333537.50-52] The
self-propelling abilities of the nanobots due to the presence
of urea were characterized by optical tracking of the nanobots
trajectories under a range of urea concentrations (Figure 2a).
The mean-squared displacement (MSD) resulting from the
tracked trajectories (Figure 2b) increases linearly with time,
which is typical of diffusive motion.’3 The effective diffu-
sion coefficient (D.) was obtained by fitting the MSD curves
to Equation (1)
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MSD(At) =4D.At 1)

where D, represents the effective diffusion coefficient and At
represents the time interval.l4l

The calculated effective diffusion coefficients are represented
in Figure 2c (blue). We further confirmed these results by ana-
lyzing the diffusion coefficients of nanobots in the presence
of urea by DLS (Figure 2c, green). In both cases a significant
increase in the effective diffusion coefficient was observed at a
25 x 1073 M urea concentration (p < 0.05), which was further
increased at 50 X 1073 m urea, reaching a stabilization. The sta-
bilization of the diffusion coefficient values in the presence
of increasing concentrations of urea can be explained by the
activity kinetics of urease. We evaluated the activity of the cova-
lently bound urease on the nanobots surface, over the range
of urea concentrations studied for motion and we observed
that the nanobots present Henri-Michaelis—Menten kinetics
(Figure 2d), obeying Equation (2)

= Ve[S @)
K, +[S]

where V., represents the maximum reaction rate, S repre-
sents the urea concentration, and K, represents the Henri—
Michaelis—-Menten constant.”” By fitting our data to the
equation, we found that K, = (4.7 £ 0.5) X 107 M and Vi, =
162.1 * 1.5 units mg‘1 of urease, where unit is defined as the
amount of enzyme required to generate 1 pmol of ammonia
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Figure 2. Analysis of the motion behavior of urease nanobots. a) Representative tracking trajectories of urease nanobots with different urea concen-
trations (0 x 1073 m, black; 50 x 1073 m, orange; and 100 x 1073 m, green) and b) correspondent mean-squared displacement (MSD) plots; c) effective
diffusion coefficient obtained by analyzing the MSD (blue) and by DLS (green) of urease nanobots at different urea concentrations (n = 20, error bars
represent SE). Different superscripts denote significant differences among groups with p <0.05; d) enzymatic activity of the urease nanobots at different

urea concentrations fitted to Henri—-Michaelis—Menten equation (inset: variation of enzymatic activity of the nanobots with time).

per minute, at 37 °C and pH 7.0. These results are in good
agreement with values for free enzyme found in literature, indi-
cating that urease activity was not affected by its functionaliza-
tion onto the particles.°!

We further characterized the activity of urease enzyme pre-
sent on the nanobots’ surface over a period of 120 min, denoting
that the enzymatic rate decreases continually with time (inset of
Figure 2d), suggesting that the consumption of substrate and
generation of products slows the reaction rate over time.

Motivated by the intrinsic presence of salts in physi-
ologically relevant media, we investigated the effect of the

presence of salts in the surrounding medium on the nano-
bots’ diffusion coefficient, using PBS solution (PBS 1x). We
observed different diffusion coefficient values between nano-
bots suspended in water and in PBS (Figure 3a), which could
be attributed to changes in electrostatic interactions between
motors and neighboring surfaces driven by the presence of
salts.’”] However, the nanobots displayed enhanced diffu-
sion in both PBS and water solutions in the presence of urea,
where an increase in diffusion coefficient of roughly 35% and
60% was detected for water and PBS, respectively (Figure 3b).
We also analyzed the nanobots’ self-propulsion in ionic media
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Figure 3. Analysis of motion behaviors of urease nanobots in water and ionic media. a) Characterization of the motion profiles of urease-powered nano-
bots in ionic media (PBS) and in water by optical microscopy and DLS (N = 20, error bars represent SE). Different superscripts denote significant differ-
ences among groups with p <0.05. b) Percentage increase in diffusion coefficient in the presence of urea, in water and in PBS; error bars represent the
error calculated by propagating the SE obtained in the measurements. c) Diffusion coefficient histogram nanobots in water and PBS obtained by DLS.
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by DLS, where a shift on diffusion coefficient is observed
(Figure 3c).

2.3. Drug Loading and Release Profiles of the Urease Nanobots

We investigated the drug loading and releasing capabilities of
nanobots in order to determine whether their enhanced dif-
fusion due to availability of urea relates with enhanced drug
release kinetics. First, we investigated the loading capacity of
the architecture of the nanobots before and after functional-
izing with urease enzyme as drug delivery carrier, using Dox
as model drug. Dox is a chemotherapeutic agent which belongs
to the family of anthracyclines and antitumor antibiotics, which
intercalates between the base pairs in the DNA, preventing rep-
lication and thereby arresting the cell cycle.8] We determined
nanobots’ loading capacity and drug entrapment efficiency,
which represent the drug content and the percentage of drug
successfully encapsulated in the nanoparticles, respectively, as
follows

_ Mass of Drug Loaded

Drug Loading (%) = %100 3

§ g (%) Mass of Nanobots G)

Entrapment Efficiency (%)= Mass of Drug Loaded x100  (4)
Total Drug Mass

Despite a slight loss of Dox mass during the washing process
required for functionalization with urease, the nanobots retain
roughly 10% (w/w) of drug (Figure 4a).

Then, we compared the drug release capabilities of enzy-
matic nanobots in the presence of increasing concentrations of
fuel with their passive counterparts (Figure 4b,c). We observed
that the drug release over 24 h increased according to the pres-
ence of urea. A positive correlation between the urea concen-
tration and the release profile was found, reaching a saturation
at 50 x 1073 M urea. The amount of Dox released by the nano-
bots at urea concentrations above 50 x 1073 m is almost four
times higher compared to the one obtained at 0 x 1073 m urea
(Figure 4b). These results are in agreement with the motion
analysis, since the saturation of motion was also found to be
50 x 1073 M of urea. We attribute the enhancement of the drug
release from the mesoporous cavities to the increased diffu-
sion of the nanobots in the presence of urea, and to the flow

b)

2

ww.afm-journal.de

generated through the surface.’* Since we observed that
urease activity decreases overtime (Figure 2d), we performed
the release experiments collecting aliquots at every time point
and replenishing the medium with fresh supply of urea. Thus,
the slow release rate between 6 and 24 h, observed for all con-
ditions analyzed, could be explained by the depletion of urea
from the medium, as well as by the saturation of the solution
with Dox, slowing down the drug release.

To study whether the changes in the Dox release profiles
could be affected by the changes in the pH provoked by urease
activity, we monitored the pH of the nanobots solution upon
the addition of urea. For this, we used PBS adjusted to different
pH (5, 6, 9, and 10) as the starting solutions, and the pH was
measured every minute upon the addition of urea. We observed
that in all cases, the pH changed immediately to 9, indicating
the self-buffering properties of the system (Figure S3a, Sup-
porting Information). To assess if the quick change in pH
was the reason underlying the enhancement on drug release,
we evaluated the release profiles of nanobots in the presence
and absence of urea, when placed in buffer solutions at pH 9
(Figure S3b, Supporting Information). We observed that even
when the initial solution was stabilized at pH 9, the release of
Dox from the urease nanobots was significantly enhanced in
the presence of urea, indicating that this phenomenon stems
from nanobots’ surface activity, regardless of the pH change of
the surrounding medium.

2.4. Nanobots’ Efficacy as Drug Delivery Vehicles

Taking advantage of the enhanced Dox release kinetics from
active nanobots, we tested nanobots’ biocompatibility and
efficacy as drug delivery vehicles to human epithelial cervix
adenocarcinoma Hela cells. Urease-powered nanobots’ bio-
compatibility was evaluated by using the (3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, which
is a colorimetric method that determines metabolic activity, by
assessing the reduction of MTT and formation of formazan
crystals by viable cells. The nanobots exhibited biocompat-
ibility (>80% viable cells) up to a concentration of 0.5 mg mL™
(Figure 5a, black), where less than 70% of the cells remained
viable after the 24 h incubation period. Viability below that
value would denote cytotoxicity of nanoparticles, as per the
FDA’s and ISO’s standards.®) When nanobots were loaded
with Dox and incubated with cells (even in the absence of urea)
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Figure 4. Evaluation of MSNP-NH, and urease nanobots as drug carriers for Dox. a) Loading capacity of doxorubicin on MSNP-NH, and urease
nanobots; b) release profiles for Dox from the nanobots in different urea concentrations (N = 3, error bars represent SE) and c) release of Dox from

nanobots in the presence of 100 x 1073 m urea.
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Figure 5. Cytotoxicity assays and efficacy testing of the nanobots as drug carriers in the presence and absence of urea. a) Biocompatibility of nanobots
(black) up to high concentrations and evaluation of its efficacy as Dox carrier (blue) without urea; b) urea-dependent biocompatibility of the urease
nanobots (black) and increased efficacy as Dox delivery vehicles (green) at 0.05 mg mL™' (N = 3, error bars represent SE).

we observed a concentration-dependent toxicity trend, which
was significantly higher than non-Dox loaded nanobots in all
cases (Figure 5a, blue). A concentration of 4 pug mL™ of free
Dox is needed to achieve the IC50 on HelLa cells after 24 h incu-
bation (Figure S3, Supporting Information). Using core-shell
nanoparticles, we detected the IC50 as 0.5 mg mL™! for pas-
sive nanobots, whereas only 0.05 mg mL™ of active nanobots
are required to obtain the same effect. These results indicate
that not all the loaded Dox encapsulated in passive nanobots is
released or capable of reaching the desired location, i.e., inside
the cells. Yet, once urea is present in the medium, a more effi-
cient delivery of Dox to the cells is achieved, which could be
attributed to a faster release of drug to the media, increased
transport near or inside the cell and increased cell uptake of the
nanobots. The exact contribution from each effect needs to be
investigated in future works.

Figure 5b (green columns) shows the anticancer effect
of Dox-loaded active nanobots, which was attributed to the
enhanced release of Dox from active nanobots for increasing
concentrations of urea. Moreover, we observed a sharp decrease
in cell viability for bare nanobots for concentrations above
10 x 1073 M of urea (Figure 5b, black columns). To investigate
the origin of this low viability, we studied the cytotoxic contri-
bution of fuel and products; we evaluated the biocompatibility
of urea and ammonia. Urea was found to be biocompatible
for concentrations up to 400 x 1073 m (Figure S5a, Supporting
Information). Yet, we observed a cytotoxic effect for ammonia
concentrations higher than 50 x 1073 m (Figure S5b, Supporting
Information), which would correspond to the total conversion
of 25 x 107 m urea.

Altogether, these results indicate that, as a matter of compar-
ison, we obtain the same effect on cells with at least 10 times
lower concentration of active nanobots than with passive coun-
terparts. We attribute these results to a synergistic effect of the
improved Dox release induced by motion, and the ammonia
produced by catalytic decomposition of urea.

As Dox is a fluorescent molecule, we used fluorescence
microscopy to monitor its uptake by HelLa cells (Figure 6a).
For this, cells were incubated with 0.05 mg mL™ of Dox-
loaded nanobots, either in the absence or presence of urea
(10 x 1073 M) during 1, 4, 6, and 24 h, after which the cells
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were washed with PBS and labeled with wheat germ agglutinin
(WGA-membrane, green) and Hoescht (nuclei, blue). Next,
quantitative imaging analysis of the red fluorescence emission
within cells (Figure 6b, N = 15) was performed, observing that
the fluorescence signal increases with time. Moreover, for all
the data points analyzed, we observed a higher red fluorescence
signal within cell cytoplasm when the nanobots were incubated
with urea compared to the control, as depicted in Figure 6b,c
(red channel column). These results agree with the findings
from the cytotoxicity experiments, where active nanobots lead
to an enhanced cytotoxic effect of the drug delivery system.

3. Conclusion

In summary, we report urease-modified nanobots, composed of
mesoporous silica shell, capable of loading the anticancer drug
Dox, presenting enhanced drug release profiles dependent on
urea concentration. Furthermore, we demonstrate the nano-
bots’ self-propulsion in ionic media (PBS buffer), which is a
crucial ability for its use in biomedical applications. We found
that in the presence of urea, the active Dox-loaded nanobots
exhibit improved effect on Hela cells compared to passive
carriers, due to a synergistic effect of improved drug release
kinetics and ammonia production by the catalytic decomposi-
tion of urea. Future work on fuel-dependent targeting and cell
uptake, novel triggered release mechanisms and in situ guid-
ance methods, such as the use of pH, thermal, or chemical gra-
dients to attract and guide nanomotors in vitro and in vivo need
to be addressed for the development of smart and self-propelled
drug delivery vehicles based on enzyme catalysis.

4. Experimental Section

Materials: Ethanol (EtOH, >99%), methanol (MeOH, >99%),
hydrochloric acid (37% in water), ammonium hydroxide (25% in water),
tetraethylorthosilicate (TEOS, 99%), TEOA (99%), CTAB (99%), APTES
(99%), GA (25% in water), urease (from Canavalia ensiformis, Type IX,
powder, 50 000-100 000 units g~' solid), Urease Activity Kit, doxorubicin
hydrochloride (Dox, 99.9%), urea (99.9%), and dimethyl sulfoxide
(DMSO, 99.9%) were purchased from Sigma-Aldrich. MTT, PBS, and
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Figure 6. Interaction of Dox-loaded urease nanobots with Hela cells. a) Schematic representing the cell labeling and imaging acquisition; cell
membranes were marked with wheat germ agglutinin (WGA, green), and nuclei were marked with Hoescht (blue); red emission comes from Dox.
b) Dox fluorescence emission quantification in regions within cells, in the absence (black) and presence of urea (grey) (N =15, error bars represent
SE), different superscripts denote significant differences among groups with p < 0.05; ) fluorescence imaging of Hela cells and Dox-loaded nanobots

(0.05 mg mL™"). Scale bars are 20 pm.

Dulbecco’s Modified Eagle Medium (DMEM) were purchased from
Thermo Fischer Scientific.

Instruments: TEM images were captures by a JEOL JEM-2100
microscope. SEM images were captured by an FEI NOVA NanoSEM
230 at 5 kV. Hydrodynamic radii and electrophoretic mobility
measurements were performed using a Wyatt Mébius coupled with an
Atlas cell pressurization system. Absorbance spectra of Dox, protein
quantification, and enzymatic activity assays were carried out using an
Infinite M200 PRO Multimode Microplate Reader. Optical videos were
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acquired using a Leica DMIi8 inverted microscope equipped with a
63x water objective.

Synthesis of Solid SiO, Spheres: The solid silica spheres were prepared
using the modified Stéber method.”l Briefly, a solution containing
EtOH (7 ml), ultrapure water (10 mL), and ammonium hydroxide
(2 mL) was stirred for 15 min. After, TEOS (6 mL) was added dropwise
and the mixture was kept stirring for 21 h. The formed particles were
then collected by centrifugation and washed with EtOH (3 times, 2348 g,
3.5 min). Finally, the spheres were suspended in EtOH and aliquots
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(0.5 mL) were collected, centrifuged, air dried, and weighed to determine
the concentration of the solid SiO, suspension.

Coating of Mesoporous Silica Shell on Solid SiO, Spheres: Solid silica
spheres (60 mg) were suspended in a solution containing water
(20 mL), TEOA (40 mg), and CTAB (75 mg). The solution was heated to
80 °C and TEOS (0.125 mL) was added dropwise, while the solution was
stirred. The mixture was kept stirring for 2 h, after which it was collected
by centrifugation (845 g, 2.5 min) and washed with ultrapure water once.
Following, the obtained particles were suspended in a solution of MeOH
and HCl (30 mL, 10:0.6) and refluxed at 80 °C for 24 h. Finally, the
particles were collected by centrifugation (2.5 min, 845 g) and washed
in EtOH (3 times) and ultrapure water (3 times). Aliquots (0.5 mL)
were collected, centrifuged, air dried, and weighed to determine the
concentration of the suspension.

Amine Functionalization of MSNP: The obtained MSNP (2 mg mL™)
were then suspended in EtOH:APTES mixture (20:1, v/v) and shaken
during 24 h on an end-to-end rotary shaker. After, the particles were
collected by centrifugation (845 g, 2.5 min) and washed in 3 times
with EtOH and 3 times with water. Aliquots (0.5 mL) were collected,
centrifuged, air dried, and weighed to determine the concentration of
the suspension.

Urease Functionalization of MSNP-NH,: MSNP-NH, (2 mg) were
washed 3 times with PBS 1x. After, the MSNP-NH, were suspended in
(0.9 mL) PBS and GA (100 L, 25% in water) was added to the mixture.
The mixture was thoroughly vortexed to ensure good dispersion and
shaken during 2.5 h on an end-to-end rotary shaker. Then, the particles
were collected by centrifugation and washed 3 times with PBS. Afterward,
the MSNP-NH, activated with GA were suspended in a solution of PBS
containing urease (3 mg mL™") and mixed end-to-end on a rotary shaker
for 18 h. The resulting urease nanobots were collected by centrifugation
(1150 g, 3.5 min) and washed 3 times with PBS.

Dox Loading in MSNP-NH,: Aliquots of MSNP-NH, (1 mg) were
suspended in a Dox solution at a concentration of 1 x 107 m and
vortexed thoroughly to ensure good dispersion. Then, the mixture
was incubated during 24 h at room temperature, mixing end-to-end
on a rotary shaker. The Dox loaded MSNP-NH, were then collected
by centrifugation (1150 g, 3.5 min) and washed 3 times with PBS to
ensure complete removal of non-loaded drug. The supernatants were
kept and analyzed by measuring the absorbance at 480 nm, using
an Infinite M200 PRO Multimode Microplate Reader, to determine
the drug loading capacity and the entrapment efficiency of the
MSNP-NH,.

Dox Loading and Functionalization of MSNP-NH,: To obtain Dox
loaded nanobots, first the MSNP-NH, (1 mg) are incubated with
1 x 107 m solution of Dox (0.5 mL) as mentioned above. After, the
particles are washed 3 times with PBS, suspended in PBS (0.9 mL), and
GA (100 pL) was added, to follow the protocol for the functionalization
of MSNP-NH, with urease as mentioned above, yielding Dox-loaded
urease nanobots.

In Vitro Release of Dox from MSNP-NH, and Urease Nanobots: To
evaluate the ability of the nanobots to enhance the release of the drug in
the presence of urea, Dox-loaded nanobots (2 mg mL™") were dispersed
in solutions of PBS without urea and solutions containing different
concentrations of urea. To compare the nanobots to the conventional
MSNP-NH, carrier, Dox loaded MSNP-NH, were also placed in PBS.
Then, the dispersions were placed on a thermomixer at 37 °C with
300 rpm shaking to avoid sedimentation and aliquots (100 pL) were
collected every hour over the course of 6 h and at 24 h, refreshing
the medium at every time point. The aliquots were then analyzed by
measuring the absorbance at 480 nm, using an Infinite M200 PRO
Multimode Microplate Reader, to obtain the cumulative release profile
of each system.

Optical Video Recording of Nanobots and MSD Analysis: An inverted
optical microscope (Leica DMi8) with a 63x water objective was used
for the observation and video recording of the nanobots movement. An
aqueous solution of nanobots was placed on a glass slide and thoroughly
mixed with the solutions of urea at the desired concentrations. Then, the
mixture was covered using a cover slip to avoid artifacts caused by the
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drifting effect. Videos of 30 s were recorded up to the first 3 min after
performing the mixture to ensure that the analysis is performed under
the same conditions. The videos were obtained using a Hamamatsu
camera at a frame rate of 50 fps, under bright field.

The videos were then analyzed using a Python code to obtain the
tracking trajectories. Then, the MSD was calculated using the following

MSD(At) = <(x,- (t+A8)—x; (t))2>, (i=2, for 2D analysis) )

The diffusion coefficient (D,) is afterward obtained by fitting the data
to Equation 1, which is valid at small time intervals for small particles
with low rotational diffusion.®® The resulting D, is obtained by analyzing
20 particles per condition and the error represents SE.

Enzymatic Activity Evaluation: The activity of the covalently bound
urease on the nanobots surface was evaluated using a commercial
kit that determines the concentration ammonia generated by
the Berthelot method.®l The nanobots (0.5 mg mL™) were
incubated with a range (1 x 1073, 5 x 1073, 25 x 107, 50 x 1073, and
100 x 1073 m) of concentrations of urea for 10 min, to study the effect
of urea concentration. The enzymatic activity was also investigated over
time, by incubating the nanobots (0.5 mg mL™") with the urea solution
provided with the kit for varied time periods (2.5-120 min).

Hydrodynamic Radii and Surface Charge Analysis: A Wyatt Mébius
coupled with an Atlas cell pressurization system was used to obtain
the hydrodynamic radii and electrophoretic mobility of the MSNP. The
equipment uses a laser with 532 nm wavelength, with a detector angle of
163.5°, performing three scans over an acquisition time of 5 s, acquiring
light scattering and electrophoretic mobility data simultaneously. Each
measurement was performed at least three times. To analyze the
nanobots’ movement by DLS, aqueous solutions containing nanobots
and the different concentrations of urea were introduced in the DLS.
The measurements were repeated to yield 20 data points per condition.
The diffusion coefficient is obtained directly from the analysis of the
scattering data on the Dynamics software, and the error represented is
the SE.

Nanobots and Dox-Loaded Nanobots Cytotoxicity Assays: Human
epithelial cervix adenocarcinoma Hela cells were cultured in
DMEM supplemented with fetal bovine serum (10%), L-glutamine
(200 x 107° m) and penicillin-streptomycin (1%), in a 37 °C and 5%
CO, atmosphere, and split every 3 d at a 1:4 ratio. For the viability
assessment, cells were seeded in 96-well plates at a density of
10 000 cells per well. After 24 h, the cells were incubated with nanobots
or Dox-Loaded nanobots at different concentrations for another 24 h.
The MTT was performed according to manufacturer’s instructions.
Briefly, a working solution of MTT (12 x 107 m) was prepared and
added to cell culture medium in a ratio of 1:10 and the cells were
incubated with it for 4 h. Afterward, the medium was removed and
the formazan crystals formed were dissolved using DMSO (50 pL).
Absorbance values at 570 nm wavelength were measured using an
Infinite M200 PRO Multimode Microplate Reader.

Nanobots’ and Dox-Loaded Nanobots Cytotoxicity Assays: Human
epithelial cervix adenocarcinoma Hela cells were cultured in DMEM
supplemented with Fetal Bovine Serum (10%), L-glutamine (200 x 107 m)
and penicillin-streptomycin (1%), in a 37 °C and 5% CO, atmosphere,
and split every 3 d at a 1:4 ratio. For the viability assessment, cells were
seeded in 96-well plates at a density of 10 000 cells per well. After 24 h,
the cells were incubated with nanobots (0.05 mg mL™") or Dox-loaded
nanobots in the presence of 1 x 1073, 5 x 1073, 25 x 1073, 50 x 1073,
100 x 1073, and 120 X 1073 m of urea for 24 h. The MTT assay was then
performed as described above.

Imaging of Hela Cells with Dox-Loaded Nanobots: Human
epithelial cervix adenocarcinoma Hela cells were cultured in
DMEM supplemented with fetal bovine serum (10%), L-glutamine
(200 x 107 m) and penicillin-streptomycin (1%), in a 37 °C and 5%
CO, atmosphere, and split every 3 d at a 1:4 ratio. For the viability
assessment, cells were seeded in 8-well plates at a density of 15 000
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cells per well. After 24 h, the cells were incubated with Dox-loaded
nanobots (0.05 mg mL™") with urea (10 x 10~% m) and without urea for
1, 4, 6, and 24 h. After each incubation period, the cells were washed
with PBS and the membranes were labeled with WGA and the nuclei
with Hoescht. The cells were imaged in 3D, using an inverted optical
microscope (Leica DMi8) equipped with a 63x water objective and
a galvo stage, coupled with filter cubes for Rhodamine, FITC, and
DAPI.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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BLADDER CANCER TARGETING

Bladder cancer is the 9™ most common cancer worldwide, having very high relapse rates. The current
treatments consist in tumor resection followed by intravesical administration of chemotherapy. However, these
treatments have low efficacy due to brief drug residence time, low diffusivity of the drug in the urothelium,
and degradation by the harsh environment within the bladder, thus urging the need for more effective
therapeutic alternatives.

In this work, aiming at taking advantage of the high concentration of urea in the bladder, we designed
urease powered nanomotors for bladder cancer therapy. For this, we modified the surface of the nanomotors
with an antibody that targets the fibroblast growth factor 3 (anti-FGFR3), a receptor that is overexpressed in
non-muscle invasive bladder cancer and was reported to have a therapeutic action against cancer, as it halts
cell proliferation when bound to the receptor.

We studied the effect of self-propulsion in the targeting and penetration capabilities of the
nanomotors, using bladder cancer 3D spheroids as model. We demonstrated that the combination of self-
propulsion with active targeting significantly enhanced internalization of nanomotors into spheroids.
Furthermore, thanks to the ability of anti-FGFR3 antibody to halt cell proliferation when bound to the receptor,
we observed that spheroids showed significantly lower cell proliferation levels when treated with antibody-

modified active nanomotors.

‘ Silica NPs Q Urease ‘ Anti-FGFR3 Bladder Cancer Spheroid

Urea

2 NH,

co,

Urease Powered self-propulsiony,. Enhanced internalization
Nanomotors targeting Cell Death

Graphical Abstract 2. Targeting of 3D bladder cancer spheroids using antibody-modified urease powered
nanomotors.
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around the world, lacking efficient clinical treatments that o
generally present severe side effects. In recent years, e L L
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treatment and minimizing the side effects. In particular, ZNH!) f I s
bladder cancer is the ninth most common cancer world- e : . | . o, 5
wide and presents a high survival rate but serious ’ TN Y A

i 9

recurrence levels, demanding an improvement in the | [ _}
existent therapies. Here, we present urease-powered
nanomotors based on mesoporous silica nanoparticles
that contain both polyethylene glycol and anti-FGFR3
antibody on their outer surface to target bladder cancer
cells in the form of 3D spheroids. The autonomous motion is promoted by urea, which acts as fuel and is inherently
present at high concentrations in the bladder. Antibody-modified nanomotors were able to swim in both simulated and
real urine, showing a substrate-dependent enhanced diffusion. The internalization efficiency of the antibody-modified
nanomotors into the spheroids in the presence of urea was significantly higher compared with antibody-modified passive
particles or bare nanomotors. Furthermore, targeted nanomotors resulted in a higher suppression of spheroid
proliferation compared with bare nanomotors, which could arise from the local ammonia production and the therapeutic
effect of anti-FGFR3. These results hold significant potential for the development of improved targeted cancer therapy
and diagnostics using biocompatible nanomotors.

Urease Powered self-propulsion, Enhanced internalization
Nanomotors targeting Cell Death

KEYWORDS: nanomotors, self-propulsion, nanomachines, enzymatic catalysis, targeting, 3D cell culture, bladder cancer

ancer is the second leading cause of death worldwide, the interactions of nanodevices and biological interfaces as well
as reported by the World Health Organization as a better understanding on the influence of particle design.>
(WHO)." Current clinical treatments of cancer In addition, the field of active matter has devoted significant
include tumor resection surgery, radiotherapy and chemo- attention to the potential use of self-propelled particles as tools
therapy, which are often not effective and come at high cost in in nanomedicine because the continuous driving force
terms of the potential side effects.” Many efforts have been provided by propulsion at the micro- and nanoscales may aid
devoted to tackle these problems, especially using nano- the conventional diffusive transport of drugs across biological
technology for the development of more efficient methods for barriers and assist in tissue penetration.”® Furthermore, when
diagnostics and therapy.® A wide range of nanosystems have used as drug-delivery vehicles, self-propelled particles have
been designed for delivering chemo-, radio-, gene-, photo- shown to enhance drug release rates as well as drug-delivery
thermal-, and nanoassisted immunotherapy in the past decade efficiency to cancer cells.”~"" A plethora of approaches can be
to treat cancer in in vitro experiments." Despite this, the used to achieve propulsion at the micro- and nanoscale, such as
jori i i ini 5 Thi 1 stimuli (eg, light,'>™"° ultrasound waves,'®'” and
mfx]orlty of nanodewce§ do r.lot trans.late into chn%cal use.” This external (eg, light, . ’
might be due to the biological barriers present in the human magnetic fields), coupling motile cells to particles (eg,
body, such as the extracellular matrix, the interstitial flow
pressure, phagocytic sequestration, or endosomal escape.6 Received: August 29, 2018
Researchers’ endeavors to improve nanomedicine encompass Accepted: December 27, 2018
the study of tumor heterogenicity and deeper investigation on Published: December 27, 2018
ACS Publications  © 2018 American Chemical Society 429 DOI: 10.1021/acsnan0.8b06610
A4 ACS Nano 2019, 13, 429-439
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Figure 1. Fabrication and characterization of urease/polyethylene glycol nanomotors (MSNP-Ur/PEG) and antibody-modified urease
nanomotors (MSNP-Ur/PEG-Ab). (A) Scheme illustrating the stepwise fabrication process to obtain the nanomotors. (B) SEM image of
mesoporous silica nanoparticles (MSNPs). Inset: histogram of MSNPs size distribution evaluated by SEM. (C) TEM image of MSNPs. Inset:
fast Fourier transform of MSNPs mesopores. (D) TEM image evidencing the porosity feature of the particles. (E) Nitrogen adsorption and
desorption isotherms of the MSNPs. Inset: pore diameter distribution. (F) Hydrodynamic radii and (G) surface charge characterization of
MSNPs and the subsequent stepwise modifications to obtain bare and antibody-modified nanomotors (N = 9; results are shown as average

plus or minus the standard error of the mean, SE).

sperm or bacteria),”' ~>* or by incorporating catalytic units into
the system as it is the case of catalytic micro- and
nanomotors.”” ' Catalytic motors were originally based on
the decomposition of toxic fuels, for example hydrogen
peroxide.”>* However, this hindered their applicability in
biological environments, leading to the search of alternative
safe fuel sources, such as propulsion based on magnesium’s
reaction with water.>>*® Regarding biocompatibility, the use of
enzymes as biocatalytic units to power the propulsion of
micro- and nanomotors provides several advantages compared
with other catalysts because they offer a wide choice of
substrates or combination of substrates that are bioavailable
and biocompatible, allowing us to tailor the motors on-demand
of the target application.'”*”*”~** Our group and others have
previously reported the propulsion of different structures
powered by the enzymatic conversion of glucose and

10,30,37—40,45—48 . . . .
urea, 7’ g which are substrates readily available in
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the body. For instance, urea is present in considerable amount
in the urinary bladder, where concentrations can reach 300
mM.* This feature allows for the design of urease-powered
nanomotors, which become active in bladder due to urea
conversion, and their use for the therapy of urinary tract
diseases, such as bladder cancer.

Bladder cancer is the ninth most common cancer world-
wide,”® and despite having good survival rates, relapse is
frequent (50%) and the treatment response is often poor in
recurrence cases.” The current clinical treatments consist in
tumor resection followed by intravesical chemotherapy, which
has low effectiveness due to brief drug residence time in
bladder, low permeability of the urothelium, and drug
degradation by the harsh environment within the bladder.>>*
This led to a demand for more-effective methods for bladder
cancer therapy, capable of penetrating and delivering drugs to
the tumor region.

DOI: 10.1021/acsnano.8b06610
ACS Nano 2019, 13, 429-439

Enzyme Powered Nanomotors Towards Biomedical Applications | 53



BLADDER CANCER TARGETING

ACS Nano
Scheme 1. Internalization of Urease-Powered Nanomotors (A) in the Absence and (B) in the Presence of the Anti-FGFR3
Antibody”
A 00__, ® . Internalization Viable Spheroids
o A&
S [
e s e e
& s ® ® X s @ ® ;
L]
'.‘-. ... 4.9 ‘.. A.o
® ° v ® ° ® ©
. e 7 oo
- -
Internalization Dead Spheroids
LS
e_9 .
Q e ©
L 20 Ve oo’ & §
El ] ® o
o ¢ 14 - ] ™
104 - e, ® > W
e o ° o e o
L g % o © L) (3
- -
MSNP-UR/PEG-Ab - Incubation

“The interaction between antigen and the antibody in spheroids incubated with nanomotors composed of anti-FGFR3 leads to both a more-
efficient internalization compared with bare nanomotors (panel B, left and middle panels) and to the blockage of the FGF pathway, resulting in cell

death on 3D bladder cancer spheroids (panel B, right panel).

Herein, we present urease-powered nanomotors, coupled
with an antibody (Figure 1A), for the active targeting of
bladder cancer cells in 3D cultures (bladder cancer spheroids),
which have been reported to better-mimic real tumor
environments.”* The enhanced diffusion provided by the
biocatalytic conversion of urea at biologically relevant
concentrations provides the nanomotors with a propulsion
force and allows them to explore larger areas than passive
diffusion, which could improve the chances of interaction
between the antibody and the antigen. The antibody used in
this work targets the fibroblast growth factor receptor 3
(FGFR3), a transmembrane protein that is over-expressed in
bladder cancer cells and leads to the development of aggressive
tumors, by up-regulating cell migration and proliferation.”>~>*
The use of an antibody that actively binds to the FGFR3
antigen not only enables the targeting of bladder cancer cells
but also allows us to achieve a therapeutic effect because it has
been demonstrated that the interaction of FGFR3 with
antibodies inhibits the fibroblast growth factor signaling
pathway, thus blocking the proliferation of bladder cancer

cell lines and ultimately leading to cell death (Scheme
1).5557-59

RESULTS AND DISCUSSION

Fully mesoporous silica nanoparticles (MSNPs) were prepared
using sol—gel chemistry, in which cetyltrimethylammonium
bromide (CTAB) was used as a porogenic agent and
triethanolamine (TEOA) was used as base catalyst. The
prepared MSNPs were characterized by scanning electron
microscopy (SEM), as displayed in Figure 1B. SEM analysis
revealed good monodispersity of the sample (polydispersity
index of 0.114) and a mean diameter of 481 + 2 nm (N = 150,
average size + SE), as depicted in the inset of Figure 1B.
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Furthermore, the porous structure of the MSNPs was
evaluated by transmission electron microscopy (TEM, Figure
1C,D). A clear radial porosity is evidenced by the TEM in
Figure 1D. This crystalline configuration was further confirmed
by the fast Fourier transform (inset of Figure 1C), which
indicated the periodicity of the porous pattern. The surface
area of the nanoparticles was studied by performing nitrogen
adsorption and desorption using the Brunauer—Emmett—
Teller analysis (BET) method. The MSNPs showed a type IV
isotherm (Figure 1E), typical of mesoporous silica structures,”
and a BET-specific surface area of 1184.8 m?/g, with an
average pore size of 2 nm (inset of Figure 1E).

The produced particles were then functionalized with amine
groups using amynopropyltriethoxysilane (APTES). The
amine groups on the surface of the MSNP were later activated
with glutaraldehyde (GA), which acted as a linker between the
particle and the urease and heterobifunctional polyethylene
glycol (PEG) molecules (Figure 1A). The terminal thiol group
of PEG allowed for the coupling of the targeting moiety,
antifibroblast growth factor 3 (anti-FGFR3).

The functionalization steps were followed by dynamic light
scattering (DLS) and electrophoretic mobility analysis to
obtain the hydrodynamic radii and surface charge, respectively
(Figure 1E,F). The DLS analysis of the as-synthesized MSNPs
showed a broad peak (Figure 1E, black), suggesting the
presence of aggregates in the suspension. Electrophoretic
mobility analysis of MSNPs indicated a surface charge of
—26.81 + 0.35 mV (N = 9, average = SE), typical for silica
nanoparticles. The successful functionalization with amines
was evidenced by the pronounced change in surface charge to
a strongly positive value (33.6 + 1.0 mM, N = 9, average =+
SE), characteristic of the presence of free amine groups on the
surface. The hydrodynamic radii of amine functionalized

DOI: 10.1021/acsnano.8b06610
ACS Nano 2019, 13, 429-439
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Figure 2. Motion analysis of MSNP-Ur/PEG and MSNP-Ur/PEG-Ab. Representative tracked trajectories of (A) MSNP-Ur/PEG nanomotors
and (B) MSNP-Ur/PEG-Ab nanomotors at 0, 50, and 100 mM urea and (C) mean-squared displacements (MSDs) of both types of
nanomotors at 0, 50, and 100 mM. (D) Effective diffusion coefficients obtained by MSD analysis at different urea concentrations (different
superscripts denote significant differences among groups with P < 0.05, N = 20; results are shown as mean + SE). (E) Mean-squared
displacements (MSDs) of particles modified with PEG and antibody (MSNP-PEG-Ab) and antibody-modified nanomotors (MSNP-Ur/PEG-
AD) in rat urine. (F) Effective diffusion coefficients for MSNP-PEG-Ab and MSNP-Ur/PEG-ADb in rat urine, obtained by MSD analysis
(different superscripts denote significant differences among groups, P < 0.05, N = 20, error bars represent SE).

MSNPs (MSNP-NH,) indicated a sharper peak that can be
due to a stabilization of the particles by both surface charge
and surface chemistry.®’

The subsequent functionalization step concerned the
coupling of both urease enzyme and heterobifunctional PEG.
Typically, PEG is used as a spacer or as a means of preventing
aggregation in suspension by providing steric hindrance
between particles. We confirmed this effect on the colloidal
stability of MSNP-Ur/PEG by DLS analysis, in which a sharp
single population peak was observed (Figure 1F, blue).
Furthermore, the PEG molecules allowed for the conjugation
of the antibodies to the nanoparticles by linking the free thiol
group at the outer end of the PEG to the antibodies’ cysteine
residues. This approach provides more specificity on the
binding of IgG antibodies due to the high content of cysteine
residues present on the constant region of the heavy chain
(Figure 1A).” The conjugation of MSNP-Ur/PEG with anti-
FGFR3 antibody (MSNP-Ur/PEG-Ab) was also analyzed by
DLS, and the observed single peak (Figure 1F, red) showed
that the presence of the antibody did not affect the stability of
the particles in solution. We have confirmed the presence of
both, as well as the antibody on the surface of the MSNPs
using a kit that quantifies proteins based on the reduction of
copper by proteins’ peptide bonds (Figure $1)®* and evaluated
the urease enzymatic activity while bound to the nanomotors
(Figure S2).

The urease present on the surface of the MSNP-Ur/PEG
and MSNP-Ur/PEG-Ab allows for the biocatalytic conversion
of urea into ammonia and carbon dioxide, following eq 1:

432

(NH,),CO + H,0 — CO, + 2NH; (1)

Typically, a geometrical asymmetry is induced on the micro-
and nanostructures (eg, Janus particles) to achieve an
asymmetrical generation of forces,”** which is an important
requirement to produce motion at low Reynolds number.
However, recently, our group reported that for the motors
propelled via biocatalytic conversion, a molecular unbalanced
distribution of enzymes is sufficient for the generation of the
asymmetry necessary to generate net motion.** However, that
previous study was reported for micron-sized motors. The
MSNP-Ur/PEG and MSNP-Ur/PEG-Ab nanomotors reported
in this work rely on such inherent asymmetries for self-
propulsion in nanoscaled motors. The motion profiles of
MSNP-Ur/PEG and MSNP-Ur/PEG-Ab were evaluated in the
presence of a range of urea concentrations (0, 12.5, 25, 50,
100, 200, and 300 mM) in simulated urine. We have used
optical tracking technique to obtain the tracked trajectories of
the nanomotors (Figure 2A,B and Videos S1 and S2), which
were then used to calculate the mean-squared displacement
(MSD). Figure 2C displays the typical MSD of urease/PEG
nanomotors and antibody-modified nanomotors in simulated
urine. We observed that the MSD increases linearly with time,
which is characteristic of diffusive motion®*®* and obtained the
effective diffusion coefficient for each given condition by fitting
the MSDs to eq 2:

MSD(At) = 4D,At (2)

DOI: 10.1021/acsnano.8b06610
ACS Nano 2019, 13, 429-439
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where D, represents the effective diffusion coefficient, and At
represents the time interval. ®*®°

Figure 2D shows the calculated effective diffusion
coefficients for both MSNP-Ur/PEG and MSNP-Ur/PEG-
Ab, evidencing that a significant increase in diffusion was
achieved at 50 mM wurea concentration. The diffusion
coefficient further increased with increasing urea concen-
trations in simulated urine, reaching a plateau. The increase in
diffusion with respect to increasing urea concentrations can be
related with urease enzyme Michaelis—Menten kinetics, which
obey eq 3:

_ VlS]

v =

K, + [S] (©)
where V,,, represents the maximum reaction rate, S represents
substrate concentration, and K, represents the Michaelis—
Menten constant. As displayed in Figure 2D, no significant
differences were found between the motion profiles of MSNP-
Ur/PEG and MSNP-Ur/PEG-Ab, indicating that the presence
of this targeting moiety does not hinder the motion abilities of
the nanomotors. Furthermore, we have investigated the
motion profile in real urine samples obtained from rats and
observed similar results to the study performed using simulated
urine (Figure 2 E,F and Video S3).
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We studied the in vitro biocompatibility of the substrate
required for nanomotors’ motion (urea) and the byproduct of
the biocatalysis (ammonia) by using 3D cultures (spheroids)
of human urinary bladder transitional cell papilloma RT4 cells.
The spheroids were obtained by seeding RT4 cells in dishes
coated with Matrigel (Figure S3A), which resembles the
extracellular matrix and provides a 3D environment for cell
growth.66 Then, the cultures were allowed to proliferate for 7
days, and spheroid growth was monitored every day (Figure
S3B—E). We investigated the effect of a range of concen-
trations of urea (0, 25, 50, and 100 mM) and ammonia (0, 20,
30, 40, and 50 mM), by incubating the spheroids for 24 h at
each condition. After that, the cultures were washed with
medium and cell viability and proliferation was assessed using
the alamarBlue assay. This assay is based on the reduction of
resazurin into the fluorescent compound resorufin by
metabolically active cells.

Urea exhibited good biocompatibility, not affecting spheroid
viability even at the highest concentration we studied (Figure
S4A), while ammonia, the product of the biocatalytic
conversion of urea, revealed an increased cytotoxic trend
with increasing concentrations (Figure S4B). Nevertheless, the
spheroids remained viable (>70% Viability)é7 at all ammonia

DOI: 10.1021/acsnano.8b06610
ACS Nano 2019, 13, 429-439
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concentrations tested, which are in the range of the
concentrations produced by the nanomotors (Figure S6).
We further investigated the viability of the spheroids when
exposed to the nanomotors (MSNP-Ur/PEG), under a range
of concentrations of urea and at different incubation periods.
The spheroids were incubated with 12.5 pg/mL of bare
nanomotors or antibody-modified nanomotors at 0, 25, 30, and
40 mM of urea, for 1, 2, and 4 h (Figure SS). Next, the cultures
were thoroughly washed with medium to remove nanomotors
and uncatalyzed urea and kept for 24 h before analysis (Figure
3A). The effect of the nanomotors on bladder cancer
spheroids’ viability was visualized using the live/dead viability
kit (Figure 3B) and quantified using the alamarBlue assay
(Figure 3C). We observed that the nanomotors were not toxic
in the absence of urea (Figure 3B,C), which indicates the good
biocompatibility of the nanomotors’ chassis (mesoporous
silica, type MCM-41), as well as the PEG and enzyme.
Upon the presence of increasing concentrations of urea, a
cytotoxic effect is denoted for both nanomotors, being more
pronounced on antibody-modified nanomotors (Figure 3C).
The toxicity observed for bare nanomotors is due to the
production of ammonia originated from the biocatalytic
conversion of urea. However, the higher cytotoxic effect
observed for nanomotors carrying the antibody can arise from
the interaction between the anti-FGFR3 and the antigen
present on the spheroids’ membranes. The interaction between
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these moieties has been reported to block the FGF signaling
pathway, which is involved on cell growth and prolifer-
ation, 55759

To better understand the contribution of ammonia to the
cytotoxic effect observed on the spheroids, we have studied the
effective concentration of ammonia produced by the nano-
motors for defined periods at different concentrations of urea.
We incubated 12.5 ug/mL of nanomotors with a range of
concentrations of urea (0, 12.5, 25, 50, 100, 200, and 300 mM)
and used p-nitrophenol as an indicator for pH (Figure S6).
Because the conversion of urea into ammonia and carbon
dioxide by nanomotors generates a sharp rise in pH, the
solution containing nanomotors turns yellow due to the
presence of p-nitrophenol and can be titrated with HCI to
quantify the amount of ammonia present, according to eq 4:

NH, + HCl — NH,Cl )

We have found that at this concentration of nanomotors, the
maximum ammonia output reached was 17 mM (Figure S6),
which was found to be biocompatible toward bladder cancer
spheroids (>70% viability for 20 mM ammonia, Figure S4B).
Nevertheless, upon incubation with nanomotors and urea, the
cytotoxic effect observed is stronger than with free ammonia.
This outcome may emerge from the production of a locally
higher concentration of ammonia by the nanomotors in the
vicinity of the spheroids, thus leading to higher cytotoxicity.

DOI:10.1021/acsnano.8b06610
ACS Nano 2019, 13, 429-439

Enzyme Powered Nanomotors Towards Biomedical Applications | 57



BLADDER CANCER TARGETING

ACS Nano

Taking in consideration the nanomotors’ enhanced diffusion
capabilities and biocompatibility, we subsequently investigated
their potential to target and penetrate into bladder cancer
spheroids (Figure 4). First, we verified the expression of the
targeted antigen (FGFR3) on the surface of the bladder cancer
spheroids by immunocytochemistry, a technique used to
visually detect the location of specific proteins on a sample by
means of fluorescently labeled antibodies. Figure 4C displays
an immunocytochemistry of a bladder cancer spheroid, where
green fluorescence on the cell membranes confirms the
presence of the transmembrane protein FGFR3, and blue
represents the cell nuclei stained with Hoechst.

We then investigated the ability of nanomotors to penetrate
the bladder cancer spheroids and the effect of the presence of
the targeting moiety on internalization efficiency. Furthermore,
we evaluated the influence of active motion in internalization
efficiency by incubating the spheroids with bare nanomotors or
antibody-modified nanomotors in the presence of 40 mM urea.
For this, we labeled urease with the fluorescent marker
cyanine3 (Cy3) prior to its functionalization onto the MSNP-
NH, to precisely localize the nanomotors using fluorescence
microscopy. Then, we functionalized the nanomotors with
both nonlabeled urease and labeled urease (5%) and verified
that the motion capabilities were retained despite the presence
of labeled enzyme (Figure S7). Next, we incubated the 3D
cultures with 12.5 pug/mL of MSNP-Ur/PEG-Ab or MSNP-
Ur/PEG as negative control for targeting for 4 h in the absence
and the presence of urea (40 mM). Afterward, the cultures
were washed, and cell membranes were labeled with wheat
germ agglutinin (WGA) (Figure 4A,B). Quantification of
fluorescence intensity of Cy3 within spheroids (50—100 ym in
diameter) revealed that active motors present a 3-fold higher
internalization efficiency than in the absence of urea.

The urea present in the medium acts as a fuel for the urease-
powered nanomotors. When antibody-modified nanomotors
are actively moving (ie, in the presence of urea), the
internalization efficiency is 3-fold higher than in the absence
of urea (Figure 4D). This effect arises not only from the
propulsion force generated by motion but also from the higher
probability of interaction between the antibody and the target
antigen, compared to when only Brownian diffusion is taking
place.

In our case, a nanomotor propelling at 40 mM urea covers
53% more area in one second than a nanomotor merely
experiencing Brownian diffusion, as evidenced by the MSDs
(Figure S8), which improves the chances of the antibody to
contact with the antigen, thus improving penetration into the
spheroid. The combined effect of active motion and the
presence of an antibody is confirmed by the control
experiments, where spheroids were incubated with bare
nanomotors (ie, without antibody, Figure 4A) or with
antibody-modified nanomotors in the absence of urea (Figure
4B). We have observed a 4-fold increase in the internalization
efficiency of passive nanomotors when they carry the targeting
moiety. Moreover, the internalization is greatly improved by
combining both the targeting and motion capabilities, being
almost 14 times higher than in the case of passive particles
without antibody (Figure 4D).

Additionally, we performed a control experiment function-
alizing the particles with a catalytically inert protein (bovine
serum albumin, BSA). We fabricated particles with and without
anti-FGFR3 antibody (MSNP-BSA/PEG-Ab and MSNP-BSA/
PEG, respectively) and incubated them with spheroids in the
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presence (40 mM) and the absence of urea (0 mM). As
expected, the lack of self-propulsion led to no significant
differences in the internalization of the BSA coated particles by
spheroids when urea was present in the medium (Figures 4D
and S9).

Considering that the anti-FGFR3 antibody has shown to
inhibit cell proliferation by blocking the FGF signaling
pathway,”>*" 7% we studied the potential therapeutic effect
by analyzing proliferation profiles of spheroids (see the inset of
Figure 4D). For this, the bladder cancer spheroids were
incubated with MSNP-Ur/PEG-Ab for 4 h, with and without
urea, using nanomotors without antibody as a control. Then,
the spheroids were washed to remove the uncatalyzed urea and
noninternalized nanomotors, and the cultures were allowed to
sit in repose for 48 h. After this period, the proliferation of the
bladder cancer spheroids was evaluated using the alamarBlue
assay. We observed that spheroids incubated with bare
nanomotors (without antibody) retained the proliferation
abilities (inset of Figure 4D), whereas spheroids incubated
with antibody-modified nanomotors decreased the prolifer-
ation levels, indicating that the interaction between anti-
FGFR3 antibody and the antigen present in the spheroids led
to the inhibition of cell proliferation. These results point
toward the applicability of nanomotors carrying the anti-
FGFR3 antibody as tools for targeted bladder cancer therapy.

CONCLUSIONS

We have developed urease-powered nanomotors composed of
PEG, where the PEG acts both as a steric impediment to
prevent aggregation and as a linker to connect a specific
bladder cancer antibody on the nanomotors’ surface (anti-
FGFR3). The nanomotors, with and without antibody, present
enhanced diffusion in simulated and real urine, which
eventually could enable their use in biomedical applications
in bladder. We demonstrated the substrate-dependent induced
toxicity of these enzymatic nanomotors using spheroids
derived from human bladder cancer cells (3D cultures),
which are considered to better mimic tumor environments
compared with conventional 2D cultures. We monitored
internalization phenomena at a time period similar to bladder-
voiding intervals and observed that active motion enhances
nanomotors penetration by 3-fold. Furthermore, active anti-
body-modified nanomotors exhibited 4-fold higher internal-
ization efliciency than active nanomotors without the antibody,
reflecting the influence of self-propulsion and targeting on the
ability of active particles to penetrate spheroids. Cell
proliferation studies on spheroids indicated that targeted
nanomotors induce a higher loss of viability than bare
nanomotors (without antibody), indicating the therapeutic
effect of the anti-FGFR3 that could arise from both the
suppression of cell proliferation and higher nanomotor
internalization rates. These results point toward the potentials
of such antibody-modified nanomotors as tools in targeted
bladder cancer therapy because the targeting capabilities of the
particles are enhanced with active motion, resulting in the
improvement of the therapeutic effect of the anti-FGFR3
antibody.

Future studies on the use of targeted nanomotors as a means
of enhancing disease detection and simultaneous treatment
using antibody-modified nanomotors that carry an imaging
agent may offer the development of more-efficient cancer
theranostic systems.

DOI: 10.1021/acsnano.8b06610
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METHODS

Materials. Ethanol (EtOH, 99%), methanol (MeOH, 99%),
hydrochloric acid (37% in water), ammonium hydroxide (25% in
water), tetraethylorthosilicate (TEOS, 99%), triethanolamine (TEOA,
99%), cetyltrimethylammonium bromide (CTAB, 99%), 3-amino-
propyltriethoxysilane (APTES, 99%), glutaraldehyde (GA, 25% in
water), urease (from Canavalia ensiformis, type IX, powder, SO 000—
100 000 units per gram of solid), Urease Activity Assay Kit (Sigma-
Aldrich), urea (99.9%), glycerol (99%), sodium borohydride powder
(NaBH,, 98.0%), formaldehyde solution (37% in water), bovine
serum albumin (lyophilized powder), 4-nitrophenol solution (10
mM), sodium chloride puriss. (NaCl), potassium chloride anhydrous
(KCl), sodium phosphate monobasic (NaH,PO,), sodium bicar-
bonate BioXtra (99.5—100.5%, NaHCO3), dimethyl sulfoxide
(DMSO, 99.9%), and HS-PEGSK-NH, (HCI salt) were purchased
from Sigma-Aldrich. Pierce. BCA Protein Assay Kit, Wheat Germ
Agglutinin (WGA AlexaFluor 647 conjugate), Goat anti-mouse IgG
(H+L) Alexa FluorTM 488 conjugate, 3-(4,5-dimethylthiazol-2-yl)-
2,S-diphenyltetrazolium bromide (MTT), and phosphate-buffered
saline (PBS) were purchased from Thermo Fisher Scientific. Matrigel
basement matrix was purchased from Corning. Anti-FGFR3 antibody
(ab89660) was purchased from Abcam. Hoechst 33342 was
purchased from Life Sciences. Spectra/Por 7 Standard RC pretreated
Dialysis Tubing (3.5 kDa) was purchased from Spectrum. Cyanine3
NHS ester was purchased from Lumiprobe. McCoy’s SA (modified)
medium, penicillin—streptomycin solution, fetal bovine serum (FBS),
and trypsin 0.5% EDTA were purchased from Gibco. A live/dead
viability and cytotoxicity Kit was purchased from Invitrogen. Human
urinary bladder transitional cell papilloma RT4 cells were obtained
from ATCC (Rockville, MA).

Instruments. TEM images were captured using a JEOL JEM-2100
microscope. SEM images were captured using a FEI NOVA
NanoSEM 230 at 10 kV. Hydrodynamic radii and electrophoretic
mobility measurements were performed using a Wyatt Mobius
coupled with an Atlas cell pressurization system. The Brunauer—
Emmett—Teller (BET) analysis was carried out using a Micromeritics
Tristar II Plus automated analyzer. Optical videos as well as cell
culture imaging were performed using an inverted optical microscope
(Leica DMi8) equipped with a 63X water objective, a galvo stage and
filter cubes for FITC, rhodamine, DAPI, and CYS. Protein
quantification and enzymatic activity assays were carried out using
an Infinite M200 PRO Multimode Microplate Reader. The confocal
microscopy analysis was performed using a LSM 800—Zeiss equipped
with a 63X oil objective.

Synthesis of Mesoporous Silica Nanoparticles. The MSNPs
were prepared using a sol—gel method. Briefly, a solution containing
CTAB (570 mg), TEOA (35 g), and water (20 mL) was heated to 95
°C in a silicon oil bath. This mixture was stirred for 30 min, and
subsequently, TEOS (1.5 mL) was added drop-wise. The mixture was
further stirred at 95 °C for 2 h. The produced particles were collected
by centrifugation and washed with ethanol (3 times, 1350g, 10 min).
Then, the particles were suspended in a MeOH:HCI mixture (30 mL,
10:0.6) and refluxed at 80 °C for 24 h, for removal of CTAB from the
MSNP pores. Finally, the particles are collected by centrifugation and
washed in ethanol (3 times, 1350g, 10 min), with sonicating for 20
min between each centrifugation. Aliquots (0.5 mL) were collected,
centrifuged, and air-dried to determine the concentration of the
MSNPs suspension.

Amine Functionalization of MSNPs. The previously synthe-
sized MSNPs were suspended in EtOH (2 mg/mL). Then, APTES
was added to the suspension (10 #L/mg of MSNP), and it was shaken
for 24 h at room temperature using an end-to-end rotary shaker.
Finally, the particles were collected by centrifugation and washed in
ethanol (3 times, 1350g, 10 min) and in water (3 times, 1928 g 10
min), with sonicating for 20 min between each centrifugation.
Aliquots (0.5 mL) were collected, centrifuged, and air-dried to
determine the concentration of the MSNPs suspension.

Functionalization of MSNP-NH, with Urease and Hetero-
bifunctional H,N-PEG-SH. MSNP-NH, were centrifuged at 1340g
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for 10 min, suspended in 900 L of PBS (2 mg/mL), and sonicated
for 20 min. After this, 100 uL of glutaraldehyde was added, and the
mixture was vortexed for 30 s to obtain a good dispersion. The
mixture was placed on an end-to-end rotary shaker for 2.5 h at room
temperature. The nanoparticles were then collected and washed three
times with PBS (1340g, 10 min) and sonicated for 20 min between
each wash. Next, the GA-activated nanoparticles were suspended in
solution of PBS containing urease (3 mg/mL) and H,N-PEG-SH (1
pug/mg of MSNP-NH,). The mixture was then placed on an end-to-
end rotary shaker overnight, at room temperature. The resulting
nanomotors were washed three times with PBS by centrifugation
(1340g, 10 min), intercalating the washes with 3 min of sonication.

Functionalization of PEGylated Urease Nanomotors with
Anti-FGFR3 Antibody. The nanomotors were suspended in PBS (2
mg/mL) and anti-FGFR3 antibody (30 g of antibody per milligram
of nanomotors) was added. The mixture was then incubated
overnight in the rotary shaker at room temperature. Finally, the
antibody-modified nanomotors were collected by centrifugation
(1340g, 10 min) and washed three times with PBS, intercalating the
washes with 3 min of sonication.

Hydrodynamic Radii and Surface Charge Analysis. A Wyatt
Mobius DLS, coupled to an ATLAS pressurizer was used to
characterize the size distribution and surface charge of MSNP,
MSNP-NH,, MSNP-Ur/PEG, and MSNP-Ur/PEG-Ab. The equip-
ment uses a 532 nm wavelength laser and a detector angle of 163.5°.
The samples analyzed were diluted to a concentration 0.3 mg/mL and
analyzed for light scattering and electrophoretic mobility simulta-
neously, with an acquisition time of S s, performing 3 runs per
measurement. A total of 9 measurements were performed to obtain
statistical relevant data.

Quantification of Urease and Antibody Amounts on MSNP.
The concentration of urease present on MSNP-Ur/PEG was
measured using the BCA Protein Assay Kit from Thermo Fisher
Scientific according to the manufacturer’s instructions. This kit
correlates the guantity of proteins with the reduction of copper by
peptide bonds.”> The same procedure was repeated for MSNP-Ur/
PEG-Ab to quantify the amount of antibody bound to the
nanomotors.

Urease Activity Assay. Enzymatic activity of urease while bound
to MSNPs was evaluated using a commercial kit that determines the
concentration of ammonia generated by Berthelot’s method.”® The
nanomotors were at a concentration of 0.5 mg/mL, and the
experiment was performed according to the manufacturer’s
instructions.

Urease Labeling with Cy3. Urease (22 mg) was dissolved in 1
mL of sodium bicarbonate buffer (100 mM). Next, 7 uL of a Cy 3
solution in DMSO (S mM) were added to the urease solution, and
the mixture was incubated for 4 h at room temperature and shaking in
the dark. The solution of labeled urease was then dialyzed (3.5 kDa
pore membrane) for 24 h to eliminate nonreacted Cy3 molecules.

Quantification of Ammonia Production by MSNP-Ur/PEG.
The ammonia produced by nanomotors was quantified using a
titration method. For this, the nanomotors were incubated with
different urea concentrations (12.5, 25, 50, 100, 200, and 300 mM),
and the samples were analyzed at different time points (S, 15, 60, 120,
and 240 min and at 24 h). At each time point, the suspensions of
nanomotors was centrifuged and the supernatant was titrated with
HCI (10 mM) using p-nitrophenol as indicator.

Optical Video Recording of Nanomotors and MSD Analysis.
An inverted microscope equipped with a 63X water objective was
used to observe and record videos of the nanomotors movement.
Samples of aqueous solutions of simulated urine containing
nanomotors were placed in a glass slide and mixed well with
simulated urine at a range of urea concentrations (12.5, 25, 50, 100,
200, and 300 mM). The samples were then covered with a glass slide
to avoid artifacts caused by drifting and videos of 30 s were recorded.
For the real urine experiment, urine excreted from rats was
immediately collected into a 1.5 mL eppendorf tube, centrifuged at
8000 rpm for 5 min, and syringe-filtered using a 0.22 um filter.
Filtered samples were kept at 4 °C up to their use. The nanomotors
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were then suspended in filtered real urine aliquots, placed in a glass
slide with a cover, and imaged for 30 s. The videos were acquired
using a Hamamatsu camera, at a frame rate of S0 fps, in a bright field.
At least 20 nanomotors are analyzed per condition. The videos were
analyzed using a Python-based code to obtain the trajectories of the
nanomotors, and compute the mean-squared displacement (MSD)
following:

MSD(At) = {[x(t + At) — x,(t)]*) i = 2 for 2D analysis

()

After this, the diffusion coefficient (D,) was obtained by fitting the
MSD data to eq 2, which is valid at short time intervals for small
particles, with low rotational diffusion.®®

3D Cell Culture. Human urinary bladder transitional cell
papilloma RT4 cells were cultured in McCoys SA (modified)
Medium, supplemented with FBS (10%) and penicillin—streptomycin
solution (1%), in a 37 °C and 5% CO, atm. The cells were split every
4 days at a 1:2 ratio. To obtain 3D RT4 cell cultures, 8-well ibidi
dishes were precoated with 23 uL of Matrigel (S mg/mL) and
incubated at 37 °C for 30 min, allowing the gel to form. Next, 30 uL
of a suspension of RT4 cells at a density of 5 X 10° cells per milliliter
was spread evenly in each well, and the dishes were incubated for 30
min at 37 °C. Finally, 150 uL of RT4 McCoy’s medium containing
10% Matrigel was added. The cultures were allowed to grow for 7
days before the experiments, with the medium changed every 2 days.

Immunostaining of FGFR3 Transmembrane Protein in 3D
RT4 Cell Cultures. The 3D cultures described above were washed 3
times with PBS 1X. Then, the surface of the wells was gently
scratched with a pipet tip, and the culture was suspended in McCoy’s
medium in a tube. The tubes were briefly spun, and the supernatant
was removed. Next, the cells were suspended in formaldehyde (3.7%),
placed in an 8-well dish, and incubated for 15 min at room
temperature. Following, the culture was washed with PBS 1X, a
solution of PBS-BSA (5%) was added, and the dish was incubated for
40 min at room temperature. Then, the anti-FGFR3 was added to the
culture at a proportion of 1:50, and the dish was incubated for 24 h, at
37 °C, in a 5% CO, atmosphere. After, the culture was washed 3 times
with PBS 1X, the secondary antibody (labeled with AlexaFluor 488)
was added in a proportion of 1:500, and the dish was incubated for 40
min, at room temperature in the dark. Finally, the culture was washed
3 times with PBS 1X, the nuclei were labeled with Hoescht, and a
solution of glycerol in PBS (70%) was added. The culture was
observed using confocal microscopy.

Cytotoxicity Assays. The viability of RT4 3D cultures was
quantified using the alamarBlue assay and visualized using the live/
dead viability kit. For this, RT4 cells were culture as mentioned above
and at day 7 were incubated with each treatment: ammonia (1, 1.5, 3,
S, 10, and 20 mM for 24 h), urea (25, 30, 40, and S0 mM for 24 h),
and MSNP-Ur/PEG (12.5 pg/mL at a range of urea concentrations of
25, 30, 40, and S0 mM,, for 1, 2, and 4 h). Afterward, the cultures were
washed with medium and kept resting for 24 h, and viability was
investigated according to the manufacturer’s instructions. Further-
more, viability was also assessed at the 48 h time point.

Imaging of RT4 3D Cultures and Nanomotors. At day 7, the
3D cell cultures were incubated with each treatment (MSNP-Ur/PEG
or MSNP-Ur/PEG-Ab, 12.5 ug/mL) for 4 h. At each time point, the
cultures were washed and kept in a 37 °C and 5% CO, atm for 24 h.
Then, the cultures were labeled WGA 647 (membranes) and imaged
using an inverted fluorescence microscope equipped with a 63X
objective and a galvo stage as well as filter cubes for Rhodamine,
FITC, DAP], and CyS.
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SWARMING BEHAVIOR

The advances in nanomedicine led researchers to understand that studying nanomedicines at a single-
particle level is not sufficient to fully understand and predict their outcome in vivo. This opened new
investigation of the behavior of nanoparticle swarms, taking advantage of emergent collective behavior
phenomena to amplify nanomedicines response in vivo. In this work, we investigated the swarming of gold
nanoparticles (AuNPs) decorated urease powered nanomotors. For this, we used image processing methods
and observed that, when in large populations, the nanomotors exhibited swarming behavior and that their
collective motility led to the generation of fluid flows and enhanced mixing. We collaborated with Dr.
Jordi Llop’s group at the Radiology Department of CICBiomaGUNE used nuclear medical imaging
techniques to further study the collective phenomena of the nanomotors, both in vitro and in vivo. We studied
two radiolabeling strategies to visualize the nanomotors by PET-CT: (i) adsorbing iodine-124 isotope to the
AuNPs or (ii) directly radiolabeling the enzymes using fluorine-18. Our results for the biodistribution of
radiolabeled nanomeotors in mice using PET-CT imaging showed that not only this is a suitable technique to
track nanomotors in vivo, but also that the direct labeling of enzymes yields more radiochemically stable
constructs. Following the current clinical method of chemotherapy administration in bladder cancer, we
intravesically instilled the nanomotors in mice’s bladders. PET-CT images showed that after nanomotors
injection, the entrance of urine led to the formation a two-phased system, where nanomotors dispersion and
fresh urine are separated. However, when injected in a urea suspension, nanomotors collective motility and
enhanced fluid mixing in vivo provoked a progressive cancelling of the two phases, resulting in the
nanomotors uniform distribution within the bladder in a single-phase system. This feature could be highly
beneficial in the design of nanomedicines for bladder diseases, where ensuring that the active drug nanocarriers

spread across the whole volume of the bladder is paramount to increase the efficiency of the treatment.
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Graphical Abstract 3. Swarming behavior of urease powered nanomotors, monitored in vitro by optical
microscopy, and in vivo within mice’s bladders using PET-CT.
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Enzyme-powered nanomotors are an exciting technology for biomedical applications due to their ability to navi-
gate within biological environments using endogenous fuels. However, limited studies into their collective
behavior and demonstrations of tracking enzyme nanomotors in vivo have hindered progress toward their clinical
translation. Here, we report the swarming behavior of urease-powered nanomotors and its tracking using positron
emission tomography (PET), both in vitro and in vivo. For that, mesoporous silica nanoparticles containing urease
enzymes and gold nanoparticles were used as nanomotors. To image them, nanomotors were radiolabeled with
either "%l on gold nanoparticles or '®F-labeled prosthetic group to urease. In vitro experiments showed enhanced
fluid mixing and collective migration of nanomotors, demonstrating higher capability to swim across complex
paths inside microfabricated phantoms, compared with inactive nanomotors. In vivo intravenous administra-
tion in mice confirmed their biocompatibility at the administered dose and the suitability of PET to quantitatively
track nanomotors in vivo. Furthermore, nanomotors were administered directly into the bladder of mice by intra-
vesical injection. When injected with the fuel, urea, a homogeneous distribution was observed even after the
entrance of fresh urine. By contrast, control experiments using nonmotile nanomotors (i.e., without fuel or without
urease) resulted in sustained phase separation, indicating that the nanomotors’ self-propulsion promotes convec-
tion and mixing in living reservoirs. Active collective dynamics, together with the medical imaging tracking, consti-
tute a key milestone and a step forward in the field of biomedical nanorobotics, paving the way toward their use in

theranostic applications.

INTRODUCTION
Self-propelled particles hold potential to overcome the biological
barriers that limit current cancer nanomedicines, where only 0.7%
of the administered dose reaches the target in vivo (I). In this regard,
micro- and nanomotors have demonstrated enhanced targeting
properties (2-5) and superior drug delivery efficiency compared with
passive particles (6-9). In addition, they outperform traditional
nanoparticles in terms of penetration into biological material, such
as mucus (10-13), cells (14-16), or spheroids (4, 17). Using enzymes
as biocatalysts is emerging as a particularly elegant approach when
designing self-propelled particles, due to the use of endogenous fuels,
which enables nanomotors’ on-site activation and the design of fully
biocompatible motor-fuel complexes. Moreover, the library of
enzyme/substrate combinations permits the design of application-
tailored enzymatic nanomotors, as is the case of urease-powered
nanomotors for bladder cancer therapy (4).

Yet, the large number of nanoparticles required to treat tumors
(18) demands better understanding, control, and visualization of
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nanoparticle swarms to aid in the evaluation of motile nanomedicines
and facilitate the eventual translation into clinics. Collective phenomena
commonly observed in nature [active filaments (19); bacteria quo-
rum sensing (20); cell migration (21); and swarms of fish, ants, and
birds (22)] also occur in micro/nanomotors, which have demonstrated
collective migration (23-26), assembly (27-30), and aggregation/
diffusion behaviors in vitro (31-38). Ex vivo, swarms of magnetic
micropropellers have displayed long-range propulsion through porcine
eyes to the retina, suggesting potential as active ocular delivery de-
vices (39, 40). In vivo, controlled swimming of micromotor swarms
has been observed in mouse peritoneal cavities (41), and micromotor
swarms have been tracked in the stomach (24) and intestines (26) of
rodents using magnetic resonance imaging and photoacoustic
computed tomography, respectively. The sensitivity of these imaging
techniques, however, is too low, and they fail to provide quantitative
information.

Positron emission tomography (PET), a noninvasive nuclear
imaging technique widely used in clinics, offers certain key advan-
tages to address the aforementioned limitations. First, it is fully
quantitative and allows whole-body image acquisition. Second, it
relies on gamma-ray detection, which has no tissue-penetration limit,
turning this imaging modality into a fully translational tool. Last, it
is extremely sensitive, thus providing high-quality images by admin-
istering subpharmacological dosages of the radiolabeled entity
(42, 43). Unexpectedly, its application for in vivo tracking of micro/
nanomotors has barely been explored (44).

Here, we investigate the swarm behavior of enzyme-powered
nanomotors in vitro and in vivo, using PET in combination with
computed tomography (CT). We prepared enzyme-powered
nanomotors based on a mesoporous silica chassis and labeled
them with iodine-124 ("**I; half-life = 4.2 days) and fluorine-18
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(**F; half-life = 119.7 min). The suitability of PET imaging to inves-
tigate the swarm behavior of labeled nanomotors in the presence of
the fuel was first demonstrated in vitro using tailored phantoms.
Stability of the label and whole-body biodistribution were then in-
vestigated in vivo after intravenous administration into mice. Last,
time-resolved evidence of the motile properties of the nanomotors
in the bladder was obtained after intravesical instillation.

RESULTS

Nanomotors were prepared by synthesizing mesoporous silica
nanoparticles (MSNPs) using a modification of the Stober method
(see experimental section for details) (45), and their surface was
modified with amine groups by attaching aminopropyltriethoxysi-
lane (APTES) (46). The amine groups were subsequently activated
with glutaraldehyde (GA) to enable the covalent binding of the en-
zymes and the heterobifunctional polyethylene glycol (NH,-PEG-SH).
Last, gold nanoparticles (AuNPs) were anchored to the surface of
the nanomotors by attachment to NH,-PEG-SH via thiol-gold
chemistry (Fig. 1A).

The hydrodynamic radii and stability of nanoparticles along the
different fabrication steps were monitored by dynamic light scatter-
ing (DLS) analysis. The single population peak corresponding to
MSNPs became sharper upon addition of NH,-PEG-SH, suggesting
that PEG provides steric stabilization to the nanomotors in solution
(47). The single population peak was conserved after attachment of
AuNPs, confirming that the final synthetic step of the process did
not induce aggregation.

Electrophoretic mobility analysis was performed to characterize
the surface properties of the particles after each functionalization step.
Z-potential values for MSNP-NH, were found to be 37.1 + 1.4 mV.
The trend toward a negatively charged surface in subsequent syn-
thetic steps confirms the successful activation of the MSNP-NH,
with GA (Z-potential = -2.2 + 0.2 mV) and incorporation of NH,-
PEG-SH and urease enzymes (Z-potential = —32.0 + 0.6 mV). The
final negative value can be explained by urease’s isoelectric point
(~5), such that at pH > 5, the net charge of urease is negative, and by
the negative charge of the AuNPs (48). The spherical nanoparticles
had an average diameter of 507.8 + 3.4 nm and a stochastic distribu-
tion of the AuNPs on the surface, as shown in the transmission elec-
tron microscopy (TEM) image (Fig. 1B and fig. S1).

Next, to enable the visualization of the nanomotors by PET, we
radiolabeled them with the positron emitters B and 1?1 (Fig. 1C).
For the radiofluorination, a straightforward strategy based on the
use of the prelabeled prosthetic group 6-[**F]fluoronicotinic acid
2,3,5,6-tetrafluorophenyl ester (" F]E-PyTFP) was developed (49).
Taking advantage of the free amino groups on the enzyme, sufficient
labeling yield (30% with respect to [*F]E-PyTFP, decay corrected)
was achieved by incubation (35 min at room temperature) of the
nanomotors with the prosthetic group. Radioiodination was
achieved by direct absorption of '** on AuNPs on the nanomotors
(50). The radiochemical yield was 71 + 2%, due to the high-affinity
binding between gold and iodine. Radiochemical purity after purifi-
cation was >99% for both cases, as determined by instant thin layer
chromatography (Fig. 1D).

The self-propulsion of urease-modified micro/nanomotors
(4, 51-53) is caused by the asymmetric release of ionic species from
the particles to the solution (54), which stems from the catalytic de-
composition of urea into carbon dioxide and ammonia (fig. S2 and

Hortelao et al., Sci. Robot. 6, eabd2823 (2021) 17 March 2021

movie S1). Despite the recent advances in the field, enzyme nano-
motors have only been studied from a single-particle point of view
and, in some cases, a few particles. However, their collective swarm-
ing behavior has yet to be investigated.

The motion dynamics and swarming behavior of nanomotors
in vitro were first investigated by optical microscopy. A 2-ul droplet
of nanomotors suspension was placed onto a petri dish containing
either pure water or 300 mM urea water (urea concentration was
chosen on the basis of a known upper limit concentration in the
bladder) (55), and videos were recorded over 2 min (Fig. 2, A and B;
figs. S3 and S4; and movie S2). Figure 2A suggests that after addition
of the droplet in water, the nanomotors mainly stayed at the seeding
point following a stochastic distribution, which remained unaltered
over time as observed in the histograms of pixel intensity distribu-
tions obtained for the selected region of interest (ROI) (Fig. 2C).
Preferential tracks were observed immediately after seeding due to
the motion of the nanomotors in urea, resulting in an anisotropic
distribution of the nanomotors throughout the dish. This distribu-
tion also evolved over time, as observed in Fig. 2B and evidenced by
the dynamic changes in the histograms (Fig. 2D). The same experi-
ment was performed using phosphate-buffered saline (PBS) as sol-
vent, yielding similar results (figs. S5 to S7 and movie S3). Moreover,
we studied the nanomotor swarming phenomena by incorporating
tracer particles into the system. For this, we codropped 5-um poly-
styrene (PS) particles with the nanomotors into the petri dish and
monitored the PS tracers’ behavior. We observed that when dropped
in water or PBS, the swarms and tracers did not exhibit any displace-
ment. However, in the presence of 300 mM urea, the nanomotors
exhibited collective motion, dragging along the PS tracers, as evi-
denced by their trajectories (figs. S9 and §10). This was also denoted
in the parabolic shape of the mean-squared displacement of the trac-
ers, indicating their effective displacement.

To gain further insight into swarm dynamics, we then generated
density maps. These were obtained by representing sum pixel intensity
values of video frames within preestablished time ranges (0 to 40s,
40 to 80 s, and 80 to 120 s) using a color map (Fig. 2E and figs. S3
to S5 and S7). In absence of urea, density maps did not substantially
vary with time, and pixel intensity values for most of the population
were around 60 (Fig. 2E, top). On the other hand, the density maps
for nanomotors in urea show multiple paths followed by the nano-
motors immediately after droplet addition (Fig. 2E, bottom). This is
shown as a fast change in the color of the density maps, where the
intensity of the overall field of view and nanomotor flocks rapidly
increase, indicating high mobility and low residence time.

To investigate whether the activity of the nanomotors and the
swarming behavior were associated with fluid flow generation, we
carried out particle image velocimetry (PIV) analyses on the optical
microscopy videos (Fig. 2E, inserts). PIV is an optical technique that
allows the visualization of fluid flow associated with particle motili-
ty, indicating fluid and particle displacements in the form of vector
fields. Under the control condition (Fig. 2E, top), the quiver plots
show velocity vectors with low magnitude and in scarce amount
(small panels). Conversely, the quiver plots obtained for nanomo-
tors in urea show dispersed vector fields emerging not only from the
swarms but also from the surrounding fluid. The evolution of the
vector fields in time denotes the formation of vortices and fronts
that promptly dissociate. Together, these results demonstrate that
the activity of the nanomotors and their emergent collective behav-
ior induce enhanced convection and fluid mixing, similar to what
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Fig. 1. Preparation and characterization of radiolabeled urease-powered, AuNP-decorated nanomotors. (A) Process flow of nanomotors fabrication steps.
(B) Characterization of the nanomotors by DLS, Z-potential, and TEM. (C) Nanomotors radiolabeling using either '®F or 4| to yield ®F-nanomotors or '**Il-nanomotors,

respectively. (D) Labeling efficiency and radiochemical purity monitored by iTLC.

has been observed with catalytic micromotors (56-58). We hypoth-
esize that these convective fluid flows arise from differences in the
densities of enzymes’ substrates and products, in a similar manner to
that observed enzymatic micropumps (59-62).

To corroborate these results and assess the feasibility of PET im-
aging to track swarm dynamics, we carried out parallel experiments
with radiolabeled nanomotors. PET images obtained at different
times after droplet addition confirmed that the nanomotors re-
mained at the seeding point in water (Fig. 3A) and uniformly distrib-
uted over the whole volume of the petri dish in the presence of urea
(Fig. 3B and movie S6). This behavior could also be visualized in
three-dimensional (3D) histograms, which represent the concentration

Hortelao et al., Sci. Robot. 6, eabd2823 (2021) 17 March 2021

of radioactivity throughout the petri dish (Fig. 3, C and D). Overall,
these experiments demonstrated the suitability of PET imaging to
obtain time-resolved quantitative information about the nanomotor
swarming dynamics in vitro.

The in vitro swarming behavior of the nanomotors was investi-
gated in four polydimethylsiloxane phantoms with increasing de-
grees of complexity (Fig. 4, A (top) and B to E, and fig. S11). The
selected phantoms comprise different path shapes: (i) straight, (ii)
rectangular, (iii) curved, and (iv) a curved path with longer straight
trenches. Phantoms were positioned horizontally, and in each phantom,
one channel was filled with water and another channel with 300 mM
urea solution in water. The nanomotors (either '**I- or '*F-labeled)
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Fig. 2. In vitro imaging of urease-powered nanomotor swarms by optical microscopy. Snapshots of a population of urease-powered nanomotors in (A) water and
(B) 300 mM urea in water. Scale bar, 1 mm. Corresponding pixel intensity distribution histograms within the ROIs noted in the images of nanomotors in (C) water and
(D) 300 mM urea in water. Density maps (large panels) obtained by calculating the sum pixel intensity over periods of 40 s of the videos and PIV (small panels and zoom out)
of (E) nanomotors in water (top) and in 300 mM urea in water (bottom); scale bar in small panels, 1 mm.

were seeded at the edge of each channel, and dynamic PET images
were immediately acquired for 25 min.

The images obtained at t = 0.5, 7, and 25 min after seeding the
BE_hanomotors (Fig. 4, B and E, and movie S7) show that urea has a
prominent effect on the motion dynamics of the nanomotors
throughout the paths. Irrespective of the path shape, the nanomo-
tors reached the end of the channel at ¢ = 25 min in the presence of
the fuel, whereas most nanomotors remained close to the seeding
point in water, where only minimal movement could be detected.

To get quantitative data, dynamic PET images were analyzed by
dividing the phantoms in sectors (Fig. 4A, bottom right), and the
concentration of radioactivity in each sector (normalized to the total
amount of radioactivity in the channel) was determined as a func-
tion of time. Differences were evident even in the less restrictive
phantom (straight shape), in which free diffusion of nonactivated

Hortelao et al., Sci. Robot. 6, eabd2823 (2021) 17 March 2021

nanomotors is more favored. Curves with higher slope were ob-
tained in sectors A to D in urea (Fig. 4B), confirming that the speed
at which the nanomotors reach the different sectors is higher than in
water. In addition, the fraction of nanomotors that reached the sec-
ond half of the phantom (sectors B to D) at t = 25 min was higher in
the presence of urea (24%) than in water (18%). A similar trend was
observed for '**I-nanomotors (fig. S11).

These differences increased when the mobility was limited by
introducing complex paths (phantoms ii to iv). Figure 4 (C to E)
shows that nanomotors reach sectors B to D much faster in urea
than in water, which was confirmed by the amount of nanomotors
reaching the second half of the phantom at the end of the imaging
session. Values of 34.2, 17.1, and 17.0% were obtained for phantoms
ii to iv in urea, whereas values in water were as low as 8.5, 4.2, and
2.1%. Equivalent results were obtained for 1241_nanomotors (fig. S12),
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Fig. 3. In vitro imaging of urease-powered '®F-nanomotor swarms by PET. Snapshots of a population of urease-powered nanomotors in (A) water and (B) 300 mM
urea imaged by PET. Pixel intensity distribution histograms of the population of nanomotors in the field of view in (C) water and (D) 300 mM urea.

where the fractions of radioactivity in the second half of the phan-
tom at the end of the study were 7.4, 4.2, and 2.0% for phantoms ii to
iv in water, whereas values in urea were 38.2, 20.6, and 27.0%, re-
spectively. Small differences in the values obtained using the two
radionuclides might be due to inherent limitations of PET imaging.
The diameter of the channels is very close to the spatial resolution of
our PET imaging system, which is 1.2-mm full-width half maximum
for '®F, and notably lower for '*I, which has less favorable emission
properties (63). This, together with the presence of a high concentra-
tion of radioactivity in small volumes, can lead to a partial volume
effect, thus causing some error in the absolute quantification values.
Despite this limitation, PET imaging results unambiguously con-
firmed the enhanced mobility of enzyme-powered nanomotors in
urea, with an effect that becomes more relevant when the complexity
of the path increases.

A biodistribution study of **F-nanomotors and '**I-nanomotors
in female mice after intravenous administration was carried out to
(i) demonstrate the suitability of in vivo PET imaging to quantita-
tively track the nanomotors at the whole-body level and (ii) evaluate
their radiochemical stability in vivo. Images obtained after administration

Hortelao et al., Sci. Robot. 6, eabd2823 (2021) 17 March 2021

of "®F-nanomotors (Fig. 5A and movie $8) show a biodistribution
profile with an initial accumulation in the lungs and the liver and a
progressive elimination of the radioactivity via urine, as confirmed
by image quantification (Fig. 5, B and C). These results suggest a
rapid uptake by the mononuclear phagocyte system, as typically
observed with intravenously administered nanoparticles of this size
(64). Because the nanomotors are above the estimated size threshold
for glomerular filtration (~8 nm) (65), the increase in radioactivity
in urine indicates a slow detachment of the radiolabel from the
nanomotors.

'[_nanomotors also show initial accumulation in the liver and
the lungs (fig. S13 and movie S8). The concentration of radioactivity
in both organs progressively decreases afterward, paralleled by an
increase in the thyroid gland, stomach, and urine (fig. S13, B to D).
The thyroid gland and bladder are the metabolic sites of free iodine,
and hence, this sug§ests fast nanomotor deiodination, explained by
the desorption of '*I from the gold surface.

Together, these results demonstrate that positron emitter-labeled
nanomotors can be tracked in vivo after administration into living
organisms using PET and that '*F-radiolabeling yields higher
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Fig. 4. Effect of complex paths on the in vitro motion of '®F-radiolabeled urease-powered nanomotors studied by PET-CT imaging. (A) Scheme depicting the
fabrication process of 3D phantoms with different complex geometries (steps 1 to 4) and the corresponding method of analysis; (B to E) on the left, PET images (coronal
projections) obtained at 0.5, 7, and 25 min after seeding of the nanomotors in different-shaped phantoms [(i) straight, (ii) rectangular, (iii) curved, and (iv) a curved path
with longer straight trenches]. Scale bars, 3 mm. For each phantom, one of the channels was filled with water (left), and another channel was filled with 300 mM urea
solution (right). The channels were positioned horizontally. Quantitative results of the normalized concentration of radioactivity for each sector as a function of time are

shown on the right.

radiochemical stability in vivo than '**I-radiolabeling, because the
detachment of the radiolabel is almost negligible over the duration
of the study. No adverse effects were observed in the animals for
2 weeks after imaging sessions, thus suggesting that the administered
dose is below the maximum tolerated dose.

Envisioning bladder cancer imaging and therapy and because the
nanomotors’ size prevents accumulation in the bladder after intravenous

Hortelao et al., Sci. Robot. 6, eabd2823 (2021) 17 March 2021

injection, we studied their behavior after intravesical instillation (Fig. 6).
This administration route is well established in bladder cancer ther-
apy, because it maximizes the concentration of the drug in the target
organ, resulting in improved efficacy and fewer side effects (66).
Owing to the stability of the **F-radiolabel, demonstrated during
the biodistribution study, only '*F-nanomotors were used in these
experiments. In addition, the use of 8% should facilitate clinical
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show a progressively divergent trend
[Fig. 6C(2)], confirming that the con-
centration of radioactivity in the blad-
der was not homogeneous by the end of
the study. We hypothesize that immedi-
ately after nanomotor instillation into
the empty bladders, fresh urine starts
entering. This (radioactivity-free) urine
displaces the solution present in the
bladder (containing the labeled nano-
systems) and two different phases are
formed. Because ‘*F-nanomotor swarms
can actively move and enhance mixing
in urea, they reverse the phase separa-
tion. However, when instilled in water,
the separation of the two phases prevents
the nanomotors from being in close
contact with the urea (present only in
the fresh urine), and consequently, the
nanomotors lack motility, thus main-
taining the phase separation. The observed

phenomenon is potentially advantageous
in the design of active drug delivery sys-
tems, where homogeneous distribution
of the delivery vehicles is required to en-
sure they reach the target site.

As an additional proof of our hypo-
thesis, we administered '®F-labeled bovine
serum albumin (BSA)-modified particles
(MSNP-'*F-BSA), which do not show

B‘ll‘l C'll'l
eLiver =Lungs * Kidneys = Bladder
c nn c
S204 7 5 20
1= e
o . S
=] e
52 10 =2 104
o fm— R I T LRI T |
I R RS0 N L L L N PR [ W | AR ML NI TR SIS NN WL BL N N N R
5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60

Time (minutes) Time (

Fig. 5. Analysis of the biodistribution of '®F-labeled urease-AuNP nanomoto

male mice. (A) PET-CT images (maximum intensity projections, coronal views) obtained at different time points after

intravenous administration of '®F-labeled urease-AuNP nanomotors; (B) time-acti

and (C) kidneys and bladder, as determined by PET imaging. Results are expressed as percentage of injected dose per

organ (mean+SD, N=2).

translation, because it can be easily produced in biomedical cyclotrons
and presents superior physical properties. When **F-nanomotors
were intravesically instilled using 300 mM urea in water as the vehicle,
we observed a uniform distribution of the radioactivity immediately
after instillation, followed by a two-phase formation at t = 15 min
[Fig. 6B(1) and movie S9]. Unexpectedly, a progressive cancelation
of the difference between the two phases was observed at longer
times, leading to a uniform distribution of radioactivity at ¢ = 45 min.
On the contrary, when administered in water, the phase separation
was maintained [Fig. 6B(2)]. These observations were further
confirmed by analysis of the concentration of radioactivity in two
volumes of interest (VOIs) drawn within the two phases observed.
For '®F-nanomotors injected in urea, the time-activity profile
[Fig. 6C(1)] shows that the concentration of radioactivity in both
regions was close to 50% immediately after instillation (homog-
eneous distribution). The value in VOI 1 progressively increased to
reach a maximum at ~1000 s and decreased afterward to recover
starting values at ¢ > 2000 s, confirming that the concentration of
radioactivity within the bladder had regained homogeneity. In con-
trast, time-activity curves obtained under the control condition
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self-propelling properties in urea or water.
In this case, the time-activity curves followed
the same trend as for '®F-nanomotors
instilled in water (Fig. 6, B and C) (3, 4),
confirming that the lack of particle mo-
tility in nonhomogenization of the two
phases had formed in the bladder cavity.

minutes)

rs injected intravenously in fe-

vity curves in the liver and lungs

DISCUSSION

We designed AuNP-decorated enzyme-powered nanomotors and
investigated their swarming behavior in vitro, both using optical mi-
croscopy and by PET-CT. When swimming without boundaries, we
observed that the nanomotor swarms lead to the formation of vorti-
ces and unstable fronts and that this emergent collective behavior
induces enhanced fluid convection and mixing. Moreover, when the
nanomotors are subjected to boundaries in the form of complex ge-
ometries, the collective motion allows them to overcome the hurdles
encountered, i.e., the turns and angles present on the paths and
reach the end of the track.

We studied the suitability of PET-CT to image nanomotors
in vivo and at the whole-body level, using two different radiolabeling
strategies: (i) attach 1241 isotope to the AuNPs and (ii) directly label
the enzymes with '*F isotope. We not only demonstrated that PET-
CT is a highly adequate technique to image nanomotors but also that
the direct labeling of enzymes affords a radiochemically stable structure.

Envisioning the application of urease-powered nanomotors in
the treatment of bladder diseases, we studied their motility within
the bladder of mice, verifying that the swarming behavior and
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Fig. 6. PET-CT analysis of the biodistribution in the bladder of '8F-r tors and MSNP-18F-BSA administered via intravesical instillation. (A) Scheme depict-
ing the administration method and phenomena observed. (B) PET-CT images (maximum intensity projections) obtained at different time points after the intravesical in-
stillation of '®F-labeled urease nanomotors in urea (1) and water (2), and control BSA-18F-MSNP in urea (3) and water (4). (C) Quantification analysis of the radioactivity
detected within the VOIs indicated in the PET-CT images. (D) 3D-reconstructed rendering of PET images of bladders showing the contour of the bladder (as a semitrans-
parent green layer) and the regions of high intensity in PET images (as rendered red surfaces) at t =45 min after administration. Same threshold levels have been set for
all images.
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dynamic distribution of enzymatic nanomotors also occurred in vivo.
When intravesically instilled in mice, the nanomotors were able to
move in swarms and exhibit enhanced fluid mixing, which led to
their homogeneous distribution in the whole bladder cavity. In con-
trast, passive particles resulted in a nonhomogeneous distribution,
where a two-phase distribution was observed.

In conclusion, we studied the collective behavior of enzymatic
nanomotors in vitro and in vivo by a combination of optical microsco-
py and PET-CT imaging techniques. The swarming behavior and
fluid mixing of enzyme nanobots observed upon intravesical injec-
tion hold great potential toward biomedical applications, where their
active homogeneous distribution and enhanced fluid mixing could
be exploited for targeting and drug delivery purposes. Further un-
derstanding on the mechanism of swarming formation should be
addressed in the near future, from a fundamental point of view and
toward a better control of pattern formation.

MATERIALS AND METHODS

Materials

Ethanol (99%), methanol (99%), hydrochloric acid (37% in water),
ammonium hydroxide (25% in water), tetraethylorthosilicate (TEOS; 99%),
triethanolamine (TEOA; 99%), cetyltrimethylammonium bromide
(CTAB; 99%), 3-APTES (99%), GA (25% in water), urease (from
Canavalia ensiformis, type IX, powder, 50,000 to 100,000 U/g of solid),
urea (99.9%), BSA (lyophilized powder) gold(III) chloride trihydrate
(HauCly), sodium citrate (NaCit), and HS-PEG5K-NH, (HCI salt)
were purchased from Sigma-Aldrich. PBSs were purchased from
Thermo Fisher Scientific. Standard Grey V4 resin (FLGPGRO04) for
the 3D printing of rigid molds was purchased at FormLabs. SYLGARD
184 Silicone Elastomer was purchased from Ellsworth Adhesives Ibérica.

Instruments

TEM images were captured using a JEOL JEM-2100 microscope.
Hydrodynamic radii and electrophoretic mobility measurements
were performed using a Wyatt Mobius. Optical videos were recorded
using an inverted optical microscope (Leica DMi8) equipped with a
2.5x objective. The molds for the phantoms were fabricated by using
a stereolithography 3D printer FormLabs 2 (FormLabs). The fluorine
radionucleotide was synthesized using a TRACERIab FX-FN from
GE Healthcare. The molecular imaging experiments were performed
using a MOLECUBES B-CUBE (PET) and the MOLECUBES
X-CUBE (CT) scanner.

Animals

Female mice (C57BL/6]Rj, 8 weeks old, Janvier Labs; 16 animals, see
below for number of animals under different experimental scenarios)
weighing 20 + 3 g were used to conduct the biodistribution studies.
The animals were maintained and handled in accordance with the
Guidelines for Accommodation and Care of Animals (European
Convention for the Protection of Vertebrate Animals Used for
Experimental and Other Scientific Purposes) and internal guidelines.
All experimental procedures were approved by the ethical commit-
tee and the local authorities before conducting experimental work
(code: PRO-AE-SS-059).

Synthesis of MSNPs
The MSNPs that serve as chassis for the fabrication of the nano-
motors were synthesized by sol-gel chemistry using a modification
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of the Stober method (45). Briefly, a mixture of TEOA (35 g), Milli-Q
water (20 ml), and CTAB (570 mg) was placed in a three-mouthed
round-bottom flask and heated up to 95°C in a silicon oil bath,
under reflux and stirring, for 30 min. After this, TEOS (1.5 ml) was
added dropwise. The reaction took place for 2 hours, under stirring
and reflux at 95°C, and then the resulting MSNPs were collected by
centrifugation (three times, 1350g, 5 min). The CTAB was then re-
moved by reflux in acidic methanol. For this, the MSNPs were
suspended in a methanol (30 ml) and hydrochloric acid (1.8 ml)
mixture, placed in a one-mouthed round-bottom flask in a silicon
oil bath at 80°C, and refluxed for 24 hours. Last, the MSNPs were
collected by centrifugation and washed thrice in ethanol and thrice
in Milli-Q water (three times, 1350g, 5 min). The concentration of
the final dispersion was evaluated by dry weighing.

Amine modification of MSNPs

The surface of the MSNPs was then modified to carry free amine
groups, using a modification of a reported method (46). Briefly, a
suspension of MSNPs (2 mg/ml) in water was placed in a round-bottom
flask and heated up to 50°C under vigorous stirring. Then, APTES
was added to the dispersion to a final concentration of 5 mM. The
reaction took place under reflux, at 50°C, for 24 hours, after which
point the MSNP-NH,s were collected and washed thrice in water by
centrifugation (three times, 1350¢, 5 min). The concentration of the
final dispersion was evaluated by dry weighing.

Synthesis of AuNPs

The AuNPs were synthesized according to a previously reported
method (67, 68). Briefly, all necessary materials were cleaned using
freshly prepared aqua regia and then rinsed extensively with water and
dried in air. Then, a solution of 1 mM HAuCl4 was heated up to a boil
under stirring, in a round-bottom flask integrated in a reflux system.
After this, 10 ml of a NaCit solution (38.8 mM) were added, and the
solution was boiled for 20 min, turning red in color. The solution was
stirred without heating for 1 hour, reaching room temperature. The
resulting AuNP dispersion was stored at room temperature in the dark.
The Z-potential of the synthesized AuNPs in water was —40.26 +2.23 mV,
and their hydrodynamic radii were 10.4 + 0.1 nm (n = 10).

Fabrication of nanomotors

The MSNP-NH,s were resuspended in PBS 1x at a concentration of
1 mg/ml and a total volume of 900 pl and activated with GA (100 pl).
The reaction took place for 2.5 hours, at room temperature, under
mixing in an end-to-end shaker. After this, the activated MSNP-NH,s
were collected and washed in PBS 1x thrice by centrifugation (1350g,
5 min), lastly being resuspended in a solution of urease (3 mg/ml) and
heterobifunctional PEG (1 pg PEG/mg of MSNP-NH,) in PBS 1x.
This mixture was left reacting in an end-to-end shaker for 24 hours at
room temperature. The resulting nanomotors were then collected
and washed three times in PBS 1x by centrifugation (1350g, 5 min).
Then, these nanomotors were resuspended in a dispersion of AuNPs
and left rotating in an end-to-end shaker for 10 min, followed by
thorough washing by centrifugation (five times, 1350g, 5 min).

DLS and electrophoretic mobility characterization

of nanomotors

A Wyatt Mébius DLS was used to characterize the hydrodynamic
size distribution and surface charge of the MSNPs, MSNP-NH,, GA-
activated MSNP-NH,, nanomotors, and AuNP-decorated nanomotors.
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The equipment comprises a 532-nm wavelength and a detector angle of
163.5° and it is able to analyze for light scattering and electrophoret-
ic mobility simultaneously. We analyzed each of the particle types at
a concentration of 20 pg/ml, with an acquisition time of 5 s and three
runs per experiment. A total of nine measurements per type of par-
ticle were performed to obtain statistically relevant data.

TEM imaging of the nanomotors
The AuNP-decorated nanomotors were diluted to a final concentra-
tion of 20 pg/ml in water, and the TEM images were captured.

Synthesis of ['°FIF-PyTFP

['F]E-PyTEP was synthesized following a previously described
procedure, with modifications (69). Briefly, aqueous [*®F]fluoride
was first trapped in an ion-exchange resin (Sep-Pak Accell Plus
QMA Light) and subsequently eluted to the reactor vessel with a
solution of Kryptofix K, , ,/K,COj3 in a mixture of water and aceto-
nitrile. After azeotropic drying of the solvent, a solution of F-PyTFP
(10 mg) in a mixture of tert-butanol and acetonitrile (4:1) was added
and heated at 40°C for 15 min. The reaction mixture was then diluted
with 1 ml of acetonitrile and 1 ml of water and purified by high-
performance liquid chromatography (HPLC) using a Nucleosil 100-7
C18 column (Machery-Nagel, Diiren, Germany) as the stationary
phase and 0.1% trifluoroacetic acid (TFA)/acetonitrile (25:75) as the
mobile phase at a flow rate of 3 ml/min. The desired fraction (reten-
tion time = 22 to 23 min; [ISF]F-PyTFP) was collected, diluted with
water (25 ml) and flushed through a C18 cartridge (Sep-Pak Light,
Waters) to selectively retain [lsF]F—PyTFP. The desired labeled specie
was lastly eluted with acetonitrile (1 ml). Radiochemical purity was
determined by radio-HPLC using a Mediterranean C18 column
(4.6 mm by 150 mm, 5 um) as the stationary phase and 0.1% TFA/
acetonitrile (0 to 1 min 25% acetonitrile, 9 to 12 min 90% acetoni-
trile, and 13 to 15 min 25% acetonitrile) as the mobile phase at a
flow rate of 1.5 ml/min (retention time = 7.5 min).

Radiolabeling of AuNP-decorated nanomotors

with ['®F]F-PyTFP

The radiofluorination of urease-gold nanomotors with '°F was carried
out by the reaction between the free amine groups of urease (e.g.,
present in lysine residues) contained at the surface of the nanomotors
and [ISF]F—PyTFP. Briefly, 200 ul of AuNP-decorated nanomotor
solution (1 mg/ml) was centrifuged during 10 min at 14,800 rpm,
resuspended in PBS (10 pl, 10 mM, pH 8), and mixed with 4 ul of
[ISF]F—PyTFP in acetonitrile (about 74 MBq). The reaction mixture
was incubated at room temperature for 35 min. After incubation, the
crude was diluted with water (100 pl) and purified by centrifugation
(5 min, 14,800 rpm). The resulting precipitate was washed three times
with water. The amounts of radioactivity in the supernatant and the
precipitate were determined in a dose calibrator (CPCRC-25R,
Capintec Inc., NJ, USA) and analyzed with radio-thin-layer chro-
matography (radio-TLC) using an iTLC-SG chromatography paper
(Agilent Technologies, CA, USA) and dichloromethane and metha-
nol (2:1) as the stationary and mobile phases, respectively. TLC
plates were analyzed using a TLC reader (MiniGITA, Raytest).

Radiolabeling of BSA-MSNP with ['3FIF-PyTFP

The radiofluorination of BSA-AuNPs with '*F was carried out fol-
lowing the same procedure described for AuNP-decorated nanomo-
tors above.
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Radiolabeling of AuNP-decorated nanomotors with 2%

The radioiodination of urease-AuNPs was performed by incubation
with [***I]Nal. Briefly, 200 pl of urease-AuNP solution (1 mg/ml)
diluted in 100 pl of water and 8 pl of ['**I]Nal (about 1L MBq) were
incubated at room temperature for 30 min. After incubation, the re-
action mixture was purified by centrifugation (5 min, 14,800 rpm).
The resulting precipitate was washed three times with water (100 pl).
The amounts of radioactivity in the supernatant and the precipitate
were determined in a dose calibrator (CPCRC-25R, Capintec Inc.,
NJ, USA) and analyzed with radio-TLC, using an iTLC-SG chromato-
graphy paper (Agilent Technologies, CA, USA) and dichloromethane
and methanol (2:1) as the stationary and mobile phases, respectively.
TLC plates were analyzed using a TLC reader (MiniGITA, Raytest).

Optical video recording

The optical videos of the swarms of nanomotors were acquired using
a Leica DMi8 microscope, coupled with a Hamamatsu high-speed
cooled charge-coupled device camera and a 2.5x objective. For this,
the AuNP-decorated nanomotors were centrifuged and resuspended
in 200 ul of either water or PBS 1x. Then, a Petri dish was filled with
3 ml of either pure water, PBS, or a 300 mM solution of urea (in
water or PBS) and placed in the microscope. A drop of 5 pl of the
nanomotors was then added to the liquid-filled Petri dish, and 2-min
videos were acquired at a frame rate of 25 frames per second.

Histogram analysis

The acquired videos were then analyzed for pixel intensity distribu-
tion. For this, an ROI was selected, satisfying conditions such that it
enclosed both a part of the nanomotor population but also a portion
of the background and a dimension of 300 pixels by 300 pixels. After
this, the pixel intensity distribution within the ROI was analyzed at
12-s intervals, using Image] software.

Density map analysis

The density maps of the optical videos were obtained using a custom-
made Python code. Before this, the videos were treated to remove
the background using Image] software, and the grayscale images were
inverted. Then, the sum of pixel intensity of blocks of 1000 frames
was calculated, and the resulting images were loaded in the Python
code, applying the look-up table turbo (70).

PIV analysis

The PIV analysis of the optical videos was performed using a custom-
made Python code based on the OpenPIV library. Before loading
the images in the code, the frames of the videos were treated to
remove the background using ImageJ software. After this, the result-
ing images were loaded in the Python code, with a window size of
24 pixels, a window overlap of 3 pixels, a search size of 25 pixels, and
a frame rate of 0.4 s. Spurious vectors were removed by applying
local, global, and signal-to-noise ratio filters.

Phantom fabrication

To analyze the effect of complex paths on the motility of passive
nanoparticles and active nanomotor swarms, phantoms with different
shapes were fabricated. To obtain the desired channels’ geometry, a
3D design was prepared by using autoCAD software and posttreated
with PreForm Software to be later 3D printed by stereolithography.
The rigid mold containing the inverse design of the desired channels
was printed, followed by the required postprocessing steps: (i)
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removal of the nonpolymerized resin by two sequential washing
steps in an isopropanol bath, (ii) hardening of the photopolymerized
resin by 15 min of ultraviolet exposure, and (iii) removal of support
structures. To fabricate the flexible and transparent polydimethylsi-
loxane (PDMS)-based channels, the catalyzer and the monomer
were first mixed at a ratio of 1:10, and the solution was degassed for
15 min to avoid the bubble presence on the final chip. The solution
was poured onto the rigid mold, followed by the curing process at
65°C overnight. The polymerized PDMS was then removed from the
rigid mold, containing the desired channels. At this stage, the tub-
bing was implemented in the system, removing any debris that
would fall into the channels. To close the system and obtain the
phantom, a 2-mm-thick layer of flat PDMS was bound to the open
side of the channels using a 2-min plasma treatment.

PET-CT image acquisition

In vitro imaging studies were conducted using PET-CT as molecular
imaging techniques. All the phantoms were filled with either 300 mM
urea solution in water or ultrapure water (one channel with each
medium) and positioned in the center of the field of view of the
MOLECUBES B-CUBE (PET) scanner. The field of view was selected
to cover the whole length of the phantom. For each type of nano-
motor, two samples (10 pl, about 1 MBq each) were seeded simulta-
neously in one of the edges of the phantom, one in the channel filled
with urea solution and the other one in the channel filled with ultra-
pure water. Immediately after, a dynamic PET scan was acquired for
25 min, followed by a CT acquisition.

Phantom PET-CT imaging analysis

PET images were reconstructed and analyzed using PMOD image
processing tool. With that aim, the whole channel was divided in
sectors with the same length over the coronal view, and the concen-
tration of activity in each section was determined as a function on
time. The values of activity concentration were lastly normalized to
the whole amount of radioactivity in the channel.

Intravenous administration

Anesthesia was induced by inhalation of 3% isoflurane in pure O,
and maintained by 1.5 to 2% isofluorane in 100% O,. With the ani-
mal under anesthesia, the F-nanomotors or I-nanomotors were in-
jected via one of the lateral tail veins using PBS (pH 7.4) as the
vehicle (N = 2 for each type of radiolabeling; see Table 1 for details).
Dynamic, whole-body 60-min PET imaging sessions were immedi-
ately started after administration of the labeled compounds using a
MOLECUBES B-CUBE scanner. After the PET scan, whole-body

high-resolution CT acquisitions were performed on the MOLECUBES
X-CUBE scanner to provide anatomical information of each animal
and the attenuation map for the later reconstruction of the PET images.

Intravesical administration

Anesthesia was induced by inhalation of 3% isoflurane in pure O,
and maintained by 1.5 to 2% isofluorane in 100% O,. With the ani-
mal under anesthesia, the animals were positioned in supine posi-
tion, and the bladder was emptied by massaging the abdominal
region. Immediately after, the F-nanomotors and MSNP-F-BSA
were introduced in the bladder (through a catheter) by intravesical
administration using 300 mM urea or water as the vehicle (N = 2 for
each type of radiolabeling and vehicle; see Table 1 for details).
Administration was followed by 45-min PET imaging sessions and
whole-body high-resolution CT acquisitions as above. PET images
were reconstructed using 3D OSEM (ordered subset expectation
maximization) reconstruction algorithm and applying random, scatter,
and attenuation corrections. PET-CT images of the same mouse were
coregistered and analyzed using PMOD image processing tool.

Biodistribution analysis

VOIs were placed on selected organs (namely, brain, thyroid, lungs,
liver, stomach, kidneys, spleen, and bladder), as well as the heart to
get an estimation of the concentration of radioactivity in blood.
Time-activity curves (decay corrected) were obtained as cps/cm® in
each organ. Curves were transformed into real activity (Bq/cm”)
curves by using a calibration factor, obtained from previous scans
performed on a phantom (Micro Deluxe, Data Spectrum Corp.) un-
der the same experimental conditions (isotope, reconstruction algo-
rithm, and energetic window).

Bladder distribution analysis
PET images were reconstructed using 3D OSEM reconstruction al-
gorithm and applying random, scatter, and attenuation corrections.
PET-CT images of the same mouse were coregistered and analyzed
using PMOD image processing tool. Two VOIs were placed on the
upper and lower regions of the bladder (namely, VOI 1 and VOI 2)
to obtain the concentration of radioactivity in both VOIs over time.
The values were normalized to the maximum values for each frame.
For the generation of 3D-rendered images of the bladder, raw
16-bit PET images (pixel values from 0 to 65,546) were imported
into Image]J software and color coded. Images were resized by a fac-
tor of 3 in all three dimensions using bilinear interpolation. Pixels
with a value below 5000 were removed as noise, and orthogonal cuts
through the object (axial, coronal, and sagittal) were created using

Table 1. Summary of the in vivo studies performed with the different types of nanomotors and administration routes.

Group Number of animals Particle Administration Vehicle Activity (MBq) Mass of particles
route (ng)
1 2 F-nanomotors Intravenous PBS 2.2+0.10 73
2 2 |I-nanomotors Intravenous PBS 1.6+0.10 73
3 2 F-nanomotors Intravesical Water 1.6+0.10 33
4 2 F-nanomotors Intravesical Urea 1.9+0.15 33
5 2 MSNP-F-BSA Intravesical Water 0.5+0.06 33
6 2 MSNP-F-BSA Intravesical Urea 0.4+0.05 33
Hortelao et al., Sci. Robot. 6, eabd2823 (2021) 17 March 2021 110f13
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the Orthogonal Views function of Image]. For 3D rendering, raw
16-bit PET images (pixel values from 0 to 65,546) were opened in
Image] and resized threefold (bilinear interpolation), and two copies
of each image were created, one including all pixels above a value of
5000 (all but noise, corresponding to the whole bladder contour) and
another with pixels with values above 45,000 (high-intensity regions
in PET). Both images were transformed in binary masks, rendered as
surfaces, and exported as STL (Standard Triangle Language) files us-
ing ImageJ 3D-viewer plug-in. STL files were imported into Blender 2.8
and beautified by giving a semitransparent aspect to image 1 (bladder
contour) and a solid aspect to image 2 (high-intensity regions). Point
of view and illumination of the scene were manually selected for
each set of images, and 2D images presented here were rendered.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/6/52/eabd2823/DC1

Fig. S1. Characterization of the AuNP-decorated nanomotors.

Fig. S2. Motion analysis of single urease-powered nanomotors.

Fig. S3. In vitro imaging of urease-powered nanomotor swarms by optical microscopy.

Fig. S4. In vitro imaging of urease-powered nanomotor swarms by optical microscopy.

Fig. S5. In vitro imaging of urease-powered nanomotor swarms by optical microscopy.

Fig. S6. In vitro analysis of the motion of swarms of urease-powered AuNP-decorated
nanomotors by optical microscopy.

Fig. S7. Motion analysis of the nanomotor swarms by optical microscopy.

Fig. S8. Analysis of large passive MSNP (without enzymes) populations.

Fig. S9. Motion analysis of the nanomotor swarms codropped with 5-um PS tracer
microparticles [0.01% (w/v)] in water.

Fig. S10. Motion analysis of the nanomotor swarms codropped with 5-um PS tracer
microparticles [0.01% (w/v)] in PBS.

Fig. S11. Fabrication of the molds for the complex paths phantoms.

Fig. $12. PET-CT coronal images obtained a 0.5, 7, and 25 min for each phantom, which was
filled with either Milli-Q water or 300 mM urea solution.

Fig. S13. Analysis of the biodistribution of I-nanomotors injected intravenously.

Fig. S14. Image sets showing the PET images of the different bladders just after injection of
nanomotors (t=0) and 45 min later.

Movie S1. Motion of single nanomotor in water and in PBS.

Movie S2. In vitro imaging of enzyme-powered nanomotor swarms in water by optical microscopy.
Movie S3. In vitro imaging of enzyme-powered nanomotor swarms in PBS by optical
microscopy.

Movie S4. In vitro imaging of passive MSNPs dropped onto water and water-based urea
solutions by optical microscopy.

Movie S5. In vitro imaging of enzyme-powered nanomotor swarms and tracer microparticles in
water and in PBS by optical microscopy.

Movie S6. In vitro imaging of enzyme-powered nanomotor swarms by PET.

Movie S7. Effect of complex paths on the in vitro motion of '®F-radiolabeled urease-powered
nanomotors studied by PET-CT imaging.

Movie S8. Study of the biodistribution of enzyme-powered nanomotors by PET-CT.

Movie S9. PET-CT analysis of the distribution of '®F-nanomotors and MSNP-'8F-BSA in the
bladder administered via intravesical instillation.
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Chapter 6

LipoBots: using liposomal vesicles as protective shell of

urease-based nanomotors






LIPOBOTS

The use of nanotechnology in biomedical applications requires attention to several features beyond

biocompatibility and biodegradability, such as withstanding the harsh environments they may face in vivo.

Aiming at expanding our library of chassis for the fabrication of nanomotors, as well as develop a nanomotors

capable of protecting itself from harsh conditions, we teamed up with Prof. Daniel Maspoch’s group at

ICN2 to investigate liposomes as protective shells of urease powered nanomotors. In this work, we fabricated

urease powered nanomotors based where the enzymes were either encapsulated in liposomes (LB-I) or

attached electrostatically to the outer surface of the liposomes (LB-O). We verified that while LB-O showed a

concentration-dependent enhanced diffusion in the presence of urea, LB-I required the addition of a

component of the bile salts to percolate the liposomes bilayer, thus triggering LB-I’s self-propulsion. We

explored the protective capabilities of the liposome chassis by exposing the liposome motors to harsh acidic

conditions. We observed that LB-O lost both motion and catalytic abilities, while LB-I maintained their

ability to catalyze the decomposition of urea and exhibit self-propulsion, thus evidencing the protective

features of the liposome shells.
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LipoBots: Using Liposomal Vesicles as Protective Shell

of Urease-Based Nanomotors

Ana C. Horteldo, Sonia Garcia-Jimeno, Mary Cano-Sarabia, Tania Patifio,*

Daniel Maspoch,* and Samuel Sanchez*

Developing self-powered nanomotors made of biocompatible and functional

components is of paramount importance in future biomedical applications.
Herein, the functional features of LipoBots (LBs) composed of a liposomal
carrier containing urease enzymes for propulsion, including their protective
properties against acidic conditions and their on-demand triggered activa-

tion, are reported. Given the functional nature of liposomes, enzymes can be

either encapsulated or coated on the surface of the vesicles. The influence
of the location of urease on motion dynamics is first studied, finding that
the surface-urease LBs undergo self-propulsion whereas the encapsulated-
urease LBs do not. However, adding a percolating agent present in the bile
salts to the encapsulated-urease LBs triggers active motion. Moreover, it
is found that when both types of nanomotors are exposed to a medium of
similar pH found in the stomach, the surface-urease LBs lose activity and
motion capabilities, while the encapsulated-urease LBs retain activity and
mobility. The results for the protection enzyme activity through encapsu-
lation within liposomes and in situ triggering of the motion of LBs upon
exposure to bile salts may open new avenues for the use of liposome-based

nanomotors in drug delivery, for example, in the gastrointestinal tract, where

1. Introduction

Over the past decade, scientists inspired
by nature have developed nanoscale
motors, known as catalytic nanomotors,
that harvest chemical energy from their
surrounding microenvironment and sub-
sequently convert it into motion for var-
ious practical applications. Such devices
have been reported to swim,!™ trans-
port,>8l drill,PM clean,>®! sense, and
actuate in fluids.’22 Accordingly, they
demonstrate great potential for biomedical
applications.*281 Indeed, compared to
their passive counterparts, these actively
propelled devices can cover larger areas/
volumes, thus increasing potential interac-
tions with a target;?>3% penetrate tissue to
a greater degree;[?%3132 and perform supe-
rior drug delivery.3*34

An especially appealing aspect of using

bile salts are naturally present in the intestine.
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catalytic nanomotors for biomedical appli-
cations is the possibility of actuating
them in situ using various biomolecules
as fuels. In this regard, enzymes are an
attractive source of catalytic power for
nanomotors, as they are highly diverse, substrate-specific and
ubiquitous in the body. Thus, entire libraries of enzyme/bio-
molecule (engine/fuel) combinations could be designed for
specific on-demand applications.?>¥] Enzymes used in cata-
lytic nanomotors include urease,3* acetylcholine esterase,*!
glucose-oxidase,?>*#! lipase,* catalase,3***#-0 and com-
binations thereof, all which can induce propulsion of various
nano- and/or microparticles. Nevertheless, the use of enzyme-
powered nanomotors in vivo demands additional application
requirements beyond biocompatibility and fuel bioavailability.
For instance, inside living organisms, such devices could be
exposed to harsh conditions (e.g., other enzymes and changes
in pH) that can degrade and consequently inactivate the enzy-
matic motor.P)

An intriguing but scarcely explored strategy for improving
the stability of enzyme-powered nanomotors under harsh
conditions is to protect the enzymes by encapsulating them
into functional nanostructures: in other words, by using
nanomaterials as both functional and protective chassis. In
this study, we chose liposomes as preliminary chassis for
three reasons: first, for their well-known capacity for encap-
sulation and protection of various actives, ranging from small

© 2020 Wiley-VCH GmbH

82 | Enzyme-Powered Nanomotors Towards Biomedical Applications



ADVANCED
SCIENCE NEWS

LIPOBOTS

www.advancedsciencenews.com

drug molecules to larger biomolecules (e.g., proteins and
enzymes);®? secondly, for their permeable membrane, which
enables bidirectional transport of substances in and out of
them; and finally, for their excellent biocompatibility and
safety.”®l To date, very little work has been done in this field.
In a very recent and pioneering example, Sen and co-workers
coupled enzymes onto the outer layer of liposomes, observing
self-propulsion and chemotactic behavior in the resultant
conjugates.*?] The surface enzymes were sensitive to sur-
rounding ionic gradients, and the direction of motion of the
resultant nanomotors depended on the Hoffmeister series. The
work by Sen and co-workers provided a foundation for using
liposomes as chassis for enzyme-nanomotors; however, they
did not explore encapsulation as an enzyme-protection strategy.

In our study, we demonstrate a new type of enzyme-pow-
ered nanomotors, called LipoBots (LBs), which are powered by
urease. In these LBs, the urease is encapsulated into the inner
liposomal compartment, named LipoBots-Inside (LB-I). For
comparison purposes, we also synthesized a second prototype
of LBs, LipoBots-Outside (LB-O), in which the urease enzymes
are attached to the liposomes’ surface by physisorption.l>¥
This salt acts as an edge activator, causing disruption and per-
meabilization of the lipid bilayer>>>"1 and therefore, enabling
exchange of substrates and products. Accordingly, exposure of
LB-I to sodium deoxycholate triggers motion of the nanomotor.
As proof of concept, we exploited the protective effects of the
lipid bilayer on the encapsulated enzymes, demonstrating
that the enzymatic activity of these liposomal motors can be
retained after incubation in harsh acidic conditions and their
motion can be triggered by posterior addition of sodium deoxy-
cholate at neutral pH.

2. Results and Discussion

LipoBots were prepared using the thin-film hydration and
extrusion method,®>" where LBs were either hydrated under
vigorous stirring with a urease solution (LB-I) or with phos-
phate buffer saline (PBS), followed by incubation with a urease
solution (LB-O) (see the Experimental Section for details).

The morphology and size of both LBs was investigated
using cryo-transmission electron microscopy (cryoTEM),
which revealed the formation of a mixture of unilamellar and
multivesicular vesicles with a mean radius of 105.7 = 0.8 and
100.7 £ 0.5 nm (average * standard deviation, SD) for LB-O and
LB-I, respectively (Figure 1b,c). The LBs were also character-
ized using dynamic light scattering (DLS), where we observed
that LB-O presented a broader peak than bare liposomes, which
could be attributed to aggregation caused by the presence of
enzymes on the surface of the liposomes.

Enzyme localization and distribution was investigated using
nonextruded micrometer-sized liposomes, due to the ease
of visualization of the structures, by confocal laser scanning
microscopy (CLSM), as displayed in Figure 1d,e. For this, we
labeled urease enzymes with cyanine5 (Cy5) and used Oregon
Green 488 to mark the lipidic bilayer. We observed that, for
LB-I, urease (in red) was mainly located inside the liposomes
(in green), whereas in LB-O, urease (in red) was located on the
outer layer. We also observed that the stochastic binding of the
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enzyme leads to the formation of asymmetric patches similar
to those reported for silica-based micromotors using glutaral-
dehyde crosslinker.¥ This positioning of the enzymes on the
external surface of the liposome may be crucial for breaking
the symmetry in the generation of biocatalytic reaction prod-
ucts, thus leading to self-propulsion. Further studies on the
effect of enzyme mobility in soft scaffolds on the motion will
be the focus of future research.[¥l We expect these observations
to extrapolate to the smaller liposomes used in this work; how-
ever, to further confirm the successful attachment of urease on
the outer surface of liposomes in LB-O and encapsulation in
LB-I, we investigated the surface charge of both LBs by stud-
ying their electrophoretic mobility (Figure 1g). LB-I were posi-
tively charged (18.6 *+ 1.0 mV, average + Standard error of the
mean (SEM)), as they are composed of cationic 33[N-(N',N"-
dimethylaminoethane)-carbamoyl]cholesterol ~ hydrochloride
(Chol+).l% Nevertheless, even though LB-O were also com-
posed of Chol+, they displayed a negative surface charge
(-11.8 = 0.4 mV, average + SEM), which could be attributed to
the urease negative charges at neutral pH (isoelectric point of
urease =5.1).1°0 Altogether, these results confirm that the urease
molecules are mainly confined into the inner compartment
in LB-I, and that urease molecules are physiosorbed on the
external surface in LB-O.

We further characterized urease powered LBs by quantifying
their total protein content (Figure 1h), using the bicinchoninic
acid (BCA) assay, which relies on the reduction of copper by
proteins and the colorimetric detection of the cuprous cation by
BCA.[®2 The total amount protein was determined to be slightly
higher in the case of LB-O (=51% binding yield) compared to
LB-I (=46% encapsulation yield), nevertheless it was not statis-
tically different (P < 0.06). Moreover, we studied how enzyme
location affected its activity. Figure 1i shows urease activity of
both types of LBs, evidencing that LB-I presents lower catalytic
activity than LB-O (P < 0.05, unpaired t-test). This could be
explained not only by the lower amount of urease molecules on
the LB-I, but also by the fuel availability. Even though urea is a
small water-soluble polar molecule,l®® it relies on passive trans-
port to cross lipid membranes, ! thus its access to urease in
LB-O is much more facilitated than in the case of LB-I, leading
to lower urease activity.

We then investigated the motion capabilities of the
urease-powered LBs by DLS. Figure 2a displays the diffusion
coefficients of LB-O and LB-I when exposed to a range of
urea concentrations (25 x 1073, 50 x 1073, and 100 x 1073 wm),
evidencing an increase in the diffusion coefficient of LB-O
with increasing urea concentrations. However, as shown in
Figure 2D, the diffusion coefficient of LB-I did not increase in
the presence of urea, but rather showed a slight decrease.

This could be attributed to the fact that, despite urea can be
catalyzed by urease, the release of the reaction’s products from
the inner compartment of the liposomes is not efficient enough
to generate motion or the release of products does not occur in
an asymmetric manner. Furthermore, the slight decrease in dif-
fusion coeflicient could be explained by the possible accumula-
tion of CO, inside of the LB-I, leading to its swelling, which
in turn increases the hydrodynamic radii detected by DLS, tra-
duced into a smaller diffusion. Figure 2c,d shows the shifts in
hydrodynamic radii for LB-O and LB-I, respectively. For LB-O,
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Figure 1. Fabrication and characterization of the LipoBots (LBs), comprising urease enzyme on the outer surface (LB-O), or into the inner compart-
ment (LB-1). a) Scheme illustrating the fabrication process of LB-O and LB-I. CryoTEM images of b) LB-O and c) LB-I. Confocal laser scanning micro-
scopy images of urease (red) in d) micrometer-sized LB-O (green) and e) micrometer-sized LB-I (green). Scale bars are 2 um. f) Hydrodynamic radii
characterization by DLS. g) Surface charge evaluation of the LB given by electrophoretic mobility measurements. h) Quantification of the total protein
content present on the LBs. i) Enzymatic activity of the urease present on the LBs. Results are shown as the mean * standard error of the mean (SEM),
N =10, asterisks denote a significant difference between LB-O and LB-I, with P <0.05.

a shift towards smaller hydrodynamic radii was observed with
increasing concentrations of urea, evidencing also a narrower
peak than the control without urea, suggesting a uniformity in
the self-propulsion. Oppositely, no shift was observed for the
LB-I sample, indicating no self-propulsion. Furthermore, when
LB-I were exposed to 100 x 107 M urea, the observed peak was
broader than the control without urea, which could be explained
by the retention of products within the inner cavity of the LBs.
As we previously observed, the absence of motion in LB-I
could be explained because of the inefficient entrance of fuel

Adv. Funct. Mater. 2020, 30, 2002767
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into the liposomes and/or to the inefficient release of substances
(CO, and NH3) resulting from the enzymatic reaction. For this
reason, we hypothesized that enhancement of the permeability
of LB-I should facilitate the bidirectional transport of urea into
the liposome and of CO, and NHj out of the liposome, opening
a way for triggering their motion. In this respect, a well-known
strategy to enhance the permeability of liposomes is by the
use of bile salts. For instance, the bile salt sodium deoxycho-
late can act as an edge activator and disruptor of lipid bilayers
by solubilization, causing an increase on bilayer flexibility and
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Figure 2. Motion profile of LB-O and LB-I. a) Diffusion coefficient of both LBs in the presence of increasing urea concentrations. Asterisks denote a
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coefficient in relation to the control (0 x 10 m urea) for LB-O and LB-I. Hydrodynamic radii shift for c) LB-O and for d) LB-I.

permeability.l®>%® To study the effect of sodium deoxycholate

on the permeability and self-propulsion capabilities of LB-I, we
exposed them to different concentrations of sodium deoxycho-
late and investigated their motion capability by DLS.

Figure 3a and Figure S2 (Supporting Information) show the
DLS study of the diffusion coefficient of LB-I in the presence
of the different sodium deoxycholate concentrations, both in
the absence and presence of urea (100 x 10~3 M) We found that,
at a sodium deoxycholate concentration of 0.05%, the LB-I still
showed a low diffusion coefficient, meaning that urea did not
induce self-propulsion. This fact could be explained because
LB-I were not enriched with enough deoxycholate molecules
to increase the lipid bilayer permeability. Nonetheless, upon
increasing the concentration of sodium deoxycholate up to
0.075%, a higher diffusion coefficient was clearly observed,
being it significantly higher when exposed to urea. At higher
concentrations of sodium deoxycholate (0.1%), however, we
observed a decrease of the diffusion coefficient, both in the
absence and presence of urea. We attributed this to the fact
that, when the cholate concentration increases, the increase in
fluidity and deformability of the bilayer leads to the liposome
elongation, and subsequent excision, as well as formation of
smaller mixed micelles.l”¢]

Being confirmed the possibility to in situ trigger the active
motion of urease-encapsulated LB-I upon exposure to sodium
deoxycholate and taking 0.075% as the optimal concentration

Adv. Funct. Mater. 2020, 30, 2002767 2002767

of this bile salt, we then investigated the self-propulsion of
LB-I with respect to fuel concentration (Figure 3b,c). To this
end, LB-I were incubated with increasing concentrations of
urea, ranging from 0 to 100 x 1073 M, where a concentration-
dependent increase of the diffusion coefficient was observed.
Since sodium deoxycholate alters the fluidity and permea-
bility of the lipid bilayer, we studied the integrity of LB-I upon
exposure to sodium deoxycholate by cryoTEM (Figure 3d-f).
Figure 3e,f reveals the presence of liposomes with a mean
radius of 1077 + 3.6 nm (average * SEM), thus confirming the
stability of LB-I under motion-triggering conditions. More-
over, a comparison of LB-I incubated in PBS containing urea
in the presence and absence of sodium deoxycholate showed
that liposomes were more elongated in presence of sodium
deoxycholate, further suggesting a higher flexibility (and thus,
permeability) of LB-I under these conditions, as reported in
literature.>”]

The possibility to fabricate enzyme-encapsulated nanomo-
tors which motion is activated under certain conditions opens
new avenues for using this class of nanomotors in conditions
in which the enzymes can degrade. As proof-of-concept, we
evaluated whether the liposomal chassis can be used to protect
the enzymes when crossing adverse conditions, making them
still active when the motion triggering conditions are found or
applied. For this, LB-I (and also LB-O for comparison purposes)
were exposed to an acidic medium of the same pH as stomach

(4 of 8) © 2020 Wiley-VCH GmbH
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Figure 3. Motion profile of LB-I in the presence of sodium deoxycholate. a) Diffusion coefficient of the LB-I in the presence of different sodium deoxy-
cholate concentrations. Asterisks denote a significant difference from control (0 x 1073 m) with P < 0.001, results are shown as mean + SEM, N =10.
b) Diffusion coefficient of LB-I in the presence of 0.075% sodium deoxycholate and increasing concentrations of urea. Asterisks denote a significant
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for 1 h (Figures 4). The literature on stomach acidity levels
shows that there is a high intersubject variability.®8! Moreover,
the pH of the stomach is variable throughout the day and
dependent on the food intake, with pH values ranging from
2 to 6.784 The pH values chosen (pH = 3 and pH = 5) were
chosen to mimic different acidity levels of the stomach and are
in accordance with the regulatory guidelines of the Food and
Drug Administration.>*68.6%)

After 1h incubation at pH 3 and 5, both LB-I and LB-O solu-
tions were neutralized (final pH = 72) by adding PBS, PBS
containing urea (100 x 1073 m), PBS containing 0.075% sodium
deoxycholate, or PBS containing both urea and sodium deoxy-
cholate (Figure 4a; see the Experimental Section for further
details) and analyzed by DLS to investigate their ability to retain
motility and enzymatic activity after incubation in acidic condi-
tions. To investigate the effect of harsh environments on the
liposome chassis, we characterized their morphology by Cry-
oTEM (Figure 4b,c). The images obtained showed that the lipid
bilayers maintained its structural integrity after exposure to
acidic medium, as reported in literature for liposomes designed
for GI tract delivery.’® We then studied the protective effect
of the lipid shell on the urease by analyzing the LBs motion
abilities and enzyme activity after acidic incubation. Figure 4d,e
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displays the change in diffusion coefficient in the presence of
urea (100 x 1073 M), in relation to control (0 x 107> m urea),
and the enzymatic activity of both types of LBs when exposed
to pH 3 and 5. For comparison purposes, they also show the
change in diffusion coefficient and enzymatic activity of both
LBs directly exposed to pH = 7.4. We observed that, unlike at pH
= 74, the enzymatic activity and ability to self-propel of LB-O
are completely lost after incubation at both pH 3 and 5, which
can be due to the denaturalization of the urease placed on the
external surface of the liposomes, or even to the detachment of
the enzyme from the liposome’s surface since it is bound by
electrostatic interactions and the acidic environment causes its
surface charge to turn positive.

The enzymatic activity of LB-O was also measured, from
which a complete loss of activity was detected. Remarkably, LB-I
displayed a slight increase in diffusion coefficient in the pres-
ence of urea after incubation in acidic conditions, even without
addition of sodium deoxycholate. This can be due to an effect
of acidic conditions in the permeability of the lipid bilayer,
allowing for a more efficient exchange of substrate and cata-
lytic products.”! Nevertheless, in the presence of both urea and
sodium deoxycholate, LB-I presented a higher increase in dif-
fusion coeflicient, indicating retention of their self-propulsion

© 2020 Wiley-VCH GmbH
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Figure 4. Stability in acidic conditions and recovery of the motion capabilities of LBs. a) Scheme illustrating the experimental approach: LB incubation
in acidic conditions for 1 h, followed by neutralization and investigation of their motion abilities. CryoTEM images of b) LB-O and c) LB-I after incuba-
tion in acidic conditions. d) Percentage change in the diffusion coefficient in relation to control, for LB-O, LB-I and LB-I in the presence of 0.075%
of sodium deoxycholate, results are shown as mean + SEM, N = 5. e) Enzymatic activity of urease present in the LBs after neutralization, results are
shown as mean + SEM, N = 3. Different superscripts denote groups of significance (P < 0.05).

abilities and the protection of urease from denaturalization
inside the liposomes after incubation in acidic conditions. This
protection was also confirmed by measuring the enzymatic
activity of LB-I after incubation in acidic conditions, observing
that urease enzymes remained active (Figure 4e).

3. Conclusion

In summary, we have developed two different liposome-based
nanomotors powered by urease enzymes, which were either
encapsulated or electrostatically bound to the outer surface
of the liposome. We verified that the stochastic electrostatic
binding of urease on the outer surface of the liposomes is suf-
ficient to generate an asymmetric distribution that can lead to
motion. Upon the presence of the sodium deoxycholate to act as
an edge activator, the fluidity of the lipid bilayer is modulated,
and this enhances the motility of the LBs containing encap-
sulated urease. Moreover, the lipid bilayer surrounding the
encapsulated enzymes exerts a protective effect against harsh
conditions such as acidic pH, allowing the liposomal nanomo-
tors to recover motility after a 1 h incubation period in these
conditions. Further studies focusing on the in vivo kinetics
of these liposomal based nanomotors and in the presence of
gradients of enzymatic substrate and sodium deoxycholate are
required. Nevertheless, these findings can pave the way to the

Adv. Funct. Mater. 2020, 30, 2002767
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development of new active drug delivery systems for applica-
tions in different in vivo locations, such as in GI tract, com-
prising enzyme-powered nanomotors.

4. Experimental Section

Materials:  1,2-Dimyristoyl-sn-glycero-3-phosphocholine ~ (DMPC)
was purchased from Lipoid GmbH (Switzerland). 33[N-(N’,N’-
Dimethylaminoethane)-carbamoyl]cholesterol  hydrochloride  (Chol+)
cholesterol (CH), urease (from Canavalia ensiformis, type IX, powder,
50 000-100 000 units per gram of solid), Urease Activity Assay Kit, urea,
and sodium deoxycholate were acquired from Sigma Aldrich (USA).
Oregon Green 488 DHPE dye, BCA Protein Assay Kit, and phosphate-
buffered saline (PBS) were supplied by Thermo Fisher Scientific (USA).
Spectra/Por 7 Standard RC pretreated Dialysis Tubing (3.5 kDa) was
purchased from Spectrum. Cyanine5 NHS ester (Cy5) was purchased
from Lumiprobe.

Instruments: The liposomes were prepared using an extruder from
Lipex Biomembranes, Canada. Protein quantification and enzymatic
activity assays were carried out using an Infinite M200 PRO Multimode
Microplate Reader. CryoTEM images were obtained using a JEOL-JEM
1400 microscope (Jeol Ltd., Tokyo, Japan). Confocal laser scanning
microscope (CLSM) images were obtained using a Leica TCS SP5
confocal laser scanning microscope (Leica Microsystems, Germany).
Hydrodynamic radii and electrophoretic mobility measurements were
performed using a Wyatt Mébius and a Malvern Zetasizer.

Preparation of the LBs: Liposomal-based nanomotors (LBs) were
prepared using the thin-film hydration method. Two LB prototypes

© 2020 Wiley-VCH GmbH
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with different enzyme position, inside (LB-I) and outside (LB-O) were
developed. Briefly, DMPC, Chol+ and Chol were dissolved in chloroform
solutions and mixed at 1:0.5:0.5 molar ratio, respectively. Total lipid
concentration was 30 x 1073 m. The organic solvent was removed under
vacuum and nitrogen to afford a dry lipid film, which was hydrated
under vigorous stirring with a solution of urease dissolved in PBS
(3 mg mL™) for LB-I, or PBS for LB-O. Under these conditions, the
stacks of liquid crystalline lipid bilayers become fluid and swell, which
led to detachment during agitation and self-closure to yield multilamellar
large vesicles (MLV). After, the MLV were homogenized using an
extruder and a polycarbonate membrane (pore size 200 nm). For LB-I,
the nonencapsulated urease was eliminated washing by centrifugation
at 50 000 rpm and 10 °C for 30 min and resuspending the precipitated
pellet with PBS thrice. For LB-O, the PBS-hydrated liposomes were
incubated overnight with a 3 mg mL™" urease PBS solution in the rotary
shaker at 25 °C. Finally, the unbound urease was eliminated washing by
centrifugation as described above.

The micrometer-sized LBs were prepared using the same protocol
described above, omitting the extrusion step.

Characterization of Size Distribution, Surface Charge, and Morphology of
LBs: Particle size distributions of the liposomes were determined using
a dynamic light scattering (DLS) analyzer combined with noninvasive
backscatter technology. The stability of the liposomes was examined by
measuring their electrophoretic mobility using a Malvern Zetasizer. For
this, the liposome-based nanomotors were diluted 50 times and placed
in a cuvette for analysis. Liposome morphology was examined using
CryoTEM in a JEOL-JEM 1400 microscope (Jeol Ltd., Tokyo, Japan). For
this, LB-I in each condition before being placed in the TEM grid and
cryogenized for observation.

Functionalization of Urease with Cy5: A solution of urease (20 mg mL™)
in sodium bicarbonate buffer (100 x 1073 m) was prepared. Next, 7 pL
of a Cy 5 solution in DMSO (5 x 10 m) were added, and the mixture
was incubated for 4 h at 25 °C and shaking in the dark. The solution of
labeled urease was then dialyzed in PBS (3.5 kDa pore membrane) for
24 h to eliminate nonreacted Cy5 molecules.

Evaluation of Urease Distribution on the LBs: Evaluation of the
distribution of urease in liposomes was done by CLSM, using a Leica
TCS SP5 confocal microscope (Leica Microsystems, Germany). For that,
fluorescently labelled urease was encapsulated in liposomes for LB-I
or incubated with liposomes for LB-O, with the lipid bilayer previously
labelled with Oregon Green 483 DHPE. The resulting nonextruded
liposomal formulations were examined by CLSM.

Total Protein Content Quantification Assays: The concentration of
urease present on the LBs was measured using the BCA Protein Assay
Kit from Thermo Fisher Scientific according to the manufacturer’'s
instructions. This kit correlates the quantity of proteins with the reduction
of copper by peptide bonds.®2 For this, the total protein content present
on the supernatants from liposome washings, as well as in the urease
stock solutions used for incubation was measured. The total protein
content bound or encapsulated in the liposomes was calculated as the
difference between the content of the stock solutions and the content of
the supernatants. The results were analyzed statistically by performing
an unpaired t-test.

Urease Enzymatic Activity Assays: Enzymatic activity of urease present
on the LBs was evaluated using a commercial kit from Sigma Aldrich
that determines the concentration of ammonia generated by Berthelot’s
method."? The liposomal nanomotors were diluted 50 times, and the
experiment was performed according to the manufacturer’s instructions.

Motion Behavior Analysis: The motion behavior of the LipoBots was
analyzed by DLS, a technique that correlates the intensity of scattered
light with the translational diffusion coefficient of the particles.

The purified LB-O were diluted 100 times prior to analysis by DLS,
yielding dispersions containing liposomes and urea, at concentrations of
0, 25 x 1073, 50 x 1073, and 100 x 10~ m. Each condition was measured
at least ten times. Regarding the LB-I, first they were analyzed in the
absence of sodium deoxycholate using the methodology described
above. For the analysis in the presence of sodium deoxycholate, this
edge activator was added to the dispersions containing LB-I and urea
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before analysis, at concentrations of 0%, 0.05%, 0.075%, and 0.1%
(w/w). Each condition was measured at least ten times. The results were
analyzed statistically by performing an ANOVA followed by Tukey's test.

Motion Behavior after Gl tract Simulation: The LBs were diluted
50 times in acidic solutions of pH 3 and pH 5 and incubated for 1 h,
in order to simulate the harsh stomach conditions. Following this, the
liposomal dispersions were neutralized using PBS or PBS containing
urea (100 x 1073 M) for LNM-O, and with PBS, PBS containing
sodium deoxycholate (0.075% (w/w)), or PBS containing both urea
(100 x 1073 m) and sodium deoxycholate (0.075% (w/w)) for LB-I. The
neutralized dispersions were analyzed by DLS to evaluate their motion
profiles. The results were analyzed statistically by performing an ANOVA
followed by Tukey’s test.
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Nano- and micromotors are devices capable of swimming in fluids, and perform diverse tasks with

145,146,321,446-448 137-139,142,143,147,292

applications in sensing, environmental remediation, and active delivery of

148,149,152,155,156,181

nanomedicines. These devices can harness energy from external sources (e.g.

183,249,255,256,449,450 127,129,182,184,185,241,362,451-454 144,181,185,188—190,207,217,408,455—459)
9

ultrasounds, magnetic fields, or light

or by transducing free energy from their surrounding environment via chemical reactions.'®*!?4199:460
Particularly for biomedical applications, the use of external actuators to power the nano- and micromotors can
bring some constraints. Apart from the expensive setups required for the actuation of these devices, other
limitations also may arise, such as limitations on control of motors by the penetration-depth of the external
power source (light or magnetic fields) or unspecific damage to the tissues surrounding the target location due
o light exposure, 148428:429:461.462

Alternatively, catalytic motors do not require external actuation since they convert chemical energy into
mechanical work by turning over substrates that may be available within the organism. This aspect is one of
the main features to take into account when designing catalytic motors. Initially, this type of motors relied
mostly on Pt as catalyst, using high concentrations of hydrogen peroxide as fuel, which led to toxicity in
biological environments.

Using enzymes as the power engine for the propulsion of synthetic nano- and micromotors emerged as
an elegant alternative to the use of inorganic catalysts, opening new and exciting design possibilities due to
the wide variety of enzyme/substrate available. Moreover, this approach to achieve propulsion by means of
biocatalysis allows not only the development of multiple fully biocompatible chassis-engine-fuel
combinations, but also the opportunity to activate these machines in situ, avoiding the need for external

actuation.

A myriad of materials were reported as chassis for the fabrications of enzymatic nano- and micromotors,

316,320,324 325,339,463

such as mesoporous silica, stomatocytes, polymersomes,*** and liposomes.****? In addition,
aiming at tailoring the motors to specific biomedical, several enzymes and cascades of enzymatic reactions
have been tested as engines to power the propulsion o biocatalytic motors.****4* In this regard, Arqué et al
combined experimental and molecular dynamics simulations approaches to investigate how intrinsic
enzymatic properties modulate self-propulsion, using urease, aldolase, acetylcholine esterase and glucose
oxidase in the study.’”” The authors reported that urease and acetylcholine esterase were the only enzymes
capable of producing active motion of the microcapsules used, denoting a correlation with the enzymatic
turnover number. They also showed that the propulsion obtained when using urease was significantly more
efficient than when acetylcholine esterase was used. Moreover, urease has been shown to efficiently power the
propulsion of various types of chassis, with different materials and ranging from the nanometer to the
micrometer scale in size, 3'63!7320329348463466 Congidering this, and the availability of urea substrate in
biological fluids, urease is an ideal candidate for the development of nano-micro motors for biomedical
applications and, therefore, was the enzyme used for the studies presented on this thesis.

Despite the significant growth of the nanomedicine field, the amount of research that translates into

clinical is still limited, in fact a recent meta-analysis study reports that only 0.7% of the injected dose actually

reaches the target site.'”> This limitation is in part due to the presence of biological barriers, that hinder the
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diffusivity of the nanocarriers in vivo.'**!'°!!2 In this regard, enzyme-powered micro- and nanomotors could
bring several potential advantages, since their propulsion allows them to explore greater areas than traditional
passive particles, and their continuous momentum may help overcoming tissue and cell penetration, leading to
more effective drug delivery.'**!*

In our first work, we explored urease-powered nanomotors as active anticancer drug delivery vehicles,
using core-shell mesoporous silica nanomotors loaded with the anticancer model drug doxorubicin, and
demonstrated that in the presence of urea, the substrate for urease enzyme, these motors exhibited an enhanced
drug release profile and cytotoxic effect towards human epithelial cervix adenocarcinoma cells (HeLa). For
this, firstly we tacked the fabrication of the nanomotors and the analysis of their motion behavior and showed
that urea biocatalysis led to an increase of the effective diffusion of the nanomotors in both ultrapure water
and in PBS solutions. This finding is of key importance in the development of nanomotors for biomedical
applications, as one of the major drawbacks of chemically powered nanomotors is that their motility can be
affected by the presence of ionic species in the medium,**® with several reports of reduced or arrested
propulsion,?**347:348350467 However, these reports mostly concern microparticles with inorganic catalysts, or
microparticles powered by enzymatic reactions.****** In our work, we use a nanosized chassis to fabricate the
enzymatic nanomotors, and their enhanced motility in salt solutions may be due to the presence of a different
motion and/or mechanism from those mentioned above, and further research is needed to elucidate the
mechanism for this type of motor.

Next, we investigated the drug loading and release capabilities of the nanomotors. Mesoporous silica
has been widely investigated for drug delivery purposes, due to its biocompatibility and high cargo loading
capacity within the mesopores.*®**’! Taking advantage of this feature, we were able to load ca. 10 % (w/w) of
doxorubicin into the nanomotors, which is considerably high amount and within the order of magnitude
reported in literature for the loading of doxorubicin into mesoporous silica nanoparticles.*”**"®

We then evaluated the in vitro drug release kinetics from the nanomotors, denoting a urea-dependent
enhancement on doxorubicin release profiles, where active nanomotors achieved almost four times higher drug
release than passive nanoparticles. The enhanced release profiles could be attributed to an increase in pH due
to the conversion of urea into ammonia and carbon dioxide, which in turn would lead to changes in the
electrostatic interactions between the surface of the mesoporous silica and the doxorubicin resulting in
enhanced release of drug from the pores. Considering this, we further evaluated the release profiles of the
nanomotors when placed in buffer solutions at pH 9, both in the presence and absence of urea. We found that
even when the initial pH of the medium is high, doxorubicin release was significantly enhanced by active
nanomotors. Considering this, we attributed the enhancement in drug release by active nanomotors to the
catalytic activity and consequent local change in the electrostatic interactions between the drug and the
nanomotor surface.

Doxorubicin is a benchmark anticancer drug that leads to cell death via apoptosis due to its ability to
intercalate within DNA base pairs and cause breakage of strands, as well as inhibition of nucleic acid synthesis.
The mechanism of action of this drug relies on its entrance into the cell, therefore the intracellular delivery

efficiency of the nanocarriers is of high importance to ensure maximum therapeutic effect with minimum off-
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target complications. Given the capability of nanomotors to enhance drug release, we studied their efficacy in
delivering doxorubicin to cancer cells, observing that active nanomotors were much more efficient to cause
toxicity to cancer cells, requiring a 10-fold lower concentration than passive particles to obtain the same effect.
Moreover, we observed that when cells were incubated with active nanomotors, the doxorubicin fluorescence
signal within the cytoplasm was higher than the passive nanoparticles control. Altogether, these findings
indicate that in active drug-loaded nanomotors present higher delivery efficacy than their traditional
counterparts, which could be attributed to synergistic effects from the faster drug release kinetics, increased
transport to the vicinity or to the inside of the cell and simultaneous production of ammonia.

Drug release profiles can be improved by the use of active nanomotors; however, this release is
uncontrolled and can be enhanced in any given location in presence of urea. One long-standing goal of
nanomedicine has been the targeted and controlled delivery of actives in site-specific locations, and researchers
developed several strategies to achieve it, such as the integration of features sensitive to external triggers (e.g.

light'47747 or heat*s***3 stimuli), triggered disintegration of the carrier, **>4%44%

or the use of molecular gates
to cap the carrier’s pores. In a collaborative work with Martinez-Mafez group from UPV, we took a further
step on the investigation of urease-powered nanomotors as active drug delivery vehicles adding molecular
gates to achieve controlled intracellular delivery (see annex II). In this work, mesoporous silica nanoparticles
were loaded with doxorubicin model drug, posteriorly gated with molecules sensitive to pH changes and,
finally, functionalized with urease enzymes. In this way, the nanomotors exhibited propulsion in the presence
of urea fuel, and upon cellular uptake, the acidic environment in the lysosomes led to the opening of the
molecular gates, thus allowing for controlled intracellular delivery of the chemotherapy drug.

Another strategy to diminish off-target effects of nanomedicines is to functionalize nanocarriers with
targeting moieties.”*’*** We functionalized urease-powered nanomotors with anti-FGFR3 antibody, which
targets a transmembrane protein that is over-expressed in bladder cancer cells and leads to the development of
aggressive tumors, by up-regulating cell migration and proliferation.*' "

We evaluated the motility of the antibody-modified nanomotors in both simulated urine and in real urine
collected from rats, and compared it with the motility of bare nanomotors, observing that the presence of the
antibody did not cause a reduction in motion abilities.

Then, we assessed both the ability of the nanomotors to enhance targeting of bladder cancer cells, using
spheroids, since three-dimensional cell cultures are known to better mimic the tumor microenvironments, as
they possess several features that resemble in vivo scenarios, such as physiologically relevant cell-cell and
cell-ECM interactions, hypoxia and central necrosis.****> We found a 4-fold increase in the internalization
efficiency of passive nanomotors when they carry the targeting moiety, evidencing the targeting ability of the
antibody chosen. More importantly, we denoted that spheroid penetration was greatly improved by combining
both the targeting and motion capabilities, where a ca. 14-fold increase was detected in comparison to bare
passive particles. Since the interaction of anti-FGFR3 with the antigen has been reported to inhibit the
fibroblast growth signaling pathway, thus blocking cell proliferation and ultimately leading to cell death,*'"
%3 we examined spheroids’ viability after incubation with the nanomotors, showing that antibody-modified

nanomotors decreased the proliferation levels of the spheroids.
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These results point towards the potential of nanomotors in bladder cancer, where antibody-
functionalized nanomotors could have implications as drug-free therapy tools, reducing the proliferation of
tumor masses with high specificity, thus leading to more effective treatments with fewer side-effects and lower
relapse rates. In addition, these nanomotors could also be suitable as diagnostic tools, due to the fact that they
efficiently target bladder cancer cells.

Any realistic biomedical application of nano- and micromotors must take in consideration that high
concentrations of nanomedicines are required to achieve a therapeutic effect in vivo, and for this it is of the
utmost importance that researchers investigate the collective behaviors of the active nano- and micromachines
and exploit them to improve their efficacy. Despite being a behavior ubiquitous in nature, the study of swarms
is still in its infancy in the nano- and micromotors community, and the vast majority of the works related to
this topic rely on magnetic motors,””*'**7 (external stimuli such as light or ultrasounds,**®+%4%64% or
gradients of substrates to trigger collective behaviors.*?®*%’ In addition, monitoring the collective behavior of
nano- and micromotors in vivo is a challenge in itself, since most current medical imaging techniques have
insufficient resolution and/or sensitivity.** Even so, researchers have used several medical imaging techniques
to localize motors in vivo, such as Wu et al that showed the displacement of motors in intestines using
photoacoustic computerized tomography.**> However, the collective dynamics were not investigated in-depth.
In other works, researchers have visualized the collective behavior of magnetic motors ex vivo. For instance,
Yu et al demonstrated the magnetic actuation of microrobotic swarms in porcine eyes using ultrasound
feedback,”’ and Wu et al showed a swarm of slippery helicoidal motors penetrating the vitreous body of
porcine eyes using optical coherence tomography.?’

In our third work we investigated the collective behavior of large populations of urease-powered
nanomotors in vitro using optical microscopy, and in vivo within mice’s bladders using PET-CT, which
presents several advantages as medical imaging technique, such as high detection sensitivity, quantifiability,
limitless depth of penetration.™®' We showed that the nanomotors exhibited swarming behavior and that their
ensemble motility led to the generation of fluid flows and enhanced fluid mixing. We then investigated the
swarming behavior of the nanomotors in confined complex geometries, observing that the active motion
allowed the swarms to overcome the hurdles encountered along the paths (i.e. sharp turns and subsequent
angles), enabling them to reach the end of the geometries, while their passive counterparts were conditioned
by the barriers presented and did not manage to overcome them. Following this, we assessed the feasibility of
using PET-CT to image nanomotors in vivo. To this end, we administered nanomotors intravenously to mice,
noting that PET is a suitable technique to image and quantify the distribution of the nanomotors in vivo.
Moreover, we investigated the stability of the radioactive labeling of the nanomotors using two distinct
strategies: i) using the '**I isotope to label the gold nanoparticles, ii) directly label the urease enzymes with *F
isotope and demonstrated that direct enzyme labeling leads to higher in vivo radiostability and, thus, more
reliable results. Importantly, no adverse effects were observed in the mice for two weeks following the imaging
sessions, which suggested that the administered dose was below the maximum tolerated dose.

Since PET imaging has good spatial and temporal resolutions, and virtually no penetration depth

limitations, in comparison to medical imaging techniques such as MRI and ultrasound, it allows the evaluation
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of collective motility in living organisms. We administered the nanomotors intravesically in the bladders of
living mice, and observed for the first time the collective behavior of enzyme-powered nanomotors in vivo,
and demonstrated that the active and collective motion of the nanomotors led to their homogeneous distribution
within the bladder, contrarily to passive particles that fail to spread across the cavity. This phenomenon could
be potentially advantageous in the design of active drug delivery systems for bladder diseases, where

homogeneous distribution of the delivery vehicles would ensure that the active systems reach the target sites.

The application of enzyme-powered nanomotors could potentially expand further than bladder diseases,
however for this several challenges must be met, such as the protection of the enzymatic engine towards the
degradability that it could face in vivo (i.e. proteases, harsh pHs, etc.). In our fourth work, we developed
enzyme-powered nanomotors using liposome vesicles as chassis, where the urease enzyme was either
encapsulated in the inner compartment of the vesicles for protection, or coated on the outer layer for

comparison purposes.

Even though the spatial control over the positioning of the catalyst in nanomotors was previously
reported,**” the effect of this aspect in relation to the motion abilities of the motor was not investigated further.
In this work, we investigated how the location of the enzyme relative to the vesicle influenced the motility and
catalytic activity of each liposome nanomotor under different conditions, such as harsh acidic pHs. We
observed that while the liposomes containing urease on the outer layer exhibited an increasing trend in
diffusion coefficient when exposed to increasing urea concentrations, the liposome nanomotors with
encapsulated enzyme did not exhibit any motility. We attributed this to an inefficient exchange of substrates
and reaction products between the inner compartment of the liposome and the surrounding medium. However,
by using sodium deoxycholate as an edge activator to cause an increase on bilayer flexibility and

502

permeability,” the liposome nanomotors with encapsulated enzyme showed enhanced motility capabilities,

with an increase in diffusion coefficient ca. 100% in the presence of 100 mM urea fuel.

Liposomes have been widely explored as nanocarriers in nanomedicine, and are in fact the main
nanotechnological component of Doxil®, the first anticancer nanomedicine approved by FDA.* Nevertheless,
this multifunctional nanocarrier has scarcely been explored as chassis for the fabrication of motors.”?*** As
proof-of-concept, we evaluated whether the liposomal chassis could be used to protect the enzymes when the
nanomotors face adverse conditions, keeping them active till the motion triggering conditions are found or
applied. We verified that while the nanomotors based on encapsulated enzymes within the liposome
compartment retained the catalytic activity and were still able to self-propel after facing acidic environments,
the nanomotors with enzymes in the outer shell of the liposomes could sustain enzymatic activity and thus lost
motility after acidic incubation. These results indicate that liposomes are ideal candidates for chassis of
enzyme-powered nanomotors, providing not only biocompatibility and biodegradability, but also protecting

the engine of the motor from harsh degrading conditions.
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Apart from studying a different architecture as chassis for the development of enzyme powered
nanomotors, we also investigated other enzymes capable of propelling nanostructures. In this regard, in a
collaborative work with Dr. L. Wang and Dr. X. Huang from Harbin Institute of Technology, we developed
lipase-powered nanomotors (see annex V). We showed that lipase was able to act as an engine for the
propulsion of mesoporous silica nanoparticles through the degradation of triglycerides. Moreover, we
demonstrated that not only these motors were able to perform long-lasting motility (up to 40 minutes), but also
were capable of efficiently degrade oil droplets, which could be promising for applications in nanomedicine

and environmental applications.

Taken together, the results obtained during the course of this thesis provide significant advances
regarding the potential applicability of urease-powered nanomotors as nanomedicines, in particular for bladder
cancer therapy. Prior to this thesis work, it was only hypothesized that active drug delivery vehicles could
bring several advantages compared to traditional nanomedicines, and the study of enzyme-powered
nanomotors from in vitro models to in vivo monitoring had not been reported. The results presented in this
thesis work verify the hypothesis and experimentally demonstrate advantages of active drug delivery vehicles
such as improved drug release profiles and more efficient anticancer drug delivery to cells, ability to penetrate
into complex 3D structures like cancer spheroids, improve active targeting due to self-propulsion and exhibit
swarming behavior in vivo, which can be highly beneficial to achieve efficient tumor targeting and drug
delivery. Thus, it is of paramount importance to further study these nanomotors as potential active
nanomedicines, stepping forward pre-clinical studies where their performance as adjuvant or alternative

therapies is investigated in regards to safety, stability and efficiency.
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CONCLUSIONS

The advances in nanoscience and biotechnology paved the way for the development of numerous tools
in biomedicine, such as nanodiagnostics and drug delivery. However, the efficacy of such tools is often
hindered by several biological barriers, which limit the ability of nanomedicines to reach the desired target-
site. In this regard, the use of motile particles as nanomedicines has emerged as an attractive alternative to
traditional nanosystems, since their continuous propulsion force could aid in overcoming the aforementioned
barriers.

The work presented on this thesis focuses on the development of enzyme-powered nanomotors and their
applicability in nanomedicine, concluding:

I.  Urease-powered nanomotors efficiently load the anticancer drug doxorubicin and exhibit enhanced drug
release profile in the presence of urea compared to passive nanoparticles. In addition these nanomotors
are able to propel in phosphate buffer saline solutions in the presence of urea.

II. Active urease-powered nanomotors present an enhanced anticancer activity towards HeLa cells. This
effect arises not only from the enhanced drug release provided by the nanomotors activity, but also from
the localized increase on ammonia concentration, which is toxic to cells. These results hint that
enzymatic nanomotors are promising candidates for active nanomedicines.

III. Antibody-functionalized urease-powered nanomotors demonstrate self-propulsion in simulated urine
and urine from mice.

IV. The combination of self-propulsion and targeting abilities leads these nanomotors to exhibited higher
penetration efficiency of 3D bladder cancer spheroids than passive particles. These nanomotors are able
to reduce spheroid proliferation due to the action of anti-FGFR3 antibody on inhibition of the FGF
pathway.

V. Urease-powered nanomotors show collective swarming behavior, which induces enhanced fluid
convection and mixing, and allows the nanomotor swarms to overcome hurdles such as turns and angles
in confined paths.

VI. Nanomotors labeled with radioisotopes are able to be visualized by PET-CT, both in vitro and in vivo
at the whole-body level. When instilled intravesically, the nanomotors move in swarms and exhibit fluid
mixing, leading to their homogenous distribution within the whole bladder cavity.

VII.Liposomes can serve as biodegradable and functional chassis for the development of enzyme-powered
nanomotors.

VIII. The encapsulation of urease enzymes within the inner cavity of liposomes allows for their protection
from harsh environments (e.g. acidic medium) and the presence of bile salts triggers the motion abilities

by permeabilizing the lipidic bilayer.

Future work regarding enzyme-powered nanomotors as biomedical tools for bladder cancer therapy
includes the study of the urease nanomotors developed in this thesis settings closer to the clinics. For instance,
using patient-derived cells to fabricate three-dimensional spheroids and study the ability of antibody-modified
nanomotors to penetrate and arrest their proliferation. The validation of the results obtained in vitro must be

translated to in vivo scenarios, where the nanomotors’ capabilities as active drug delivery devices to target and
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irradicate cancer in live subjects such as mice is investigated. In addition, the study of targeted nanomotors as
novel diagnostic tools for cancer should be investigated, given the potential accumulation of targeted
nanomotors in tumor regions.

In addition, the potential of enzyme-powered nanomotors in biomedicine spans beyond bladder cancer,
having several other interesting and challenging diseases to target, such as lung cancer or pancreatic cancer,
where a nearly impenetrable stroma presents as critical biological barrier for modern medicines. Joint injuries,
where the highly viscous environment hinders the diffusivity of pharmaceutical actives, is another case study
where nanomotors could be of use. The study of enzymatic nanomotors’ collective behavior in complex media
(i.e., synovial fluid, lung lining mucosa, stomach lining mucosa, etc.) must be evaluated in order to make

nanomotors applicable in such scenarios.
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Given the advantages regarding biocompatibility and use of bioavailable substrates, the use of enzymes

to power the motion of nano- and microstructures gathered significant interest from the active matter
community. Considering this, and the pioneering works of the Smart Nano-bio-devices group on the
development of enzymatic motors, in the early stages of my PhD we reviewed the literature on the topic,
collecting reports of the propulsion of several small-scaled structures powered by enzyme catalysis (see annex
D).

As denoted in annex I, our group reported the use of enzymes to power the motion of nano- and
microparticles based on silica. Apart from that, we also reported the use of urease as engine of bubble-free
biocatalytic tubular nanomotors (see annex II). In this work, we developed nanosized silica tubes and explored
the biocatalytic decomposition of urea into ammonia and carbon dioxide to power the bubble-free propulsion
of silica-based nanojets. These nanojets propelled due to the generation of an internal fluid flow, that extends
from the inner cavity to the surrounding fluid. Moreover, we investigated the effect of the biocatalyst
positioning on the nanojets’ motion profiles, showing that placing the enzymes both on the outer surface and
in the inner cavity of the nanojets led to a more efficient displacement.

In the first work reported on this thesis, we showed that nanomotors can enhance the delivery of drugs
to cancer cells. However, in this work, doxorubicin had a sustained release from the nanomotors. To achieve
further control and avoid off-target effects, in a collaborative work with Martinez-Maiiez group from UPV, we
incorporated molecular gates into the urease-powered nanomotors, as an additional functionality to achieve
controlled intracellular drug delivery (see annex III). In that work, we observed that upon cell uptake of the
active nanomotors, the acidic intracellular environment within lysosomes provoked the opening of the
molecular gates and, in consequence, the controlled delivery of the drug.

Aiming at further expanding the library of engines, our group devoted efforts to test the ability of several
enzymes to power the propulsion of nano- and microstructures. In collaborative work with researchers from
the Harbin Institute of Technology, we developed lipase powered nanomotors based on mesoporous silica (see
annex [V). These nanomotors consume triglycerides to harness energy for propulsion and are capable of
degrading oil droplets and could have potential applications regarding diseases related with triglyceride
accumulation or degradation of oil spills.

L. Enzyme catalysis to power micro/nanomachines. X. Ma®", A. C. Horteldo®, T. Patifio, S. Sanchez".
ACS Nano. 2016, 10,9111-9122 .

IIL. Bubble-free propulsion of ultrasmall tubular nanojets powered by biocatalytic reactions. X. Ma,
A. C. Horteldo, A. Migue-Lopez, S. Sanchez . J. Am. Chem. Soc. 2016, 138, 13782—13785

III. Enzyme-powered gated mesoporous silica nanomotors for on-command intracellular payload
delivery. A. Llopis-Lorente, A. Garcia-Fernandez, N. Murillo-Cremaes, A. C. Horteldo, T.
Patifio, R. Villalonga, F. Sancenon, R. Martinez-Manez’, S. Sanchez'. ACS Nano. 2019, 13,
12171-12183

Iv. Lipase-powered mesoporous silica nanomotors for triglyceride degradation. L. Wang®, A. C.

Horteldo®, X. Huang, S. Sanchez’. Angew. Chem. Int. Ed. 2019, 58,7992 —7996
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ABSTRACT: Enzymes play a crucial role in many biological processes which
require harnessing and converting free chemical energy into kinetic forces in order
to accomplish tasks. Enzymes are considered to be molecular machines, not only
because of their capability of energy conversion in biological systems but also
because enzymatic catalysis can result in enhanced diffusion of enzymes at a
molecular level. Enlightened by nature’s design of biological machinery, researchers
have investigated various types of synthetic micro/nanomachines by using
enzymatic reactions to achieve self-propulsion of micro/nanoarchitectures. Yet,
the mechanism of motion is still under debate in current literature. Versatile proof-
of-concept applications of these enzyme-powered micro/nanodevices have been
recently demonstrated. In this review, we focus on discussing enzymes not only as

Enzyme
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stochastic swimmers but also as nanoengines to power self-propelled synthetic motors. We present an overview on different
enzyme-powered micro/nanomachines, the current debate on their motion mechanism, methods to provide motion and
speed control, and an outlook of the future potentials of this multidisciplinary field.

KEYWORDS: enzyme catalysis, micro/nanomachines, self-propulsion, nanomotors, synthetic motors

he harnessing of chemically free energy for conversion

into mechanical work is ubiquitous in nature and

crucial for survival of organisms from all levels of
complexity. Tasks such as phagocytosis, vesicle transportation
within the cells, locomotion, and cell division are based on
mechanical work achieved through surrounding substrate
decomposition." In biological systems, enzymes are workhorse
proteins that act as catalysts, being able to turnover substrates
with high specificity and efficiency that power biological
machinery. Examples include synthesis of DNA molecules by
DNA polymerase, hydrolysis of proteins by endopeptidase, and
using energy by ATP hydrolysis.” Effectively, enzymes are
themselves considered to be nanomachines because funda-
mental studies on enzymes revealed that catalytic activity
enhances diffusion at the single-molecule level.> ™

Synthetic micro/nanomachines arose from endeavors to
mimic biological counterparts abundant in nature, in order to
understand its fundamentals and to develop functional and
well-controlled tools with applications in a wide range of fields.®
Synthetic machines controllable at such a tiny scale may power
devices for applications in environmental sciences,’” biomedi-
cine,8 or diagnostics9 to name a few.

In this review, we focus on enzymes as molecular machines,
as well as their driving force when combined with synthetic
micro/nanomachines. These synthetic molecular machines can
be based in a myriad of structures.'” One example is nucleic-

v ACS Pub”ca‘tions © 2016 American Chemical Society
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acid-based motors, where enzymatic activity controls the
hybridization and hydrolysis of DNA and/or RNA strands,
promoting motion of structures based in nucleic acids.''™"?
Recently, enzymatic catalysis was also reported to power the
motion of various structures at the micro/nanoscale, such as
polymeric'* and inorganic particles.''® By coupling enzymes
onto the surfaces of these structures, enzymatic turnover of
substrates provides necessary energy to overcome random
Brownian motion and achieve active motion. Moreover, by
functionalizing fixed surfaces with enzymes, the driving force
produced by enzymatic catalysis is transferred to the
surrounding environment, giving rise to fluid flow (Scheme
1)017

Researchers have carried out in-depth studies on enzymes as
swimmers and as engines for active synthetic matter. In order
to use biocatalytic energy, investigation on the fundamental
mechanism of enzymatic reactions has been performed, aiming
at understanding the conversion of enzyme catalysis into
propulsion power, including on the mechanism of single
enzymes as active motors (Scheme 1).3’5’18’19

Although this field is still in its infancy, it can have an impact
in fields such as smart drug delivery, bio-nanotechnology for
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Scheme 1. Schematic Ilustration of Enzyme-Powered Micro/Nanomachines
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Figure 1. (A) ATP synthase 3D structure. Reprinted with permission from ref 31. Copyright 2001 Nature Publishing Group. (B) Direct
observation of F1-ATPase rotation movement by coupling a fluorescence actin filament. Reprinted with permission from ref 35. Copyright
1998 American Association for the Advancement of Science. (C) Conformational changes during ATP synthesis. Reprinted with permission
from ref 39. Copyright 2013 Nature Publishing Group. (D) Schematic representation of urease self-diffusion enhancement by catalysis and
diffusion coefficients of urease when exposed to increasing substrate concentrations. Reprinted from ref 3. Copyright 2010 American
Chemical Society. (E) Conformational changes of adenylate cyclase measured by single-molecule force spectroscopy. Reprinted with
permission from ref 49. Copyright 2016 Nature Publishing Group. (F) Diffusion coefficient of catalase as a function of the laser power (402
nm) and schematic representation of enzyme motion driven by chemoacoustic effect. Reprinted with permission from ref 5. Copyright 2014
Nature Publishing Group.
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medical purposes, environmental remediation, among others.
Therefore, it is important to investigate enzymes, not only
understanding the basic knowledge of the biocatalytic process
but also carrying out in-depth studies on enzymes as swimmers.
Furthermore, it is crucial to unravel the mechanism underlying
the motion/swimming when enzymes are conjugated onto
more complex structures. Deeper insights on enzymatic
propulsion may affect the development of advanced and
more versatile types of synthetic micro/nanomachines. Herein,
we review the study of enzymes as molecular machines and
used as engines to power motion of other structures. We expect
that comprehensive studies on this type of propulsion at the
micro/nanoscale will help to develop micro/nanomachines,
providing insights for future development of this field.

Enzymes as Motors. Enzymes are proteins capable of
efficiently catalyzing the conversion of a substrate into
products,”®~** including most forms of biological motion at
the cellular level.** In this sense, myosins, which move along
actin filaments,”>*° and kinesins and dyneins, which move
along microtubule tracks,”” are the three main types of
molecular motors within the cells. These molecular motors
generate energy to move from the hydrolysis of ATP (ATP +
H,0 — ADP + inorganic phosphate (Pi)) by enzymes, eg,
ATPase,”**® with forces that vary between 1 and 10 pN.>**>*

Other types of intracellular motion can be achieved through
single enzymes, as in ATPase rotation. These proteins are
motor complexes anchored to organelle membranes and are
involved in either the synthesis of ATP coupled to the
electrochemical proton gradient formed by electron transfer
chains (F-ATPase)’" (Figure 1A) or the acidification of intra-
or extracellular compartments (V-ATPase).”>** Although the
rotary mechanism of ATPases was hypothesized by Boyer in
1979, it was empirically observed by Noji and collabo-
rators>>*¢ for the first time in 1997, through the conjugation of
a fluorescent actin filament to the immobilized enzyme (Figure
1B).*® The rotation movement of ATPases is triggered by
changes in the conformation of the different subunits (Figure
1C) following substrate binding or release.’”~*° Moreover, in
2002, Montemagno and co-workers*' discovered that ATPases
are capable of generating forces and also move nickel rotors.

Apart from these well-known intracellular motion mecha-
nisms, the self-diffusion of cytoplasm-located enzymes has been
hypothesized to play a vital role for transduction of intracellular
signals.*’ However, there was no empirical demonstration of
these nontraditional enzymatic motions until very recently. In
this respect, Muddana and co-workers reported in 2010 a
catalysis-enhanced diffusion of urease enzyme,” which was
shown to be highly reliant upon substrate concentration
(Figure 1D). The same authors further confirmed these results
using both urease and catalase enzymes, where they observed
that the diffusion of free urease and catalase enzymes was not
only significantly enhanced by the turnover of their substrates
[(NH,),CO + H,0 — CO, + 2NH;, H,0, —» H,0 + 1/20,,
respectively] but also displayed preferential movement toward
increasing substrate concentrations, which should be regarded
as a different form of molecular chemotaxis.*

These findings have led to the harnessing of chemical energy
released by enzymes as a source of power for micro- and
nanomotors. Yet, the exact mechanism that underlies enzymatic
motion in fluids is not completely understood. Golestanian
suggested that the enhanced diffusion of enzymes could be
explained by a self-diffusiophoresis mechanism triggered by the

asymmetric release of products involved in the catalytic
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reaction, creating interfacial forces deipending on osmotic
gradients, charges, or other properties. *** This theory has
been further confirmed by Colberg et al,'” who reported that
self-propulsion forces of angstrom-sized molecules are
generated by different interactions of the enzyme with the
local gradient of products released. On the other hand, the
enhanced diffusion of single enzymes could also be attributed
to the conformational changes that play a critical role in
catalysis. This ghenomenon could result in stochastical
swimming.'***~* Recently, Pelz and co-workers" performed
a direct measurement of the energetic drive of substrate-
dependent lid closing in the enzyme adenylate kinase (ATP +
AMP — 2ADP) by using a single-molecule force spectroscopy
approach based on optical tweezers (Figure 1E).

The increase of temperature during catalysis is involved in
single-enzyme-enhanced diffusion. In this sense, Riedel et al.’
recently reported that the enhanced diffusion of enzymes is
related to the heat released during substrate turnover. Based on
their observations through fluorescence correlation spectrosco-
py analyzed within the framework of stochastic theory, these
researchers proposed a motion mechanism based on the
generation of an asymmetric pressure wave by the transient
displacement of the center-of-mass of the enzyme (chemo-
acoustic effect, Figure 1F). However, this is a topic of current
debate. In this regard, Golestanian has examined the role of
four different mechanisms (i.e., self-thermophoresis, boost in
kinetic energy, stochastic swimming, and collective heating) in
the temperature-driven enhanced diffusion of enzymes
observed by Riedel et al. In this work, it is concluded that
there is not enough evidence to assume that either self-
thermophoresis or a boost in kinetic energy is responsible for
the experimentally obtained values of effective diffusion. As an
alternative, he also proposes that the enhanced diffusion of
enzymes that catalyze exothermic reactions could be attributed
to a combination of (a) global temperature increase in the
sample container and (b) enhanced conformational changes
that can lead to a hydrodynamic enhancement of effective
diffusion coefficient.'® Although at present there is no
conclusive answer to this controversial discussion, fully
understanding the fundamental mechanism of the motion of
single enzyme is still rather critical for the development of
enzyme-powered micro/nanomachines. Sophisticated exper-
imental design will be highly desired in order to distinguish
those different effects described before, which will be helpful for
the future design and use of these enzymes as “nanoengines” to
power artificial systems.

DNA—Enzyme Motors. Biological functions are performed
by highly complex and hierarchical nanomachineries, namely,
motor proteins’®?’ and nucleic acids.® Based on these
molecular machines, researchers developed DNA-based motors
that can process information and execute transport over
considerable distances powered by enzymatic reactions.
Typically, these motors consist of single-stranded DNA or
RNA that is complementary to domains present along the
patterned tracks. The motion is controlled by cyclic reactions of
hybridization and hydrolysis between the DNA-based motor
and the track, recurring to restriction enzymes that
comprehend specific recognition sites in the hybridized
motor—track complex.''~'>>!15*

These motors may have applications as cargo transportation
devices or biosensors for highly sensitive and sequence-specific
nucleic acid assays. Despite their programmability and precise
control over the motion along a track,"*> DNA-based
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Figure 2. DNA-based micro/nanomotors powered and controlled by different classes of enzymes. (A) DNA rolling motor (a) with motion
powered by RNase H (b). Reprinted with permission from ref 13. Copyright 2015 Nature Publishing Group. (B) Control of cargo loading and
release by a pH-sensitive DNA switch using proton-producing/proton-consuming enzymes. Reprinted from ref 55. Copyright 2015 American

Chemical Society.

molecular machines’ velocity is limited to rates around 1 nm/
min due to compromises between its endurance and speed. To
tackle these problems, Salaita and co-workers' designed a
DNA-based walker that moves through a cog-and-wheel
mechanism (Figure 2A), which overcomes trade-off issues of
multivalent DNA motors and improves their velocity. Its
motion is due to a similar mechanism as referred to above, and
it is powered by the addition of RNase H. Its directionality is
based on a sequence of reactions of DNA complementary RNA
hybridization, hydrolysis by RNase H, and rehybridization with
new ssRNA, occurring with consumption of substrate (ssRNA)
as the motor rolls upon the track.

Li and co-workers™* engineered a patterned track and DNA
walker conjugated onto the same spherical particle, which
increased local effective concentrations of DNA. This motor
achieves motion through the hybridization of the walker with
the DNA substrate, followed by hydrolysis by a nicking
endonuclease.

The majority of DNA-based nanomachines are powered by
enzymes with nucleic acid affinity, such as nucleases, ligases,
polymerases, or nicking enzymes, but those represent only a
small fraction of the enzymes used to catalyze reactions in
nature. Recently, Ricci and co-workers®>*® employed different
classes of non-DNA-recognizing enzymes, namely, proton-
producing and proton-consuming enzymes, to control DNA-
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based nanodevices through pH-dependent DNA reactions. The
researchers demonstrated that a DNA switch could be
reversibly triggered into opening or closing states by reactions
catalyzed by non-DNA-recognizing enzymes. To do so, they
used a pH-dependent labeled switch®® and engineered the
protonation and deprotonation of the switch using glutathione
transferase (GST) (GSH + CDNB — GS-DNB + HCI) and
urease, respectively. Furthermore, they utilized enzymatic
reactions as a way to control the load and release of ligands
using urease to prompt cargo loading and trigger its release
(Figure 2B),* proving that enzymes can be a wide toolkit to
power biostructures.

Enzyme-Powered Micro/Nanomotors. Enzymes have
been used to power the motion of biologically occurring
structures. The ability of enzymes to provide sufficient driving
force to ?ro7pel larger synthetic structures has been
reported.”"*7™>? Sanchez and co-workers™ fabricated 400
nm diameter Janus hollow mesoporous silica nanoparticles
(HMSNPs, Figure 3A(a,b)), by coating either silica or metallic
element (Ni) onto one side of a monolayer of the particles
through electron beam evaporation (Figure 3A(c)). Three
different enzymes, catalase, urease, or glucose oxidase (GOx)
(p-p-glucose + O, + H,0 — gluconic acid + H,0,), were
conjugated onto one face of the particles. Upon addition of
corresponding substrates H,0,, urea, or glucose, all nano-

DOI: 10.1021/acsnano.6b04108
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Chemical Society. (B) Supramolecular assembly of the enzyme-driven polymeric stomatocyte nanomotors; inset is the TEM image of the
polymeric stomatocytes (scale bar: 200 nm). Reprinted from ref 14. Copyright 2016 American Chemical Society.

motors exhibited enhanced diffusion that the authors claim to
be generated by a chemophoretic mechanism. By utilizing an
optical trapping technique (Figure 3A(d)), the authors
measured a driving force around 60 fN applied on a catalase-
powered nanomotor (Figure 3A(e)).

Wilson and co-workers'* loaded enzymes, such as catalase or
catalase and GOx combination, into S00 nm supramolecular
stomatocytes (Figure 3B), achieving self-propulsion by gas
expulsion from a very small opening of these structures.
Enzymes were also employed to drive one-dimensional
nanoarchitectures. Feringa and co-workers™ claimed bubble
propulsion of glucose oxidase/catalase conjugated carbon
nanotubes (diameter = 20 nm) with addition of glucose and
oxygen. Gaspar and co-workers®"%? conjugated several
enzymes, including GOx, glutamate oxidase, xanthine oxidase,
horseradish peroxidase, and catalase, onto polypyrrole—gold
nanorods whose fuel-dependent enhanced diffusion behavior
was explained by self-electrophoresis based on a bioelectro-
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chemical mechanism (2H" + 2¢~ + H,0, — 2H,0; 20, —
20,°” + 2¢7). Such behavior was further utilized for substrate
sensing applications.”> Mano and Heller” coupled another
two-enzyme system: glucose oxidase and bilirubin oxidase, onto
a macroscale carbon fiber, which moved by bioelectrochemical
propulsion at the air—liquid interface when fueled with glucose,
resulting in the net bioelectrochemomechanical power-
generating reaction (f-D-glucose +1/2 O, — &-glucono-1,5-
lactone + H,0).

Sen and co-workers'® immobilized two individual enzymes,
catalase and urease, onto the whole surface of polystyrene
particles. The enhanced diffusion of these particles was
explained by a thermal effect due to exothermic enzymatic
reactions (Figure 4A(a)). Nevertheless, such a hypothesis needs
further investigation as pointed out by the authors. Stidler and
co-workers® also immobilized two enzymes, catalase and GOx,
onto one face of Janus silica particles, which also showed
enhanced diffusion properties (Figure 4A(b)). A long-standing

DOI: 10.1021/acsnano.6b04108
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challenge for utilizing micro/nanomotors as drug delivery
carriers is biocompatibility of the whole self-propelled system,
which encourages researchers to design enzymatic motors
consuming nontoxic fuels.'*1% Although the above-men-
tioned works successfully proved the feasibility of using these
biocompatible fuels to power micro/nanomotors, the drawback
of randomized movement due to Brownian activation makes it
hard to meet realistic applications. Very recently, Sanchez and
co-workers managed to construct a fully biocompatible
microcapsule motor based on Janus hollow mesoporous silica
spheres with an average diameter of 2.3 ym (Figure 4B(a)).
The capability of long-range movement (>100 um), with
considerable velocity (>10 ym s™') for long time at
physiological concentration of urea, makes it a promising
candidate for potential biomedical applications.”® The urea-
powered hollow microcapsule motor demonstrated directional
self-propulsion driven by a phoretic mechanism, which
provided experimental evidence for the theoretical hypothesis
given by Golestanian and co-workers that asymmetric
distribution of enzymatic reaction products could lead to
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phoretic motion (electrophoresis, diffusiophoresis, or osmio-
phoresis) of enzyme-conjugated Janus micro/nanoparticles
(Figure 4B(b))."* However, for the self-propulsion behavior
in the form of enhanced diffusion, in addition to the phoretic
mechanism, other effects of enzymatic reactions, such as global
temperature increase and conformational changes, might also
increase the inherent Brownian motion, leading to enhance-
ment of the effective diffusion coefficient of the motors.
Following the classic self-propulsion system based on Pt/
H,0,, researchers initially used catalase to replace Pt. For
instance, Sanchez and co-workers first immobilized catalase into
the tubular micromotor (length of 25 um) by covalent linkage
and achieved ultrafast movement by bubble propulsion (Figure
4C(a)).”” They improved self-propulsion efficiency by utilizing
enzymatic reactions compared to Pt/H,0, system. Similar
strategy was employed by other research groups, including He
and Wang, to fabricate bubble propulsion tubular micro-
motors,”*””" where they demonstrated proof-of-concept
applications, including active drug delivery toward cells,*
water quality testing,”” toxin sensing,”’ and decontamination”"

DOI: 10.1021/acsnano.6b04108
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applications. Besides tubular micromotors, which can generate
bubbles through one-dimensional confinement, catalase was
conjugated onto one side of Janus particles, as well. With a
rough surface (Figure 4C(b))°*” or a relatively large size (>10
um) (Figure 4C(c))">7? at the biocatalytic face, oxygen bubbles
could generate quickly and push the motors toward the non-
enzyme side. Catalase-based enzymatic motors by a bubble
propulsion mechanism can achieve directional movement with
extremely high velocity up to hundreds of micrometers per
second, more than 10 times higher than the phoretic motion of
micromotors such as urea-powered microcapsule motors, but
biotoxicity and high oxidative activity of H,O, fuel limited these
motors’ realistic applications, especially in the biomedical field.

Enzyme-based nano/micromotors have shown, for catalase
enzyme, high efficiency compared to that with Pt-based
counterparts. That effect was observed in tubular microjets67
and in stomatocyte nanocapsules.'* The high efficiency of
enzyme-based micro/nanomotors could be attributed to the
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high catalytic rate of the catalase enzyme and the fact that
enzymes were confined into the cavities of the micro/
nanomotors, where products accumulate and are thereafter
expelled through the openings of the motors as nozzles or jets.

To achieve external control on the movement of micro/
nanomotors, Sen and co-workers demonstrated one-dimen-
sional guidance of single-enzyme motors (catalase, urease)* and
enzyme-conjugated micromotors in a microfluidic setup
(Figure SA).'® The enzymatic motors prefer to move toward
the high concentration region of the substrate through
collective behavior of chemotaxis. Furthermore, computational
models have been developed using surface-bound enzymatic
reactions to organize structures in solution.”* Another common
strategy is remote magnetic guidance. Researchers accom-
plished directional guidance by incorporating magnetic
element, such as Fe or Nij, into the motors’ structure. Remote
control on the orientation of the enzymatic micromotors was
readily available by applying a magnetic field (Figure SB-

DOI: 10.1021/acsnano.6b04108
ACS Nano 2016, 10, 9111-9122

132 | Enzyme Powered Nanomotors Towards Biomedical Applications



ACS Nano
A 0 Glucose oxidase
Catalase_ Glucose 4
Spacer ¥ Spacer
+ © Tracer particles peee
l [
Catalase
Immobilized .c,alalaso H.O, % 0+0 Triggered pumping
on surface 22
B Thermal Buoyancy c Spacer
Low T Less dense '_,0-1-1--1—0\_ '_.4--5--&-&0-
fluid Tracer particles ' . * dATP in buffer
R {4-0" (with Mg®*)
PEG-coated glass slide Auv-functionalized
High T DNA-Polymerase
Solutal Buoyancy Au-functionalized
PEG-coated glass slide DNA-Polymerase
Lowp I \ /
ettt P atianas ~— dATP in buffer
More dense Tracer particles 4 . (with Mg™)
uid e e R A e
Enzyme Patiern
High p

Spacer

Figure 6. Fluid flow induced by enzymatic pumping and enzymatic pumps as environmental sensors. (A) Schematic design of an enzymatic
pump setup is presented: the enzyme is conjugated onto a gold pattern through a SAM, and tracer particles of a known size are used to
determine the fluid flow. Reprinted with permission from ref 17. Copyright 2014 Nature Publishing Group. (B) Proposed mechanisms of fluid
convection in enzyme-powered micropumps. Reprinted with permission from ref 80. Copyright 2016 Proceedings of the National Academy of
Sciences of the United States of America. (C) Inverted setup is presented, giving insight into the pumping mechanism. Reprinted from ref 78.

Copyright 2014 American Chemical Society with permission.

B(b)).>”%*7* In addition to directional guidance, Sanchez and
co-workers® realized velocity manipulation by tuning the
enzymatic activity of urease with addition of enzyme inhibitors,
such as Hg** or Ag' ions (Figure 5B(a)). Enzyme inhibition
property was also utilized for water quality sensing through
direct observation of the inhibited motion behavior of bubble
propulsion microtubular motors.*””!

Enzymatic Micropumps. Nonmechanical micropumps
that can function without the need for an external power
source have great potential as active biosystems, but the use of
nonbiocompatible fuels hinders their applicability. Sanchez and
co-workers developed a nonmechanical, tunable, catalytic
micropump that operates by decomposing low concentrations
of hydrogen peroxide into water and oxygen, generating
bubbles that provoke fluid flow.”> A myriad of catalysts can
trigger hydrogen peroxide decomposition, among which are
most transition metals and enzyme catalase. However, it is a
toxic fuel, hindering this micropump’s applicability.

As discussed previously, single enzymes’ diffusion increases
in a concentration-dependent manner.”*’® Tethering enzymes
to a fixed surface permits the transfer of this force to the
surrounding environment, moving fluid as well as particles in a
directed fashion. In addition, these micropumps are activated
by the presence of specific compounds, such as substrate
molecules and cofactors, thus enabling the use of such devices
both as sensors and triggered micropumps.'”””

Sen and co-workers designed multiple triggered micropumps
with the flow rate tunable by analyte concentration.'””® First,
they used the wild-type of the enzyme T4 DNA polymerase,
which can switch the mode of action from polymerase to
exonuclease. In the case of the presence of a single nucleotide,
T4 DNA polymerase action is restricted and the primer strand
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is shifted back and forth while the enzyme incorporates and
removes nucleotides. By immobilizing this enzyme onto a self-
assembled monolayer (SAM), the researchers developed a
micropump with energy conversion efficiency (1077)7°
comparable to that in previously reported synthetic systems.”®
Later, they made use of a similar approach with ATP-
independent enzymes of distinct classes—catalase, urease,
lipase, and GOx, demonstrating the first examples of ATP-
independent enzyme-based pumps.'” The pumping ability of
each enzyme was assessed by injecting a substrate solution in a
sealed system containing tracer particles (Figure 6C),'””®
which were used to monitor the speed and directionality of
fluid flow. Interestingly, the convective flow in urease
micropump is reversed, contrary to that in the other
micropumps tested. Researchers pointed out that urea
decomposition products by urease catalysis are ionic, which
can increase the density of the fluid near the patterned surface,
causing it to spread along the glass and driving it away from the
pattern.’” They hypothesize catalysis-induced density-driven
convective flow as a mechanism for the directional fluid
pumping (Figure 6B). Furthermore, the same group proved the
applicability of such pumps as biomedical devices, demonstrat-
ing the triggered release of insulin in response to glucose
(Figure 6A)."

The applications of a self-powered enzyme-based micropump
go beyond the biomedical field. Recently, Sen’s group
demonstrated the use of urease and catalase pumps as sensors
for toxic substances. Enzymatic activity can be severely affected
in the presence of sufficient concentration of inhibitors, which
in enzyme-based micropumps affects the fluid flow, thus
translating into a signal of contamination. This demonstrates

DOI: 10.1021/acsnano.6b04108
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Table 1. Summary of Enzymatic Micro/Nanomachines

material (size) enzymes mechanism ref
single-enzyme NA ATPase rotation induced by conformational ~ 36—38,40
motors changes
urease catalysis-enhanced diftusion by 3
phoretic mechanism (plausible)
urease, catalase 4
catalase, urease, alkaline phosphatase, and chemoacoustic effect by exothermic
triose phosphate isomerase catalytic reactions
DNA-—enzyme single-stranded DNA (ssDNA) glutathione transferase/urease pH-sensitive switch activated by SS
nanomachines/ proton-producing/proton-
motors consuming enzymes
ssDNA restriction enzyme (Nt.Alwl) hybridization/cleavage cycles 52
DNA template T4 DNA polymerase (wild-type) nonreciprocal conformational 78
changes
DNA origami tile (100 nm X 70 nm) + ssDNA restriction enzyme Nt.BbvCI hybridization/cleavage cycles 12
gold nanoparticle coated with ssDNA restriction enzyme Nb.BvCI hybridization/cleavage cycles 54
DNA-coated spherical particle (@ = S or 0.5 ym) RNase H hybridization/hydrolysis cycles 13
enzyme-powered  Janus HMSNP (389 nm) catalase/urease/ GOx phoretic mechanism 15
nanomotors supramolecular stomatocytes (500 nm) catalase/catalase+GOx gas expelling 14
MWCNT (20 nm X 1 gm) catalase+GOx bubble propulsion 59
polypyrrole—gold (PPy—Au; 200 nm X 1.5—2 ym) GOx, glutamate oxidase (GluOx), xanthine  self-electrophoresis 61-63
nanorods oxidase (XOD); horseradish peroxidase
(HRP) + catalase; HRP
enzyme-powered  polystyrene particles (0.79 ym) catalase/urease collective heating 16
micromotors Janus silica particles (0.8 ym) catalase+GOx buoyancy effect (Archimedes law) 65
Janus mesoporous silica microcapsule (2.3 ym) urease phoretic mechanism 66
rolling up microtube (Au/Ni, 3 X 25 ym) catalase bubble propulsion 67
bovine serum albumin/poly-L-lysine (PLL/BSA) catalase bubble propulsion 68
multilayer tube (S ym X 20 ym)
PEDOT/Au tube (2 gm X 20 pm) catalase bubble propulsion 69,70
Janus poly(styrenesulfonate)/poly(allylamine catalase bubble propulsion 72
hydrochloride) (PSS/PAH) polymer capsule (8 ym)
Janus silica particles catalase bubble propulsion 73
enzyme-powered  plant (radish) tissue tube (1 mm X 7 mm) catalase+peroxidase bubble propulsion 71
macromotors carbon fiber (7 ym X 0.5—1 cm) GOx+bilirubin oxidase (BO) bioelectrochemical propulsion 64
enzyme-powered  SAM/gold pattern in PEG-coated glass surface catalase/urease/lipase/ GOx catalysis-induced density-driven 17
micropumps (@ = 6 mm) convective flow
SAM/gold pattern in PEG-coated glass surface T4 DNA polymerase (wild-type) nonreciprocal conformational 78
(@ = 6 mm) changes/ catalysis-induced
density-driven convective flow
SAM/gold pattern in PEG-coated glass surface catalase/urease catalysis-induced density-driven 81

(@ = 6 mm)

convective flow

the possibility of using these devices not only as drug delivery
systems but also as sensors and actuators for bioremediation.”"

CONCLUSIONS AND OUTLOOK

Enzymes are naturally presented as biological “engines” of
molecular machines in biological systems, which convert
chemical energy into mechanical motion in order to accomplish
different kinds of biofunctions. Enzymatic biocatalysis plays a
critical role in the energy conversion process, and therefore,
researchers have explored the fundamental mechanism of these
biocatalytic reactions and contributed considerable efforts to
unveil the motion mechanism of enzyme-powered molecular
motors. Recent results suggest that single enzymes have been
investigated as nanomotors exhibiting enhanced diffusion by
turning over corresponding substrate, but debate on their
motion mechanism is still under discussion. Through
combination with biological molecules (e.g, DNA) or organic
and inorganic micro/nanoarchitectures (eg, silica particles,
carbon fibers, metallic nanorods, microfluidic setup, etc.),
enzymes have been utilized to power micro/nanosystems as
self-propelled motors or pumps. Apart from catalase/H,O,-
based bubble propulsion, there is still a scientific need for
understanding the motion mechanism of enzyme-powered
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synthetic micro/nanomotors, in particular, enhanced diffusion
of nanomotors and directional/phoretic motion of micro-
motors. Current achievements of enzyme-powered micro/
nanomachines, both biological and synthetic, are summarized in
Table 1.

At present, enzyme-powered micro/nanomachines have been
proven to be useful tools in various proof-of-concept
applications, presenting possible solutions for many engineering
problems from different fields, such as environmental
protection, biosensing, and nanomedicine. Compared to
conventional inorganic catalyst-based catalytic motors, micro/
nanomotors powered by enzyme-based biocatalytic reactions
are advantageous considering the biocompatibility of enzymes
as well as versatile choices of enzymes/fuels in nature, which
allows for future development of biocompatible propulsion
micro/nanosystems. Especially, the recent achievement of
biocompatible fuel-powered micro/nanomotors has aroused
significant attention for the potential of using natural substrate-
powered micro/nanomotors as active drug delivery systems in
physiological conditions. However, the stability and sensitivity
of enzymes toward the environment conditions, such as pH,
temperature, and poisonous chemicals, are disadvantages for
enzyme-powered micro/nanomotors. Moreover, other chal-

DOI: 10.1021/acsnano.6b04108
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lenges in a biological environment, including high viscosity,
strong flow, and component complexity of biological fluids,
need to be overcome in the near future. Nevertheless, the field
of enzyme-powered micro/nanomachines has been undergoing
a quick growth and attracted increasing interests, wherein
further advancement requires collaboration from multiple
disciplines, including physics, biology, chemistry, and engineer-
ing.
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VOCABULARY

synthetic micro/nanomachines, man-made micro- and nano-
scale devices capable of performing assigned tasks; molecular
machines, molecular components assembled to produce
mechanical work in response to specific stimuli; biocatalytic
energy, energy obtained through biological conversion of
chemically free energy; propulsion, force that provokes
motion; enzymatic catalysis, increase on the rate of a given
reaction caused by the active site of a protein; micro/
nanomotors, micro- and nanoscale devices capable of
converting energy into active motion
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ABSTRACT: The motion of self-propelled tubular micro-
and nanojets has so far been achieved by bubble
propulsion, e.g., O, bubbles formed by catalytic decom-
position of H,0,, which renders future biomedical
applications inviable. An alternative self-propulsion mech-
anism for tubular engines on the nanometer scale is still
missing. Here, we report the fabrication and character-
ization of bubble-free propelled tubular nanojets (as small
as 220 nm diameter), powered by an enzyme-triggered
biocatalytic reaction using urea as fuel. We studied the
translational and rotational dynamics of the nanojets as
functions of the length and location of the enzymes.
Introducing tracer nanoparticles into the system, we
demonstrated the presence of an internal flow that extends
into the external fluid via the cavity opening, leading to the
self-propulsion. One-dimensional nanosize, longitudinal
self-propulsion, and biocompatibility make the tubular
nanojets promising for future biomedical applications.

Researchers have fabricated multiple micro/nanomotors that
mimic natural systems' and are capable of converting
chemical energy into kinetic energy for self-propulsion.” Tubular
catalytic motors have been demonstrated as versatile “on-the-fly”
microsystems for various proof-of-concept applications, such as
heavy metal capture® or water remediation,” cargo loading and
transportation,” drug delivery,’ sensing,” and as microdrillers for
minimally invasive surgery.” Almost all the current tubular
motors are driven by a bubble propulsion mechanism on the
micrometer scale. Usually, an inorganic catalytic component, such
as platinum,é’9 silver,'® or MnO,,"" is included inside the tubes to
trigger decomposition of hydrogen peroxide (H,0, — H,0 +
!/,0,). Alternatively, catalase enzyme has been used as an organic
catalyst to efficiently provide self-propulsion by decomposing
much lower concentrations of H,0,.””'? The underlying
mechanism involves the formation and continuous ejection of
oxygen bubbles from the tubular confinement, provoking motion
in the opposite direction.

Before now, there have been two major strategies for the
fabrication of tubular motors. One is the “rolling-up” method
based on clean-room photolithography and electron-beam
evaporation techniques, which can produce tubular structures
with sizes from sub-micrometer up to 30 ym diameter and from

A -4 ACS Publications  ©2016 American Chemical Society

2S5 ym to 1 mm length.s""%’13 Clean-room-free “rolling-up”
methods have been also reported.'* The other method is
electrochemical deposition on porous membranes (ALO; or
polycarbonate),”"”* which produces microtubes from 2 to 5 ym
diameter. Until now, only a very few works have reported
nanotubular motors, all of them using high concentrations of
H,0, as fuel and surfactant to reduce the surface tension.*'*'* A
cheap and facile fabrication method that could be scaled-up,
enabling a metal-free nanoarchitecture, is sought. Biofriendly
processes such as enzyme catalysis can provide mechanical force
to drive micro/nanostructures, with great potential for bio-
compatible self-powered systems.'® We previously demonstrated
that enzyme-based silica micromotors show biocompatibility
against HeLa cells.'® Additionally, a bubble-free propulsion
mechanism would avoid accumulation of gas bubbles in the fluidic
environment, which is advantageous for future in vivo biomedical
use.

Herein, we present ultrasmall tubular silica nanojets (220 nm
diameter on average) that are self-propelled by enzymatic
reactions. The nanojets are powered by the turnover of urea
substrate (at physiological concentrations) triggered by enzyme
urease (urea — NHj(,q) + COz(aq)). The reaction products,
ammonia and carbon dioxide, are formed inside the nanotubes
(NTs), generating internal flows that extend into the external
space via the tube opening. This generates a thrust longitudinally
that maintains the directional movement of the nanojets by a
“jetting effect”.'” The existence of a flow was supported by
analyzing tracer nanoparticles (NPs) expelled from the back side
of the nanojets.

The silica nanotubes (SNTs) were fabricated by using silver
nanowires (AgNWs, 115 nm X 50 ym) as the templates on which
a thin layer of silica was grown by sol—gel chemistry.® The silica-
coated AgNWs (AgNW@SiO,) (Figure S1a) were then broken
down into shorter segments by sonication for 3 h (see details in
the Supporting Information (SI)). After removal of the AgNW
templates by etching in aqua regia overnight, the SNTs were
obtained (Figure S1b,c). We functionalized the SN'Ts with amine
groups (-NH,) by grafting, yielding SNT-NH,. The amine groups
on SNT-NH, were detected by fluorescamine, which upon
reaction with primary -NH, exhibit fluorescent emission at 477
nm (Figure S2a). Zeta-potential measurement showed that the

Received: July 3, 2016
Published: October 9, 2016

DOI: 10.1021/jacs.6b06857
J. Am. Chem. Soc. 2016, 138, 13782—-13785

138 | Enzyme Powered Nanomotors Towards Biomedical Applications



Journal of the American Chemical Society

Communlcatlon

surface charge of the SNT's changed from —39 + 11to 44 + 11 mV
for SNT-NH,, proving the success of surface functionalization
with amine groups (Figure S2b). We further conjugated enzyme
(urease) onto the surface of the SNTs by using glutaraldehyde as a
linker molecule,'** yielding SNT-urease (Figure la). We
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Figure 1. (a) Schematic illustration of the fabrication of urease-
conjugated silica tubular (SNT-urease) nanojets. (b) Typical SEM image
of the SNTs. (c) Fuel-dependent average velocity of SNT-urease with an
average length of 10 ym. Error bars indicate standard error of the mean, N
=10.

confirmed the enzyme conjugation by using a protein staining
kit to visualize the presence of urease on the SNT-urease, as
indicated by red fluorescence color in Figure $3.'° A typical
scanning electron microscopy (SEM) image of a SNT is
presented in Figure 1b, and its quasi-transparent tubular structure
in the inset image. The average diameter of the SNT's, determined
from SEM images, is D = 220 + 24 nm (average + standard
deviation, N = 30). The length of the NT's ranges from 3 to 40 ym
and can be controlled by using different templates, centrifugation,
and variable sonication times. When the enzymatic nanojets were
placed in solution containing urea, we observed directional self-
propulsion along the longitudinal axis (Video S1). The average
velocity of tubular nanojets with an average length of ~10 yim (9—
13 ym) showed a fuel-dependent increasing trend, which fits well
with the Michaelis—Menten enzymatic kinetics, reaching a
plateau at 25 mM (Figure 1c). The close correlation between
velocity and enzymatic activity suggests that the biocatalytic
reaction provides mechanical power for the motion of the
nanojets.

In the absence of urea, the nanojets exhibited only Brownian
motion (Figure S4 and Video S2). The translational diffusion
coefficient (D,) retrieved from a mean-square displacement
(MSD) plot (MSD = 4D,At for two-dimensional case) fits well
with the theoretical calculation (inset of Figure 2b).'* Upon
addition of urea (100 mM), the nanojets showed longitudinal self-
propulsion. Snapshots of tracking trajectories of the self-propelled
nanojets of three different lengths (3.17, 5.42, and 18.03 ym) are
presented in Figure 2a (Video S3). We characterized the motion
of the nanojets by quantifying the velocity (V), measuring the
longitudinal displacement (AL) within a given time (At), as V =
AL/At. We found a decreasing trend of the velocity with
increasing length of the nanojets (Figure 2b). We further analyzed
the rotational diffusion of the nanojets by automatic tracking of
the orientation angle (6) of the nanojets, as shown in Video S1
and Figure S5a. The plot of mean square angular displacement
(MSAD) was calculated to retrieve the effective rotational
diffusion coefficient D, (eff) by the equation MSAD = 2D, (eff) At
in the one-dimensional case, as shown in Figure SSc.
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Figure 2. Dynamics of urease-powered tubular nanojets. (a) Schematic
illustration and tracking trajectories of the tubular nanojets with varied
lengths. Variation with tubular nanojet length of (b) longitudinal average
velocity in yem s™" (inset is Brownian translational diffusion coefficient,
D,, of the nanojets without fuel; dashed line is theoretical value of D,), (c)
body lengths in s, and (d) effective rotational diffusion coefficient
(D,(eff)) with (100 mM) and without (0 mM) fuel (dashed line is
theoretical value of Brownian D,). (&) Angular autocorrelation of the
three nanojets shown in (a). Error bars indicate standard error of the
mean, N = 10.

In the absence of fuel, the rotational diffusion of the nanojets
was only due to Brownian motion, consistent with the theoretical
calculation (dashed line, Figure 2d).” In the presence of urea, the
tubular nanojets showed enhanced rotational diffusion, in
particular when their length was <10 m. However, the rotational
behavior was stabilized and angular changes decreased when the
length of the tubular motors was >10 um. To learn more details
about the orientation change with time of three distinct nanojets,
we analyzed their angular autocorrelation (cos(Ad)) for a period
of 8 s, where A@ is the angular change compared to their initial
orientation,” as plotted in Figure 2e. A quickly changing
autocorrelation value indicates a fast rotation of the nanojets,
whereas a constant value close to 1 is associated with a stable
orientation. The frequency of angular change for the nanojet of
length 3.17 pm is substantially higher than that for the 5.42 pm
one (green and red lines, respectively). A nanojet of ~18 ym (blue
line) maintains an undisturbed angular correlation for the
represented time.

To identify the driving force of the nanojets, we selectively
functionalized urease inside (SNT-Urease-I), outside (SNT-
Urease-O), or all over the nanotube (SNT-Urease-A), as
presented in Figure 3a (see experimental procedures in the SI).
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Figure 3. Enzyme location-dependent motion behavior. (a) Schematic
illustration of SN'T-urease with enzyme all over (SNT-urease-A), inside
(SNT-urease-1), and outside (SNT-urease-O) the nanotube, and
corresponding SEM images. (b) Longitudinal average velocity of the
three nanotubular motors with average length of 20 ym. (c) Rotational
diffusion of the three nanotubular motors with average length of 5.5 ym.
Error bars indicate standard error of the mean, N = 10.

The presence of urease on the external surface of the samples of
SNT-Urease-A and SNT-Urease-O was seen in the SEM images
(Figure 3a), while smooth bare silica was observed for SNT-
Urease-I. The protein concentration conjugated to the different
types of NTs was evaluated using a Coomassie Brilliant Blue-
based protein quantification kit (Figure S10a). Furthermore, the
enzymatic activity of the three urease-conjugated tubular nanojets
was evaluated according to a previously reported method,'*
indicating that the immobilized enzymes on all three nanojets
were active (Figure S10b).

The effect of enzyme location on the dynamics of the three
types of nanojets with average length of 20 um was analyzed
(Figure 3b). Although all three nanojets were biocatalytically
active, only SNT-Urease-A and SNT-Urease-I demonstrated
longitudinal self-propulsion (Video S4). In contrast, SNT-
Urease-O showed only Brownian motion. These results evidence
that the longitudinal self-propulsion of the tubular nanojets
should be attributed to the enzymatic reaction taking place inside
the NTs. SNT-Urease-A has the highest velocity among the three
tubular nanojets, implying that the enzymatic reactions on the
external surface might contribute to enhancing the longitudinal
velocity. The change from silica/H,O molecules on a nonactive
surface into a much more complex situation, where interactions
between multiple molecules (e.g., biocatalytic products) and the
enzymatically active surface of SNT-Urease-A were taking place,
might alter the interfacial tension and possibly decrease resistance
to self-propulsion, leading to velocity enhancement. We tracked
tracer NPs located near the nanojets and found that those were
“attracted” toward the outer surface, implying a flow field on the
surface of the nanojet. Similarly to the enzymatic micropumps
reported by Sen et al,”' the enzymatically active outer surface
would create density-driven convective flows that can be
indirectly observed by the “trapping” effect of tracer NPs along
the tube surface (see details in Figure S11 and discussion in the
SI). Such an external flow field might also contribute to the
velocity enhancement for the SNT-Urease-All. However, further

in-depth investigation is needed before reaching a conclusive
understanding of this phenomenon.

We further analyzed the rotational behavior of the three kinds
of nanojets with an average length of 5.5 ym, at which an obvious
nonbalance effect was observed. SNT-Urease-A and SNT-
Urease-O showed 3 times higher rotational diffusion coefficients
compared to SNT-Urease-l (Figure 3c), suggesting that the
enzymatic reaction on the external surface of the tubular nanojets
indeed enhanced their rotational diffusion.

The biocatalytic nanojets act as jet engines as they generate
thrust from their cavity, releasing a jet of fluid backward (in this
case the products of the enzymatic reaction). Before now, this
jetting force provided by catalytic microjets has been caused by
bubble generation. In the current work, the products do not
generate visible bubbles, yet they induce enough propelling force
to move the nanojets forward. This jet of liquid has been studied
using a suspension of tracer NPs with the nanojets (Figure 4 and

a)

Propulsion Foree (107 N)

Length (um) X (um)

Figure 4. Nanopropulsion from internal flows. (a) Video snapshot of a
self-propelled nanojet (green track) expelling a tracer NP (blue tracking
trajectory). (b) Propulsion force of the nanojets calculated by eq 2, based
on the velocityvalue in Figure 2b. (c) Tracking trajectory of the tracer NP
indicates the directional motion of the tracer NP instantly pushed by the
repulsion force originated from the internal flow.

Video S5). The tracking trajectory is presented in Figure 4a. At
low Reynolds numbers, the propulsion force (F,,) is equal to the
drag force (deg) applied on the tubular nanojets,”* as indicated in
Figure 4a. We approximated the dynamics of the tubular nanojets
by using the Stokes’ drag equation for nanorods,”>**

= 2mulV
3 " 15(2L/R) — 0.72 (1)

where p is viscosity and R, L, and V are radius, length, and velocity
of the nanorods, and we calculated the drag force applied on the
tubular nanojets based on the velocity results presented in Figure
2c¢. As shown in Figure 4b, the drag force ranges from 80 to 150 fN.
When the NPs were not affected by the flow field of the active
nanojets, they demonstrated only randomized Brownian motion
(blue trajectory) without any given directionality. The tracer NPs,
once in the vicinity of the rear opening of nanojets, were repelled
and pushed away, which clearly evidenced the internal flow of the
biocatalytic products (Figure 4c). We measured the length (AL =
4.07 ym) and time interval (At=0.21 s) of the directional motion
range of the specific tracer NP in Figure 4a and calculated the
instantaneous velocity of the tracer NP as V= AL/At=19.38 ym
s™. By Stokes’ drag law for an active spherical particle in fluid,
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F = 67uRV (2)

where p is viscosity and R and V are radius and velocity of the
particle, we calculated the drag force (Fd,ag(NP) =124 N) during
the directional motion range, which can be used to approximate
the repulsion force FrEP(NP) applied on the tracer NP. The length
and the longitudinal velocity of the specific tubular nanojet shown
in Figure 4a are L = 6.93 ym and V= 9.58 ym s~ . Thus, the drag
force (propulsion force) for the specific tubular nanojet was found
to be Fdrag(jet) = FProp(jet) =134 N (by eq 1), which agrees with
the repulsion force (or drag force) of the tracer NP found
experimentally. These results prove that the motion of the tubular
nanojets can be attributed to active flow of the enzymatic reaction
products, providing a new mechanism for tubular motors besides
the current bubble propulsion mechanism.

In summary, we fabricated a self-propelled tubular nanojet
driven by a bubble-free propulsion mechanism. In contrast to
most tubular motors based on bubble propulsion by decom-
position of H,0,, the mechanical power is generated by
enzymatic decomposition of biofriendly urea substrate that
does not generate visible bubbles. We observed that not only
enzymes inside but also those located outside the nanojets
contribute to the self-propulsion. Considering the small
dimension and biofriendly motors and fuel, these nanojets hold
great potential for use in biomedical fields. To control their
motion, the use of external sources will be necessary as well as the
study of the collective behavior of nanojets. Further experimental
and theoretical studies will be performed to better understand the
non-bubble propulsion mechanism.
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ABSTRACT: The introduction of stimuli-responsive cargo
release capabilities on self-propelled micro- and nano-
motors holds enormous potential in a number of
applications in the biomedical field. Herein, we report
the preparation of mesoporous silica nanoparticles gated
with pH-responsive supramolecular nanovalves and equip-
ped with urease enzymes which act as chemical engines to
power the nanomotors. The nanoparticles are loaded with
different cargo molecules ([Ru(bpy);]Cl, (bpy = 2,2"-bipyridine) or doxorubicin), grafted with benzimidazole groups on
the outer surface, and capped by the formation of inclusion complexes between benzimidazole and cyclodextrin-modified
urease. The nanomotor exhibits enhanced Brownian motion in the presence of urea. Moreover, no cargo is released at
neutral pH, even in the presence of the biofuel urea, due to the blockage of the pores by the bulky
benzimidazole:cyclodextrin-urease caps. Cargo delivery is only triggered on-command at acidic pH due to the
protonation of benzimidazole groups, the dethreading of the supramolecular nanovalves, and the subsequent uncapping
of the nanoparticles. Studies with HeLa cells indicate that the presence of biofuel urea enhances nanoparticle
internalization and both [Ru(bpy);]Cl, or doxorubicin intracellular release due to the acidity of lysosomal compartments.
Gated enzyme-powered nanomotors shown here display some of the requirements for ideal drug delivery carriers such as
the capacity to self-propel and the ability to “sense” the environment and deliver the payload on demand in response to
predefined stimuli.

Self-propulsion Intracellular

cargo re!ease_,_,.

Extracellular environment Lysosomes
nanomotor (pH 7.5) (pH 4.5-5.5)

KEYWORDS: nanomotors, drug delivery, controlled release, nanocarriers, enzymatic catalysis, stimuli-responsive nanomaterials,
gatekeepers

and multidisciplinary research topic that may lead to
revolutionary advancements in different areas such as
medicine, sensing, and environmental science.' ™ Researchers
have developed microscale motors capable of in vivo treatment

aqueous environment and to deliver the drug on-command

D evelopment of micro- and nanobots is an ambitious design of advanced nanoparticles able to self-propel in an

holds great potential to improve classical treatments. Propulsion

of stomach infection,’ targeted navigation in intestines,’ Received: August 23, 2019
penetration of the vitreous body of the eye,® cell manipulation,’ Accepted: October 3, 2019
and drug loading and delivery.10 In the field of drug delivery, the Published: October 3, 2019
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Figure 1. Schematic illustration of the fabrication and performance of enzyme-powered stimuli-responsive nanomotors. (a) Schematic of the
fabrication process. Nanomotors consist of mesoporous silica nanoparticles loaded with a cargo (a dye or a drug), functionalized with
benzimidazole groups on the outer surface, and capped with cyclodextrin-modified urease. (b) These biocatalytic nanomotors exhibit enhanced
Brownian motion due to the enzymatic conversion of urea and release their cargo at acidic pH through the dethreading of the supramolecular
nanovalve. (c) 3D confocal microscopy reconstruction of a cell with internalized nanomotors. Different signals corresponding to WGA
membrane marker (green), DNA-marker Hoechst 33342 (blue), and dox (red).

can be achieved using different approaches such as the use of
light,“’12 magnetic fields,">'* and ultrasounds'®'® or by
cata.lysis.1 '8 In recent years, several proof-of-concept studies
regarding the use of nanoscale motors in drug delivery have been
conducted.'””” Wang and co-workers reported porous gold
nanowires of 1.8 ym in length that were propelled by
ultrasounds and released doxorubicin (dox) around cells upon
light irradiation.”" Ultrasound-propelled nanorod motors have
also been used to deliver therapeutic caspase-3 and Cas9
proteins.”»** He’s team developed layer-by-layer chitosan-
alginate-Pt nanotubes with a length of 8—10 ym that propelled
in 3% H,0,, attached to the outer surface of HeLa cells and
released dox upon sonication.”* Additionally, H,0,-fueled Janus
platinum-mesoporous silica nanomotors loaded with model
cargos have also been reported.”® On the other hand, Wilson’s
group developed Pt-nanoparticle loaded stomatocytes that
propelled by converting H,0, and released dox upon
degradation.”®”” Notwithstanding, the employment of toxic
fuels such as H,0, or hydrazine limits the use of these systems in
realistic biological environments.”**’ In the quest for alternative
fuels and catalysts, the use of enzymes that can act as engines™° to
propel micro- and nanostructures has been regarded as an
excellent and versatile alternative,>’ ~>* and several studies have
reported autonomous motion of enzyme-driven micro-
objects,34_41 metallic nanorods,*” nanoparticles,4"’_45 and
polymeric structures.**™*

Another important issue when designing drug delivery
systems is the possibility of “reading” information from the
environment and delivering the cargo at-will upon the presence
or application of a specific stimulus.’®>* This contrasts with
passive delivery systems in which cargo release is achieved by
simple diffusion and/or by the slow degradation of the carrier.
Among potential nanocarriers, mesoporous silicas are highly
appealing since they offer advantageous properties such as easy
synthesis, large specific surface area, high loading capacity, and

7

12172

biocompatibility.> Moreover, the possibility of attaching
“molecular gates” (also known as nanovalves or gatekeepers)
on the external surface allows designing gated materials that
ideally show “zero” release until an external stimulus is
present.”*">® A wide variety of gated materials able to respond
to different stimuli (such as light, temperature, magnetic fields,
pH, molecules, and biomolecules)*’ >’ have been developed
and applied in controlled drug delivery®’~®* and communication
protocols.”* ™%

Mesoporous silica has already been tested as a scaffold for the
preparation of enzyme-powered microcapsules,®™*” tubular
jets,*® Janus Pt-based motors,”** and enzyme-powered nano-
particles.*”** Recently, light-propelled Janus mesoporous silica
nanomotors modified with macrophage cell membrane have
been shown to percolate into cancer cells.”” Mesoporous silica-
based nanomotors have also been loaded with drugs and
presented enhanced diffusion when exposed to fuel, resulting in
enhanced drug release kinetics.*> However, in previously
reported examples, the pores of mesoporous silica were not
gated and a sustained unspecific cargo release was observed,
limiting somehow their potential application since a non-
negligible amount of drug would be released before reaching the
target location. In this scenario, it is apparent from the literature
that enzyme-powered gated mesoporous silica nanomotors able
to deliver the payload at-will have not yet been developed. In
fact, the advantages of combining self-propulsion abilities and
stimuli-responsive delivery systems, when compared to passive
drug carriers, are immediately obvious; this constitutes the basis
of vehicles with a continuous driving force able to “read”
information (i.e, the stimulus) from environment and act
accordingly, for instance releasing on-demand a certain drug.

Herein, we present the design, preparation, and character-
ization of enzymatic nanomotors based on mesoporous silica
gated with pH-responsive supramolecular nanovalves. The
design of the nanomotor is depicted in Figure 1. It consists of
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Figure 2. Materials characterization. (a) SEM image of the starting mesoporous nanoparticles (S0). (b) N, adsorption—desorption isotherms of
S0 and dye-loaded nanoparticles (S1). (c) The ¢ potential distribution for each preparation step: initial S0, loaded and functionalized S1, and
capped S1y. (d) STEM-EDX mapping of different atoms for S1,;: Si and O attributed to the silica scaffold, Ru corresponding to the cargo, and S

ascribed to enzymes.

mesoporous silica nanoparticles, functionalized with benzimi-
dazole groups, loaded with a dye or a model drug (i,
[Ru(bpy);]CL, bpy = 2,2'-bipyridine, or dox) and capped with
cyclodextrin-modified urease (CD-U) via the formation of
inclusion complexes between CD-U and the benzimidazole
moieties. Urease units allow the enhanced Brownian motion of
nanoparticles in the presence of urea as biofuel. At the same
time, the benzimidazole:CD-U nanovalves act as bulky caps that
prevent cargo release at physiological pH, whereas cargo delivery
is observed at acidic pH due to protonation of the benzimidazole
groups and the subsequent dethreading of the benzimidazo-
le:CD-U inclusion complexes. Studies with HeLa cells show that
the nanomotors enhance internalization in the presence of the
urea biofuel and the payload is released upon cellular uptake due
to the acidic environment of the lysosomes.

Nanoparticles Synthesis and Characterization. MCM-
41-type mesoporous silica nanoparticles were synthesized by
hydrolysis and condensation of tetraethyl orthosilicate (TEOS)
in aqueous media basified with triethanolamine and using
cetyltrimethylammonium bromide (CTAB) as structure-direct-
ing agent (see Methods section for details). The CTAB
surfactant was then removed by acidic extraction in methanol,
which yielded the starting mesoporous nanoparticles (S0).
Then, the process of nanomotor assembly proceeded as
schematized in Figure la. First, the nanoparticles were
suspended in an acetonitrile solution containing the dye
[Ru(bpy);]CL, in order to load the pores by stirring overnight.
Next, 3-iodopropyltrimethoxysilane was anchored on the outer
silica surface by reaction with silanol groups. In a further step,
nucleophilic substitution between the grafted iodopropyl
moieties and benzimidazole yielded the benzimidazole-
functionalized solid S1. Finally, cyclodextrin-modified urease
(CD-U) (prepared following a previously reported proce-
dure)”® was added to an aqueous dispersion of S1 nanoparticles
at pH 7.5 in order to cap the pores via the formation of inclusion
complexes between benzimidazole and cyclodextrin groups. The

solid was collected by centrifugation and thoroughly washed
with phosphate buffer, yielding the final enzyme-powered gated
mesoporous silica nanomotors S1yy.

Scanning electron microscopy (SEM) images of SO (Figure 2a
and Figure SI-1) confirmed the formation of the nanoparticles
with good monodispersity in size and a spherical shape. From
statistical analysis of SEM images, a diameter of 418 + 21 nm
was determined (average size + standard error of mean (s.e.m.),
N = 200) for the starting mesoporous nanoparticles. Such
nanomotor size was selected since it allows reliable motion
tracking by optical microscopy, avoiding the challenges of
observation of smaller nanoparticles. Notwithstanding, the
fabrication of sub-100 nm nanomotors with stimuli-responsive
cargo release is appealing for drug delivery and will be
investigated in future works. The powder X-ray diffraction
(PXRD) pattern of SO showed the typical (100) reflection peak
around 2.3° characteristic of MCM-41-type mesoporous
materials (Figure SI-2).”" The preservation of this characteristic
peak in the PXRD pattern of S1 confirmed that loading and
functionalization processes did not damage the three-dimen-
sional (3D) mesoporous structure. Furthermore, from N,
adsorption—desorption isotherms (Figure 2b), a specific surface
area of 1195 cm*g™" for SO was calculated by applying the
Brunauer—Emmett—Teller (BET)”*> model. Pore diameter and
pore volume were found to be 2.44 nm (Figure SI-3) and 0.80
cm®g™!, respectively, by using the Barret—Joyner—Halenda
(BJH)”® model on the adsorption branch of the isotherm. For S1
nanoparticles, volume of adsorbed N, decreased due to the
filling of pores with the dye, and the specific surface area and
pore volume reduced to 392 cm®g™' and 026 cm?g7},
respectively. We also monitored the fabrication process by {
potential and hydrodynamic diameter using electrophoretic
mobility and dynamic light scattering (DLS) measurements.The
¢ potential changed from —40 mV for SO to —10 mV for the
benzimidazole-functionalized solid S1, due to the attachment of
organic groups to the surface (Figure 2c). For the final
nanomotor Sly, the surface charge changed from —10 to —50
mV. Urease has an isoelectric point of ca. 5.1 (pH at which the

12173 DOI: 10.1021/acsnano.9b06706
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Figure 3. Analysis of the motion capability of the stimuli-responsive nanomotors (S1y). (a) Representative tracking trajectories of the
nanomotors during 15 s with different urea concentrations. (b) Diffusion coefficient of nanomotors obtained by optical tracking at different
urea concentrations (N = 20, error bars represent s.e.m.). Superscripts denote statistically significant differences compared to diffusion at 0 mM
of urea, with (*) p < 0.05 and (***¥) p < 0.0001 (ANOVA test). (c) MSD of nanomotors in PBS without and with urea (300 mM) in PBS (N =
20, error bars represent s.e.m.). (d) Diffusion coefficient in PBS (N = 20, error bars represent s.e.m.). Superscripts indicate statistically
significant differences compared to diffusion at 0 mM of urea, with (¥) p < 0.05 and (****) p < 0.0001 (ANOVA test). (e) Apparent
hydrodynamic diameter of nanomotors obtained by DLS without (black) and with urea (red, 300 mM) in water (continuous lines) and in PBS

(dashed lines).

net charge of the protein is zero), and therefore it is negatively
charged at neutral pH. Thus, the change in { potential to a more
negative value is consistent with a successful coordination of the
negatively charged enzyme to the benzimidazole-functionalized
silica surface. Moreover, the hydrodynamic diameter increased
after each preparation step (445, 468, and 494 nm for S0, S1, and
S1y,, respectively) (Figure SI-4). In all cases, a single population
distribution was observed indicating that the particles were not
aggregated, even after the functionalization with the benzimi-
dazol groups and capping process with the cyclodextrin-
modified urease.

From elemental and thermogravimetric analyses, the content
of [Ru(bpy);]Cl, and 1-propyl-1-H-benzimidazole on S1 was
determined as 220 mg, which corresponds to 22% of dye loading
and 32 mg per g of nanoparticle, respectively. S1y was also
characterized by TEM (Figure SI-S). The mesopores were
clearly observed, confirming the preservation of the morphology
and porous structure in the final $1,; nanomotor. Additionally,
scanning transmission electron microscopy coupled with energy
dispersive X-ray spectroscopy (STEM-EDX) mapping of Sly
clearly indicated the presence of Si and O from the silica matrix,
Ru atoms (attributed to the cargo), and S (characteristic of
enzymes) (Figure 2d). Finally, the amount of protein on the final
nanomotor was quantified using the Bradford method” as 108

mg per g of solid.

Motion Behavior. In a first step, the catalytic activity of the
enzyme-powered gated nanomotors S1y; was evaluated using a
colorimetric urease-specific assay kit based on the Berthelot’s
method.”> One unit (U) of urease is defined as the amount of
enzyme that catalyzes the hydrolysis of 1 pmol of urea
(formation of 2 umol of ammonia) per minute [i.e.,
(NH,),CO + 3H,0 — CO, + 2NH,OH]. In this assay,
ammonia produced by the enzymatic process reacts with
Berthelot’s reagent (alkaline solution of phenol and hypochlor-
ite) to form a blue indophenol product that is measured using a
spectrophotometer (4,,,, = 670 nm). A calibration curve was
obtained from the absorbance of ammonium standards (Figure
S1-6), which was used for determining the urease activity on S1
as 120 U per g of nanoparticles (by applying supplementary eq 1
in the Supporting Information). This corresponds to 1.1 U per
mg of enzyme (according to the protein quantification by the
Bradford assay) and represents a 78 % of enzymatic activity
compared to the free enzyme (1.4 U mg™!, measured by
Berthelot’s method).

Once the activity of urease on the gated nanomotors S1y was
demonstrated, motion analysis was performed using optical
microscopy. Nanomotors’ trajectory was tracked in the absence
and in the presence of different concentrations of urea in water
(see representative trajectories in Figure 3a). From the
trajectories, an in-house developed python code was used to
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Figure 4. Cargo release experiments. (a) Cargo release profile from stimuli-responsive nanomotors S1,, in PBS at physiological pH (7.5, black
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min of incubation. (c¢) Amount of cargo released from S1, in PBS at pH 7.5 and at pH § in the absence and presence of urea (100 mM),
quantified by measuring [Ru(bpy),]Cl, absorbance at 453 nm. Error bars represent s.e.m. from three independent experiments.

compute the mean squared displacement (MSD) as a function
of time for each condition. MSD always increased linearly with
time, which corresponds to typical diffusive motion (Figure SI-
7). The resulting MSD was then fitted to MSD = 4D At, where
D, represents the effective diffusion coefficient and At
represents the time interval.’®”” The diffusion coefficient for
S1, in the absence of urea (Brownian motion) was found to be
1.06 + 0.04 ﬂmz/ s, which is very close to the theoretical value for
418 nm nanoparticles (D = TKy/3nd = 1.2 um?*/s, where T is
the temperature, K the Boltzmann constant, # the viscosity, and
d the diameter). As depicted in Figure 3b, the enzymatic
nanomotors showed a significant increase in the diffusion
coeflicient dependent on urea concentration, reaching a
maximum of 1.47 + 0.04 um?*/s at 300 mM of urea.

Bearing in mind that a realistic application of the nanomotors
should take place in the presence of salts in a physiological
media, we evaluated the self-propulsion capabilities in a
physiological buffer (PBS, 1x) at different urea concentrations
(0 mM, S0 mM, 100 mM, and 300 mM). Representative
trajectories in PBS are depicted in Figure SI-8. From the MSD
plots (Figure 3c and SI-9), a significant increase in diffusion
coefficient from 0.90 =+ 0.04 um?/s (in the absence of urea) to
1.36 + 0.05 um?/s (in the presence of 300 mM urea) in PBS was
determined (Figure 3d). Despite the decrease in the diffusion
coefficients found for S1,, in PBS (statistically significant with p
<0.02), the relative increase in the presence of fuel was higher in
PBS (48 %) than in water (39 %), which is in agreement to
previously reported urease-powered motors.*> Additionally, the
apparent hydrodynamic diameter determined by DLS decreased
in the presence of urea in water and in PBS (Figure 3e). Smaller
hydrodynamic diameter (d) in the presence of fuel correlates
with a higher diffusion coefficient (D), according to the Stokes—
Einstein equation (D = TKy/37nd), thus confirming the
enhanced diffusion observed by optical microscopy. Although
we are aware that the nanomotor enhanced diffusion may
become negligible in the blood flow, we believe that enhanced
diffusion can be advantageous in certain tissues or organs (e.g., in
tumor tissues or in the bladder),”® where enhanced diffusion
may increment internalization in cells (vide infra). Regarding
enzymatic motors, a recent study has demonstrated by
stochastically optical reconstruction microscopy (STORM)

that enzyme molecules are nonhomogeneously distributed onto
the surface of non-Janus spherical micromotors,*' which
explains the self-propulsion observed in non-Janus spherical
particles.®"*"*

On-Command Controlled Release Studies. Once
demonstrated that the nanomotor S1, displays enhanced
Brownian motion in the presence of urea, cargo release from
S1y suspensions in different conditions was evaluated. In these
experiments, S1y was brought to a concentration of 2.5 mg
mL™" in phosphate buffer at physiological pH (7.5) and at
lysosomal pH (5). At scheduled times (each 20 min), aliquots
were taken and centrifuged to sediment the nanoparticles, and
cargo release was determined by measuring the [Ru(bpy);]Cl,
absorbance in the supernatant. As can be observed in Figure 4a,
at pH 7.5, the release was negligible after 100 min (ca. 2.5% of
release efficiency), which indicates the correct capping of the
material by the bulky cyclodextrin-modified urease. In contrast,
anotable release occurred at pH S (ca. 20% of release efficiency),
which could be appreciated even with the naked eye (Figure 4b).
This was attributed to the protonation of benzimidazole groups
(pK, = 5.5)7° and the subsequent rupture of the inclusion
complexes between the protonated benzimidazole groups and -
cyclodextrin from the cyclodextrin-modified urease, which
induced the dethreading of the caps allowing payload release.

In additional experiments, the amount of protein detached
from S,y (corresponding to the CD-U caps) was quantified by
the Bradford assay. No protein release was detected after S1y
incubation at pH 7.5. In contrast, the amount of free protein in
solution after S1y incubation at pH 5 was measured to be 145 ug
mL™%. On the other hand, release experiments with S1 (without
capping with CD-U) were also conducted. In this case, a marked
cargo release from S1 was observed at both physiological (7.5)
and at lysosomal pH (S) (Figure SI-10), which confirms the
advantage of blocking the pores with the cyclodextrin-modified
urease for releasing the payload on-command. Finally, we also
evaluated whether the presence of the urea fuel induced any
premature cargo leakage from S1y; in buffer at neutral pH. For
this, similar experiments to those explained above with S1y; were
carried out. Cargo delivery from S1; (concentration of 2.5 mg
mL™") in phosphate buffer at pH 7.5 containing urea at a
concentration of 100 mM was studied. The amount of cargo
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Figure 5. Flow cytometry and internalization studies. (a) Analysis of the percentage of cargo-positive HeLa cells at different times. Cells were
treated with 50 g mL™" of S1, in the absence and presence of urea (50 mM). (b) Analysis of [Ru(bpy),]Cl, associated-fluorescence of HeLa
cells treated with 50 g mL ™" of S1,; in the absence and presence of urea (50 mM) at different times. (c) Representative population distributions
(nonpositive/cargo-positive cells) obtained in a flow cytometry experiment using the CytoFLEX S instrument after § and 60 min. Error bars
represent s.e.m. from three independent experiments. Superscripts mark that the effect of fuel was statistically significant with (*) p < 0.05, (**)
p < 0.02, and (*#%) p < 0.005, respectively. (d) TEM image showing S1,; internalization in HeLa cells. (e) High-resolution confocal image a
HeLa cell (right) and orthogonal sectioning of the cell (left), showing nanomotor internalization (S1ypox). Different signals corresponding to
WGA membrane marker (green), DNA-marker Hoechst 33342 (blue), and dox (red).

release was quantified from absorbance values, by applying
Beer—Lambert’s law, and the results are shown in Figure 4c. No
significant cargo release was observed for S1y, in media at neutral
pH in the absence or presence of urea, which confirms the
correct blockage of the pores in physiological buffer even in the
presence of the fuel. In previous reports, nongated catalytic
nanomotors exhibited a large payload release in the presence of
fuel due to motion.”>* This can produce the release of a non-
negligible amount of cargo before reaching the target area/cells.
In contrast, the gated nanomotors we report here do not show
this effect, which can be an advantage for future therapeutic
applications. Furthermore, we also tested the effect of urea in
cargo delivery from S1y in media at pH S and found no
significant difference between the amount released in the
absence or presence of urea.

These in vitro studies demonstrated that (i) nanomotor S1y,
displays self-propulsion ability, (ii) no cargo delivery is observed
in a competitive media such as phosphate buffer at physiological

12176

pH when the nanomotor is neither off (in the absence of urea)
nor on (in the presence of urea), and (iii) cargo delivery is
triggered at acidic pH (simulating a lysosomal environment).
Therefore, S1 fulfills some requirements of an ideal drug
delivery vehicle and shows clear enhanced properties, in terms of
autonomous mobility and controlled release, when compared
with classical passive delivery systems.

Cargo Delivery in Cells. Encouraged by the above-
mentioned results, that is, the selective delivery of the cargo
(i.e., [Ru(bpy);]CL,) at acidic pH and the enhanced Brownian
motion showed by the nanomotor, we tested the short-term
cytotoxicity of S1y; and cargo delivery, in the absence and the
presence of urea, in human epithelial cervix adenocarcinoma
HeLa cells. Short-term cytotoxicity of the urea-powered gated
S1,; nanomotor was assessed by means of WST-1 cell viability
assays (Figure SI-11). The data indicated that S1y, did not affect
cell viability at concentrations as high as 100 g mL™" in the
absence of urea after the 24 h incubation period. In fact, a ca.
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Figure 6. Delivery of dox in HeLa cells. (a) Confocal microscopy images of HeLa cells treated with S1,0x nanomotors and with “control”
S2p0x (without urease) in the absence and presence of urea (50 mM). From left to right: dox fluorescence, DNA-marker (Hoechst 3342)
fluorescence, and combined (merge). Scale bars: 5 gm. (b) Doxorubicin intensity quantification in cells from confocal images using the Image]
software. (c) Viability of HeLa cancer cells after 24 h of incubation with different concentrations of S1y;,ox nanomotors in the absence and
presence of urea (50 mM). Error bars represent s.e.m. from three independent experiments containing triplicates. Superscripts indicate
statistically significant differences compared to absence of urea; with (*) p < 0.05, (**) p < 0.005, and (**%%) p < 0.0001 (ANOVA test).

100% cell viability was found for the nanomotor in the 0—100 pg observed in the presence of nanomotor and urea at a
mL™! concentration range, which covers the relevant concen- concentration of 50 mM, indicating that neither the biofuel
trations recommended for the study of mesoporous silica urea nor S1y with enhanced diffusion was toxic for HeLa cells.
nanoparticles toxitycity.”* A very similar cell viability was This urea concentration was selected to be in the range of that
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found in the serum of patients suffering from conditions such as
kidney disease, liver dysfunction, chemotherapy-induced renal
damage, or gastrointestinal problems.**~**

Internalization of S1y; in HeLa cells in the absence and the
presence of urea was studied by flow cytometry (FC). Despite
the good performance of this technique,* its use to study the
interaction of nanomotors with cells has not been previously
reported. In these experiments, 50 g mL ™" of S1,; was added to
the cell culture media in the absence or presence of urea (50
mM). At scheduled times, cells were injected in the FC
instrument in order to measure cell fluorescence at 590 nm
(which is associated with [Ru(bpy);]Cl,, Ao, = 453 nm).

The FC results showed that the number of cargo-positive cells
increased with time in both cases (in the presence and in the
absence of the fuel), although a larger percentage of positive cells
was found in the presence of urea (Figure Sa). For instance, after
S min of incubation, 32% of cargo-positive HeLa cells were
found in the absence of urea, whereas this value increased to 48%
in the presence of the biofuel. Moreover, when the cargo
intensity in cells was measured (which is related with the amount
of 81, internalized in cells), more evident differences with and
without urea were found (Figure Sb). In fact, Figure Sb shows
that the intensity of fluorescence in cells increased with time and
that a larger intensity was found at any time (except at time zero)
for the nanomotors incubated with urea. For instance, after S
min of incubation, emission intensity at 590 nm was 2.7 times
larger with urea when compared with the same results in the
absence of the fuel (average fluorescence was 17,751 au without
fuel and 47,242 au with fuel). After an incubation time of 60 min,
the intensity ratio in the absence and presence of urea was ca. 1.2
to 3 (average fluorescence was 37,328 au without fuel and
92,398 au with fuel). Representative cell population distribu-
tions (where the x-axis represents the emission of a cell and the
y-axis represents the number of cells with that emission)
obtained in a typical FC experiment are showed in Figure Sc,
where the cells with a higher emission (red area) than the
control (untreated cells) are determined as positive (red area).
Additionally, we also prepared control nanoparticles (S1¢p)
capped with p-cyclodextrin but lacking the enzyme and
confirmed that in this case no enhancement in cell fluorescence
was observed in the presence of urea (Figure SI-12). In further
control experiments, we determined that the pH of the cell
media remained buffered after incubation with nanomotors S1,;
and urea. Moreover, the successful internalization of nano-
motors in HeLa cells was confirmed by TEM (Figure 5d) and by
3D confocal imaging (Figures Se and 1c).

In order to complete the studies shown above, we also
prepared the nanomotors S1ypox, Which are similar to S1, but
loaded with the drug dox. The profiles of dox release can be
observed in Figure SI-13. In this case, the release eficiency of
dox from Slypox was 40% at pH S, whereas it was negligible
(only 1.6%) in phosphate buffer at neutral pH. Additionally, we
confirmed that the particles remained capped (no dox was
prematurely released) in cell culture media (DMEM supple-
mented with 10% FBS). To directly visualize intracellular cargo
release, and since dox is fluorescent, we carried out experiments
of S1ypox uptake by HeLa cells using confocal microscopy. For
this, HeLa cells were incubated with 50 ug mL™" of S1ypox for 1
h in the absence and in the presence of urea (50 mM) and then
washed to remove noninternalized nanoparticles. Cells were also
stained with the DNA marker Hoechst 3342. Confocal images
(Figure 6a) showed a clear increase in dox-associated
fluorescence (Ao = 480 nm, A, = 550 nm) for cells treated

with S1ypox incubated with the biofuel urea when compared
with the control (absence of urea). A quantification of this
increase in fluorescence was carried out using the Image]
software to measure the emission inside cells. The fluorescence
associated with dox for cells treated with S1ypox in the presence
of urea was 2.4 times larger compared with S1ypox without urea
(Figure 6b). These results (in terms of enhanced internalization
and emission intensity) agree with those found in flow
cytometry studies for S1y (vide ante). As additional control
experiments, we prepared dox-loaded nanoparticles S2pox
(capped with f-cyclodextrin without urease) and confirmed
that no increase in cell fluorescence was observed in the presence
of urea (Figure 6a,b).

Finally, we also carried out studies of HeLa cell viability after
treatment of HeLa cells with S1ypox. In the absence of fuel, a
SIypox concentration-dependent decrease of living cells was
observed (cell viability was 54% at 25 ug mL ™" of Slypox, 41%
at 50 pg mL™", and 35.2% at 100 ug mL™") (Figure 6¢c). In
contrast, a larger cell viability reduction to about ca. 28% was
observed when S1ypox Was incubated with cells in the presence
of urea (50 mM) even at nanomotor concentrations as low as 25
pug mL™". In fact, compared with the minimum of 35.2% viability
in the absence of fuel at a S1ypox concentration of 100 ug mL ™,
urea-fueled nanomotor produced even a larger viability decrease
(to ca. 28% viability) using 4 times less nanoparticle
concentration. Moreover, at the same nanoparticle concen-
tration of 25 ug mL ™", the presence of fuel resulted in a relative
increase in cell death (reduction of cell viability) of 47% when
compared with cells treated with Slypox at the same
concentration. From another point of view, taking into account
that the total amount of dox in 25 ug mL™" of S1ypox is 0.030
#M and that it reduces viability to 28% in the presence of fuel,
the nanomotor has a considerably enhanced efficacy compared
to free dox, since 0.374 uM of free dox has been reported to
decrease HeLa cells viability to 50%.**

Altogether, these results indicate that an enhanced cell uptake
due to the enhanced Brownian motion of the nanomotor and a
larger cargo release inside cells is observed, when urea is present
in the medium. Note that, because of the design of the
nanosystem, there is no cargo delivery in the cellular medium
neither in the absence nor in the presence of urea (Figure 4), yet
cargo delivery only occurs after nanomotor internalization in
cells due to the pH-triggered dethreading of the nanovalve.

CONCLUSIONS

In summary, we report here the design, preparation, and
characterization of biocatalytic nanomotors based on meso-
porous silica nanoparticles capped with supramolecular nano-
valves for active cargo transport and pH-responsive release. In
particular, mesoporous silica nanoparticles functionalized with
benzimidazole groups and capped by the formation of inclusion
complexes with cyclodextrin-modified urease (CD-U) were
prepared. The nanomotors exhibit enhanced Brownian motion
in the presence of urea thanks to enzymatic catalysis in water and
in ionic media (PBS). At physiological pH, the supramolecular
benzimidazole:CD-U nanovalve acts as a bulky stopper and
prevents cargo release both in the absence and in the presence of
urea. In contrast, a notable delivery occurs at lysosomal acidic
pH due to protonation of benzimidazole groups and dethreading
of the supramolecular ensemble. Cell studies show that the
presence of the fuel enhances both nanomotor internalization
and intracellular cargo delivery. This has been demonstrated for
both S1y; and S1ypoy, loaded with the dye [Ru(bpy),]Cl, and
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dox, respectively. For the nanomotors loaded with dox, the
presence of urea allowed to obtain a similar viability to that
found in the absence of urea, but using 4 times less nanoparticle
concentration. Studies with the nanomotor loaded with
[Ru(bpy);]Cl, demonstrated that the system has no short-
term cytotoxicity, a highly desired characteristic for biomedical
applications. The improvement in drug delivery properties, in
terms of enhanced effectiveness by gated enzyme-powered
nanomotors, holds potential use in different biomedical settings,
such as the active transport of a drug into a specific tissue or cell
without drug leaking before reaching the target location and
payload delivery at-will using endogenous or exogenous stimuli.
These findings may further motivate and inspire the develop-
ment of micro- and nanomotors for the transport and stimuli-
responsive controlled release of drugs.

METHODS

Chemicals. Tetraethylorthosilicate (TEOS, >99%), triethanol-
amine (TEOA, 99%), cetyltrimethylammonium bromide (CTAB,
99%), ethanol (>99%), hydrochloric acid (37%), (3-iodopropyl)-
trimethoxysilane (>95%), tris(2,2'-bipyridyl)dichlororuthenium(II)
hexahydrate ([Ru(bpy);]Cl,, benzimidazole (98%), triethylamine
(TEA, 98%), sodium dihydrogen phosphate monohydrate (>99%),
urease from Canavalia ensiformis (type 1X), urea (99.9%), N-(3-
(dimethylamino)propyl)-N'-ethylcarbodiimide hydrochloride (EDC,
>99%), N-hydroxysuccinimide (NHS, 98%), and urease activity assay
kit were acquired from Sigma-Aldrich. Toluene (99%), acetonitrile
(99.5%), and disodium hydrogen phosphate heptahydrate (99%) were
provided by Scharlau. Doxorubicin hydrochloride was purchased from
Carbosynth. For cells experiments, Dulbecco’s phosphate buffered
saline (PBS), Dulbecco’s modified Eagle’s medium (DMEM) - high
glucose, and fetal bovine serum (FBS) were purchased from Sigma-
Aldrich. Cell proliferation reagent WST-1 was obtained from Roche
Applied Science (Madrid, Spain). All reagents were used as received.

Instruments. SEM images were acquired using a FEI NOVA
NanoSEM 230 microscope working at 5 kV. TEM and STEM-EDX
imaging was carried out using a JEOL JEM-2100 LaB6 electron
microscope working at 200 kV accelerating voltage and equipped with
an Oxford Instruments INCA x-sight (Si(Li) detector) and a Zeiss
SESAM microscope (200 kV) equipped with an energy dispersive X-ray
(EDX) spectroscopy system from ThermoFisher. PXRD measure-
ments were performed on a Seifert 3000T T diffractometer using Cu K,,
radiation. N, adsorption—desorption isotherms were recorded on a
Micromeritics TriStar IT Plus automated analyzer. The { potential and
hydrodynamic diameter experiments were performed with a ZetaSizer
Nano ZS (Malvern). Elemental analysis was performed using a LECO
CHNS-932 Elemental Analyzer. Enzymatic activity assay was carried
out using an Infinite M200 PRO Multimode Microplate Reader.
Optical videos were recorded using a Leica DMi8 inverted microscope
equipped with a 63X water objective and a Hamamatsu Camera.
Absorbance measurements were performed with a JASCO V-650
spectrophotometer. Cell viability measurements were taken with a
Wallac 1420 workstation. Flow cytometry studies were carried out
using a CytoFLEX S instrument (Beckman-Coulter, USA). Confocal
microscopy imaging was performed with a Leica TCS SP8 AOBS
inverted laser scanning confocal microscope (Leica Microsystems
Heidelberg GmbH).

Synthesis and Characterization of f-Cyclodextrin-Modified
Urease. f-cyclodextrin-modified urease (CD-U) was prepared
following a procedure previously reported.””***® Briefly, a mixture of
10 mg of urease, 10 mg of EDC, 10 mg of NHS, and 5 mg of aminated /-
cyclodextrin in 2.5 mL of phosphate buffer (50 mM) was incubated for
24 h at 4 °C under stirring. After this, the modified enzyme was isolated
by centrifugation using Amicon Ultra-05 centrifugal filter units with
Ultracel-10 membranes and dialyzed in phosphate buffer at pH 7.5. The
resulting CD-U was characterized by phenol-sulfuric acid method
revealing a cyclodextrin content of 3 wt % (see Supporting Information

for details)®” and by urease activity assay revealing an activity of 1.4 U
mg ™.

Synthesis of Mesoporous Silica Nanoparticles (S0). CTAB
(570 mg) and TEOA (35 g) were dissolved in a flask contain 20 mL of
DI water. The mixture was subsequently heated in an oil bath at 95 °C
for 30 min. Then, 1.5 mL of TEOS was added to the mixture dropwise.
The reaction was allowed to proceed for 2 h under magnetic stirring.
Then, the particles were collected and rinsed three times by
centrifuging and redispersing in ethanol. To obtain the mesoporous
structure, the as-prepared particles were dispersed in a solution
containing 30 mL of methanol and 1.8 mL of HCI for 24 h reflux at 80
°C. Finally, the material was washed three times with ethanol and
labeled as SO.

Preparation of S1. 100 mg of mesoporous nanoparticles (S0) was
suspended in 8 mL of acetonitrile containing 60 mg of [Ru(bpy);]CL,,
and the mixture was stirred overnight. Then, 100 uL of (3-
iodopropyl)trimethoxysilane was added and further stirred for 5.5 h.
Afterward, the solid was isolated by centrifugation, washed with
acetonitrile and toluene, and let to dry at room temperature for 3 days.
Next, we prepared a saturated solution of benzimidazole in toluene
(500 mg in 30 mL of toluene mixed with 1485 L of TEA and stirred for
20 min at 70 °C). Twenty mL of this solution was added over the
nanoparticles, and the mixture was stirred for 3 days at 80 °C. Finally,
the S1 material was isolated by centrifugation, washed with toluene and
acetonitrile, and dried at room temperature.

Preparation of S1y. Eight mg of S1 and 3 mg of CD-U were stirred
in 1 mL of sodium phosphate buffer overnight at 4 °C. Afterward, the
capped material S1y; was exhaustively washed by centrifugation with
fresh buffer. The resulting material was kept refrigerated in phosphate
buffer at a concentration of 10 mg mL™" until use.

Optical Video Acquisition and MSD Analysis. An aqueous
solution of nanomotors S1y; (0.02 mg mL™") was placed on a glass slide
containing an aqueous solution of urea at the desired concentration.
Then, a coverslip was used to cover the mixture in order to avoid any
drifting artifact. Bright-field videos of 30 s were recorded using a
Hamamatsu camera working at a frame rate of 50 fps. Tracking of the
nanomotors was performed by using an in-house developed Python
code. After obtaining the tracked trajectories with corresponding
coordinates (x, y), MSD was calculated using the formula:

MSD(A?) = ((r(t + At) — r())?)

where r is the position of nanomotor at the initial time, t represents
time, At is the elapsed time, and (-) represents the time and ensemble
average. The diffusion coefficient (D) is obtained by fitting the data of
20 particles per condition to MSD = 4DA¢, according to previous
studies.”>”’

Triggered Release Experiments. S1,, stock was washed with
deionized water at pH 7.5, divided into fractions, and brought to a
concentration of 2.5 mg mL™" in sodium phosphate buffer (10 mM)
adjusted at the corresponding pH (7.5 or 5). At scheduled times,
aliquots were taken and centrifuged at 12,000 rpm for 2 min to
precipitate the nanoparticles. Then, the supernatant absorbance at 453
nm was measured using a spectrophotometer in order to evaluate
[Ru(bpy);]Cl, release. From absorbance, the amount of released cargo
was directly calculated by applying the Beer—Lambert’s law:

absorbance (453nm) = g3 X L X C

where &, is the molar extinction of [Ru(bpy);]Cl, at 453 nm (14,600
M em™), L is the optical path of the cuvette (1 cm), and C is
[Ru(bpy);]Cl, concentration. Furthermore, the maximum release
efficiency was calculated by treating the solid with 20% NaOH for 1 h,
which dissolved the silica scaffold.

Cell Culture Conditions. HeLa human cervix adenocarcinoma
cells were purchased from the German Resource Centre for Biological
Materials (DSMZ) and were grown in DMEM supplemented with 10%
FBS. Cells were incubated at 37 °C in an atmosphere of 5% carbon
dioxide and 95% air and underwent passage twice a week.

Short-Term Cytotoxicity Studies. The short-term cytotoxicity of
the system was tested in vitro in the Hela cells. For this purpose, HeLa
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cells were seeded in a 96-well plate at 3500 cells/well and treated with
different S1, concentrations (0, 25, 50, 100 ug mL™'; aliquots were
taken from a stock of 2 mg mL™" of S1y; and added the corresponding
amount to cell culture media in order to obtain the desired
concentration) in the absence or presence of urea at SO mM in the
media. Cells were incubated for 24 h, and the viability was determined
by the WST-1 cell proliferation assay. Finally, absorbance was measured
at 595 nm in the Wallac Workstation. Three independent experiments
containing triplicates were carried out.

Internalization Kinetics Studies Using Flow Cytometry. HeLa
cells were seeded at 300,000 cells mL™" in 6-well plate and incubated at
37 °C for 24 h. Then, S1); was added at S0 g mL™" concentration in
the absence or presence of urea (50 mM). At different times (0, S, 15,
30, and 60 min), cells were washed with PBS to remove non-
internalized nanoparticles and collected for analysis by the cytometer.
Three independent experiments were carried out.

TEM Imaging of Hela Cells. Cell uptake of nanoparticles was
confirmed by TEM. HeLa cells were seeded in chamber slides at 35,000
cellmL ™" in DMEM (10% FBS) for 24 h. Then, S1, was added to HeLa
cell culture at 50 pg mL™". After incubation for 1 h, cells were washed
and fixed with 3% of glutaraldehyde in sodium phosphate buffer (0.1
M), dehydrated in ethanol, and stained with uranyl acetate (1%) and
osmium tetroxide (1%). The samples were included in epoxy resin
(Araldite) and sectioned for TEM analysis. TEM images were acquired
using a microscope FEI Tecnai Spirit G2 operating at 80 kV with a
digital camera (Soft Image System, Morada).

Confocal Microscopy Imaging of Drug Delivery. In order to
test the potential use of enzyme-powered nanomotors equipped with
pH-responsive nanovalves for the delivery of anticancer drugs, solid
S1ypox was prepared (like S1y but loaded with the cytotoxic drug
dox). The amount of loaded dox was determined as 1.2 ymol per g of
solid by UV—visible spectrophotometry. For visualization of dox
delivery in a cancer cell line, HeLa cells were seeded over glass
coverslips at 300,000 cells mL ™" in a 6-well plate and incubated at 37 °C
for 24 h. Then, Slypox was added to HeLa cell culture media at a
concentration of S0 ug mL™" in the absence or presence of urea (50
mM). After incubation for 1 h, cells were washed several times with
PBS, and finally, slides were visualized using a confocal microscope
Leica TCS SP8 AOBS. Furthermore, the fluorescence intensity
associated with dox was quantified using the Image] software.

Confirmation of S1ypox Internalization by 3D Confocal
Imaging. HeLa cells were seeded in glass coverslips in 6-well plates
at 350,000 cells/mL in DMEM supplemented with 10% FBS for 24h.
Then, Slypox (50 pg mL™') was added and incubated for 1 h.
Afterward, cells were washed, and wheat germ agglutinin (WGA, S ug
mL™") and Hoechst 33342 (2 ug mL™") were added for confocal
microscopy analysis. Serial optical slices were obtained of the samples
from up to down (z-sections) to analyze the entirety of the cells and to
confirm the nanoparticles uptake. Finally, the images were stacked,
creating a 3D reconstruction of the cell. Moreover, orthogonal
sectioning was applied to determine the cellular localization of the
nanoparticles.

Cell Viability after Treatment with S1ypox. For these experi-
ments, HeLa cells were seeded in a 96-well plate at 3500 cells per well
and treated with different S1;pox concentrations (0, 25, 50, and 100 ug
mL™" in PBS) in the absence and in the presence of urea at 50 mM.
Cells were incubated for 24 h, and the viability was determined by the
WST-1 cell proliferation assay. Absorbance was measured at 595 nm in
the Wallac Workstation. Three independent experiments containing
triplicates were carried out.

Preparation of Control Nanoparticles without the Urease
Enzyme. Control dye-loaded nanoparticles and control dox-loaded
nanoparticles (lacking urease enzyme) were prepared by incubating 8
mg of the loaded solids with 1.2 mg mL™" of f-cyclodextrin solution
(without urease) overnight (sodium phosphate buffer, pH 7.5).
Afterward, the capped materials were exhaustively washed with fresh
buffer and isolated by centrifugation.
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Lipase-Powered Mesoporous Silica Nanomotors for Triglyceride

Degradation

Lei Wang*, Ana C. Hortelao*, Xin Huang, and Samuel Sanchez*

Abstract: We report lipase-based nanomotors that are capable
of enhanced Brownian motion over long periods of time in
triglyceride solution and of degrading triglyceride droplets that
mimic “blood lipids”. We achieved about 40 min of enhanced
diffusion of lipase-modified mesoporous silica nanoparticles
(MSNPs) through a biocatalytic reaction between lipase and its
corresponding water-soluble oil substrate (triacetin) as fuel,
which resulted in an enhanced diffusion coefficient (ca. 50 %
increase) at low triacetin concentration (< 10 mm). Lipase not
only serves as the power engine but also as a highly efficient
cleaner for the triglyceride droplets (e.g., tributyrin) in PBS
solution, which could yield potential biomedical applications,
for example, for dealing with diseases related to the accumu-
lation of triglycerides, or for environmental remediation, for
example, for the degradation of oil spills.

Synthetic micro/nanomotors are active colloids that self-
propel in fluids while performing complex tasks such as cargo
pick-up and release,!"! sensing,” biomedical applications,”!
and environmental remediation.!”! There are several methods
to trigger the propulsion of micro/nanomotors, including
through catalytic reactions,” electric fields® as well as
ultrasonic,”’ magnetic,® and light excitation.”’ Particularly
for in vivo applications, it is necessary to explore biocompat-
ible and biomimetic designs that are capable of actuating in
biological systems without side effects. Therefore, enzymes
that carry out energy conversion in biological systems by
using existing fuel sources, and without requiring an external
power source, are good candidates to address these con-
cerns.'”? Sen and co-workers provided experimental evidence
of enhanced single-enzyme diffusion based on substrate
turnover.'"! They also demonstrated molecular chemotaxis
of urease and catalase towards a gradient of increasing
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substrate concentrations,'™ as well as the fabrication of
enzymatic motors.”” Our group extended this field by
modifying Janus mesoporous silica micro/nanoparticles with
different enzymes.!®) With urease, the hollow Janus silica
micromotors achieved a directional propulsion with a high
degree of controllability, either through the addition of salts
or in the presence of a magnetic field."™" In addition, we
reported how the stochastic binding of enzymes to the surface
of the particles with a molecular asymmetry in enzyme
distribution results in an asymmetric generation of forces,
which in turn leads to self-propulsion.!"! This technique was
also adopted for the fabrication of nanomotors based on
mesoporous silica nanoparticles, which yielded a more effi-
cient delivery and release system of anticancer drugs to cells
in vitro, as well as for the fabrication of antibody-modified
urease nanomotors for efficient penetration of bladder cancer
spheroids.'” Apart from spherical particles, enzymes have
been reported to power various other structures, such as
supramolecular stomatocytes,'” polymersomes,'” carbon
nanotubes,' silica nanotubes,"”’ PEDOT/Au microtubes,?!
polypyrrole/Au nanorods,?! silk fibroin,” and macroscale
carbon fibers.””! Despite significant advances in the field of
motors, only a few micro/nanomotors demonstrated motion in
oily solution,”” and enzymatic motors capable of navigating
in oil solution or at the oil-water interface are still rarely
explored.

Herein, we demonstrate that lipase-powered nanomotors
(LNMs), with stochastic binding of lipase on mesoporous
silica nanoparticles (MSNPs), can swim in dissolvable trigly-
ceride solution, thus improving the degradation efficiency of
slightly dissolvable triglyceride. Lipase (triacylglycerol ester
hydrolases from Candida rugosa, EC 3.1.1.3) was chosen for
the experiment as lipase can act as a catalyst for the
decomposition of triglyceride substrates, both dissolvable
(e.g., triacetin with a solubility of 61 mgmL ') and slightly
dissolvable (e.g., tributyrin with a solubility of 0.133 mgmL ")
ones. It offers two functionalities: 1) It acts as the power
engine with triacetin as the fuel, and 2) it takes on the role of
active cleaner for the tributyrin droplets. In addition to
enhancing the motion of LNMs, the triacetin fuel is biocom-
patible (an FDA-approved food additive®!) and thus suitable
for biological and environmental applications. Furthermore,
LNMs present a high efficiency in triglyceride degradation
compared with free lipase and other enzymatic motors (see
Figure 4).

The LNMs were fabricated using MSNPs as the substrate
to immobilize lipase. MSNPs are biocompatible, and their
porous structure is useful for drug loading.” The surface of
the MSNPs was modified chemically using glutaraldehyde as
a crosslinker between the amino groups of lipase and MSNPs,
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2 a peak at 280 nm in the UV spectrum of the lipase-modified
Actéin °“@’m MSNPs (Figure S3b).”
Aotk ikl | Enzyme assays were carried out to confirm that lipase
Glycerol +H remained active after its immobilization onto the MSNPs. In
e dl o R the studied motor concentration range of 0.1 to 1.0 mgmL ',
= the active milliunits of lipase linearly increased with motor
-%w concentration (Figure S4a), confirming the catalytic activity
50 of the lipase-modified MSNPs. To investigate the motility of
2 the lipase-modified MSNPs in PBS solution, we selected
triacetin as the substrate because of its solubility in PBS. As
the catalytic reaction of triacetin generates acetic acid
[Eq.(1) in the Supporting Information], litmus
(10 mgmL™") was added as a pH indicator to the triacetin
(10 mm)-containing PBS solution (pH 7.4, 10 mm) to further
confirm the catalytic activity of the LNMs. This was followed
by the collection of UV spectra. Initially, that is, prior to the
addition of the LNMs, the triacetin PBS solution had a blue
color (absorption at 580 nm; Figure S4b, blue curve), which
Figure 1. a) Schematic representation of the functionalization strategy changed to pink within about 3 h after adding the LNMs
for the preparation of the lipase-based nanomotors, whose motion is (absorption at 500 nm; Figure S4b, red curve). This further
triggered by the catalytic reaction with triacetin. b) SEM and ¢) TEM confirmed that lipase maintained its activity after being
microscopy images of MSNPs modified with lipase, with insets . . .
showing magnifications. Scale bars: b) 1 um (100 nm in the inset), immobilized on. the MSNPs (Flgur.e §5)- . .
and ¢) 500 nm (20 nm in the inset). d) Evolution of the surface charge We tested different concentrations of triacetin as fuel for
after modifying the MSNP surfaces with amine functional groups, the lipase-modified MSNPs. The mean squared displacement
followed by lipase. All measurements were carried out in the same (MSD; Figure 2a), calculated from the tracked trajectories
PBS (pH 7.4) solution. e-g) Confocal fluorescence (FL) images of
lipase-modified MSNPs, scale bars are 5 um. The red FL is due to
Rhodamine B (RB) loading oft.he MSNPs, while the green FLis a) 7.8 b) 3
generated by the Krypton-modified lipase. g) The corresponding = 2 1.2 fﬁ
merged image. g&.ﬂ ,:TO.&
a 45 E_o.s
respectively (Figure 1a), resulting in stable catalytic activ- =30 — ol &
ity.””! The MSNPs were characterized by transmission elec- 15 e
tron microscopy (TEM) and scanning electron microscopy o% =Ll R
(SEM; see the Supporting Information, Figure S1a,b). They 0 03 0-:”:3 12 15 0 1 10 100
consisted of uniform spheres (Figure 1b,c) with a porous  ¢) Fp s .
structure (Figure S1a, inset) and showed an average diameter 40
of 431.01 £1.99 nm (N=100, average diameter + standard g3
error of the mean (SE), see Figure S2). They showed no 2
aggregation, which was also confirmed through dynamic light ~ > 20 (’f f
scattering (DLS). After each modification step, there was 10 f
only a single population distribution in the hydrodynamic Homn  4Omin  Samin 60 min ;
radius plots (Figure S3a), indicating that the MSNPs were still 00 20 30 a0 5o 00 0 1020 30 40" 50 E0oom—)
well dispersed. The increase in hydrodynamic radius and the &1 Time / min
broader peak can be attributed to the amination and lipase  Figure 2. a) Representative trajectories (inset) of LNMs with different
immobilization (Figure S3a). Furthermore, the change in triacetin concentrations of 0 mm (black), 1 mm (red), 10 mm (green),
surface charge confirmed each modification step (Figure 1d): ~ and 100 mm (blue) and corresponding mean square displacements
The as-synthesized MSNPs had a negative surface charge of (MSDS; n2.20, error bar§ represent SE). b)(Effective Idiffu.sion coeffi-
—16.43 £1.36 mV, which increased to 22.57 = 1.79 mV after C|er?ts obtained by anal)fzmg tlhe M?D for different trlacetm concen-
I . . R X ; trations. c) Representative trajectories of LNMs at different times with
amination. Lipase immobilization in PBS solution (phos- ¢ gcient fuel. d) Diffusion coefficients of LNMs as a function of time,
phate-buffered saline, pH 7.4) caused the surface charge to  with 100 mm of triacetin. Control experiment: LNMs in PBS solution
drop to —7.68+1.21 mV, which can be attributed to the  without fuel. *p<0.05 when compared to the control group.
isoelectric point of lipase of about pH 5.6-5.8.%%) Additionally,
protein immobilization was characterized by fluorescence
staining (Figure 1e—g). Confocal FL microscopy images show  (Figure 2a, inset), increased linearly with time and fuel
the MSNPs loaded with Rhodamine B (RB) (Figure 1e) and  concentration, indicating a fuel-concentration-dependent
stained with Krypton (Figure 1 f). Immobilization of lipase on ~ motility.*") The effective diffusion coefficient (D,) was
the surface of the MSNPs was also confirmed (Figure 1g).  calculated from the MSD per time interval (Ar) as D=
These results were further corroborated by the presence of  0.25MSD/At. During the studied time range, the D, value of
Angew. Chem. Int. Ed. 2019, 58, 79927996 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 7993
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the lipase-modified MSNPs was 0.724+0.03 um*s ' in PBS
solution without adding fuel, increasing to 0.94 +0.05, 1.08 +
0.05, and 1.13+0.04 pm?s™" (Figure 2b) when 1.0, 10, and
100 mm of fuel was added, respectively. This illustrates the
increase in D, with triacetin concentration. As D, increased
only marginally (by 4.6%) when adding 100 mm instead of
10 mwm of fuel, we used 10 mm for all subsequent experiments.
When adding 10 mm of fuel, the LNMs were capable of
a sustained motion for about 40 min (Figure 2c). After
40 min, the D, dropped again to the control value (sample
without added fuel; Figure 2d).

To explore the ability of LNMs to degrade triglyceride,
tributyrin was selected as the removal target as it is slightly
dissolvable in PBS solution, thus resembling “blood lipid”.
When LNMs (50 ygmL ') were added to a PBS solution
containing tributyrin droplets in suspension (Figure S6), the
LNMs exhibited typical Brownian motion with D,=0.78 +
0.043 um*s~" (Figure 3a—d). This suggests that low tributyrin
concentrations (0.133 mgmL™', saturated concentration) do
not induce enhanced Brownian diffusion of LNMs. After
adding fuel (triacetin, 10 mm), the LNMs moved more rapidly,
resulting in D,=1.096+0.085 um*s™' (Figure 3b-d). When

a) OmMtriacetin D)

/

0 03 06 09 12 1.5
Atls

Figure 3. Representative trajectories of lipase motors surrounding
tributyrin droplets with a) 0 and b) 10 mm of added triacetin. Scale
bars are 5 um. ¢) MSDs of the LNMs with 0 and 10 mm triacetin
(n>16, error bars represent the SE). d) Effective diffusion coefficients
obtained from the MSD at different triacetin concentrations (with
tributyrin droplets present in the solution). e,f) FL microscopy images
showing the interaction between the droplets (red FL from Nile Red in
tributyrin oil phase) and motors (green FL from FITC loaded in
MSNPs) at different times, with dashed circles showing the initial
sizes.

www.angewandte.org
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the LNMs happened to reach the surface of the oil droplets,
they were confined at the oil-water interface because of the
inherent amphiphility of lipase,* but still maintained a dif-
fusion coefficient of D,=0.17440.038 um*s~" (Figure S7),
which is significantly smaller than that of Brownian motion in
bulk solution. The confinement of LNMs to the oil droplets’
surface is shown in Figures 3e,f and S8, where the interfacial
catalysis between lipase and tributyrin occurred. Therefore,
the tributyrin droplets were degraded (<20 um in diameter)
within 1 h.

To dynamically explore the degradation process, we
focused on a single representative tributyrin droplet. Litmus
was used to illustrate the dynamic color change during the
degradation of tributyrin by LNMs, which produces butyric
acid [Figure 4a, Eq.(2) in the Supporting Information].

Figure 4. Demonstrating the dynamic degradation process of tributyrin
droplets with lipase motors at different times. a) The color change of
the surrounding medium is caused by the litmus, indicating the
continuous generation of butyric acid. Round dashed circles indicate
the initial size of the tributyrin droplets. The scale bar is 5 pm.

b) Corresponding RGB intensity and pH value in the surrounding
solution. c) Size measurement of the tributyrin droplets according to
the white dashed lines in (a). d) Degradation percentage of tributyrin
droplets calculated from their diameters (see inset); the chemical
equation shows the catalytic decomposition of tributyrin. e) Optical
microscopy of the degradation processes of tributyrin droplets under
different conditions. f) Corresponding histogram to (e), showing the
degradation percentage of tributyrin droplets under different condi-
tions after 1 h.

While the fuel-induced catalytic reaction can trigger an
immediate local pH change, the color change may be delayed
by up to 3 h because of the low fuel concentration (10 mm).
However, tributyrin degradation significantly accelerated the
acidification, producing a color change in just 30 min. The
color of the surrounding solution was simultaneously ana-
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lyzed by individual channel using Image J software (RGB
intensity; see Figure 4b). Initially, the diameter of a represen-
tative tributyrin droplet was about 11.36 um (Figure 4d), and
the solution exhibited a blueish color (blue intensity (BI):
231.6; red intensity (RI): 160) with a pH value of 7.4
(Figure 4b, t=0min). After 10 min, the diameter of the
droplet had decreased to 9.65um, and the surrounding
solution turned purple (Figure4a,b, BI: 203.5 and RI:
194.1, pH 4.5). As time progressed, the droplet size continued
to decrease, while the surrounding solution turned increas-
ingly red (decreasing BI and increasing RI values). Towards
the end of the experiment (50 min), the tributyrin droplet had
been degraded, and the solution had changed to pink (BI:
160.0; RI: 207.7) because of the continuous release of butyric
acid into the surrounding solution. This represents a visible
dynamic demonstration of the tributyrin degradation process
(from 0% to 100%).

To further demonstrate the advantages of LNMs for the
degradation of tributyrin, different control experiments were
conducted (Figures 4e,f and S9), including with bare MSNPs,
triacetin, urease-MSNP nanomotors, urease-MSNP nano-
motors with urea fuel (20 mm), free lipase, free lipase with
triacetin, LNMs without fuel, and LNMs with triacetin as fuel
(10 mm). Urease nanomotors were chosen as controls because
we needed to determine whether enhanced diffusion can
improve the degradation. With bare MSNPs, there was only
5.2% degradation of the droplets after 1 h. This is mainly due
to the low tributyrin solubility, indicating that bare MSNPs
have almost no effect on tributyrin droplets. Pure triacetin
(10 mm), urease-MSNP motors with urea (20 mm), and
urease-MSNP motors without urea yielded degradations of
1%,6.5%,and 6.7 %, respectively. We can thus conclude that
urease-MSNP nanomotors, despite containing enzymes on
the surface and presenting enhanced diffusion, cannot
degrade tributyrin droplets. Additionally, we also compared
the affinities of urease motors and LNMs for targeting the
tributyrin droplets. The same concentration of MSNPs was
later separated into two aliquots, which were loaded with
fluorescein isothiocyanate (FITC), followed by the corre-
sponding modification with urease and lipase, respectively.
After these two types of FITC-loaded nanomotors had been
added into the solution containing tributyrin droplets, we
calculated the FL intensity on the tributyrin droplet area (see
the Supporting Information and Figures S10 and S11 for
details). Initially, both types of motors were distributed
randomly in the solution (Figure S10) with a similar FL
intensity within the droplet area. Within 1 h, the FL intensity
surrounding the droplet area increased dramatically in the
presence of fuel for the LNMs (Figure S11), confirming that
LNMs tend to accumulate on the surface of tributyrin
droplets, which leads to their highly efficient degradation.
Besides, with free lipase (2 uygmL "), the droplet degradation
was 48.9 %, which increased to 57.9 % after adding triacetin,
thus illustrating the enhanced degradation process in the
presence of fuel due to the enhanced diffusion of free lipase.
LNMs (50 pgmL ") with 2 pygmL " lipase (measured through
bicinchoninic acid assay (BCA), details in the Supporting
Information) can lead to a 78.8% degradation, which is
higher than that with free lipase. This is due to the fact that
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free lipase tends to form bimolecular aggregates that partially
block the lipase active centers, which in turn results in a less
active form.’” The immobilization can be beneficial for
cleaving these lipase dimers, thus improving their efficiency.
Notably, more than 98% of the droplets can be degraded
through the addition of triacetin, which demonstrates how
lipase anchored to MSNPs increases the efficient propulsion
and diffusion towards the target.

In conclusion, we have demonstrated that the lipase-based
catalytic reaction can be utilized to provide MSNPs with
enhanced motility in triglyceride-containing PBS solutions.
Compared to free lipase and urease nanomotors, we showed
that active lipase nanomotors can accelerate the degradation
of tributyrin droplets to a very high degree (ca. 98 % within
50 min). These results hint towards possible new applications
of lipase-powered nanomotors, in biomedicine for high-
triglyceride-related diseases or in environmental remediation
for oil removal. However, it is necessary to understand the
stability and activity of such motors in oil-polluted waters, as
well as the interaction of these motors with adipocytes. Future
work should be dedicated to improving the motion control, as
well as their performance in biological fluids, such as serum or
blood.
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