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ABSTRACT OF THE DISSERTATION

Micro/Nanorobotics:
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by
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Doctor of Philosophy in Nano Engineering
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Professor Joseph Wang, Chair

Robotics has markedly extended the reach of human beings in sensing, manipulating, and
transforming the world around us. One of the most inspiring challenges in science and technology
is to extend our capacity with tiny robots towards operations at the micro/nanoscales, a dimension
where we can directly interact with fundamental biological building blocks. This thesis is devoted
to advancing micro/nanorobotics to extend human being’s capacities in following three themes,
with a special focus being given to biomedical applications. The first theme focuses on design and

fabrication of bio-inspired un-tethered nanorobots with efficient locomotion, adaptive operation,
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collective regulation, and eventually biological function towards operation in whole blood. The
second theme explores the versatility of functional micro/nanorobots to perform diverse tasks
including writing (nanolithography), reading (superresolution imaging), destroying (warfare
agents), and repairing (surface cracks), all at the micro/nanoscale. The third theme employs self-
propelling microrobot as an active delivery technique that autonomously and precisely transports

the therapeutic agents inside live animal’s gastrointestinal tract, improving therapeutic efficacy for
bacterial infection treatment. This technique opens the door for micro/nanorobots as an active
delivery platform for medical treatment and is promising for a wide range of personalized
diagnostic and therapeutic applications. Ultimately, micro/nanorobots has the potential to change
the game of science, engineering, and medicine by extending our capacity at the micro/nanoscale.
The novel applications presented in this thesis are just a few examples showing the power of
micro/nanorobots, with countless more avenues waiting to be explored towards living and active

matter, and eventually artificial intelligence and synthetic life at the micro/nanoscale.
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Chapter 1 Introduction

1.1 Motivations, challenges, and solutions for nanolocomotion

A robot is a machine capable of carrying out a complex series of actions automatically.
Nature’s ability to create sophisticated and functionalized organisms has long been an inspiration
for scientists to make ever-more capable machines. At the macroscopic scale, the agile motor
behaviors of animals have inspired the rapid development of bio-robotics—the construction of
biologically inspired or biomimetic robots . Advanced robotic systems have dramatically extended
the reach of human beings in sensing, interacting, manipulating and transforming the world around
us 2. In particular, the confluence of diverse technologies has enabled a revolution in medical
applications of robotic technologies toward improving health care. Whereas industrial robots were
developed primarily to automate routine and dangerous macroscale manufacturing tasks, medical
robotic devices are designed for entirely different environments and operations relevant to the
treatment and prevention of diseases. Therefore, unlike conventional “old” robots, which are built
with large mechanical systems, medical robots require miniaturized parts and smart materials for
complex and precise operations and mating with the human body. The rapid growth in medical
robotics has been driven by a combination of technological advances in motors, control theory,
materials, and medical imaging and increase in surgeon/patient acceptance *#. For example, robotic
surgical systems, such as the da Vinci system, allow translation of the surgeon’s hand movements
into smaller, precise movements of tiny instruments within the patient’s body.

Despite widespread adoption of robotic systems for minimally invasive surgery, there are
still major technical difficulties and challenges °. The mechanical parts of existing medical robotic

devices are still relatively large and rigid to access and treat major previously inaccessible parts of



the human body. Designing miniaturized and tetherless robots of a few micrometers or less would
allow access throughout the whole human body, leading to new procedures down to the cellular
level and offering localized diagnosis and treatment with greater precision and efficiency.
Advancing the miniaturization of robotic systems at the micro- and nanoscales thus holds
considerable promise for enhancing the treatment of a wide variety of diseases and disorders .
The concept of nanotechnology and tiny machines, which is initially introduced by
visionary physicist Richard Feynman, has inspired scientists and engineers to manufacture devices
and structures in micro/nanometer scale. The efficient locomotion capacity and functional
complexity of biological motors, such as bacteria and spermatozoa, are a nanoengineer’s dream.
However, due to the size-dependent competition between inertial and viscous forces within a fluid,
the physics governing the microscopic organisms (e.g. bacteria, spermatozoa) and macroscopic
organisms (e.g. fish, humans) are quite different &, The Reynolds number, Re = pU L/u, (with p and
J are the density and dynamic viscosity of the fluid, and U and L characteristic speed and dimension)
is a dimensionless parameter which measures the ratio of inertial forces to viscous forces in a fluid.
Locomotion at large Reynolds numbers, swimming can be achieved by reciprocal motion (i.e.
identical under a time-reversal symmetry), by imparting momentum into the fluid opposite the
direction of locomotion. For swimming microorganisms, inertia plays a negligible role and viscous
force dominates the motion. In such a low Reynolds number regime, a reciprocal motion leads to
zero net propulsion. The natural microswimmer, Escherichia coli bacteria, a unicellular eukaryote
that lives in the gut, is equipped with a set of helical flagellums which rotate to enable swimming
®. For some eukaryotic spermatozoa, they swim by propagating a planar traveling wave along the
flagellum °. Overall, microrganisms are able to circumvent the constraints of the scallop theorem
by deforming their bodies or flagella in a wave-like fashion to break the time-reversibility

requirement.
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Figure 1.1 Actuation mechanisms of various types of micro/nanorobots. (A) Typical propulsion
mechanisms of micro/nanoscale robots. (B) Chemically powered microrocket . Scale bar: 50 pum.
(C) Magnetically actuated helical nanoswimmer (31). Scale bar: 200 nm. (D) Acoustically
propelled nanowire motor 3. Scale bar: 200 nm. (E) Biologically propelled sperm hybrid
microrobot 3,

To design a microscale or nanoscale robot that can propel in a purposeful way, one needs
both a swimming strategy that works in these low Reynolds number environments as well as a
strategy for steering and directing the motion to overcome Brownian motion. Following Feynman's
vision, an explosion of different fabrication methods has become available for the preparation of
nanostructures with controlled shape and size, providing a foundation for exciting advances in
making micro/nanomachines. The advanced nanofabrication technique allows scientists to make
nanostructures which could not only mechanically mimic natural swimmers but also be able to

transform diverse other energy sources into mechanical motions. The resulted micro/nanorobots,



which are motorized micro- and nanoscale devices, are able performing diverse tasks though
designed mechanical movements.

Several types of micro/nanorobots based on distinct actuation principles (Fig. 1.1) have
been developed in the past decade. Typically, these tiny machines rely on either chemically-
powered motors that convert locally supplied fuels to force and movement or externally-powered
motors that mostly utilize magnetic and ultrasound energies (and sometime optical, thermal, and
electrical energies) to drive their motion 1222, The fundamental principles of these nanomachines,
with rich underlying physics and chemistry, have been discussed in several comprehensive articles
6122325 Chemically-powered motors can propel themselves through aqueous solution by using
surface reactions for generating local gradients of concentration, electrical potential, and gas
bubbles 1224 Magnetic swimmers successfully use magnetic actuation to reproduce the motions
of natural swimming microorganisms with helical or flexible flagella ®. The proposed propulsion
mechanism of acoustic nanomotors suggests that they use asymmetric steady streaming to produce
a finite propulsion speed along the axis of the symmetry of the device and perpendicular to the
oscillation direction %. Optical, thermal, and electrical energies can also be harvested to drive the
motion of micro/nanostructures with unique principles 26-2, Synthetic micro/nanodevices can also
be integrated with motile organisms to build biologically powered hybrid nanorobots 2%°, These
different propulsion principles have led to several micro/nanorobotic prototypes, including fuel-
powered tubular microrockets !, magnetically-actuated helical swimmers 3L, ultrasound-powered

nanowire motors *2, and sperm-powered biohybrid microrobot * (Fig. 1B-D).



1.2 Biomedical applications of micro/nanorobots

Tremendous efforts from the nanorobotic community have greatly improved the power,
motion control, functionality versatility, and capabilities of the various micro/nanorobotic
prototypes. The growing sophistication of these nano/microscale robots offers great potential for
diverse biomedical applications. Many studies have demonstrated that these micro/nanorobots
could navigate through complex biological media or narrow capillaries to perform localized
diagnosis, remove biopsy samples, take images, and autonomously release their payloads at
predetermined destinations. The energy used to actuate these untethered micro/nanorobots does not
require any cables, tethers, or batteries. Many of the micro/nanorobots are made of biocompatible
materials that can degrade and even disappear upon the completion of their mission. Significantly,
the actuation and biomedical function of several micro/nanorobots in a live animal’s body have
been carefully characterized in recent studies. These preliminary in vivo micro/nanorobot
operations have demonstrated their enhanced tissue penetration and payload retention capabilities.
Such untethered micro/nanorobots represent an attractive alternative to invasive medical robots and
passive drug carriers, and are expected to have a major impact on various aspects of medicine. The
potential biomedical applications of micro/nanorobots, as demonstrated in recent proof-of-concept
studies, are introduced in the following four categories: targeted delivery, precision surgery,
sensing of biological targets, and detoxification. Representative examples of such biomedical

applications are displayed in Fig. 1.2A-E 3437,



Figure 1.2 (A) Potential biomedical applications of nanorobots. (B) Magnetic helical microrobot
for cargo delivery *. Scale bar: 50 um. (C) Micro-grippers for high precision surgery *. Scale bar:
100 pm. (D) Antibody-immobilized microrobot for sensing and isolating cancer cells 3. Scale bar:
30 um. (E) Red blood cell (RBC) membrane-coated nanomotor for biodetoxification *'.

1.2.1 Micro/Nanorobots for Targeted Delivery

Existing drug delivery micro/nanocarriers rely on systemic circulation and lack the force
and navigation required for localized delivery and tissue penetration beyond their passive mass
transport limitation. To achieve precise delivery of therapeutic payloads to targeted disease sites,
drug delivery vehicles are desired to possess some unique capabilities, including a propelling force,
controlled navigation, cargo-towing and release, and tissue penetration. While these remain unmet
challenges for current drug delivery systems, micro/nanorobots represent a new and attractive class
of delivery vehicles that can meet these desirable features. The motor-like micro/nanorobots have
the potential to rapidly transport and deliver therapeutic payloads directly to disease sites, thereby

improving the therapeutic efficacy and reducing systemic side effects of highly toxic drugs.



Figure 1.3 Representative examples of micro/nanorobot-based delivery. (A) Magnetic
nanoswimmer for targeted delivery drug to cancer cell *. (B) Self-assembled polymer multilayer
nanorockets for drug deliver and release *. (C) Controlled in vivo swimming of a swarm of
bacteria-like microrobotic flagella #°. (D) Magneto-aerotactic motor-like bacteria delivering drug-
containing nanoliposomes to tumor hypoxic regions *°.

Numerous initial studies have been conducted to demonstrate the delivery function and
performance of these micro/nanorobots in test-tubes and in vitro environments “>*4. For example,
Gao et al. demonstrated the magnetic micromotor vehicle for directed drug delivery by transporting
drug-loaded magnetic polymeric particles to HeLa cells (Fig. 1.3A) *, while Wu et al. reported the
preparation of a multilayer tubular polymeric nanomotor encapsulating the anticancer drug
doxorubicin via a porous-membrane template-assisted layer-by-layer (Fig. 1.3B) (LbL) assembly
. While the majority of these studies have been performed in vitro, initial in vivo studies are
already undergoing and have demonstrated encouraging results 4751, Servant et al. reported the in
vivo imaging and actuation of a swarm of helical microswimmers under rotating magnetic fields in
deep tissue (Fig. 1.3C) “°. Specifically, the magnetically controlled motion of the microswimmers
in the peritoneal cavity of an anesthetized mouse was tracked in real time using fluorescence

imaging. These results indicate the possibility of using such magnetic motors for optimal delivery



of drugs to a targeted site guided by external magnetic field. Moreover, Felfoul et al. demonstrated
the use of magneto-aerotactic bacteria, Magnetococcus marinus strain MC-1, to transport drug-
loaded nanoliposomes into hypoxic regions of tumors (Fig. 1.3D) . These results suggest that
harnessing swarms of microorganisms exhibiting magneto-aerotactic behavior can significantly
improve the delivery efficiency of drug nanocarriers to tumor hypoxic regions.

Among the various micro/nanorobotic platforms, synthetic motors that are powered by
biological fluids such as gastric acid and water are of interest for in vivo applications. In addition
to efficient propulsion, these motors can carry a large amount of different cargos, release payloads
in a responsive autonomous manner, and eventually degrade themselves to nontoxic byproducts.
The recent advances of using artificial micromotor for actively drug delivery in vivo and enhanced
therapeutic efficacy, which is one of the main focuses of this thesis, will be discussed in Chapter 4.
Considering the tremendous progress made recently in the development of micro/nanorobots and
their uses toward in vivo delivery, these micro/nanorobots are expected to become powerful active-
transport vehicles that may enable a variety of therapeutic applications, which are otherwise

difficult to achieve through the exiting passive delivery systems.

1.2.2 Precision Surgery

Robotic systems have been introduced for reducing the difficulties associated with complex
surgical procedures, and for extending the capabilities of human surgeons. Such robot-assisted
surgery is a rapidly evolving field that allows doctors to perform a variety of minimally-invasive
procedures with high precision, flexibility and control °°3, Unlike their large robotic counterparts,
tiny robots can potentially navigate throughout human body and operate in many hard-to-reach

tissue locations, and hence target many specific health problems.



Figure 1.4 Representative examples of micro/nanorobot-enabled precision surgery. (A) Tetherless
thermobiochemically-actuated microgrippers capturing live fibroblast cells **. (B) Electroforming
of implantable tubular magnetic microrobots for wireless eye surgery **. (C) Acoustic droplet
vaporization and propulsion of perfluorocarbon-loaded microbullets for tissue ablation . (D) Self-
propelled nano-driller operating on a single cell . (E) Medibots: dual-action biogenic
microdaggers for single-cell surgery *’.

Recent advances in micro/nanorobots have shown considerable promise for addressing
these limitations and for using these tiny devices for precision surgery ©®%. Untethered
micro/nanorobotic tools, ranging from nanodrillers to micro-grippers and microbullets (Fig. 1.4A-
E), offer unique capabilities for minimally invasive surgery. With dimensions compatible with
those of the small biological entities that they need to treat, micro/nanorobots offer major
advantages for high precision minimally-invasive surgery. Powered by diverse energy sources, the
moving micro/nanorobots with nanoscale surgical components are able to directly penetrate or
retrieve cellular tissues for precision surgery. Unlike their large robotic counterparts, these tiny
robots can navigate through the body’s narrowest capillaries and perform procedures down to the
cellular level. These studies have demonstrated the great potential of micro/nanorobots for
performing precision surgery at the cellular or even subcellular level. The potential of surgical

nanorobots will be greatly improved by their ability to penetrate and resect tissues and to sense
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specific targets, through the choice of propulsion method and use of real-time localization and

mapping with a robust control system.

1.2.3 Biosensing

Owing to their unique features of autonomous motion, easy surface functionalization,
effective capture and isolation of target analytes in complex biological media, micro/nanorobots
have shown considerable promise for performing various demanding biosensing applications
towards precise diagnosis of diseases. The micro/nanorobot sensing strategy relies on the motility
of artificial nanomotors, functionalized with different bioreceptors (Fig. 1.5A), through the sample
to realize ‘on-the-fly’ specific biomolecular interactions !*!°. Such receptor-functionalized
micro/nanomotors offer powerful binding and transport capabilities that have led to new routes for
detecting and isolating biological targets, such as proteins, nucleic acids, and cancer cells, in
unprocessed body fluids 5%, The continuous movement of these functionalized synthetic motors
leads to built-in solution mixing in microliter clinical samples, which greatly enhances the target
binding efficiency and offers major improvements in the sensitivity and speed of biological assays
62, Furthermore, the efficient cargo towing ability of such self-propelled nanomotors, along with
their precise motion control within microchannel networks, can lead to new medical diagnostic
microchips powered by active transport . Several examples of such bioreceptor-functionalized
micro/nanomotors for the detection and isolation of different types of bioanalytes are displayed in
Fig. 1.5B-C. Fig. 1.5B demonstrates efficient “on-the-fly” DNA hybridization in complex media
by using oligonucleotide-probe functionalized micromotors, which allows sensitive and selective
detection of nanomolar levels of target DNA sequences ®. Beyond detection and transportation of
biological subjects in ambient environments outside of cells, the internalization and movement of
nanorobots within cells can also be exploited for intracellular sensing. For example, Esteban et al.

introduced an attractive intracellular “Off-On” fluorescence strategy for detecting the endogenous
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content of target miRNA-21 based on the use of a ultrasound-propelled nanomotor functionalized
with ssDNA (Fig. 1.5C) . Such nanomotor biosensing approach could find important applications
for profiling miRNAs expression at the single-cell level in a variety of clinical scenarios.
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Figure 1.5 Strategies and examples of micro/nanorobots for sensing. (A) Functionalization of
micro/nanorobot with different bioreceptors towards biosensing of target analytes, including cells,
proteins, and nucleic acids. (B) ssDNA-functionalized microrockets for selective hybridization and
isolation of nucleic acids ®. (C) Specific intracellular detection of miRNA in intact cancer cells
using ultrasound-propelled nanomotors .

1.2.4 Detoxification

Self-propelled micro/nanorobots have been used also as powerful detoxification tools with
high cleaning capability. Similar to biosensing, detoxification strategies rely on self-propelled
micro/nanorobot that rapidly capture and remove the toxin to render the environment non-toxic.
Efficient motion would facilitate the collision and binding of toxins to the motors, which are coated
with desired functional materials. For example, nanomotors have been combined with cell-derived
natural materials — capable of mimicking the natural properties of their source cells — toward novel
nanoscale biodetoxification devices. Among different cell derivatives, red blood cells (RBCs) have
shown excellent capability to function as toxin-absorbing nanosponges to neutralize and remove
dangerous “pore-forming toxins” (PFTs) from the bloodstream (Fig. 1.6A) . Motivated by the
biological properties of RBCs, several different types of cell-mimicking micromotors have been
developed for detoxification. Wu et al. presented a cell-mimicking water-powered micromotor

based on RBC membrane-coated magnesium microparticles, which were able to effectively absorb
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and neutralize a-toxin in biological fluids (Fig. 1.6B) ¢”.  Another detoxification strategy explored
the combination of RBC membranes with ultrasound-propelled nanomotors as a biomimetic
platform to effectively absorb and neutralize PFTs 3. Another microrobot-based detoxification
approach was based on the use of a self-propelled 3D-printed microfish containing polydiacetylene
(PDA) nanoparticles (Fig. 1.6C, top part), which served to attract, capture, and neutralize toxins
via binding interactions . Self-propelled 3D-microfishes incubated in the toxin solution showed
higher fluorescence intensities (Fig. 1.6C, bottom part) compared to static microfishes, highlighting

the importance of active motion for enhancing the detoxification processes.

Figure 1.6 Representative examples of micro/nanorobots for detoxification. (A) Transmission
electron microscope image of a cell membrane-coated nanosponge used for toxin neutralization .
(B) Scheme of the RBC-Mg Janus micromotor moving in biological fluid (left), and their capacity
for cleanning of a-toxin . (C) Scanning electron microscope image of a 3D-printed microfish (top)
and fluorescent image of the microfish incubated in melittin toxin solution after swimming (bottom
part) 68,

1.3 Other applications of micro/nanorobots

1.3.1 Environmental applications

Nanotechnology offer considerable promise for addressing growing environmental
sustainability and challenges facing our world. The attractive capabilities of micro/nanorobots can
add a new dimension based on motion to environmental remediation processes and lead to greatly
enhanced destruction protocols (12, 67). The continuous movement of these tiny motors has been

used for transporting reactive materials throughout contaminated samples, and for imparting
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significant mixing during detoxification processes. These capabilities have led to significantly
shorter cleanup times in connection to lower levels of reagents, thus holding considerable promise
to lower the decontamination costs. Environmental monitoring, water-quality screening, oil
cleaning, heavy metal removal, and CO; scrubbing have also greatly benefited from the use of
functionalized microrobots. Examples of some of these impressive microrocket-based

environmental remediation strategies are displayed in Fig. 1.7A-B.
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Figure 1.7 Examples of micro/nanorobots for environmental remediation. (A) Alkanethiol-coated
microsubmarines for effective removal of oil ™. (B) Graphene-based microbots for toxic heavy
metal removal 72,

1.3.2 Defense applications

Threats of chemical and biological warfare agents (CBWA) represent a serious global concern
and require rapid and efficient destruction methods. The advanced micro/nanorobotic tools can
offer “on-the-fly” detection and destruction, or ‘capture—transport-release’ separation process.
Such active transfer process through high-speed nanoscale location leads to rapid methods to detect
and destruct CBWA from environment (Fig. 1.8A-B) . Like biological function of human cells
could be highly sensitive to the presence of CBWA, the motion dynamics of the micro/nanorobots
are also highly related to the toxic agent in the environment. By visualizing the motion behavior of
micro/robots, such response to the threats will lead to a rapid “seeing is sensing” platform >7'8,

Intelligent micro/nanorobots could be steered to inaccessible or harsh locations or using trace the

source of threats for rapid sensing and destruction. Integrating active reactants on the
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micro/nanorobots with their rapid motion capacity enables rapid threat destructions without
external device to enhance the mass transfer. Therefore, such micro/nanorobot platform is highly
practical for in situ disarm without any external energy sources or expensive devices. Overall, the
micro/nanorobotic platforms could address many obstacles associated with traditional
methodologies used in the defense sector, especially for remote and rural location without power

supplies and desired setups.
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Figure 1.8 Countermeasures delivery with micro/nanorobots. (A) Rapid oxidative neutralization
of organophosphorus nerve agents based on self-propelled micromotors ™. (B)Schematic
representation of the self-propulsion and photocatalytic degradation of biological and chemical
warfare agent into environmentally-friendly products by water-driven spherical TiO2/Au/Mg
micromotors .

1.3.3 Energy applications

The potential of micro/nanorobots of energy application can be achieved by either
enhancing the chemical process or directly transfer their mechanical motion into energy. The active
transfer process enabled by micro/nanorobots can dramatically enhance the chemical process and
reaction related to energy generation. For example, Singh et al. have demonstrated that the
autonomous motion of these catalytic micromotors, as well as their bubble generation, leads to
enhanced mixing and transport of NaBH,4 towards the Pt-black catalytic surface (compared to static
microparticles or films), and hence to a substantially faster rate of H, production as sustainable
energy (Fig. 1.9A) . The mechanical energy associated with the motion of micro/nanorobots can

also be directly transferred in electricity. For example, Matsui et al. demonstrated that peptide—
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metal-organic framework (Pep-MOF) motors, whose motions are driven by anisotropic surface
tension gradients created via peptide self-assembly around frameworks, can rotate microscopic

rotors and magnets fast enough to generate an electric power of 0.1 pW (Fig. 1.9B) &,
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Figure 1.9 Micro/nanorobots for energy production. (A) Micromotor-enhanced H, production 7°.
(B) MOF micromotor-based electric generator .

1.3.4 Nanomanipulation and assembly

Making complex functional materials with three-dimensional micro- or nano-scale
dynamic compositional features is highly demanded for diverse applications. The micro/nanorobot
can transport both themselves and other passive nanostructures to build complicated assembles.
For example, Schmidt et al. demonstrated maneuvers of self-propelled microbots can be wirelessly
coordinated by an external magnetic to selectively manipulation of different microobjects randomly
suspended in solution (Fig. 1.10A) 8. Sitti et al. used an untethered magnetic micro-robot to code
complex materials in three-dimensions with tunable structural, morphological and chemical
features (Fig. 1.10B) ®2. With advanced control technique, the microrobot can transport any
individual building block to the desired location with high precision, thus making three-

dimensional structure with arbitrary feature possible.
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Figure 1.10 Nanomanipulation and assembly with micro/nanorobots. (A) Microbot assembling
four nanoplates in different configurations 8. (B) Micro-robotic coding and reconfiguration of
Poly(ethylene glycol) dimethacrylate hydrogels into complex planar constructs .

1.3.5 Active and living matter

Complex dynamic systems—from a living cell to neural circuits and swarming bacteria to
schooling fishes—have several common features, among which are the autonomous movement of
the components of these systems, and the interactions (both attractive and repulsive) among these
components in far-from-equilibrium processes. Exploring the dynamics and spatiotemporal
complexity at the nanometer scale, which remains a relatively primitive stage, requires designing
nanoscale building blocks that actively both move and interact with one another, followed by
characterization of the spatial structures and patterns that emerge from groups of these components.
The self-organization of micro/nanorobots, usually made with motile colloidal nanoparticles, in a
far-from-equilibrium system and to use this system as a new dimension for directing self-

assembling dynamics and structures.
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Figure 1.11 Active and living matter based micro/nanorobot which consume energy. (A) Light-
activated living crystal made by active colloidal . (B) Examples of collective active states formed
by spheres with imbalanced, off-centered charges 8.

The wide range of self-assembled structures by colloidal matter often develops in thermal
and structural equilibriums. Micro/nanorobots driven by intrinsic or extrinsic energy sources, rather
than thermal fluctuations, can show far-from-equilibrium self-organization with high complexity
rivaling that of biological systems. Micro/nanorobots are usually powered by local chemical
reactions, external stimuli, or the hybridization of multiple energy sources. Their mobility and
complex interactions are new pathways to direct the self-assembly process. These processes are
principally regulated by local chemical and diffusion processes, and can be further digitally tuned
by external optical, electrical, magnetic or ultrasound fields. In addition, micro/nanorobots can
synthesized with controlled anisotropy and crystal geometries, such as Janus nanoparticles or
heterogeneous nanocrystals. The obtained anisotropic structure would consist of “active” facets for
directional propulsion and “passive” facets which can be functionalized by ligands to direct further
chemistry or interparticle interactions. In such a living, dissipative system consisting of active and
anisotropic individuals, energy consumption will offer on-demand control of their collective
dynamics and behaviors towards active superlattices with higher-level structural complexity and

hierarchy (Fig. 11A-B). Particularly, the far-from-equilibrium behavior will lead to nanoscale
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dynamic orders, including transient assembly 8, reconfigurable patterns 2, stimulus-dependent

synchronization, temporal and spatial oscillations, and even self-replicating ensembles.

Chapter 1 is based, in part, on the material as it appears in Science Robotics, 2017, by
Jinxing Li, Berta Esteban-Fernandez de Avila, Wei Gao, Liangfang Zhang, Joseph Wang. The

dissertation author was the primary investigator and author of these papers.
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Chapter 2 Inspired from the Nature:

Wireless Nanorobots Actuated by External Fields

2.1 Template electrosynthesis of tailored-made helical

nanoswimmers

2.1.1 Introduction

The synthesis of nanoscale structures capable of moving in liquids represents a major
nanotechnological challenge . Significant progress has been made recently towards the
fabrication of micro/nano motors that rely on local chemical fuel 7° or on external electrical %,
optical 12, ultrasound >4 and magnetic >-’stimuli. Among the different types of micro/nanomotors,
magnetically actuated ones are extremely promising for diverse in vivo biomedical applications
owing to their attractive swimming performance 8° In particular, helical magnetic
micro/nanoswimmers - inspired by bacterial flagellum propulsion 2 - transform a rotation around
their helical axis into a translation along the helical axis to offer an efficient locomotion behavior
1719 “However, till recently the large-scale preparation of helical micro/nanostructures has been
challenging, since traditional microfabrication techniques - based on the deposition or removal of
thin layers of material - have not been compatible with the preparation of complex three-
dimensional (3D) helical micro/nanostructures *°. The challenges of fabricating 3D helical
swimmers have been discussed 171°. Several fabrication methods have been proposed recently for
addressing these challenges and preparing magnetically-actuated helical micro/nanoswimmers 171°,

The first magnetically-driven helical corkscrew-shaped microrobot (2-3 um in diameter, 30-50 um
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long) was fabricated by a self-scrolling technique that combines “top-down” lithographic patterning
and a “self-organizing” step °. Even smaller highly-densed helical nano-propellers were prepared
in 2009 by glancing angle deposition (GLAD) 2. An attractive top-down 3D laser direct writing
(DLW) of magnetic helical micromachines was demonstrated recently by Nelson’s group 222, Yet,
these routes for fabricating helical micro/nanoswimmers require specialized and expensive
instrumentation, and the dimensions of these helical magnetic motors are commonly limited by the
resolution of optical lithography.

This article describes an effective and simple template electrodeposition approach for the
large-scale preparation of extremely small and highly efficient helical magnetic swimmers. For
over two decades, template electrosynthesis has been shown to be an attractive approach for the
mass production of diverse nanostructures and nanodevices 2. Such template-assisted
electrochemical growth of different nanostructures involves electrodeposition of different materials
into the cylindrical nanopores of a host porous membrane template, followed by dissolution of the
template 25. The versatility of the template-directed electrodeposition has been shown to be
extremely useful for preparing chemically-powered nanomotors, including catalytic bi-segment
(Pt-Au) nanowires 7 and microtubular engines "?:2”, Template electrosynthesis has been used also
for preparing flexible nanowire swimmers ', but not for fabricating helical (corkscrew-shaped)
magnetic swimmers. Several groups have demonstrated recently the successful template fabrication
and assembly of helical composite mesostructures 2%, In particular, Park’s group described the
synthesis of palladium (Pd) nanosprings using anodized aluminum oxide (AAO) templates and
electrochemical deposition 2°.

Taking advantage of these recent advances in the electrosynthesis of nanosprings, we
demonstrate in the following sections that this templating route can lead to the large-scale low-cost
preparation of remarkably small magnetically-driven helical nanoswimmers (down to 100 nm in

diameter and 600 nm in length) that display efficient propulsion behavior. Our study demonstrates



27

that such template synthesis provides convenient control the dimensions, geometry and
composition of the helical swimmers, as desired for optimizing the swimming performance.
Geometrically tunable helical nanostructures - with varied diameter, length and spiral pitch - can
be readily fabricated via judicious selection of the membrane template pore size, composition of
the plating solution and electrodeposition parameters. Thousands of helical nanoswimmers can thus
be prepared within few hours. The nanoscale dimensions and efficient propulsion behavior of these
template-prepared helical nanoswimmers make them ideal candidates for future miniature devices

in the human body.

2.1.2 Experimental Section
Synthesis of magnetic nanohelices

Nanoporous AAO templates membrane (6809-6022, Whatman, Maidstone, UK) with a
pore size of 200 nm were used as a template for fabricating 200 nm nanohelices. PC membrane
templates (110605 and 110607, Whatman, NJ, USA) with pore sizes of 100 nm and 400 nm were
used for fabricating 100 and 400 nm helical nanoswimmers. Al.O; coatings were formed in the PC
templates by atomic layer deposition for 800 cycles at 100°C. Before electrochemical deposition, a
75 nm gold film was sputtered on one side of the porous membrane to serve as a working electrode
using the Denton Discovery 18 (Moorestown, NJ). A Pt wire and an Ag/AgCI (with 1 M KCI) were
used as counter and reference electrodes, respectively. The membrane was then assembled in a
plating cell with an aluminium foil serving as a contact. All electrochemical deposition steps were
carried out at room temperature (22 °C). For preparing 200 nm nanohelices using an AAO
membrane, a sacrificial silver layer was initially electrodeposited at -1.0 V for a total charge of 3
C using a commercial silver plating solution (1025 RTU @ 4.5 Troy/gallon). Gold nanorods were
then electrodeposited at -1.0 V for a total charge of 1.5 C from a commercial gold plating solution

(Orotemp 24 RTU RACK); subsequently, the Pd/Cu nanorods were deposited at -0.1 V from the
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PdCI,/ CuCl;plating solution mixture. All the Pd/Cu plating solutions contained 20 mM CuCl; and
0.1 M HCI, while the PdCI, concentrations varied from 25 mM to 45 mM to prepare nanohelices
with different morphologies. After electrochemical deposition, the sputtered gold layer was
completely removed by hand polishing with 3—4 um alumina slurry. The AAO membrane templates
were dissolved in 3 M NaOH for 30 min followed by washing with ultrapure water until neutral
pH was obtained. Finally, the Ag sacrificial layer and the Cu component (of the Pd/Cu nanorods)
were dissolved using an 8 M HNOs solution for 10 minutes, resulting in the formation of Pd
nanohelices. Fabrication of 100 nm and 400 nm nanohelices, with the PC membrane templates
involved the electrodeposition of gold nanorods using a charge of 0.2 C; and subsequent deposition
of Pd/Cu nanorods at -0.1 V from a plating solution containing 20 mM CuCl,, 30 mM PdCl; and
0.1 M HCI for 2 C. The templates were dissolved in methylene chloride for 10 min to completely
release the nanostructures. The latter were collected by centrifugation at 9000 rpm for 3 min and
washed 3 times with methylene chloride, ethanol and deionized water each, with a 3 min
centrifugation after each wash. Finally, Pd/Cu nanorods were soaked in a NaOH (3 M) solution for
30 min to dissolve Al,O3 for a complete release of nanorods. The Cu in the Pd/Cu nanorods was
then etched as mentioned above. The Pd nanohelices were dispersed on glass slides. Finally, a 10
nm thick Ni layer was deposited onto the Pd nanohelices by electron beam evaporation, using a
deposition speed of 0.05 nm/s.
Magnetic actuation and microscopy observation

A Helmholtz coil pair was used to generate the magnetic rotation field for remote actuation.
The frequency of the rotating magnetic field can be changed from 1 Hz to 1000 Hz by a sinusoidal
wave generator. The above magnetic nanohelices were dispersed in water droplets for rotation and
translation motion tests. An inverted optical microscope (Nikon Instrument Inc. Ti-S/L100),

coupled to a 40x objective, a Hamamatsu digital camera C11440 and NIS Elements AR 3.2
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software, were used for capturing movies of the swimming motion. The speed of the nanoswimmers

was tracked using a NIS Elements tracking module.

2.1.3 Template-assisted electrodeposition

As illustrated in Fig. 2.1, the new protocol for fabricating helical nanoswimmers is based
on the procedure described by Park and coworkers for creating Pd nanosprings #. The preparation
of such Pd nanohelices relies on electrochemical co-deposition of Pd?* and Cu?* inside the
nanoscopic pores of AAO membrane templates using an acidic environment. Gold nanorods (~1
um long) were electrodeposited initially within the nanopores to form a uniform solid base essential
for the growth of the Pd/Cu nanorods (Fig. 2.1a). Subsequently, a solution containing 30 mM PdCl.,
20 mM CuCly, and 0.1 M HCI was used for growing the Pd/Cu nanorods (Fig. 2.1b). An OH group
terminated Al.Os surface and the H* in acidic solution, along with a suitable reduction potential,
are essential for the effective reduction of Pd?* (during the co-deposition with Cu) to form crystal
structures on the nanopore wall.®2 Dissolution of the membrane template (Fig. 2.1c) and etching of
copper from the nanorod (Fig. 2.1d) result in Pd nanohelices. Subsequent electron beam
evaporation of a nanometer-thick magnetic nickel layer onto the Pd nanosprings leads to tiny
magnetic helical nanoswimmers (as small as 100 nm in diameter and 600 nm in length) (Fig. 2.1e).
Applying a continuous torque to the new Ni-coated Pd nanohelices, via a rotating magnetic field,
transforms the rotation around their helical axis into a translational corkscrew motion along this

axis.
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Figure 2.1 Schematic illustration of the template-based fabrication of helical magnetic
nanoswimmers. a) Electrodeposition of Au; b) electrochemical codeposition of Pd/Cu rods; c)
removal of the membrane template and the Au bottom layer; d) etching of Cu; e) Ni coating for
magnetic actuation.

We initially used AAO membrane templates with pore diameter of ~200 nm for preparing
the helical nanoswimmers. Stepwise schematic illustrations and SEM images of the nanostructures
prepared at the different steps of the synthesis are displayed in Fig. 2.2a-c. For example, the SEM
image of Fig. 2.2a depicts the surface morphology of a Pd/Cu alloy nanorod released during the
NaOH-induced dissolution of AAO membrane. A close examination of this image indicates the
presence of periodical helical dented curvature on the nanorod surface, corresponding to Pd
nanodomains curling up on the Cu nanorod, and reflecting the coiled-shaped growth of Pd.3
Subsequent 10 min exposure of this Pd/Cu rod structure to an 8M nitric acid solution results in
etching of the Cu component, leaving behind a helical Pd nanospring structure with a rough surface
(SEM image of Fig. 2.2b). Longer etching time can damage (slowly dissolve) the Pd nanospring
structures. While the exact reason for the formation of the Pd nanospring is not fully understood, it
has been attributed to the spatially different growth processes of Pd and Cu.®? The circular cross
section of the filament of this helical Pd nanostructure has a diameter of about 40 nm. A smoother
surface is observed Fig. 2.2c after the electron beam evaporation of a uniform and thin Ni film over
the Pd nanohelix. In order to improve the coating uniformity, the deposition rate of the Ni layer

was maintained as low as 0.05 nm/s under a very low pressure (107 torr).
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Figure 2.2 Schematic and SEM images of a Pd/Cu nanorod (showing periodical helical indented
curvature on the surface) (a), the Pd helical nanospring (b) and the Ni-coated Pd helical nanospring
(c). (d,e) TEM characterization of magnetic nanohelices of different lengths: ~800 nm (d) and ~1.5
um (e), prepared using charge densities of 0.5 and 1 C/cm? , respectively.

The template electrosynthesis method can produce helical nanopropellers with tailored-
made geometries and dimensions. For example, controlling the charge density during the Pd/Cu
deposition has been used for producing nanohelices with different lengths. The transmission
electron microscopy (TEM) images of Fig. 2.2d show well-defined nanohelices with a length of
around 800 nm, prepared using a charge density of 0.5 C/cm?. Increasing the charge density to 1
C/cm? results in longer helices with an average length of ~1.5 pm, (Fig. 2.2¢). It should be noted
that nanosprings with aspect ratios larger than 15 display some bending and may compromise the
magnetic locomotion. Nanohelices with aspect ratios smaller than 10 were thus used for most
subsequent propulsion experiments.

Another attractive feature of the new template electrosynthesis route is its ability to tailor
the helical pitch through control of the composition of plating solution. In particular, the
morphology of the helices is strongly dependent on the Pd?*/Cu?* concentration ratio in the solution.
The absence of copper in the solution leads to the formation of Pd nanotubes due to the higher Pd*
reduction rate at the surface of the nanopore ?°. Similarly, the helical architecture is not observed

using plating solutions with very high Cu?* concentrations, since such solutions hinder the
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nanohelix growth and lead to highly porous Pd nanorods. In order to tailor the helical pitch of the
resulting nanohelices, we thus used plating solutions with a Cu?* concentration of 20 mM and Pd?*
concentrations ranging from 25 mM to 45 mM. Fig. 2.3a-e displays a series of SEM images of
nanohelices prepared with varied Pd?* concentrations: a) 25, b) 30, ¢) 35, d) 40 and e) 45 mM. Fig.
3.f summarizes the observed effect of the composition of the plating solution and shows the
dependence of the helical pitch length upon the Pd?*/Cu?" concentration ratio. These data and
images indicate that the pitch length decreases gradually from ~130 nm to ~60 nm upon increasing
the Pd?* concentration from 20 mM to 45 mM. The resultant structure finally approaches a nanotube
at the highest Pd?* level. Overall, a plating solution containing 30 mM PdCl,, 20 mM CuCl,, and
0.1 M HCl is optimal for preparing well-defined Pd nanosprings towards efficient helical magnetic

nanoswimmers.
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Figure 2.3 Control of the pitch length of the template-prepared magnetic nanohelices. a-€) SEM
images of Ni-Pd nanosprinsg. PdCI,/CuCl, concentration ratio in the plating solution: a) 25/20, b)
30/20, c) 35/20, d) 40/20, e) 45/20. f) Plot showing the dependence of the pitch length upon the
Pd?*/Cu?* concentration ratio.

The electrodeposition strategy allows precise control of the diameter of helical Pd
nanostructure, and of the corresponding nanoswimmers, through the use of membrane templates
with different pore sizes. Since commercial Polycarbonate (PC) membranes have a larger variety

of pore diameters (ranging from 15 nm to 12 pm) than AAO templates, it is possible to use different

PC membrane templates for preparing helical nanoswimmers with different diameters. Accordingly,
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we evaluated polycarbonate membranes with pore diameters of 100 nm and 400 nm (along with
the AAO membrane with 200 nm pores). Since hydroxyl (OH) group-terminated alumina surfaces
in acidic environment are critical for nanohelix formation due to the interfacial electrostatic double
layer formation in nanochannels 2°, we used atomic layer deposition (ALD) for incorporating
alumina into walls of the PC membrane micropores. Electrodeposition of Pd/Cu alloy nanorods has
been subsequently carried out under the optimal conditions (30 mM PdCl./20 mM CuCly),
followed by dissolution of the PC template and the Cu component using methylene chloride and 8
M nitric acid, respectively. Sl Fig. 2.1 displays long Pd nanosprings encapsulated within 400 nm
diameter Al,O3 nanotubes after the dissolution of the PC membrane. Subsequent NaOH-induced
dissolution of the Al,Os nanotubes and electron beam evaporation of Ni layer resulted in the
formation of magnetic helical nanoswimmers of different diameters. Fig. 2.4 displays a series of
SEM and TEM images of such magnetic nanohelices formed inside nanopores of varying diameters.
These images indicate that well-defined nanohelices of diameters ranging from 100 to 400 nm can
be prepared using membrane templates possessing nanopores of different diameters. Note also that
the cross section of the filament increases from ~30 nm to ~150 nm upon increasing the diameter

of the nanopores.
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Figure 2.4 Schematic illustrations (a), SEM (b) and TEM (c) images of Ni/Pd nanohelices with
different diameters: 100 (A), 200 (B) and 400 (C) nm prepared by using different membrane
templates.

2.1.4 Magnetic actuation of the helical nanoswimmers

Following the successful template fabrication of tailored-made magnetic nanohelices, a
rotating magnetic field has been used to remotely actuate their directional motion. The new
template-prepared torque-driven nanoswimmers display an attractive propulsion behavior:
tumbling motion at low magnetic rotation frequency and corkscrew motion at high magnetic
rotation frequencies (Fig. 2.5a and 5b, respectively). The change from tumbling to a corkscrew
rotation occurs at a specific stabilization frequency. Such frequency-dependent transition motion
behavior is illustrated for a 400 nm diameter helical nanoswimmer, upon increasing the magnetic
field frequency from 10 to 100 Hz. Subsequent work has focused on the corkscrew motion of the
new template-prepared nanoswimmers. The image sequence of Fig. 2.5 ¢c-f displays such movement
using a 3 um long (400 nm diameter) nanoswimmer over the 3 sec period at a rotation frequency
of 150 Hz. The nanoswimmer travels over a long path of approximately 45 um parallel to the
magnetic field axis, i.e., at a speed of 15 pm/s, corresponding to a relative speed of ~5 body
lengths/s. Such speed compares favorably with those reported for helical swimmers prepared by

advanced self-scrolling and GLAD techniques.'®222 The new helical swimmers also displayed
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effective propulsion in cell culture media, which is in agreement with previously study of the

magnetic nanoswimmers in salt-rich media.*®

5um
o 0s 1s 2s 3s

Figure 2.5 Schematic illustration of the tumbling (a) and corkscrew (b) motions of helical
nanoswimmer under low and high magnetic rotation frequencies, respectively. (c-f) Time-lapse
motion images of a 400 nm helical nanoswimmer under a magnetic rotation frequency of 150 Hz.

The translational velocity of helical nanoswimmers with different diameters has been
examined using different magnetic rotation frequencies. The trajectories in Fig. 2.6a-c illustrate the
defined motion of different helical nanoswimmers with diameters of 100, 200 and 400 nm,
respectively, over a 2 second period at a rotation frequency of 120 Hz. Tracking analysis
demonstrates that their average speeds are 6, 9 and 13 pm/s, respectively. The influence of the
frequency upon the speed of helical nanoswimmers of different diameters is shown in Fig. 6d.
These plots indicate that the motor speed increases in a nearly linear fashion with the frequency.
Furthermore, it is noted that large nanoswimmers (with a 400 nm diameter) swim nearly 3-fold
faster than the smaller (100 nm) ones. The speed of helical swimmers is dependent upon various
geometric parameters (including the diameter) and the rotation frequency, in a complex manner

described in Equation (2.1) 22%:

_ (§1—§))sin0 cos@
" 2(£,sin%0+§)|cos20)

(2.1)

where £, and & are the drag coefficients perpendicular and parallel to the helical axis, 0 is the helix
angle, d is diameter of the helix, and w is the rotational frequency. Overall, our experimental results

follow closely the theoretical prediction of equation.
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Figure 2.6 Motion trajectories of helical nanoswimmers with different diameters: a) 100 nm; b)
200 nm; c) 400 nm (aspect ratios of ~10) over a 2 sec period. Magnetic field frequency: 120 Hz. d)
Dependence of the nanoswimmer velocity on the magnetic frequency and diameter of the motors,
calculated from the tracking analysis of the observed motion.

2.1.5 Conclusions

In summary, we have demonstrated an attractive template-electrosynthesis approach for
the fabrication of the extremely small yet highly efficient helical magnetic nanoswimmers. The Pd
helical nanostructures were fabricated by template electrodeposition of Pd/Cu nanorods into
nanoporous membrane templates, followed by removal of Cu, and electron-beam coating the
resulting Pd nanohelices with a magnetic Ni layer. The new templating route results extremely
small (of 100 nm diameter) and efficient helical nanoswimmers and allows convenient tailoring of
the length, diameter and helix pitch of nanohelices. These template-prepared fuel-free helical
nanoswimmers display an attractive locomotion behavior and are promising for a plethora of future

biomedical applications, such as in vivo targeted drug delivery or biopsy.
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2.2 Magneto-acoustic hybrid nanomotor

2.2.1 Introduction

Robotics deals with automated machines that can locomote themselves and perform
different tasks in various environments across different scales. One of the most inspiring challenges
is achieving efficient propulsion at micro/nanoscales, where viscous forces dominate 3. The
outstanding performance of molecular biomotors has inspired considerable interest in the design of
man-made micro-/nanomachines which can mimic their behaviors and operate with locally-
supplied chemical fuels 12583234 For instance, researchers have developed catalytic nanomotors
which exhibit autonomous self-propulsion in the presence of hydrogen peroxide and perform
various advanced functions %34, While chemically powered catalytic motors have received
tremendous attention, many important applications of nanomotors (particularly in vivo biomedical
ones) require the elimination of the external fuel. To address these needs, considerable recent
efforts have been directed led to development of biocompatible fuel-free propulsion mechanisms
based on external stimuli 101315214551 "Increasing the capabilities and sophistication of such fuel-
free nanomotors is essential to design advanced nanosystems for diverse biomedical applications.

Hybrid nanomotors, which use multiple distinct power sources for nanoscale propulsion,
could expand the scope of operation of man-made nanomachines in changing environments. Hybrid
nanomotors coupling fuel-powered and fuel-free propulsions in a single nanovehicle have thus been
described recently %4 For example, Wang’s group demonstrated the first example of a hybrid
nanomotor which can be powered both magnetically and catalytically %2, as well as a chemically-
powered hybrid micromotor that harvests its energy from reactions of three different fuels .
Mallouk’s group reported recently on bimetallic nanowire hybrid motors driven by chemical and
acoustic forces >. However, there are no reports on synthetic fuel-free hybrid nanomotors based

on different propulsion mechanisms and powered by various external stimuli. The dynamic
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interplay and collective behaviors of nanomotors under different external fields have not been
explored. Achieving hybrid propulsion of nanomotors requires the design and fabrication of
multicomponent within a single nanoscale device, along with integrated multifunctionality for
dynamic complexity, while ensuring minimal effect upon the individual propulsion modes.

Here we describe a magneto-acoustic hybrid fuel-free nanomotor which can be powered
by either a magnetic (Mag) or ultrasound (US) field. Both magnetic and ultrasound fields, which
are traditionally used in diagnostic imaging, are playing an ever-increasing role in the delivery of
therapeutic agents including genetic material, proteins, and chemotherapeutic agents >, Owing
to their biocompatible energy transduction mechanism, magnetic and ultrasound propulsions have
also dominated the operation of fuel-free nanomotors and hold considerable promise for biomedical
applications, particularly in vivo ones. The magneto-acoustic hybrid nanomotors, described in the
present work, thus lead a new generation of versatile and robust fuel-free nanovehicles for on-
demand operation with either mode when the other one is failed or has to be suppressed in complex
medical treatments. Meanwhile, such functional nanomachines are expected to be coupled with
conventional magnetic and ultrasound diagnostic devices for multitask medical treatments
including diagnostic, imaging and drug delivery at the same time with the dual-mode operation
capacities. Of particular significance, the adaptive and reserved collective behaviors, with fast
aggregation and swarm motion, provide a new route to control large-number of nanomotors which
could not be achieved by using a single propulsion mode. Such new design and hybrid operation
in an integrated manner thus expands the horizon of nanomotors to treat future diverse and complex

medical conditions.

2.2.2 Experimental section

Synthesis of magneto-acoustic hybrid nanomotors
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PC membrane templates (110607, Whatman, NJ, USA) with pore sizes of 400 nm were
used for fabricating the hybrid nanomotors. Before electrochemical deposition, a 75 nm gold film
was sputtered on one side of the porous membrane to serve as a working electrode using the Denton
Discovery 18 (Moorestown, NJ). A Pt wire and an Ag/AgCI (with 1 M KCI) were used as counter
and reference electrodes, respectively. The membrane was then assembled in a plating cell with an
aluminium foil serving as a contact. All electrochemical deposition steps were carried out at room
temperature (22 °C). Gold nanorods were then electrodeposited at —1.0 V for a total charge of 1.5C
from a commercial gold plating solution (Orotemp 24 RTU RACK); subsequently, the Pd/Cu
nanorods were deposited at —0.1 V from the PdCI,/CuCl; plating solution mixture containing 20
mM CuCl2, 30 mM PdCl;, and 0.1 M HCI with a total charge of 3C. After electrochemical
deposition, the sputtered gold layer was completely removed by hand polishing with 3—4 pm
alumina slurry. The templates were dissolved in methylene chloride for 10 min to completely
release the nanostructures. The latter were collected by centrifugation at 9000 rpm for 3 min and
washed 3 times with methylene chloride, ethanol and deionized water each, with a 3 min
centrifugation after each wash. Then the Cu component (of the Pd/Cu nanorods) were dissolved
using an 8 M HNOg solution for 10 minutes, resulting in the formation of nanorod-nanospring bi-
segment structure. The nanostructures were then dispersed on glass slides. Finally, a 10 nm thick
Ni layer was deposited onto the bi-segment structure nanostructures by electron beam evaporation,
using a deposition speed of 0.05 nm s™*. The control Au nanorods were electrodeposited at —1.0 V
for a total charge of 3.0 C from a commercial gold plating solution (Orotemp 24 RTU RACK);
while the control Pd nanosprings Pd/Cu nanorods were deposited at —0.1 V from the PdC12/CuCI2
plating solution mixture containing 20 mM CuClz, 30 mM PdCl», and 0.1 M HCI with a total charge
of 6 C. Similarly, a 10 nm thick Ni layer was deposited onto the fabricated control nanostructures
by electron beam evaporation, using a deposition speed of 0.05 nm s

Ultrasound and magnetic propulsion
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The hybrid propulsion was carried out in a cell made in a covered glass slide (75 x 25 x 1
mm). A piezoelectric transducer (PZT), consisting of a 0.5 mm thick ring with a 10 mm outside
diameter and 5 mm inner diameter, was attached to the bottom center of the glass slide to create
the ultrasonic field. The continuous ultrasound sine wave was applied through the PZT, via an
Agilent 15 MHz arbitrary waveform generator, which was connected to a power amplifier. The
continuous sine waveform and a voltage amplitude varied between 0 and 10.0 V, as needed for
controlling the intensity of the ultrasonic wave. The electric signal was monitored using a 20 MHz
Tektronix 434 storage oscilloscope. A Helmholtz coil pair was used to generate the magnetic
rotation field for remote actuation. The frequency of the rotating magnetic field can be changed
from 1 Hz to 1000 Hz by a sinusoidal wave generator. The above hybrid nanomotors were dispersed
in different media for rotation and translation motion tests. Human serum from human male AB
plasma was received from Sigma-Aldrich (St. Louis, MO). Fresh blood was collected from six-
week-old male ICR mice and anticoagulated with ethylenediamine tetraacetate and diluted by 20
times. An inverted optical microscope (Nikon Instrument Inc. Ti-S/L100), coupled to a 40
xobjective, a Hamamatsu digital camera C11440 and NIS Elements AR 3.2 software, were used
for capturing movies of the swimming motion. The speed of the nanoswimmers was tracked using
a NIS Elements tracking module. In this study, each bar represents the mean + Standard Deviation
of 10-20 nanomotors under the same propulsion condition. We also performed statistical

calculations using Student’s t test (P<0.05). The speed between each bar is statistically different.

2.2.3 Hybrid nanomotor design and fabrication

Using different fields to power a single hybrid motor offers considerable promise for
designing multi-modal adaptive nanovehicles that reconfigure their operation on demand based on
changing conditions. Combining different fuel-free propulsion modes into a single device

represents a nanoengineering challenge in view of the different requirements of the magnetic and
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acoustic propulsions. It is thus critical that the design and fabrication of the new dual-mode hybrid
nanomotor will have a minimal effect upon the individual magnetic and ultrasound propulsions,
compared to that of the common magnetic or ultrasound-based nanomotors. To address the
challenge of harvesting the propulsion force from both magnetic and acoustic fields, the new class
of nanomotors is constructed from bi-segment nanomechanical elements, where concave nanorod
segments (essential for the ultrasound actuation), are connected to nanohelical magnetic segments
(Fig. 2.7). The creation of such distinct multicomponent (rod-helical) architectures has been
realized through a versatile template-assisted electrochemical deposition method followed by
segment-selective chemical etching (Fig. 2.7B). Specifically, and as illustrated in Fig. 2.7A, the
hybrid nanomotor is based on a bi-segment configuration, with a magnetic nanospring (Ni coated
Pd) on one end, and a concave (Ni coated Au) nanorod on the other. The resulting nanostructures
offer an attractive fuel-free magneto-acoustic hybrid nanomotor operation with the magnetic helical
end serving for the magnetic propulsion and the concave nanorod for acoustic propulsion (Fig.
2.7A, bottom and top, respectively). The magneto-acoustic hybrid nanomotors can thus be powered
by either the magnetic or ultrasound field, and change their swimming mode and direction
instantaneously upon alternating the applied fields. Tuning the amplitude of the acoustic field or
the frequency of the magnetic field leads to rapid speed regulation of such hybrid nanomotors.

Both the magnetic and acoustic fields are highly biocompatible and are widely applied in medicine.
As desired for such biomedical applications, we demonstrate that the new hybrid motors display
efficient magnetic and acoustic propulsions in various untreated biofluids, including cell culture
medium, serum and blood. The exact mode switching would depend on the specific biomedical
operation and requirements. The new hybrid nanomotors display also a distinct biomimetic
collective behavior in response to alternating the external field. This unique collective behaviors

includes a reversible transition between stable aggregation, swarm motion and swarm vortex
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configurations. Applying the different fields thus leads to three distinct states of the hybrid

nanomotors which could be not achieved by using a single propulsion mode.

field

, ,,//Qa field

Ni coated Pd
helical structure

A {{( / { I Acoustic

Figure 2.7 (A) Scheme of the design of the magneto-acoustic hybrid nanomotor and its dual
propulsion modes under the acoustic and magnetic fields. (B) Schematic illustration of the
template-assisted fabrication of the bisegment magneto-acoustic hybrid nanomotors. (C) SEM
image of a magneto-acoustic hybrid nanomotor. Scale bar: 500 nm.

To realize such magneto-acoustic hybrid nanomotor, with the requisite geometric
complexity and materials properties, we took advantage of recent advances in the electrosynthesis
of nanorods and nanosprings 2. As illustrated in Fig. 2.7B, commercial polycarbonate (PC)
membranes with a pore diameter of 400 nm are first sputtered with a thin Au film as the bottom
contact electrode. The gold nanorod segment (1.5 um long) is subsequently electrodeposited within
the nanopores (step ain Fig. 2.7B). Adding the helical structure involves a template electrochemical
approach for creating Pd nanosprings 2°. This relies on the co-deposition of Pd?* and Cu?* within
the nanoscopic pores (on top of the gold segment) under an acidic environment (step b in Fig. 2.7B).
Dissolution of the membrane template, followed by selective wet (nitric-acid) etching of copper
from the Pd/Cu segment, result in Pd nanohelices connected to the gold segment. Subsequent

electron beam evaporation of a 10nm-thick nickel layer onto the bi-segment nanostructures leads
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to the 3um-long hybrid nanomotors, displayed in the scanning electron microscope image (SEM)
in Fig. 2.7C. The template-prepared Au segment has a concave end (illustrated also in the TEM
images below) essential for efficient ultrasound-powered motion 3, based on the asymmetric steady
fluid streaming physical mechanism . Alternatively, by applying a rotational magnetic field, a
continuous torque will be exerted on the hybrid nanomotor, transforming the rotation around its
helical axis into a translational corkscrew motion along this axis (Fig. 2.7A, bottom). Such
preparation of the new hybrid motor ensures efficient ultrasound and magnetic propulsions as well

as rapid switching between the two propulsion modes.

2.2.4 Adaptive actutation of hybrid nanomotors

The ability to power the new hybrid nanomotor both magnetically and acoustically is
illustrated in Fig. 2.8. The fabricated hybrid nanomotors have been suspended in water, with the
suspension added to a capillary cell with an ultrasonic transducer at the bottom. Such this transducer
generates a vertical acoustic standing wave at a resonant frequency of about 2.66 MHz. Precise
control of the magnetic propulsion of hybrid nanomotors has been achieved using two orthogonal
Helmholtz coil pairs that create a uniform rotating magnetic field. Fig. 2.8 compares the movement
of the hybrid nanomotor in its acoustic and magnetic modes over a 25 sec period. Using the
magnetic mode, with a rotational frequency of 150 Hz, the hybrid nanomotor moves towards its
Au end at a speed of 12.2 pum/s (Fig. 2.8A). Similarly, efficient acoustic propulsion, with a speed
of 16.8 um/s, is observed under the ultrasound field (Fig. 2.8C). In order to verify that our hybrid
nanomotor design leads to opposite moving directions - along the nanowire axis - under the dual
propulsion modes, alignment of a single nanomotor by an external magnet was performed. As
expected for such acoustic propulsion, the motor moves “backwards” towards its helical end. The
repeated cycles shown in Fig. 2.8D-G illustrate the ability to repeatedly generate movement in

opposite directions, and to facilitate an on-demand change in the motor directionality. Only
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Brownian motion of the hybrid hanomotor (with no net displacement) is observed in the absence
of the both acoustic and magnetic fields (Fig. 2.8B, D and F). The dynamic speed change of the
hybrid nanomotor during the multiple propulsion switching of Fig. 2.8A-G is illustrated in Fig.
2.8H. Here we define the acoustic propulsion as a “forward” (positive) motion. The temporal speed
change in Fig. 2.8H illustrates the rapid response of the hybrid nanomotor to the different external
stimuli. Overall, Fig. 2.8 demonstrates that the hybrid nanomotors offer an attractive performance
with an on demand operation switching, including instantaneous achievement of the corresponding
steady-state speeds (< 50 ms) and reversal of the movement direction. Beyond fast moving direction
switching, such hybrid operation leads a new generation of versatile and robust fuel-free
nanovehicles for on-demand operation by a given mode when the second one is failed or suppressed

in complex biomedical applications.

A‘B Mc @D NE ‘F

‘-] . ~+l : *]
V00
| | | » » | 4
F oﬁ‘ P OL A e
H
20}
T 10}
=
F = off
s
§-10 T
Qs
-20 . . . . .
0 5 10 15 20 25

Time (s)

Figure 2.8 Cycling between the magnetic and acoustic actuations while changing the movement
direction. (A-G) Tracking lines and (H) speed changes of the movement in the magnetic or acoustic
modes over 4 s, as well as without external fields. Conditions: Ultrasound transducer power: 4V
with resonant frequency of 2.66 MHz; rotational magnetic field frequency: 150 Hz. The acoustic
(forward) and magnetic (backward) propulsions are colored in blue and red, respectively, with the
forward speed defined as positive in the speed-time profile plot. Scale bar: 20 pm.
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The speed of chemically-powered nanomotors can be controlled by parameters of the
chemical environment, such as fuel concentration and temperature °. However, real-time and rapid
speed regulation is still quite challenging for chemical-powered nanomotors. Since our new hybrid
nanomotor is completely fuel free and powered by external fields, its speed could be easily
regulated by changing the input parameters of the corresponding field. Under acoustic mode, a
nanoparticle can be viewed as a body oscillating in a uniform oscillating velocity field *. Based on
the physical mechanism of asymmetric steady fluid streaming, the inertial rectification of the time-
periodic oscillating flow, generates steady stresses on the nanomotor which, in general, do not
average to zero, resulting in a finite propulsion speed along the axis of the symmetry of the particle
and perpendicular to the oscillation direction. The dimensional propulsion speed of the nanomotor

can be expressed as °’:

— Ly
v, =RV 22)

Where ¢ is the dimensionless small shape parameter, R. is the Reynolds number, v&? is the
leading-order dimensionless propulsion speed, and V- is the relative amplitude of the particle
oscillations which scales with the amplitude of the ultrasound field. Therefore, the speed of the
hybrid nanomotors levitated in solution under a fixed ultrasound wave frequency can be readily
controlled by changing the amplitude of the driving voltage.

The speed of helical magnetic swimmers depends upon various geometric parameters
(including the diameter) and the rotation frequency, in a complex manner described in Equation
23 22,30:

L (&, -¢& )sinfcoso

= do
" 2(&,sin* 0+ cos’0)

(2.3
where &, and & are the drag coefficients perpendicular and parallel to the helical axis, @ is the helix

angle, d is diameter of the helix, and w is the rotational frequency. Therefore, the speed of the
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hybrid nanomotor in a certain fluid, operated in the magnetic mode, can be regulated by controlling
the rotational frequency of the magnetic field. Overall, while the speed of the new hybrid motor
under the magnetic and ultrasound actuations could be controlled by controlling the rotation
frequency of the magnetic field and the voltage amplitude applied on the piezoelectric transducer,
respectively.

We tested the propulsion performance of the hybrid nanomotors under different input
parameters of the individual modes. Fig. 2.9A displays track lines of the nanomotor over 4 s periods
using different applied voltages of the acoustic mode. As expected from Equation 2.2, the speed
increases from 8.1, to 16.4, and 22.3 um/s upon increasing the applied voltage from 2, to 4 and 6
V, respectively. Similarly, the speed of the hybrid motor operated in the magnetic mode increased
from 7.6, 12.3 and 15.9 um/s upon changing the rotational frequency from 100 to 150 and 200 Hz,
respectively (Fig. 2.9B). Considering that the propelling force is balanced by the drag force which
is proportional to the speed of the nanomotor, the slightly lower speed of the magnetic movement
compared to that observed under the ultrasound field reflects the lower magnetic propelling forces.
The average speeds of the hybrid nanomotor under different magnetic rotation frequencies and
acoustic voltages are displayed in Fig. 2.9C. We also studied the force competition through a
simultaneous application of both ultrasound and magnetic fields. By adjusting the ultrasound and
magnetic propelling forces to be balanced with each other, an equilibrium state could be achieved
while the net speed of the hybrid nanomotor is approaching zero. Overall, these data follow the
theoretical predictions of Equations 2.2 and 2.3. In order to demonstrate the digital and
programmable speed regulation of the hybrid nanomotor, it was subjected to a series of predefined
field inputs.

An ideal hybrid motor is expected to switch rapidly its propulsion modes upon applying
the corresponding actuation. Such capability was examined by applying alternately the magnetic

and acoustic fields (every 3 sec) while changing the corresponding ultrasound voltage and the



47

rotational magnetic frequency. Speed-time profile (Fig. 2.9D) demonstrates that the new hybrid
nanomotor displays an instantaneous switching between its acoustic and magnetic modes, with
steady-state speeds reaching rapidly upon switching the operation mode. Careful analysis indicates
that the hybrid nanomotor can rapidly reverse its moving direction within less than 50 msec.
Therefore, rapid, on-demand and programmable speed and direction control of the hybrid

nanomotors can be achieved with the judicious combination of acoustic and magnetic fields.

A a@mb. @ B a' B C i
. N :

! H

~—N St 44
o~ 4 Y

>
C

30F

@ 20

E .

\3; 10} Magnetic Frequency (Hz)

= 100 150 200

g o

o 2 4 6

g -10 | ultrasound Voltage (V)

20}

D_ 20

Y

g; 10

2 ™

g o

P U - U "

> .10

0 50
Tlme (s)

Figure 2.9 (A) Tracking lines over 4 s illustrating the movement of the hybrid nanomotor under
the acoustic mode using applied voltage amplitudes of 2(a), 4(b) and 6 (c) V. (B) Tracking lines
over 4 s showing the magnetic operation of the hybrid nanomotor using rotational magnetic
frequencies of 100 (a), 150 (b) and 200 (c) Hz. Scale bar: 20 pm. (C) Quantitative velocity of the
hybrid motor using magnetic frequencies of 100 Hz, 150 Hz and 200 Hz and ultrasound voltage
amplitudes of 2V, 4V and 6V. All the speed data are averaged by 20 nanomotors under the same
propulsion conditions (D) Digital control of the hybrid motor speed by changing the actuation mode
and the corresponding ultrasound voltage and rotational magnetic frequency alternately every 3
seconds using the following sequence: Mag 100 Hz, US 2V, Mag 150 Hz, US 4V, Mag 200 Hz,
US 6V, Mag 150 Hz, US 4V, Mag 100 Hz, US 2V, Mag 150 Hz, US 4V, Mag 200 Hz, US 6V,
Mag 150 Hz.
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In order to test the critical role of the bi-segment configuration for optimal hybrid
propulsion in both modes, we compared its hybrid operation with that of a Au nanorod and Pd
nanospring (both coated with 10-nm Ni thin layer). The TEM images in Fig. 2.10 display the
structure of these (A) nanorod, (B) nanospring, and (C) hybrid nanomotors. Clear concave ends are
observed for both the nanorod and hybrid nanomotor. The hybrid propulsion performance of these
different nanostructures is illustrated in Fig. 2.10D. The nanorod structure displays an efficient
movement, with a speed of 19.2 um/s under the acoustic propulsion (applied voltage: 6 V). This
speed is consistent with previous studies of ultrasound-powered nanowire motors “°. In contrast, no
obvious net displacement of the Au nanorod is observed under magnetic actuation with a rotation
frequency of 200 Hz. Since the Au nanorods are coated with a thin Ni layer, they can still tumble
at the surface with a very low speed of 3.5 um/s under the rotational magnetic field; such speed is
comparable with that of Brownian motion at this scale. These data confirm that while the concave
end of the nanorod leads to the shape asymmetry essential for efficient ultrasound-powered
propulsion,?® such nanorods are not able to transform their rotation into a translational corkscrew
motion (in the absence of helical structure). In contrast, applying a rotating magnetic field of 200
Hz onto the nanospring structure results in the expected translational corkscrew motion with a
speed of 17.4 um/s. Interestingly, the nanospring moves under the acoustic actuation, with a speed
of 14.9 um/s. This speed is 22% slower than that of Au nanorods (with the same length), indicating
that the nanorod with a concave end offers a more efficient acoustic propulsion than the nanospring.
The somewhat surprising acoustic propulsion of the nanospring appears to reflect its inherent
geometric asymmetry and hollow structure which results in a finite propulsion speed along the axis
of the particle in the time-periodic oscillating flow under acoustic field %”. The bi-segment hybrid
spring-rod nanomotor displays both efficient acoustic and magnetic propulsions, with speeds of
21.9 um/s and 14.1 um/s, respectively (Fig. 2.10D). According to the asymmetric steady streaming

mechanism for acoustic propulsion of rigid bodies, the speed of a nanomotor under the ultrasound
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field is strongly related to its geometric dimensions while the symmetry breaking of the particle

itself (shape, composition) is essential to achieve propulsion *'. The dimensionless shape parameter

€ in Equation 2.2 quantifies the distance to a perfect sphere. The hybrid motor is constructed with
a bi-segment structure with larger shape and composition asymmetry, leading to a larger average
speed under ultrasound propulsion. Though the speed of the hybrid nanomotor under magnetic
propulsion mode is slightly slower than that of the nanospring structure, the sum of propulsion
speeds of the total two modes is larger than that of the nanospring. The above experiments
demonstrate that the magnetic nanospring structure can still lead to a useful hybrid operation.
However, the hybrid spring-rod nanomotors can harvest and translate the propelled forces more
efficiently. Overall, these data indicate that the bisegment nanowire design of the hybrid nanomotor

does not compromise the performance of the individual propulsion modes.
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Figure 2.10 TEM image of (A) Ni-coated Au nanorod, (B) Ni-coated Pd nanohelix and (C) hybrid
bisegment nanomotor. Scale bar: 500 nm. (D) Quantitative velocity evaluation of the motion of the
three motor designs (shown in A-C). Ultrasound transducer power: 6 V, rotational magnetic field:
200 Hz.

For practical biomedical applications of the new hybrid nanomotors, it is critical to test
their propulsion behavior in different complex environments. As illustrated in Fig. 2.11, the hybrid

nanomotors operate readily in their dual propulsion modes in diverse media, including (A) seawater,
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(B) culture medium, (C) serum and (D) blood. The average speeds of the hybrid motor in different
biological media are measured and displayed in Fig. 2.11E. The speed of the hybrid motor under
the ultrasound mode decreased from 15.4 pm/s in seawater to 11.4, 9.8 and 5.4 um/s in cell medium,
serum and blood, respectively (ultrasound transducer voltage 4V). The speed of the hybrid motor
under the magnetic mode also decreased from 12.2 um/s in seawater to 8.6, 6.8 and 6.0 pm/s in cell
medium, serum and blood respectively (magnetic rotational frequency of 150 Hz). These changes
reflect the increased environmental viscosity of these biofluids. Chemically-powered nanomotors
cannot operate in high ionic-strength environments (such as seawater and blood) because these
media interfere with their self-electrophoresis propulsion mechanism. While these environments
affect the speed of the hybrid nanomotors, these motors still move efficiently in both modes in the

different viscous fluids, reflecting their robustness in complex environments.
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Figure 2.11 Movement of hybrid nanomotors in various media. Images illustrating the 2-second
tracking lines of magnetic (blue) and ultrasound (red) propulsions of a hybrid nanomotor in (A)
seawater, (B) cell culture medium, (C) serum and (D) blood (50% in PBS buffer); the black circles
are fresh red blood cells collected from a six-week-old male ICR mice and anticoagulated with
ethylenediamine tetraacetate. Scale bar: 10 um. (E) Quantitative data of the velocity of the hybrid
nanomotor in different modes and media, using an ultrasound transducer voltage of 4 V or a
magnetic rotational frequency of 150 Hz.
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2.2.5 Collective behaviours of hybrid nanomotors

Collective behavior, which is a very common phenomenon in the biological world °°,
inspired us to investigate how groups of the hybrid motors behave under the external field inputs.
As illustrated in Fig. 2.12A, the acoustic field (frequency 618 Hz) is able to trigger a fast tight
assembly of the hybrid nanomotors. Note that the ultrasound frequency used in Fig. 2.12 for
achieving such nanomotor aggregate is different from resonant frequency of the 2.66 MHz
commonly used for self-propulsion of single nanomotors (e.g., Fig. 2.8). In contrast, the magnetic
actuation induces disassembly of the aggregate and drives the directional motion of the nanomotor
swarm. Such compact assembly and directional swarm movement of the hybrid nanomotors can be
dynamically reversed by alternating the acoustic and magnetic stimuli. The reversible collective
behavior of hybrid nanomotors and defined transitions between the two states are demonstrated in
Fig. 2.12B. Initially, all the hybrid nanomotors display a typical corkscrew motion in the presence
of rotating magnetic field (t=6 s). Stopping the magnetic actuation and applying the acoustic field
leads to rapid aggregation of the hybrid motors towards the acoustic field node, with formation of
a tight assembly structure within 5 seconds (t=18 s). Such aggregation is based on the acoustically-
generated pressure gradients (generated by the piezoelectric transducer) which trigger spontaneous
migration of microparticles towards low-pressure regions (nodes or antinodes) . A similar
behavior was reported for the swarming of chemically-powered catalytic nanomotors . The
assembling and aggregation persist while the acoustic field is applied. Removal of this acoustic
field and activation of the magnetic field trigger the corkscrew propulsion and lead to rapid
dispersion of the nanomotor aggregate, and a directional motion of the resulting swarm (t=26 s).
Because of the ferromagnetic property of the surface, an attraction force is induced between the
nanomotors might induce assembly and aggregation configurations at short-range magnetic order.
However, by using a high-frequency rotational magnetic field, the magnetic drag force eventually

exceeds the magnetic interaction force between the two nanomotors due to their slight individual
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structural differences ®2. Therefore, the relative distance between two nanomotor increases with the
applied time of the magnetic field, leading to disassembly of the aggregation and to a swarm motion
of the nanomotors. The dispersed nanomotors could be re-collected and re-assembled upon
applying the acoustic field (t=43 s). Such collective behavior is highly switchable and can be
repeated with multiple cycles (two cycles are shown here). A fully reversible swarming, with rapid
aggregation and dispersion of the nanomotors, can thus be obtained, with proper application of the
acoustic and magnetic fields, respectively. Such fast collective behavior represents a significant
improvement in speed and reversibility compared to early studies involving the slow swarming of
microparticles %, The ability of hybrid nanomotors to form dynamic steady states offers
considerable promise for creating groups of machines that can perform cooperative tasks which
would be impossible by using a single nanomotor. For a given droplet in the ultrasound cell, the
locations of pressure nodes and antinodes can be estimated from the wavelength of the acoustic
wave 516687 Therefore, it is anticipated that the resulting nanomotor swarm can be moved in a
controlled manner by varying the applied acoustic frequency, which changes the ultrasound
wavelength. Such wavelength shift thus changes the location of the pressure nodes and hence leads

to migration of the entire swarm toward the new location.
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Figure 2.12 Reversible assembly of the magneto-acoustic hybrid nanomotors. (A) Scheme of the
reversible switching between swarming nanomotors and assembled nanomotors by alternating the
actuating magnetic and acoustic fields. (B) Snapshots of the directional swarm motion (magnetic
field ‘on’ at t = 6 s), aggregated nanomotor assembly (ultrasound ‘on’ at t = 18 s), swarm motion
(magnetic field ‘on” at t = 26 s), and re-assembly of the nanomotor aggregate (ultrasound ‘on’ at t
= 43 s) at different times. Ultrasound transducer power: 6 V; rotational magnetic field: 200 Hz.
Scale bar, 50 um.

We also examined the collective behavior of hybrid nanomotors in the presence of both of
the acoustic and magnetic fields (i.e., a “dual operation mode”) that can lead to three distinct states.
Fig. 2.13 illustrates the dynamic behavior of the hybrid nanomotor assemblies and swarms with
both acoustic and magnetic fields turned ‘On’. Interestingly, unlike the directional swarm motion
observed under the magnetic field alone or the stable aggregation under the acoustic field, a swarm
vortex is formed when both of the fields are turned ‘on’ (Fig. 2.13A). Turning the acoustic field
‘off” in such a state leads to directional moving swarm of the nanomotors under the rotational
magnetic field (Fig. 2.13B-C). Application of the acoustic field again leads to rapid migration of
the hybrid motors toward the original node position and re-formation of a swarm vortex (Fig.

2.13D-E), although the magnetic field is still ‘on’. Upon removal of the magnetic field, the acoustic
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field dominates and a stable assembly is formed again (Fig. 2.13F). Applying again both fields
results in the re-formation of the swarm vortex. The three different states of the swarm vortex (when
both fields ‘on’), directional swarm motion (only the Mag is ‘on’), and the stable assembly (only

the US ‘on’), are highly switchable and reversible.

Figure 2.13 Complex spatial-temporal collective behaviors of magneto-acoustic hybrid
nanomotors. (A) A swarm vortex is formed when both the ultrasound and magnetic fields are ‘on’.
(B-C) The hybrid nanomotors display directional swarm motion when only the magnetic field is
‘on’. (D-E) Rapid re-formation of the swarm vortex upon turning the ultrasound field ‘on” again.
(E) A stable aggregation is formed when only the ultrasound field is turned ‘on’ (G) Normalized
distribution of the acoustic force gradient Fys and magnetic force Fmag near the ultrasound pressure
node in the acoustic cell. The magnetic force is considered to have a uniform distribution, shown
by the grey plane. (h) lllustration of swarm vortex formation in a round boundary system where the
magnetic force and the acoustic force becomes equal. US field: 6 V, 618 kHz, Mag field: 200 Hz,
Scale bar: 50 um.

Such adaptive switching of the collective behavior results primarily from the competition
between the magnetic and acoustic forces. At steady-state, the imposed propelling force is always
counterbalanced by the Stoke’s drag force. From Equation 2.2, one can note that the magnetic

propelling force imposed on a hybrid nanomotor is always consistent at a fixed frequency. Under
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the acoustic actuation with a frequency of 618 kHz, a plane standing wave field arises from the
superposition of two waves (one is generated by the transducer, while the other reflected by the
cover slide) of equal wavelength and amplitude traveling in opposite directions. The interference
between the waves results in the formation of antinodes and nodes, with zero levitation force at the
pressure nodes. The acoustic force can be divided into the primary radiation force (PRF) and the
secondary radiation force (SRF). The PRF, which is the main force in the field of acoustic waves,
can be subdivided into an axial component F, and a transverse component Fy,. 52 The F,
component of the PRF is the force that drives the migration of microparticles to the nearest pressure
node or antinode plane, while the Fx, component leads to their aggregation within the nodal plane.
Our experiment depends on the theoretical understanding of the F, component of the PRF which

drives the nanomotor in a standing ultrasound wave field 440,

F, =VE,, 2TﬂQsin[%ﬂ zj

(2.4)
Here V is the nanomotor volume, z is the axial distance from the transducer to the node or antinode
plane, 4 is the wavelength, Q is the acoustic contrast factor which is related to the particle fluid
interactions. The acoustic energy density Exc is equal to the sum of the average potential and kinetic
energy densities. As indicated from the Equation 2.4, the acoustic force exhibits a sinusoidal
dependence of the axial distance from the transducer to the node or antinode plane. Therefore, the
acoustic force drops rapidly near the node and becomes zero at the node (Fig. 2.13G). In this case,
within a certain distance from the node position, the magnetic propelling force is larger than the
acoustic radiation force. Once the nanomotor approaches the equilibrium round boundary where
the magnetic and acoustic forces become equal, the nanomotors can no longer achieve directional
motion, and instead aggregate rapidly into a swarm vortex configuration with zero density in the

center. Since the ultrasound radiation force boundaries are reflecting, the velocity perpendicular to

the boundary is suppressed in the course of collisions with other nanomotors on the way back from
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the boundary 8. As a consequence, the velocity parallel to the wall survives and becomes a natural
attractor for the dynamics, which is plotted in Fig. 2.13H. The circular system boundaries conform
perfectly to parallel velocity, resulting in a tight vortex formation. At the position beyond the
equilibrium boundary, the increased acoustic force will dominate the motion of the nanomotor and
tow the nanomotor again towards the node position. Further aggregation with magnetic field off
(Fig. 2.13F) is facilitated by the SRF, which is associated with the sound waves that are scattered
by individual nanomotors. The SRF is responsible for particle-particle interactions, making them
either to attract or repel each other, as well as forming stable multiparticle spherical structures 4,
Such diverse and unique collective behaviors, e.g., vortex formation and swarm motion, of the
hybrid nanomotor system, can serve as a good model for complex open systems such as bacterial

chemotaxis or cell migrations .59,

2.2.6 Conclusion

In conclusion, we reported a new magneto-acoustic hybrid nanomotor that could be
powered by magnetic or acoustic fields. The use of magnetic and acoustic actuations to power a
hybrid device offers a broader scope of operation and holds considerable promise for designing
smart nanovehicles that autonomously adapt and reconfigure their operation in response to changes
in their surrounding environment. Addressing the different requirements of the magnetic and
acoustic propulsions within a single nanoscale device has been achieved by combining the
fabrication of the two different swimmer designs (helical and concave rod) via judicious template
electrosynthesis of bi-segment nanostructures. The resulting hybrid nanomotor can harvest the
propelling forces from both magnetic and acoustic fields for efficient fuel-free dual-mode hybrid
motor operation. The speed and directionality of the hybrid nanomotors can be rapidly controlled
by changing the parameters of the field inputs. The hybrid nanomotors can also achieve efficient

propulsion in biological media and demonstrate attractive and switchable collective behaviors.
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Dynamically and reversible change between a tight assembly, swarm motion and swarm vortex
state is achieved in response to a change of the acoustic and/or magnetic actuations. Such multi-
mode fuel-free propulsion capability offers a broader scope of operation and considerable promise
for adaptive performance under different scenarios in dynamically changing environments. Such
adaptive and hybrid opeation provides a new versatile route to precisely control a single or a large-
number of nanomotors which could not be achieved by using a single propulsion mode. Overall,
the new magneto-acoustic hybrid nanomotors can function individually and collectively, with rapid
cycling between the magnetic and acoustic modes and precise temporal-spatial control and
regulation. Future efforts will lead to intelligent hybrid vehicles to be coupled with conventional
magnetic and ultrasound diagnostic devices with real-time autonomous mode switching in response
to changing conditions. Meanwhile, various medical functions, such as imaging and drug delivery,
could be integrated on the nanomotors for multitask response and operation. Owing to their
attractive performance, the new hybrid magneto-acoustic nanomotors are expected to advance the
field of artificial nanomachines and to offer considerable promise for a wide range of practical

applications ranging from nanoscale manipulation and assembly to nanomedicine.
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2.3 Biointerfacing magnetic nanorobots with platelet

membrane for biothreat isolation

2.3.1 Introduction

Robots have become commonplace in today’s world through their application to diverse
domains such as manufacturing, service, defense, and health care. These automated devices can
locomote themselves and perform different tasks in various environments across different scales.
The efficient locomotion capacity and advanced biological functionality of natural microscopic
machines, such as motile cells like leukocyte and spermatozoa, have inspired scientists to recreate
this form of locomotion and function using artificial machines with similar dimensions. Over the
last decade, considerable progress in materials science and nanotechnology has led to remarkable
advances in the development and operation of man-made nanomachines mimicking their natural
counterparts 15633437074 ‘gynthetic nanomachines based on variety of materials and nanostructures
have demonstrated efficient locomotion capacity by harvesting thrust from either localized
chemical reactions or from external stimuli 3353650517576 | jke their natural counterparts, these
versatile man-made nanomachines possess advanced locomotive capabilities, including precise
speed regulation and spatial motion control, along with self-organization and collective movement,
allowing for a variety of practical applications, ranging from targeted drug delivery '°, to
environmental remediation 88, and nanoscale manipulations for lithography and imaging %2, As
advanced nanorobot capabilities are being developed, proper attention must be given to overcoming
key challenges for their operation in real-life biological environments 884 Though nanomotors
have been functionalized with different bio-receptors for imparting specific recognition of target
biomolecules ®, the viability of these nanomachines relies largely on synthetic nanomaterials,
which are susceptible to immune response or other biological processes in physiological systems,

and may eventually hinder their effectiveness. Therefore, new bioinspired and bioengineered
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approaches, based on the incorporation of natural materials into the nanomachine design, must be

considered to address these limitations.

Bioinspired and biomimetic design approaches have recently emerged as a novel paradigm
to address the limitations of synthetic nanomaterials for biomedical operation %7, Essential
functional biological attributes can be imparted into synthetic systems through the biomimetic
design based on innate circulatory cells. Therefore, the circulation and targeting functions designed
in synthetic nanomachines are highly desired to be naturally processed by circulating cells,
including erythrocytes, leukocytes, and platelets. Particularly, platelets have inspired the design of
functional nanocarriers owing to their many functions responsible for immune evasion 889
subendothelium adhesion %!, and pathogen interactions %%, as well as their essential role in
hemostasis %. Therefore, the platelet membrane cloaking method provides a new approach for
developing functional nanoparticles with a bioengineered interface for diverse biomedical
applications *.

Here we demonstrate the preparation of platelet membrane-cloaked nanomotors (PL-
motors), by enclosing magnetic helical nanomotors with the plasma membrane of human platelets,
for biothreat binding and isolation (Fig. 2.14A). The PL-motors are synthesized using a template-
assisted electrochemical deposition method followed by a cell membrane cloaking technique. The
prepared PL-motors possess a membrane coating containing a wide variety of functional proteins
associated with platelets. Magnetic propulsion offers fuel-free remote actuation and navigation
abilities desired of biomimetic nanomotors °. Bridging the biological functions of platelet vesicles
with the locomotion capacity of synthetic nanomotors thus results in a powerful biomimetic
platform. The prepared PL-motors offer remarkable biocompatibility and propulsion in various
biological fluids. Significantly, the PL-motors display an efficient locomotion in whole blood with
no apparent biofouling, mimicking the movement of natural motile cells, such as leukocytes, which

can move in whole blood. Such efficient propulsion and PL coating open the door for attractive
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detoxification capabilities. To exemplify their biological function, we demonstrate that the PL-
motors can be used to effectively absorb Shiga toxin (Stx) using a Vero cell assay, resulting from
the strong platelet-Stx binding enabled by the protein receptors presented on the platelet membrane.
The PL-motors display also platelet-mimicking properties, such as enhanced binding to platelet-
adhering pathogens, which can be used for rapid bacteria isolation. These platelet-camouflaged
nanomotors with advanced fuel-free locomotion capabilities are thus expected to dramatically

expand the domain of biomedical nanorobotic operations in physiological systems.

2.3.2 Experimental Section

Preparation and Characterization of PL-motor

The PL-motors were prepared by enclosing magnetic helical nanomotors with the plasma
membrane of human platelets. Platelet membrane derivations were performed as previously
described (37). Briefly, after isolation of platelet from whole blood, the platelets were resuspended
in PBS mixed with protease inhibitor tablets. Platelet membrane was derived by a repeated freeze-
thaw process and washed by centrifugation in PBS solution mixed with protease inhibitor tablets.
Aliquots of platelet suspensions were first frozen at -80 °C, thawed at room temperature, and
pelleted by centrifugation at 4000 x g for 3 min. Following three repeated washes, the pelleted
platelet membranes were suspended in water and stored at -80 °C until use.

Helical nanomotors were synthesized using a template-assisted electrochemical deposition
method. Before electrochemical deposition, a 75 nm gold film was sputtered on one side of a 400-
nm-poresize polycarbonate (Millipore, HTTP02500) membrane to serve as a working electrode
using the Denton Discovery 18 (Moorestown, NJ). A Pt wire and an Ag/AgCl (with 1 M KCI) were
used as counter and reference electrodes, respectively. The sputtered membrane was then
assembled in a plating cell with an aluminum foil serving as a contact. All electrochemical

deposition steps were carried out at room temperature (22 °C). Pd/Cu nanorods were deposited at
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—0.1V from the PdCI./CuCl; plating solution mixture containing 20 mM CuCl;, 30 mM PdCl,, and
0.1 M HCI with a total charge of 3C. After electrochemical deposition, the sputtered gold layer was
completely removed by hand polishing with 3—4 pm alumina slurry. The templates were dissolved
in methylene chloride for 10 min to completely release the nanostructures. The latter were collected
by centrifugation at 9000 rpm for 3 min and washed 3 times with methylene chloride, ethanol and
deionized water each, with a 3 min centrifugation after each wash. Then the Cu (of the Pd/Cu
nanorods) was dissolved using an 8 M HNO3 solution for 10 min, resulting in the formation of Pd
nanohelices with 400 nm diameter and 3-5 pm length. The Pd nanostructures were then dispersed
on glass slides, and coated with a 5 nm-thick Ni layer by electron beam evaporation (using a
deposition speed of 0.05 nm s™?%), and sputtered with a 5 nm-Au layer. Afterwards, the resulting
magnetic nanomotors were incubated overnight with 3-mercaptopropionic acid (MPA, Sigma
Aldrich). Then, the MPA-modified helical nanomotors were incubated with platelet membrane-
derived vesicles (diameter 50—100 nm) under ultrasonication for 20 min.

Scanning electron microscopy (SEM) images of bare helical nanomotors and PL-motors
were obtained with a Phillips XL30 ESEM instrument, using an acceleration voltage of 10 kV. To
further confirm the presence and cloaking of platelets onto the surface of the motor, Platelet vesicles
were labeled with 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-lissamine rhodamine B
sulfonyl (DMPE-RhB, Sigma Aldrich), and then incubated with the helical nanomotors.
Fluorescence microscopy images were captured using EVOS FL microscope coupled with a 20x
and 40x microscope objectives and fluorescence filter with red light excitation. The fluorescence
guenching assay to determine the platelet membrane coverage of the PL-motors was performed by
combining the PL-motors with a thiolated fluorescent ligand from a synthesized fluorescein
isothiocyanate (FITC)-thiol conjugate probe, and measuring the fluorescence spectra of the FITC-
thiol, FITC-thiol and PL-motor mixture, and FITC-thiol and bare motor mixture, at 520 nm by a

Tecan Infinite M200 microplate reader. The thiolated fluorescent probe was prepared by first
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conjugating FITC to cysteamine 4-methoxytrityl resin (EMD Millipore) through N -
hydroxysuccinimide ~ (NHS, Thermo Scientific)-mediated amine coupling, followed by
trifluoroacetic acid (TFA) treatment to cleave the conjugate from the resin. To determine the protein
content of the PL-motors, 10 mg/mL of both bare motors and PL-motors were centrifuged and
resuspended with 1X PBS for 3 times, and a bicinchoninic acid (BCA) colorimetric assay (Sigma
Aldrich) was used to determine the protein content. Briefly, the purple-colored reaction product of
this assay is formed by the chelation of two molecules of BCA with one cuprous ion, and this water-
soluble complex exhibits a strong absorbance at 562 nm that is nearly linear with increasing protein
concentrations. Gel electrophoresis followed by protein staining with Coomassie Blue was also
performed. The PL-vesicle and PL-motor samples containing equivalent total proteins were
prepared in lithium dodecyl sulfate (LDS) sample loading buffer (Invitrogen). The samples were
then separated on a 4-12% Bis-Tris 17-well minigel in MOPS running buffer using a Novex Xcell
SureLock Electrophoresis System (Life Technologies). Finally, the protein columns were stained
according to manufacturer’s protocol.
Propulsion of PL-motor

A Helmholtz coil pair was used to generate the magnetic rotation field for remote actuation.
The frequency of the rotating magnetic field (15 mT) can be changed from 1 Hz to 1000 Hz by a
sinusoidal wave generator. The above magnetic nanohelices were dispersed in water droplets for
rotation and translation motion tests. An inverted optical microscope (Nikon Instrument Inc. Ti-
S/L.100), coupled 20x and 40x objectives, a Hamamatsu digital camera C11440 and NIS Elements
AR 3.2 software, were used for capturing movies of the swimming motion. The speed of the
nanoswimmers was tracked using a NIS Elements tracking module (n=20).
Shiga toxin binding and detoxification

For the characterization of the adhesion of PL-motors with Shiga toxin (Stx), Stx (Toxin

Technology, INC, lot#62411V1) was labeled with fluorescein dye (FITC) following the
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specifications of a commercial FITC Labeling kit (MarkerGene™, M0955). To evaluate the
adhesion of Stx-FITC to the PL-motors, 1 mg of the PL-motors were immersed in the FITC-labeled
Stx solution or in FITC dye solution (used as negative control) during 20-min under magnetic
actuation (55 Hz, 15 mT). To calculate the amount of adsorbed toxin, the fluorescence intensity
corresponding to the Stx-FITC or FITC solutions was measured (at 495 nm), before and after the
PL-motors binding process. After the 20-min magnetic actuation, fluorescence microscopy images
of the Stx-FITC@PL-motors and FITC dye solutions were taken, using EVOS FL microscope
coupled with a 20x and 40x microscope objectives and a fluorescence filter with green light
excitation. Furthermore, cellular toxicity was studied using a Vero cell assay. To perform this
experiment, fixed amounts of Stx (0.01 mg/mL or 150 uL, 100 ug/mL as in caption) dissolved in
PBS buffer were mixed with equal amounts of PBS buffer containing 1 mg PL-motors, 1 mg bare
motors (without platelet coating), or 0.07 mg PL-vesicles (containing equivalent proteins to 1 mg
PL-motors). The positive and negative control consisted on PBS buffer with and without Stx,
respectively. All the samples were treated for 20 min under magnetic field (55 Hz, 15 mT), and,
after this time, each formulation was added to Vero cell cultured wells (1.2x10° cells per well, n=3
for each formulation) and incubated for 48 h. After the 48 h incubation, the cell-viability was
assessed using the CellTiter 96® Cell Proliferation Assay (Promega Corporation), based on a MTS
tetrazolium compound. In brief, 10 uL of the MTS reagent were added into each well, mixed gently,
and incubated at 37 °C for 4 h in a humidified CO; incubator. This was followed by reading the
absorbance of the 96 well-plate at 490 nm using a plate reader. The quantity of formazan product
as measured by Abs at 490 nm was directly proportional to the number of living cells. Microscopy
images of Vero cells after the corresponding 48-h incubations were captured using a EVOS FL
microscope coupled with a 20x and 40x microscope objectives.

Staphylococcus aureus (MRSA252) bacteria adherence and isolation
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MRSA252 obtained from the American Type Culture Collection was cultured on tryptic
soy broth (TSB) agar (Becton, Dickinson and Company) overnight at 37 °C. A single colony was
inoculated in TSB medium at 37 °C in a rotary shaker. Overnight culture was refreshed in TSB
medium at a 1:100 dilution at 37 °C under shaking for another 3 h until the OD600 of the culture
medium reached approximately 1.0 (logarithmic growth phase). The bacteria were washed and
suspended in sterile PBS to a concentration of 1x108 CFU ml. For the nanomotor adhesion study,
aliquots of 0.8 ml of 1x108 CFU ml** MRSA252 were mixed with 1 ml of 100 mg ml** PL-motor,
1 ml of 100 mg ml* bare motors, 1 ml of 7.5 mg ml* PL-vesicle, or 1 ml of PBS for 20 min
magnetic actuation at room temperature. The suspensions were then left 30 min at room
temperature to have the precipitate settle down with a magnet placed below the suspension. After
removal of the supernatant, the collected pellets were resuspened in PBS buffer and then fixed with
formalin and stained with DAPI subsequently for fluorescence analysis, fluorescence microscopy

imaging, and SEM imaging.

2.3.3 Preparation and characterization of PL-motors

To obtain the nanostructures with desired geometric configuration and material
components, we combine template-assisted electrodeposition and cell membrane cloaking
techniques to synthesize the platelet-cloaked magnetically-actuated helical nanomotors (Fig.
2.14B). First of all, Pd nanohelices, with a diameter of 400 nm and length of 3-5 um, were
synthesized by a template-assisted electrochemical deposition method, followed by segment-
selective chemical etching *°7. The Pd nanohelices were then coated with a 5 nm-thick nickel layer
and a 5 nm-gold layer by electron beam evaporation and sputter, respectively. The resulting bare
magnetic nanomotors undergo an ex situ stabilization by an overnight incubation with 3-
Mercaptopropionic acid (MPA) to introduce negative charges onto the gold surface, thus allowing

the platelet membranes to bond to the gold surface of the nanomotor. The negatively charged
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nanomotors were subsequently incubated with platelet membrane-derived vesicles (diameter 50—
100 nm) under ultrasonication. The small nanoscale platelet vesicles, with high surface energy,
tend to bind onto the negatively-charged gold surface to minimize the free energy of the system.
The ultrasonic mixing further enhanced the adsorption of platelet vesicles onto the gold surface of
the nanomotors. This fusion process allowed for the retention of the bilayer structure of the platelet
membrane and for the preservation of its protein function. In addition, due to the large asymmetric
negative charge between the ectoplasmic and cytoplasmic surfaces of the platelet membranes, the
outer surface of the platelet membrane is much more negatively charged than the inner surface.
Therefore, electrostatic repulsion allowed the platelet vesicles to fuse onto the negatively charged
motors in the right-side-out orientation of the membranes, which was similar to what has been

observed using platelet membrane-coated polymeric nanoparticle system %,
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Figure 2.14 Preparation and characterization of platelet-cloaked magnetic helical nanomotors
(denoted as PL-motors). (A) Schematic of PL-motors for binding and isolation of toxin and
pathogens. (B) Preparation of PL-motors: (i) Pd/Cu co-electrodeposition in a polycarbonate
membrane with pore size of 400 nm; (ii) Dissolution of Cu using nitric acid and release of the
helical Pd nanostructures; (iii) Deposition of Ni/Au bilayer on the Pd helical nanostructure. (iv)
Collection of the helical nanowires. (v) Modification of the bare helical nanomotor surface with 3-
Mercaptopropionic acid (MPA). (vi) Fusion of platelet vesicles to the MPA-modified surface of
the helical nanomotor. (C) Schematic representation of a nanomotor before and after coating with
platelet membranes, with corresponding SEM image of the fabricated bare nanomotors without
platelet coating (left) and PL-motors (right). Scale bars, 100 nm. (D) Fluorescent images of PL-
motors covered with Rhodamine-labeled platelets. Scale bars, 20 um and 1 um. (E) Fluorescence
guenching assay to determine the platelet membrane coverage of the PL-motors. Fluorescence
spectra of i) FITC-thiol only, ii) FITC-thiol and PL-motor mixture, and iii) FITC-thiol and bare
motor mixture. (F) The measured weight of protein content on bare motors and PL-motors (both
10 mg/mL) stored in 1XPBS at 4 °C for 24 h. Error bars represent the standard deviation from three
different measurements. (G) SDS-PAGE analysis of proteins present on the platelet vesicles and
the PL-motors. The samples were run at equal protein content and stained with Coomassie Blue.

Fig. 2.14C shows the scanning electron microscope (SEM) images of bare helical
nanomotors and PL-motors. The characteristic shape of the PL-motor, with its periodic helical
structure, is not affected by the platelet coating, which is expected from the negligible thickness of

the lipid bilayer on 400 nm diameter gold nanomotors. To further confirm the presence and
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cloaking of platelets onto the surface of the motor, platelet vesicles were labeled with 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine-N-lissamine rhodamine B sulfonyl (DMPE-RhB)
prior to be coated on the nanomotors. Full coverage of the helical motors is illustrated in the
florescence microscopy images in Fig. 2.14D, indicating the successful incorporation of DMPE-
RhB-labeled platelet vesicles onto the PL-motors. Further evaluation of the coverage of the helical
nanomotors by the platelet membranes was conducted by studying the interactions between the PL-
motors with a thiolated fluorescent ligand from a synthesized fluorescein isothiocyanate (FITC)—
thiol conjugate probe %. As shown in Fig. 2.14E, at the emission peak of 520 nm of the FITC-thiol,
the bare motors incubated with the fluorescence probe exhibited a greatly reduced fluorescence
intensity in comparison with free FITC-thiol, indicating the presence of fluorescence quenching
resulted from the bare gold surface. Such a noticeable quenching effect is absent in the FITC—thiol
incubated with the PL-motors. The results clearly indicate high coverage of platelet membranes on
the surface of the nanomotors due to the high shielding of the gold-thiol interactions between the
nanomotors and the FITC—thiol dye by the presence of the platelet membranes.

Next, the platelet membrane coating on the nanomotors was investigated in terms of protein content.
PL-motors were centrifuged and resuspended with 1X phosphate buffer saline (PBS) for 3 times to
remove uncoated vesicles and obtain purified PL-motors. A bicinchoninic acid (BCA) protein assay
was used to quantitatively measure the membrane protein amount on the surface of nanomotors.
PL-motors exhibited an increase in absorbance at 562 nm indicating the presence of protein content,
whereas no detectable absorbance was observed from the bare nanomotor at the same motor
concentration (10 mg/mL) suggesting no protein was found, shown in Fig. 2.14F. The protein
content of PL-motors was determined as 0.72+0.10 mg/mL using protein standards. Analysis of the
protein content on the PL-motors was further carried out to confirm the successful functionalization
of nanomotors with the platelet membrane antigens. Gel electrophoresis followed by protein

staining showed the protein profile of the purified platelet vesicles and PL-motors (Fig. 2.14G).
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The protein profile of PL-motors matched closely to the platelet membrane vesicles which
evidently demonstrated that platelet membranes can translocate to the nanomotors and that the

preparation of PL-motors did not alter the profile of platelet membrane proteins.

2.3.4 Propulsion performance and anti-biofouling capacity of PL-motors

An important feature of the PL-maotor is its ability to resist biofouling, thus ensuring lasting
and efficient propulsion of the nanomotor in whole blood. After having evaluated the preparation
and characteristics of PL-motors, it is important to test their propulsion performance and anti-
fouling capacity in various complex biological environments. The 5-s tracking of PL-motor
movement in Fig. 2.15A showcase their propulsion performance in water, plasma, serum, and
whole blood, respectively. Although the viscosity of each environment affects the propulsion, the
resulting movement remains effective for PL-motor operation in biological environments,
including whole blood. Fig. 2.15B compares the propulsion performances of the PL-motors with
bare nanomotors in different media. It is observed that though their speeds are almost equal in water,
the speeds of PL-motors in plasma, serum, and whole blood are significantly faster than the speeds
of the bare nanomotors in same solution. The layer of natural platelet membranes covering the
nanomotors enables their biocompatible and stable operation in whole blood unaffected by
biofouling effects. Thus, these biomimetic nanomotors are expected to resist biofouling and thus
remain operational in biological environments over prolonged periods of time. The 10-s tracking
trajectory, shown in Fig. 2.15C, illustrates the movement of a bare nanomotor in whole blood,
which displays slow propulsion at a speed of ~6 um/s. The propulsion is further hindered after
incubation of the bare nanomotor for 1 h in whole blood. Apparently, the bare nanomotors undergo
severe protein fouling that dramatically hinders their propulsion efficiency. In contrast, the PL-
motor displays long-term efficient magnetic propulsion in whole blood. The 10-s tracking

trajectories in Fig. 2.15D demonstrate the magnetic propulsion of PL-motors in whole blood at 0
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and 60 min, respectively. These images illustrate no apparent diminution of the propulsion
efficiency over the prolonged actuation in whole blood. The resistance to biofouling and propulsion
behavior of the PL-motors were further evaluated by incubating them in undiluted whole blood for
48 h. The 10-s tracking trajectories in Fig. 2.15E illustrate the movement of the PL-motors before
and after such 48 h incubation. It was observed that the PL-motors maintain efficient propulsion at
similar speeds after such prolonged incubation, indicating that fouling effects are negligible.
Apparently, the antifouling properties of the platelet membrane layer shield the nanomotor from
fouling effects in untreated biological fluids.

A Water B [Plasma

Speed (um/s)
S

o

Figure 2.15 Propulsion performance and anti-biofouling capacity of PL-motors. (A) Tracking
trajectories showing the propulsion of PL-motors in various medium over a timeframe of 5 s. (B)
Speed comparison of PL-motors with bare helical nanomotors in various media. (C) 10-s tracking
of the propulsion of a bare motor in whole blood at the beginning and after 60 min. (D) 10-s
tracking showing the propulsion of a PL-motor in whole blood at the beginning and after 60 min.
(E) 10-s tracking showing the propulsion of a PL-motor in whole blood without being incubated in
the blood, and with a 48-h incubation. Scale bars, 10 um. The nanomotors were propelled using a
frequency of 55 Hz and a magnetic field strength of 15 mT. Speed data are averaged for 20
nanomotors under the same propulsion conditions.

2.3.5 Shiga toxin binding and detoxification

The therapeutic potential of PL-motors was firstly evaluated by assessing their selective

binding and rapid isolation of Shiga toxin (Stx), a toxin produced by Escherichia coli that can
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induce haemolytic uraemic syndrome %1%, Shiga and Shiga-like toxins can bind platelets via
specific glycosphingolipid receptors, while such binding further contributes to the
thrombocytopenia, platelet activation, and microthrombus formation observed in hemolytic-uremic
syndrome %, To characterize the adhesion of the Stx with the PL-motors, the Stx is labeled with
fluorescein (FITC). 1 mg of the PL-motors was immersed in the FITC-labeled Stx PL-motors for
a 20-min magnetic actuation. FITC dye for non-specific staining was used as a negative control.
The amount of Stx absorbed on the PL-motors was calculated by measuring the Stx-FITC solution
florescence intensity before and after the PL-motors binding process. As displayed in Fig. 2.16A,
a 60% of fluorescence intensity decrease in the Stx-FITC conjugate solution is measured, compared
to only 15% of decrease in the FITC dye with same amount of PL-motors. Fig. 2.16B displays the
fluorescence microscopy images of the PL-motors after loading and 20-min propulsion in the Stx-
FITC and FITC solution, respectively. A much stronger fluorescence binding is observed for the
PL-motors in the Stx-FITC solution. Such results confirm the effective and selective binding of the

PL-motors to the Shiga toxin.
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Figure 2.16 Shiga toxin binding and detoxification study. (A) Fluorescence binding percentage
(measured at 495 nm) of the FITC-Stx conjugate and FITC dye only with PL-motors (red and grey
bars, respectively). (B) Fluorescence images of PL-motors after 20 min incubation in whole blood
and propulsion in FITC-Stx and FITC dye solution only. (C) Vero cell viability (1.2x10° cells per
well, n=3) over 48 h following an incubation with Stx (150 puL, 100 ug/mL), PL-motors + Stx, bare
motor + Stx, and platelet vesicles + Stx. PBS without Stx was used as a control. 1 mg of PL-motors
was used for the detoxification process along with 20 min of propulsion time. Vero cell viability
was checked by using an MTT assay. (D) Microscopy images showing the morphologies of the
corresponding Vero cells treated with different formulations. Each image is representative of five
examined sections. Scale bars, 50 um.

To further examine adsorption of Stx to the PL-motors and successful toxin reduction to
harmless levels for cellular targets, cellular cytotoxicity was studied using a Vero cell assay, as Stx
is cytotoxic in the Vero cell assay (VCA) from 10 pg/mL and above %2 Experiments were
performed by mixing fixed amounts of the toxin, with a concentration of 0.01 mg/mL dissolved in
PBS buffer, with equal amounts of PBS buffer containing 1 mg PL-motors, 1 mg bare motors
(without platelet coating), and 0.07 mg platelet vesicles (containing equivalent proteins to 1 mg
PL-motors). PBS buffer with and without toxin were also added as positive and negative control,

respectively. After 20 min of magnetic operation, all of the five formulations were added to Vero
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cell cultured wells for 48 h incubation. The cell-viability was accessed by a MTT protocol, as
illustrated in Fig. 2.16C. The PL-motors treated formulation displayed a cell viability of 92%,
which is comparable with the PBS buffer control without toxin. In contrast, the viability of bare
nanomotors and static platelet vesicles was only 21% and 31%, respectively. Fig. 2.16D displays
the microscopy images showing the morphology of the Vero cells after 48-h incubation with the
four formulations. It is clearly observed that the Vero cells are healthy for the formulation treated
by the PL-motors, while all other three formulations induce severe damage and lysing to the cells.
By cloaking platelet vesicles on the magnetic nhanomotors, the PL-motors can serve as moving
decoys that attract toxins for cell protection by diverting the toxins away from the solution and
rendering the environment non-toxic to cells. In addition, under magnetic actuation, the large-scale
collective location of the PL-motors can dramatically accelerate the local interfacing of coated

platelets with Stx, thus enhancing the absorption process in comparison to the static platelet vesicles.

2.3.6 Platelet-adhering pathogens binding and isolation

We further examined the therapeutic potential of PL-motors for binding and isolation of
platelet-adhering pathogens. Opportunistic bacteria, including several strains of staphylococci and
streptococci, are able to bind to platelets either directly through a bacterial surface protein or
indirectly by a plasma bridging molecule that links bacterial and platelet surface receptors 03104,
Such bacteria—platelet interactions further lead to immune evasion and bacteremia *. MRSA252, a
strain of methicillin-resistant Staphylococcus aureus expressing a serine-rich adhesion which can
bind to platelets (SraP) 1%, was used as a model pathogen for PL-motor adhesion study. After 20
min of incubation and magnetic actuation of the PL-motors (1 mg) in MRSA252 suspension (1x108
CFU ml), the PL-motors were re-collected through precipitation with a magnet. Bare motors and
PL-vesicles were used as negative controls. The retained bacteria on the collected pellets were fixed

with formalin and stained with DAPI subsequently. Fig. 2.17A displays the microscopy images,
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showing the binding of the DAPI-stained bacteria on a DPME-RhB-labeled PL-motor PL-motor.
Bare motors and PL-vesicles showed negligible increase in DAPI signal compared to PBS control
in Fig. 2.17B. On the other hand, PL-motors exhibit a 10-fold increase in DAPI fluorescence
intensity compared to all other groups which manifest a significant adhesion of the bacteria to PL-
motors . The SEM images in Fig. 2.17C also clearly shows the preferential binding of the bacteria
to the PL-motors, while the microscopy image in Fig. 2.17D displays ‘on-the-fly’ isolation of
bacteria by a PL-motor. The new nanorobot platform thus presents a unique approach for meeting
the need for rapid, direct, and real time isolation of pathogens.
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Figure 2.17 Binding and isolation of PL-motors to platelet-adhering pathogens. (A) Microscopic
images showing the binding of MRSA 252 bacteria with PL-motor: (i) bright field, (ii) blue
florescence channel showing the DAPI stained bacteria, (iii) red florescence channel showing the
DMPE-RhB-labeled platelet membrane, and (iv) the overlay. (B) Normalized fluorescence
intensity of DAPI stained MRSA252 bacteria retained on the PL-motors (n=3). Bare nanomotors,
PL-vesicles, and PBS were used as controls. Scale bars, 500 nm. (C) SEM images of MRSA252
bacteria attached to PL-motors. Scale bars, 500 nm. (D) Microscopy image showing one-the-fly
isolation of a bacteria (labeled with blue circle) with a PL-motor. Scale bar, 2 pm.

2.3.7 Conclusions
In summary, we have developed PL-motors, based on magnetically actuated helical

nanomotors biointerfaced with a platelet membrane coating, as a new type of biomimetic nanorobot

possessing efficient locomotion and biological functions. The intrinsic antifouling properties of the
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platelet membrane coating shields the nanomotor from common biofouling effects in biological
fluids. A comparison study of the propulsion of PL-motors and the bare nanomotors in whole blood
demonstrated their distinct anti-fouling properties of platelet membrane coating that lead to
efficient propulsion in real complex biological environment. The platelet membranes coated on
the PL-motors impart also strong affinity to platelet-adhering toxin and pathogen, along with their
efficient movement leading to efficient detoxification capacity, as illustrated by the rapid binding
and isolation of Shiga toxin and MRSA252 bacteria. This study validates that the biomembrane
interfaces can significantly enhance the binding of nanorobots to pathogens, which may pave the
way for using nanorobots for targeted antibiotics delivery to improve infectious disease treatment.
Magnetic actuation of a large amount of PL-motors dramatically enhanced the binding and isolation
process of these biothreats. Swarms of PL-motors could thus be used for target detoxification in
particular locations due to the ease of magnetic navigation. The PL-motors represent a powerful
biomimetic platform based on the fusion of biological materials and synthetic nanorobotics. Such
bio-inspired engineered nanomachines are expected to offer efficient treatment of diseases in real

physiological environments.

Chapter 2.1, in full, is a reprint of the material as it appears in Nanoscale, 2014, by Jinxing
Li, Sirilak Sattayasamitsathit, Renfeng Dong, Wei Gao, Ryan Tam, Xiaomiao Feng, Stephen Al,
Joseph Wang; Chapter 2.2, in full, is a reprint of the material as it appears in Nano Letters, 2015,
by Jinxing Li, Tianlong Li, Tailin Xu, Melek Kiristi, Wenjuan Liu, Zhiguang Wu, Joseph Wang.

The dissertation author was the primary investigator and author of these papers.
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Chapter 3 State of the Art:

Technical Applications of Micro/Nanorobots

3.1 Nanorobot to write: nanomotor lithography

3.1.1 Introduction

A variety of lithographic techniques are now available for direct processing of materials at
the nanoscale 3. While the resolution of these techniques has continued to improve, the cost of
their implementation and system complexity have also increased substantially. For example,
traditional photolithographic nanofabrication techniques rely on costly masks, while electron and
focused ion beam writing require expensive beam sources and elaborate control systems 45,
Similarly, sophisticated equipment is required for lithographic techniques based on scanning probes
and optical tweezers 5-°. Alternate strategies, involving self-assembling nanostructures, have been
explored to improve the versatility and lower the fabrication costs %13, However, arbitrary direct
writing cannot be performed by these methods due to the lack of mobility of these nano components.

Inspired by natural biological systems 41° the recent development of synthetic nanomotors
has paved the way towards major advances in nanoscience 122, These self-propelled nanoscale
devices can convert various energies into autonomous movement and overcome miniaturization
challenges governed by force-scaling laws. Like their natural counterparts, these versatile man-
made nanomotors have demonstrated advanced capabilities, including precise speed regulation and
spatial motion control, along with self-organization and collective movement, for a wide range of

practical applications 2-%. The advanced performance of such self-propelled nanomotor systems
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can address the challenges encountered with existing nanopatterning techniques and lead to
powerful tools for direct surface writing at the nanoscale.

We report here a new versatile and cost-effective direct-write nano-patterning
methodology, named “nanomotor lithography” (NML), using nanomotors that “swim” over
photoresist surfaces for creating spatially-defined complex surface patterns. This approach is made
possible by developing an “on-the-fly” strategy for manipulating the light incident on the moving
nanomotors. Self-propelled metallic nanowire motors and Janus sphere motors with distinct optical
properties are used here as the moving optical elements. Once light reaches the moving nanomotors,
they can effectively perform near-field lithography: the opaque metallic nanowire motors allow for
the nanoscale blocking of light while the transparent Janus sphere motors allow for efficient near-
field concentration of light. Using such a versatile method, various nanoscale features are generated
through modular nanomotor design. Due to the small dimension of the nanowire motors and the
near-field focusing effect of the Janus sphere motors, sub-wavelength resolution can be achieved.
The self-propelled motion along with magnetically guided control makes the new nanomotor
approach simple, cost-effective, and obviates the requirements of elaborate control systems used in
common surface patterning techniques. Spatially-defined nanofeatures are obtained by remote
magnetic guidance of the nanomotors, while parallel writings are achieved through organized
assembly and controlled motion of multiple nanomotors. This transformative combination
preserves the high spatial resolution of near-field optical lithography while gaining the ability to
control the patterns in a predefined and parallel fashion, creating a unified tool for constructing and

studying nanomaterials and nanodevices.

3.1.2 Experimental methods

Synthesis of magnetic-guided catalytic nanomotors
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The magnetic-guided catalytic nanomotors composed of Au, Ni, Au and Pt segments were
prepared by electrodepositing the corresponding metals into 200 nm alumina membrane template
(Catalog no. 6809-6022; Whatman, Maidstone, UK) and 400 nm and 1 um polycarbonate (PC)
membrane template (Catalog no. 800282 and 7060-2510; Whatman, New Jersey, USA). A thin
silver film was first sputtered on the branched side of the alumina membrane or back side of PC
membrane to serve as a working electrode. The membrane was assembled in a plating cell with
aluminum foil serving as an electrical contact for the subsequent electrodeposition. For 200 nm
alumina membrane template, a sacrificial silver layer was electrodeposited into the branched area
of the membrane using a silver plating solution (1025 RTU@4.5 Troy/ Gallon; Technic Inc.,
Anaheim, CA) and a total charge of 3.0 C at -0.90 V (vs. Ag/AgClI, in connection to a Pt wire
counter electrode). This was followed by an electrodeposition of gold for 0.75 C from a gold plating
solution (Orotemp 24 RTU RACK; Technic Inc.) at —1.0 V. Subsequently, nickel was
electrodeposited at —1.0 V from a nickel plating solution (20 g L™ NiCl,-6H,0, 515 g L*
Ni(H2NSOs).- 4H,0, and 20 g L™ HsBOs) using a total charge of 2.0 C. The second gold segment
was then electrodeposited for 0.75 C, followed by the Pt segment employing galvanostatically
deposited at —2 mA for 50 min using a platinum plating solution (Platinum RTP; Technic Inc.). For
400 nm and 1 um PC membrane templates, a sacrificial silver layer was first electrodeposited for
a total charge of 1.0 C at —0.9 V. Subsequently, gold layer was electroplated for a total charge of
0.25 C at —1.0 V, followed by nickel layer for 2 C at —1.0 V and 0.25 C of gold at -1.0 V. Finally,
Pt segment was electroplated at —2 mA for 20 min. The sputtered and sacrificial silver layers were
simultaneously removed by mechanical polishing using cotton tip applicators soaked with 35%
HNOs. The alumina membrane was removed in 3 M NaOH for 30 min. The resulting nanowires
were collected by centrifugation at 7000 rpm for 5 min and washed repeatedly with DI water until
a neutral pH was achieved. The PC membrane was removed in methylene chloride for 5 min to

completely release the nanowires. The corresponding nanowires were collected by centrifugation
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at 6000 rpm for 1 min and washed repeatedly with methylene chloride, followed by ethanol (2
times) and ultrapure water (3 times).
Synthesis of Janus micromotors

The Janus micromotors were prepared using silica microspheres (1.21 um, and 4.74 mean
diameter, Bangs Laboratories, Fishers, IN, USA) and polystyrene microspheres (0.72 um and 2.16
pm mean diameter, Bangs Laboratories, Fishers, IN, USA) as the base particles. 20 pyL of
microspheres solution was first dispersed into water and centrifuged. Then, the microspheres were
redispersed in 200 uL water. The sample was then spread onto glass slides and dried uniformly to
form microsphere monolayers. These spheres were closely packed in contact with each other due
to the van der Waals forces. The microspheres were sputter coated with a 10 nm Pt layer using a
Denton Discovery 18 sputtering system. The deposition was performed at room temperature with
a DC power of 200 W and Ar pressure of 2.5 mT for 10 s. To ensure a uniform Janus half-shell
coating, rotation was turned off and the sample slides were set up at an angle to be parallel to the
Pt target. Subsequently, the Janus particles were detached from the substrate via sonication or
pipette pumping and were dispersed in water again to form the micromotor solution. The singlet
Janus motors were obtained by a long sonication time (>1 min), while doublet and triplet Janus
motors were created using significantly shorter sonication periods (~5 seconds).
Lithography process

The photoresist (MicroPosit SC-1827) was spin-coated onto a silicon wafer at 3,000 rpm
for 40 s. The wafer was prebaked for 1 min at 115 °C. A 20 pl drop of nanomotor solution was
placed on the coated photoresist followed by a 20 pl drop of hydrogen peroxide fuel (with
concentrations varying from 0.25% to 10%). The sample cell was then translated to a Karl Suss
MAG6 Mask Aligner (wavelength range UV400 350-450 nm, Power 11 mW/cm?). The exposure

time varied from 2 s to 16 s, depending upon the predefined pattern. A neodymium magnet was
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used for the remote magnetic guidance during exposure. After exposure, the solution on the
photoresist was removed by water rinsing and the sample was developed in MF-321.
Equipment

Template electrochemical deposition of the micromotors was carried out with a CHI 660D
potentiostat (CH Instruments, Austin, TX). Scanning electron microscopy (SEM) images were
obtained with a Phillips XL30 ESEM instrument, using an acceleration potential of 20 kV. Atomic
force microscopy images were taken with Veeco Scanning Probe Microscope. Videos were
captured at 45 frames per second by an inverted optical microscope (Nikon Instrument Inc. Ti-
S/L100), coupled with a 40x objective, a Hamamatsu digital camera C11440, using the NIS-

Elements AR 3.2 software.

3.1.3 Nanomotor lithography concept and optical simulation

Fig. 3.1 illustrates the basic concepts of NML using the self-propelled metallic nanowire
motors as hanomasks (a-c) and Janus sphere motors as near-field nanolenses (d-f). In the first case,
a motile, remote-controlled metallic nanowire motor replaces the traditional photomask and acts as
dynamic nanoscale optical element that locally shields the photoresist beneath it from the UV
exposure, and hence generates a surface pattern that mirrors its moving trajectory due to a lower
exposure dosage over the predetermined guided path (Fig. 3.1a). After development, the directional
trajectories of the nanomotors will be revealed on the polymer surface as raised ridge lines. The
AU/Ni/Au/Pt four-segment nanowire motor ‘masks’, fabricated by a template-assisted
electrochemical deposition protocol, are self-propelled over the photoresist surface by self-
electrophoresis in the presence of H,O, fuel 18, Finite-difference time-domain (FDTD) numerical
simulation of such localized light blocking is displayed in Fig. 3.1b. The AFM image of Fig. 3.1c
displays a ridge line created by a 200-nm-diameter nanowire motor swimming with a speed of 15

um/s. The width of the ridge line (measured as full-width at half maximum, FWHM) is ~300 nm,
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demonstrating a successful autonomous patterning of a feature smaller than the wavelength (400
nm) of incident light.

In the second case, NML relies on Janus sphere motors as near-field nanolenses (Fig. 3.1d-
f). When light at optical frequencies is scattered by a spherical nanoscale lens, it exhibits
curvilinear trajectories, resulting in remarkably strong near-field magnification that produces a
photonic nanojet 22-3°As such, complementary to light-blocking metallic nanowire motors, self-
propelled Janus spherical motors can be used as motile optical lenses to effectively concentrate the
processing light and harness near-field optical effects for direct writing. Such near-field
magnification leads to the creation of features with resolution beyond the diffraction limit. The
Janus motors are prepared by coating transparent polystyrene or silica spheres with a thin
hemispherical platinum layer for catalytic propulsion in H,O; solution. FDTD simulations provided
evidence that a half-coated Janus microsphere (Fig. 3.1e) can still generate a narrow, high-intensity,
subdiffraction-waist beam that propagates into the background medium. This effect is illustrated
by the nanoholes obtained using stationary Janus motors as near-field lenses. The simultaneous
movement and light-focusing abilities of Janus sphere motors allow for the rapid and controlled
transfer of the nanomotor trajectory to distinct sub-micron features in aqueous environments. Fig.
3.1f displays a trench line created by such movement of a 2.16-pm-diameter Janus sphere motor
on a positive photoresist. The FWHM of this trench is only 420 nm, which is significantly smaller

than the size of the Janus motor, reflecting the effective light focusing effect of such microspheres.



88

uviight d UV light

100 100

0 (hm) 0 (nm)

Figure 3.1 (a) Schematic of nanomotor lithography by using a nanowire motor as a self-propelled
nanomask. (b) FDTD model of the intensity of light blocking by a 200-nm-diameter Pt nanowire
in water (refraction index n=1.34). The plane shown is parallel to the light propagation direction.
Wavelength of light, 400 nm. The black circle represents the cross-section of the nanowire. (c)
Atomic force microscopy (AFM) topographical three-dimensional (3D) patterns of a ridge line
feature created by a 200-nm-diameter wire nanomotor swimming in a 1% H,O, solution. (d)
Schematic of nanomotor lithography by using a Janus sphere motor as a self-propelled nanolens.
(e) FDTD model of the intensity of light passing through a 2.16-um-diameter Janus sphere (n=1.62
for polystyrene) in water (n=1.34). The black circle represents the contour of the sphere and the
right hemisphere is coated with a 10-nm Pt film. (f) AFM topographical 3D pattern of a trench line
feature created by a 2.16-pum-diameter Janus sphere motor swimming in a 5% H»O; solution.
Scanning areas are 6x6 pum?,

3.1.4 Patterning by metallic nanowire motors

In The versatility of nanomotors gives NML the freedom for varying a wide range of
experimental parameters for creating a myriad of distinct nanopatterned features. For example, the
size of the nanowire motor mask can be tailored using membrane templates with different pore

sizes. Here, nanomotors with diameters of 200 nm, 400 nm and 1000 nm were prepared for use as
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swimming nano-masks (Fig. 3.2 a-c). The AFM images of Fig. 3.2 d-f illustrate the morphologies
of ridge lines obtained using self-propelled nanowire motors of the above diameters. As expected,
nanomotor masks with smaller diameters result in higher resolution patterns, as indicated from the
changes in the corresponding feature height and width. The slightly larger feature size (compared
to the diameter of the swimming nanomask) is attributed to increased Brownian motion and light
scattering. While these effects could compromise the positional accuracy and light masking ability
for smaller motors, the FWHM of the lines drawn by 200-nm nanomotors is still in the sub-
wavelength regime. An investigation of ridgeline profiles from motors with various propulsion
velocities indicates that the height of the ridge decreases with increasing motor speed; intuitively,
slower swimming speeds result in longer light blocking times over their moving path (Fig. 3.2d).
Meanwhile, the FWHM decreases slightly for faster motors due to the weaker influence of the
Brownian motion (Fig. 3.2h). These results indicate that using nanomotors with smaller dimensions
leads to an increased patterning resolution due to the nanomask shadowing effects. The resolution
can also be slightly improved by increasing the motor speed, due to the reduced exposure time and
influence of Brownian motion. FDTD simulations indicate that the resolution could be enhanced
further by adopting a UV laser with a shorter wavelength than that of the UV lamp used here (350-

450 nm).
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Figure 3.2 Patterning by nanowire motors. Scanning electron microscope (SEM) images
illustrating the nanowire motors with diameters of (a) 200 nm, (b) 400 nm, and (c) 1000 nm, Scale
bar, 1000 nm. AFM images of topographical 3D line morphologies generated by nanowire motors
with diameters of (d) 200 nm, (e) 400 nm, and (f) 1000 nm and speed of 15 pm/s. Scanning areas
for the 3D perspective images, 3x3 pm?. Maximum height (g) and FWHM (h) of a number of single
lines ‘drawn’ by the nanowire motors swimming at different speeds obtained using H>O-
concentrations of 0.25%, 1% and 5%. Error bars represent one standard deviation (N=20).

3.1.5 Remote magnetically-guided writing
Directional magnetic orientation of the nanowire motors can be achieved by incorporating a
ferromagnetic Ni segment into the motor structure. Precise control of the nanomotor paths allows
for the rapid prototyping of their trajectories to predefined patterns. Fig. 3.3a displays a double-
ridge line feature fabricated by the simultaneous lateral movement of two individual nanomotors
along the applied magnetic field. This feature illustrates the uniformity and highly parallel
capabilities of the controlled nanomotor patterning concept. Fig. 3.3b displays two crossed lines
obtained as a result of one nanomotor crossing over the path of another one after turning the

magnetic field. This illustrates the potential of using multiple motors to generate complex patterns
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through superposition of different motor paths. Fig. 3.3c and d display surface features of parallel
lines and a 90-degree turn, respectively, over large areas (60x60 pm2). Note that the length scale
of the patterned lines in Fig. 3.3c-d is over 20 times longer than the length of the nanomotors,
illustrating the capability for large-scale well-defined spatial control of the nanomotors. Fig. 3.3¢e
and f displays a square-wave pulse pattern, and a letter “D” pattern, respectively. Such ability to
execute discrete and continuous turns through an external magnetic field enables the patterning of
both sharp vertices and smooth curves, thus leading to a wide variety of possible surface features.
Additionally, the magnetic field and trajectory of the nanomotors can be controlled and pre-

programmed, allowing for the automatic patterning of substrates by identical motor movements.


http://www.nature.com/nnano/journal/v3/n7/full/nnano.2008.150.html#f3
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Figure 3.3 Remote magnetically-guided writing. (a) SEM images of two ridge lines generated from
parallel (magnetically-guided) motion of two individual nanowire motors. Diameter of nanowire
motor, 400 nm. Scale bar, 5 um. (b) Two crossed ridge lines produced from two individual
staggered nanomotors under an external magnetic field. Scale bar, 1 um. The second line resulted
from the path of one nanomotor crossing over the path of another motor after turning the magnetic
field. AFM images of parallel ridge lines (c) and of a right angle ridge pattern (d) generated from a
longer exposure period. Scanning areas, 60x60 pm?. AFM images of a square-wave (e) and the
letter ‘D’ (f) patterns obtained using moving nanomotors. Scanning areas, 10x10 um?. Hydrogen
peroxide concentration: 1%.

3.1.6 Patterning by Janus sphere motors

Janus microsphere motors, which are half-coated with a Pt layer, move autonomously in a
hydrogen peroxide fuel solution due to the catalytic fuel decomposition reaction®. When the
photoresist surface is exposed to UV light, the Janus sphere motor acts as a near-field lens for
nanopatterning (Fig. 3.4a). While the processing UV light illuminates a large area, it reaches a
much higher intensity for photoresist exposure directly beneath the microsphere lens. The Janus
sphere motors with diameter of 2.16 um can move stably at a fixed height above the photoresist

surface for uniform and consistent patterning. Due to their catalytic hemispheric patch, Janus
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microsphere motors can lead to unique and complex optical effects unavailable for bare spheres.
By carefully tuning the thickness of the platinum patch, we demonstrate that the optical properties
of these motors can be intrinsically tailored from near-transparent nano-lenses to semi-opaque
nano-masks, thus offering further possibilities for engineering the topography of the patterned
surface features. A FDTD 2D model (Fig. 3.4b-d) was used to predict how the incident light is
manipulated by the engineered Janus spheres with Pt patches of different thicknesses: b) 5 nm, ¢)
40 nm, and d) 120 nm. It can be observed that the peak intensity of the photonic nanojet diminishes
slightly upon increasing the Pt thickness while the opposite hemisphere remains transparent.
Solvent-mediated electrostatic repulsions between the charged surfaces of the sphere and the
substrate balance with van der Waals forces, resulting in an equilibrium sphere-substrate spacing.
Very small Janus spheres (less than 500 nm in diameter) experience a much stronger Brownian
motion that can cause fluctuations in their vertical distance from the substrate and influence the
resulting patterns. Accordingly, we focus on the 4.74-um Janus sphere motors which always remain
close to the surface and move stably at a fixed plane. The AFM images of Fig. 3.4e-g illustrate the
ability to tailor the morphology of the generated features using Janus spheres with Pt films of
different thicknesses, while Fig. 3.4h-j display the corresponding cross-section profiles. The 5-nm
thin Pt coating displays minimal attenuation of the incident light and thus exhibits a lower influence
on the sphere’s near-field focusing, resulting in a trench line pattern (Fig. 3.4e). Note that a wider
raised area surrounding the trench line was formed simultaneously as a result of light blocking
effects from the Pt patch. Increasing the thickness of the Pt film to 40 nm results in surface features
of multiple symmetric ridges (Fig. 3.4f), reflecting the varied intensities of the scattered light.
Further increasing the film thickness to 120 nm leads to a single ridge, consistent with results
expected from an opaque mask (Fig. 3.4g). The height of the ridge line can reach 200 nm, which is
comparable to heights obtained with nanowire motors. Nanopatterns with improved aspect ratio

are expected by increasing the exposure dose through a higher light intensity. This versatility of
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Janus motors, through control of the thickness of the catalytic layer, greatly enhances the patterning
capability and leads to the creation of a wide variety of distinct surface features. Further studies
will focus on exploring even more complex high-aspect ratio surface patterns by changing the
geometry and coverage of the Pt catalytic patch.
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Figure 3.4 Patterning by Janus sphere motors. (a) Schematic showing a moving Janus microsphere
motor near the photoresist surface under exposure to UV light. 2D plots of the steady-state intensity
of light passing through a 4.74-um-diameter Janus sphere (silica n=1.55) with Pt thickness of (b) 5
nm, (c) 40 nm, (d) 120 nm in water (n=1.34). The circle represents the contour of the sphere and
the right hemisphere is coated with a Pt film. Surface morphologies and corresponding cross-
section profile of the created features by using 4.74-um Janus spheres, coated with Pt films of
different thicknesses: (e) 5 nm, (f) 40 nm, (g) 120 nm scanning areas, 10x10 um?. (h), (i) and (j)
Representative cross-section profiles of images (d), (e) and (f), respectively.

Meanwhile, the integration of a ferromagnetic Ni layer in the Janus sphere motor can
facilitate remote magnetic control for predefined writing. As illustrated in Fig 3.5a, the Janus
motors align such that the Janus boundary is perpendicular to the applied magnetic field, allowing

for a magnetically guided patterning illustrated from AFM images of Fig. 3.5b,c. Under an optical
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microscope, the Janus boundaries of the motors are clearly and consistently observed when they
are moving, indicating that the orientation of such nanolenses is preserved. Using assemblies and
arrays of dynamic patterning tools is a promising pathway for the parallel fabrication of complex
devices consisting of many small components. Although a variety of complex configurations are
possible for assembled Janus particles, we focus here on the “side-by-side” paradigmatic case to
illustrate the patterning capability of such assemblies. Fig. 3.5d-f display the continuous patterns
obtained by such singlet, doublet and triplet Janus-sphere assemblies moving together under
magnetic guidance. The various peaks in the pattern correspond to the optical field from individual
Janus spheres overlapping with each other and superimposing to form higher ridge features. These
data indicate that further improvements in the pattern complexity are possible via advanced self-
assembly protocols 3132, and that the diversity of the patterned features can be increased by tailoring

the patch morphology of the individual Janus motors in the assembly.
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Figure 3.5 Controlled and parallel patterning by Janus sphere motors. (a) Illustration of the
magnetic guidance of Janus sphere motion. (b) A pattern created by turning the magnetic field by
90°; scanning area, 30x30 um2. (c) A pattern created by turning the magnetic field by 120°;
scanning area, 20x20 um2. Continuous patterns obtained by using (d) single, (e) double and (f)
triple Janus spheres moving alongside under magnetic guidance. Scanning areas, 20x20 pum?.
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3.1.7 Conclusion

We have introduced a simple and efficient nanomotor-based nanopatterning technique
based on self-propelled nanomasks and nanolenses that brings a twist to conventional static optical
fabrication systems. This nanomotor-fabrication strategy combines controlled movement with
unique light-focusing or blocking abilities for direct surface writing and provides researchers with
considerable freedom for creating diverse features with different shapes and sizes. Spatially-
defined surface-patterns, corresponding to the predetermined path of the nanomotors, have thus
been generated. We expect that directional propulsion and variation of nanomotor parameters can
be used to generate more elaborate functional features. For example, the shape and number of the
catalytic patches of the microsphere lenses can be customized to further increase the pattern
complexity. Higher order motor organization and modular motor design should lead to further
improvements in pattern intricacy. Diverse pattern morphologies can thus be achieved by rationally
designing each component in the Janus motor assembly. As proof of concept, we demonstrated
here that such nanomachines could effectively manipulate the processing light beams for optical-
based nanopatterning. Future research and development of the nanomotor patterning method can
be realized by combining advanced nanomotor designs with diverse functionalities. For example,
it could be possible to use thermal, mechanical, electrical, plasmonic, and chemical effects for such
dynamic nanomotor lithographic techniques by incorporating specific physical functionality or
surface chemistry into the nanomotor. These current capabilities and future possibilities offered by
motile optically-active nanomachines lead to the new “on the fly” nanomanufacturing platform and

create new opportunities for surface science.
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3.2 Nanorobot to read: swimming microrobot optical nanoscopy

3.2.1 Introduction

The ability to resolve small structures with high resolution has been a topic of enormous
interest and importance 8%, Scanning probe microscopy (SPM) has been widely used to map
local nanoscale information with functionalized tips, but such tip scanning processes are hampered
by the perturbation induced at the near field and slow imaging speeds within limited scanning areas,
especially for operation in liquids and biologically relevant environments “°. The large forces
induced by the sharp tip and rigid cantilever usually make it challenging to scan over soft samples
41, Fluorescence nanoscopy approaches have been rapidly advanced recently as powerful super-
resolution tools *2**but might still require sophisticated labeling and image processing algorithms.
Recently, micro-/nanostructured lenses, such as metamaterials and microsphere lenses 2832°, have
shown considerable promise for resolving surface structures below the diffraction limit. While
metamaterials have been limited by losses, microspheres lenses are particularly attractive as they
are essentially loss-free “47. However, the lack of mobility of microsphere lenses impedes their
operation for site-specific probing or large-area scanning of real-life samples.

Acrtificial micro-/nanomachines, which are tiny devices that overcome low Reynolds
number viscous drag and Brownian motion by converting local fuels or external energies into
nanoscale locomotion, have recently emerged as powerful nanotechnology tools for biomedical
and environmental sciences 171820224850 The gperation of micro-/nanoscale machines and robots
have proved be useful for cell penetration %, environmental remediation 5, active materials
assembly %2, and nanoscale lithography 2. Engineering small robots with nano-optical elements
will provide an alternative paradigm for scanning probe techniques to overcome roadblocks in

optical imaging devices.
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Here, we introduce a new nanoscopy methodology, denoted swimming micro-robot optical
nanoscopy (SMON), based on autonomously moving micro-robots that rapidly scan over the
sample surface. These untethered micro-robots, comprised of high-refractive-index microsphere
lens, utilize chemical locomotion and magnetic guidance for non-destructive ‘on-the-fly’ scanning
and imaging over large areas, obviating unwanted tip-sample interactions, macroscopic cantilevers,
and complex control systems common to conventional SPM techniques. High-resolution imaging
below 50 nm of large areas can be achieved with a conventional white-light or fluorescence
microscope. The imaging throughput can be further improved by parallel operation of multiple
micro-robots. Such self-propelled micro-robots with integrated nanophotonic functionality provide
a new paradigm for surface imaging towards high-performance, user-friendly, cost-efficient, and

readily accessible nanoscopy.

3.2.2 Experimental section
Fabrication of Micro-robot Lenses
The Janus micro-robots were prepared using different sizes of spherical polystyrene (PS)
and titania (TiO2) base particles. Three diameters of PS microspheres were used: 2.16, 4.86, and
10 um (Bangs Laboratories, Fisher, IN, USA), while the mean diameter of the TiO-2 microspheres
is 15 um (Microspheres-Nanospheres, Corpuscular, NY, USA). First, 100 uL of each particle
suspension was centrifuged and washed with ultrapure water (18.2 MQ/ 'cm) three times. Then, the
microsphere suspensions were spread onto glass slides and dried uniformly to form particle
monolayers. At this point, the spheres are closely packed due to attractive van der Waals forces.
An adhesive 2-nm layer of titanium (Ti) followed by a 5-nm layer of nickel (Ni) and a 5-
nm layer of platinum (Pt) were sequentially deposited by electron-beam evaporation (Temescal
BJD 1800) at a 75° angle of incidence to minimize the coating area. After the fabrication, the Janus

micro-robots were detached from the substrate via sonication or pipette pumping, and then
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centrifuged and washed with ultrapure water two times. Sonication was used to disperse the micro-
robot water suspension. Dimers, trimers, and other larger assemblies were obtained by reducing the
sonication time from >1 min to ~5 s. All micro-robots were stored in ultrapure water at room
temperature and tested prior to each experiment to verify their motion capabilities.

Imaging Samples Fabrication and Preparation

The 45-nm “UC” letter array, 20-nm nanogap patterns, and 200-nm nanodot array were
fabricated using electron beam lithography (Vistec EBPG5200 Electron Beam Writer). The
samples each consist of 200-nm HSQ thin films coated on a Si substrate. The 320-nm nanograting
structures were obtained by peeling the soft protective film from the edge of a blank Blu-ray disc,
exposing the grooved recording layer.

The neuron axon samples were obtained from mouse brain slices. Horizontal slices 300-
um thick were cut from the hippocampus of 15-19 day-old C57BL6 mice in an ice-cold artificial
cerebrospinal fluid (ACSF) containing: 125 mM NacCl, 2.5 KCI, 2 mM CaCl2, 1 mM MgCI2, 25
mM NaHCO3, 1.25 mM NaH2PO4, and 25 mM glucose, bubbled with 95% 02 and 5% CO2 and
incubated for 30 min at 34°C. Afterwards, the slices were stored in ACSF at room temperature (22—
23°C) until use.

The fluorescent nanobeads were purchased commercially (Polysciences, Fluoresbrite® YG
Carboxylate Microspheres 0.05um, 16661-10). 1 uL of nanobead suspension was washed with
ultrapure water (18.2 MQIl cm) three times, then diluted in 100 ul. water. Then, the diluted
nanobead suspension was spread onto glass slides and dried uniformly to form nanobead
monolayers.

An annealing process was used to fabricate DNA nanotubes from DNA strand which was
prepared with oligonucleotides (IDT, Inc). In brief, 5 uM DNA was firstly dissolved in TAE/Mg2+
buffer composed of tris(hydroxymethyl) aminomethane (Tris) base (40 mM, pH 8.0), acetic acid

(20 mM), ethylenediaminetetraacetate (EDTA; 2 mM), and MgAc2 (12.5 mM) and slowly cooled
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from 95 to 20 °C over 48 h, then diluted to 500 nM with PBS/10 mM MgCI2 solution. Prior to
fluorescence SMON imaging, 100 pL of 100 mM YOYO-1 (Molecular Probes) solution (in PBS
buffer) was directly loaded onto DNA nanotubes and incubated for 3 min at room temperature.

Rhodamine-labeled protein microtubules were prepared by polymerizing rhodamine-
tubulin (Cytoskeleton, Inc) and native tubulin (molar ratio: 0.5:99.5; [tubulin] = ~400 uM) in
BRB80 buffer (80 mM PIPES-2K; 5 mM MgCI2; 1 mM EGTA; pH 6.8) with 1 mM guanosine-5'-
triphosphate (GTP) at 37°C for 15 min. A BRB8O0 buffer, including 1 mM GTP was used to dilute
the obtained microtubule solution 100 times. A thin layer of microtubules was prepared by placing
a cover glass (18 mm x 18 mm) on a sample droplet on a slide glass.

The B. globigii spores (solid biomaterial with 3.52 x 1012 cell/g, from The U.S. Army-
Dugway Proving Ground) were diluted and cleaned to eliminate some silica added to the cells to
increase followability (for dispersion purposes). The spores were centrifuged at low speeds of 1000
rpm for 1 min to separate the supernatant (the spores) from the precipitate (the silica). The spores
were centrifuged again at 14000 rpm for 10 min to remove the supernatant, and the spore pellets
were subsequently used to prepare 1 mL of spore solution for imaging experiments.

Imaging and Propulsion Experiments

To determine the relationship between the micro-robot speed and fuel concentration,
aqueous H202 solutions (H325-500, Fisher) with concentrations ranging from 5% to 15% were
prepared. A 1 pL droplet containing the micro-robots was placed first on a glass slide. After the
micro-robots settled into focus of the microscope, a 1 uL droplet of peroxide solution was mixed
directly into the micro-robot droplet. Particle tracking was subsequently performed in Metamorph
to capture the average micro-robot speed for each micro-robot sample.

In each imaging experiment, a similar procedure was followed as above. Here, the micro-
robot droplet was placed directly onto the sample substrate surface. After the micro-robot settled

into focus near the objects of interest, an equal volume of the appropriate peroxide solution was
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directly mixed in for propulsion. Additionally, a remote magnet was used to align the micro-robots
and control their direction.

For the bright field microscopy videos, we used an upright optical microscope (Nikon
Eclipse 80i), coupled with a 40x objective (CFI Plan Fluor, Nikon, N.A. 0.75) and a CoolSNAP
HQ2 camera (Photometrics) under white light illumination (MKII Fiber Optic Light Illuminator,
Nikon). For the fluorescence microscopy videos, an identical setup was used in conjunction with a
Sola Light Engine (SM5-LCR-VA, Lumencor) for florescence excitation. Nikon fluorescence filter
cubes 96225 and 96312 were used for UV and green light excitation, respectively. An exposure
time of 200 ms was used for the florescence imaging. An external magnet was used to align and
control the moving direction of the micro-robots. All videos were captured up to 45 frames per
second. Scanning electron microscopy (SEM) images of the micro-robots and the imaging samples
were obtained with a Phillips XL30 ESEM instrument, using an acceleration potential of 20 kV.
Software

Single particle tracking was accomplished using Metamorph software (developed by
Molecular Devices). ImageJ (developed by National Institue of Health) was used to generate the
relative intensity profiles. Image reconstruction from the acquired videos was done using Matlab
(Mathworks, Natick, MA, USA). Light simulations were made using FEM simulations in

COMSOL Multiphysics (COMSOL, Stockholm, Sweden).

3.2.3 Scanning with Single Microrobot

As illustrated in Fig. 3.6a,b, the micro-robot swims autonomously over the sample surface
in aqueous solution containing the chemical fuel, focusing light through a high-intensity optical
field directly beneath. Sub-diffraction surface features scatter this light as near-field evanescent
waves, which are magnified and focused by the moving microsphere. The magnified virtual images

are captured by the CCD camera behind the objective lens as a video with high-resolution frames,
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which can be reconstructed as a stitched image with large view. To make the Janus micro-robot,
high-refractive index colloidal polystyrene (PS) (n = 1.59) or TiO2 (n = 2.1) microspheres
(diameter 2-20 pum) are partially coated with a thin Ti/Ni/Pt (2/5/5 nm) metallic tri-layer. As
illustrated in Fig. 3.6b, the micro-robot swims autonomously in aqueous solution by generating a
local oxygen gradient through the asymmetric Pt-catalyzed decomposition of the hydrogen
peroxide fuel . The Ni layer enables remote control of the direction by an external magnet.
Deposition of the tri-layer at a steep glancing angle is used to reduce the area of the metallic patch,
thus minimizing light scattering (Fig. 3.6¢). Finite Element Method (FEM) simulations verify the
negligible effect of the thin metallic coating on the collection efficiency of the microsphere near a
point source (Fig. 3.6d).

As a first demonstration of SMON imaging, we acquired an imaging video of a “UC”
pattern with 45-nm line width (Fig. 3.6€) by a 10-um PS micro-robot. Fig. 3.6f displays a 3-frame
overlay image of the micro-robot swimming straight, under magnetic alignment, to clearly magnify
and resolve multiple sub-diffraction features. In Fig. 3.6g,h, a 15-um TiO2 micro-robot resolves
20-nm nanogaps that are far below the diffraction limit. Fig. 3.6i displays two frames of a 10-um
PS micro-robot scanning over fixed neuron axons of a mouse’s brain tissue. Clear magnified 50-
nm neuron axons are resolved by the micro-robot without damage to the axon fibers. Fig. 3.6j-

shows that a 20-nm gap could be distinguisted by a TiO2 microrobot.
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Figure 3.6 Swimming micro-robot optical nanoscopy (SMON). (a) Schematic illustration of
SMON. A swimming micro-robot scans and magnifies near-field information on the object plane
underneath. The virtual images are captured by an objective coupled with a CCD camera as a
microscopy video containing high-resolution frames, which can be reconstructed as a stitched
image with large area of view. (b) Schematic illustration of the chemically-powered propulsion and
light amplification through the micro-robot nanoscope. (¢) SEM image of a micro-robot, composed
of a 10-um polystyrene microsphere, partially coated with a thin Ti/Ni/Pt (2/5/5 nm)
magnetic/catalytic patch. Scale bar: 5 um. (d) FEM model of a point light source (wavelength: 400
nm) passing through a 10-pm micro-robot lens (n = 1.59) in water (n = 1.33). The 12-nm thin
Ti/Ni/Pt metallic coating is indicated in green color. (¢) SEM image of a “UC” nanopattern with a
line width of 45 nm made by electron beam lithography. Scale bar: 200 nm. (f) Overlaying image
of three frames from a microscopy video of a 10-um PS micro-robot swimming over the “UC”
nanopattern. The three insets highlight the magnified areas from each frame. Scale bar: 10 um. (g)
SEM image of 2-um stripes separated by 20-nm nanogaps fabricated by electron beam lithography.
Scale bar: 1 um. (h) Microscopy images showing the 20-nm nanogap without and with a 15-um
TiO2 micro-robot scanning on it. Scale bars: 10 um. (i) Microscopy images of scanning and
imaging of neurons axon (including 50-nm fibers) by a swimming 10-um PS micro-robot. Scale
bar: 5 um. All fuel concentrations: 5%. (j) SEM images of 200-nm stripes separated by a 20-nm
nanogap. (k) Micro-robot nanoscopy image of 15-um TiO2 micro-robot scanning over the nanogap
feature. (1) Relative intensity profile and FWHM of the highlighted segment in (k).

3.2.4 Large-area and parallel scanning

The large-area scanning capacity of SMON has been examined by using a disc with grating
nanostructures of 320 nm-wide lines separated 420 nm apart (Fig. 3.7a). The tracking line of Fig.
3.7b displays the motion of a 10-um PS micro-robot scanning the nanograting surface over 3.6 s.

Fig. 3.7c displays a reconstructed image of the magnified surface feature, obtained by stitching the
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magnified scanning area of the micro-robot from each frame. By comparing the intensity profiles
of the scanned and un-scanned areas, we see that SMON significantly enhances the light contrast
more than fivefold, clearly distinguishing the grating structure with 1.8x lateral magnification (Fig.
3.7d,e). The potential scanning area of the micro-robots is essentially unlimited within the aqueous
environment, allowing the micro-robots to approach and scan any location in the whole view of the
microscope. Compared to scanning tips, which might induce image artifacts due to the shape
inconstancy, the micro-robot lens produce stable and reliable high-resolution images in each frame
throughout the scanning process.

The simplicity of SMON enables straightforward parallelization imaging schemes by using
multiple imaging micro-robots swarm together or using micro-robot ensembles. Fig. 3.7f-h show
the parallel scanning of two magnetically-aligned micro-robots aligned to greatly accelerate the
scan rate of a sample, analogous to parallel AFM cantilevered tips *. Colloidal microspheres,
capable of forming self-assembled configurations for building complex devices and structures 3%,
have been used to explore the parallelized imaging capabilities of micro-robot assemblies. Fig. 3.7i-
k display a ‘side-by-side’ paradigmatic dimer assembly of a dual-lens micro-robot, enlarging the
magnified area in each frame for efficient scanning. This self-assembly is not limited to doublets,
fast imaging can be achived using triplet and quadruplet micro-robot ensembles. These
parallelization and self-assembly strategies could dramatically improve the scanning throughput at

a large scale.
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Figure 3.7 Large area scanning and parallel operation of micro-robot nanoscopes. (a) SEM image
of a 10-um PS micro-robot on a 320-nm nanograting structure to be scanned. (b) Tracking line
showing the motion of a 10-um imaging microrobot scanning over 5.6 s and (c) reconstructed
image by stitching the magnified area from individual video frames. (d) False color images and (e)
the corresponding relative intensity profiles of the reconstructed image (orange) to the original
microscopy image (blue) of equal length labeled in c. (f) Schematic illustration of two micro-robot
nanoscopes scanning in parallel. (g) Tracking lines showing the motion of two 10-um PS micro-
robots scanning the nanograting over 6.2 s; (h) the corresponding reconstructed image. (i)
Schematic illustration of a self-assembled doublet micro-robot scanning. (j) Tracking lines showing
the motion of an assembled doublet 10-um PS micro-robot scanning the nanograting over 8.6 s; (k)
the corresponding reconstructed image. All scale bars: 10 um. All fuel concentrations: 5%.

3.2.5 Magnification capacity and scanning rate

The magnification capacity and lateral resolution of SMON are modeled and
experimentally verified using PS and TiO, microspheres with different sizes. Fig. 3.8a shows the
FEM simulation of light focused by a 10-um PS microsphere (n = 1.59) in water (n = 1.33), which
we analyzed with the ray optics method to locate the image plane and calculate the magnification
%, Fig. 3.8b,c show the focal distances and magnification factors respectively, for microsphere lens
with different refractive indices and sizes. We validated these results experimentally by imaging a
200-nm nanodot array with PS microspheres of three sizes (2.16, 4.86, and 10-um) and 15-um TiO;

microspheres, as displayed in Fig. 3.8d. The corresponding 3D intensity profiles of the magnified
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portions over equal-pixel areas are shown in Fig. 3.8e. In agreement with our simulation results,
the refractive index plays a more critical role in the lateral magnification, with TiO. microsphere
swimmers offering a magnification factor higher than 4x.

We then estimated the scanning throughput of SMON. As illustrated in Fig. 3.8f, for a
micro-robot with a diameter of d and a magnification factor of m, the lateral scanning length is d/m
in each frame. To avoid missing local information between two consecutive frames, the maximum
micro-robot speed should be fd/m, where f is frame rate, providing a maximum scanning rate of
fd?/m2 Experimentally, the micro-robot speed is highly dependent on the fuel concentration and
ranges from 5-35 um/s. These micro-robot swimming speeds are faster than the regular scanning
speeds of AFM, where a typical fast speed of up to 10 um/s is used for a largest scanning distance
of ~100 um %, The corresponding scanning rates, based on our experimental results for different
micro-robots, are shown Fig. 3.8g. Fig. 3.8h displays reconstructed images obtained duringa 2 s
scanning period using a 10-um PS nanoscope and fuel concentrations of 2.5%, 5.0% and 7.5%. The
larger stitched images indicate that higher fuel concentrations can dramatically increase the
scanning speed without compromising the image quality. Overall, coupling a high-frame-rate
microscope with high-speed parallelized micro-robots would be optimal for high-resolution high-
throughput scanning and imaging. In our current SMON set-up, an experimental video rate of 45
frames/s with a 3-um by 3-um field of view in each frame, could be achieved using the 15-pum TiO;
micro-robot. Such a data acquisition throughput is faster than the recently developed video-rate of

far-field optical nanoscopy 8.
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Figure 3.8 Super-resolution focal distance, virtual magnification factor and imaging speed. (a)
FEM simulated electric field distribution of a plane wave passing through a 10-um PS (n = 1.59)
sphere in water (n = 1.33). (b) Virtual magnification factors and (c) focal distances of spherical
lenses with different refractive indices and diameters. Blue dotted lines correspond to refractive
indices of PS (n=1.59) and TiO (n = 2.1) used in experiments. (d) Magnification of a periodic dot
array by spherical lenses made of PS micro-robot with diameter of (i) 2.16, (ii) 4.86 and (iii) 10 pum
as well as (iv) a 15-pum TiO2 micro-robot. Scale bar: 10 um. (¢) The intensity profiles corresponding
to the magnified areas indicated in d. (f) Scheme showing the maximum scanning speed without
missing surface information. (g) Dependence of the scan rate upon the micro-robot speed and size.
Experimental results for scanning rates of different lenses are depicted with circle markers. (h)
SMON image of a periodic dot array obtained using a 10-um PS microrobot and different fuel
concentrations: (i) 2.5%; (i) 5%; (iii) 7.5% over a 2 s swimming time. Scale bar: 10 um.

3.2.6 Imaging of fluorescent and biological samples

SMON can easily achieve high-resolution imaging of fluorescent and biological samples.
Fig. 3.9a,b display fluorophore-labeled 50-nm PS nanobeads imaged by a 10-um PS micro-robot.
Beyond resolving the individual nanobeads, the nanoscope also dramatically enhances the
fluorescent intensity by 20-25 fold, as highlighted in the fluorescence intensity profile in Fig. 3.9a,
while the comparison in Fig. 3.9b highlights the 4x lateral magnification by SMON. The SMON

image of a typical nanobead shows a FWHM of 81 nm. The strong fluorescence enhancement and
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photon collection efficiency through the high-refractive index microlens eliminate the long
exposure time common to florescence microscopy, allowing fast florescence scanning with an
exposure time of only 20 ms, without compromising the imaging quality. Similar to the fast
stochastic optical reconstruction microscopy °°, such time resolution is very promising for imaging
biological dynamics at the nanoscale. Fig. 3.9c compares an expanded fluorescence microscopy
image of a nanobead string to a stitthed SMON image of the same sample at the same scale. This
degree of magnification and fluorescence enhancement is highly appealing for future single
molecule imaging . This technique has also been applied to biological samples, using fluorescence
SMON to image rhodamine-labeled protein microtubules (Fig. 3.9d). Normalized intensity profiles
of the microtubules shows a FWHM of ~75 nm, which is comparable to the value of 30-90 nm
obtained by advanced super-resolution fluorescence microscopy techniques %62, A comparison of
microscopy and SMON images of fluorophore-labeled DNA nanotubes illustrates how the micro-
robot nanoscope can distinguish individual signals from significant background noise (Fig. 3.9¢).
Note that the strong background noise from the DNA nanotube imaging is from the YOYO-1
dyeing solution, which is directly added to the DNA solution prior to the SMON imaging. Fig. 3.9f
illustrates that under white-light illumination, SMON can clearly resolve individual B. globigii
spores within large aggregates, indicating potential application within microbiome research. In our
imaging experiments, we observed that the biological samples are quite stable without any
deformation or cracking after continuous micro-robot scanning back and forth for over 50 times.
For micromotors swimming in fluid, there is still a small sedimentation height between the
micromotor surface and the sample surface®. Therefore, the spherical micro-robot does not come
into direct contact with the samples and hence avoiding damage to soft structures. The smooth and
stable scanning motion of the micro-robot has negligible interactions with the underlying biological
samples, while the high resolution and photon-collection efficiency offered by SMON make it

attractive for real-time tracking of sub-diffraction cellular structures and biological processes.
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Figure 3.9 Imaging of fluorescent and biological samples by SMON. (a) Fluorescent intensity
profiles of an identical region of florescence nanobeads imaged by microcopy (i) and SMON (ii).
(b) Fluorescence microscopy (i) and SMON (ii) images showing lateral magnification of
fluorescence nanobeads. (c) Fluorescence microscopy (i) and reconstructed SMON (ii) images of
a large-area fluorescent nanobead string pattern. (d) Microscopy (i) and SMON (ii) images of
microtubules labelled with the rhodamine. (e) Microscopy (i) and SMON (ii) images of sSDNA
labelled with YOYO-1. (f) Microscopy (i) and SMON (ii) images of Bacillus globigii spores.
Images are representative of >20 data sets of similar quality. Scale bars: 500 nm (a, c, f); 2 um (b)
and 1 um (d, e).

3.2.7 Conclusion

In summary, we have reported swimming micro-robot optical nanoscopy (SMON) as an
efficient and high-resolution imaging technique. This micro-robot imaging approach relies on
controlled and rapid autonomous movement of untethered nano-optical elements over large areas
for high-resolution and high-throughput surface imaging. The scalable parallelization schemes and
self-assembly of the micro-robots can further enhance the imaging throughput. SMON represents
a user-friendly, non-destructive and low-cost alternative to complex micromanipulation techniques,
and can be used for real-time high-resolution imaging of soft biological samples. Furthermore,
chemicals such as glucose or urea could potentially be used as biocompatible fuel sources for the

micro-robots ®, replacing the currently toxic peroxide fuel. Moreover, a fuel-free operation of the
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micro-robot -- based on magnetic or acoustic actuation -- can replace the catalytic propulsion for
digital control and imaging of many live samples. The trajectory of fuel-free micro-robots could be
readily pre-programmed towards automatic high-throughput surface imaging. Although the current
SMON method cannot achieve the atomic-level resolution offered by scanning probe microscopy,
replacing scanning tips with micro-/nanoscale robots and enabling mobility of nano-optical devices
create new opportunities for a variety of applications requiring high-resolution optical imaging and
surface topography of large sample areas. We envision that metamaterial superlenses and
hyperlenses could also be employed as future microscale imaging robot for site-specific probing
and large-area scanning. Beyond improving the resolution of regular white-light and fluorescence
microcopy, SMON can also be coupled with other high-resolution techniques, such as stimulated
emission depletion (STED) microscopy and structural illumination, to further enhance the
resolution synergistically. SMON also offers site-specific optical signal enhancement, thus
expanding the parameter space of applicable optical intensities, pulse energies, durations and
wavelengths of spectrometers and optical detectors. The photonic micro-robots described in this

work should also find applications in reconfigurable nanophotonic systems.
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3.3 Nanorobot to repair: Self-propelled nanomotors

autonomously seek and repair cracks

3.3.1 Introduction

Microscopic cracks and physical defects can drastically alter the macroscopic
optoelectronic, thermal, and mechanical properties of materials, and can propagate to induce
catastrophic failure in valuable devices. It would be highly desirable to create devices that not only
monitor their own structural integrity, but also autonomously repair incipient damage; achieving
such self-regulating, self-repairing behavior in synthetic systems, however, remains a considerable
challenge. Notably, biological organisms display remarkable abilities to autonomously heal and
regenerate after being wounded. These self-healing abilities are vital to survival because they
confer a level of physical robustness, and hence, increase the organism’s lifetime. Inspired by this
biological behavior, researchers have recently developed self-healing materials and chemistries -
" for applications towards functional surfaces >, electrical conductors "°#4, electronic skin 7+
and other complex synthetic systems with enhanced lifetimes and durability 88, Materials that
undergo autonomous repair could dramatically improve the sustainability of manufactured parts
and systems 8. Biomimetic self-healing processes are particularly desirable for integrated circuits
and microelectronic devices because nano- and microscopic mechanical damage along a conductive
pathway can noticeably limit the device performance, causing its electronic failure and ultimately
limiting its lifetime. Recent research efforts have been directed towards the development of
biomimetic self-healing processes to address this critical issue *#. Some of these self-healing
mechanisms involve the incorporation of healing agents directly into the material 8°; once these
agents are depleted, however, the system cannot provide repeated restoration of conductive failure

8, Moreover, this invasive approach can compromise the device performance and is limited to only
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certain classes of materials. Other approaches require external stimuli that can cause additional
damage to the devices 8. Furthermore, conventional repair techniques (such as those involving
soldering and conductive inks) are not ideal for mending nanoscale/microscale cracks since these
approaches are somewhat limited in providing localized delivery of the healing agents or repairing
specific cracks without affecting nearby functioning parts.

For a system to perform autonomous repair, it must be capable of delivering the healing
agents precisely to specific defect sites. Such healing agents must carry out the following three key
functions: convert environmental energy into mechanical work for directed motion, autonomously
sense and detect the damage, and possess engineered repairing capabilities. These tasks are
particularly challenging in the case of microscopic defects because the damage is often hard to
detect, making selective repair especially difficult (especially via conventional techniques such as
soldering). Biological cells are highly proficient at sensing and adapting their motion to the
presence of microscopic defects. For example, neutrophils autonomously migrate and chemotax
toward the site of inflammation to mitigate the spread of infection %, while circulated platelets
attach to the collagen fibers of a wound to stop bleeding °*. To perform these vital tasks, the cells
not only respond to signals in their environment, but also transduce energy from their surroundings.
Recently, there has been considerable effort towards designing artificial nanomachines that mimic
the ability of biological motors to harvest and convert energy from their surroundings into directed
motion 1718204849923 These nanomotor systems share many properties with their biological
counterparts, including speed regulation and collective movement in response to different
environmental stimuli 1*89-°7_ Microscopic surface defects might trigger useful changes in the
dynamic behavior of artificial nanomotors, allowing for the autonomous detection of damaged sites.
Given the recent advances in bio-inspired nanomachines, self-propelled nanomotors are attractive
candidates for mimicking biological self-healing systems, where the nanomotors can effectively

seek and locate defects, and thus, enable in situ repair.
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Inspired by biological self-healing processes, we introduce a new mode of repairing
microscopic defects that harnesses the properties of self-propelled nanomotors. We demonstrate
that these active nanomotors, with excellent mobility, damage detection capacity, and engineered
repairing functionality, can autonomously search, detect and repair microscale surface cracks. On
a conceptual level, the behavior of these nanomotors mimics the chemotaxis of neutrophils towards
inflammation sites and the aggregation of platelets at interrupted endothelium %X, The presence of
surface cracks introduces obstructions and gaps, presenting both energetic barriers and potential
wells to the random walk trajectories of the nanomotors. The fast localization of the nanomotors at
the cracks results from both geometric confinement and an attractive interaction between the
surface of the exposed crack and the functionalized surface of the nanomotors. The latter features
interrupt the nanomotors’ directed propulsion and constrain them in the potential well of the crack.
Quantitative agreement between the experimental data and a numerical model is achieved in
studying the dynamics of the nanomotors swimming in an environment with such a surface defect.
We demonstrate that spherical Au/Pt Janus nanomotors, with high mobility, surface functionality,
and good conductivity, are able to restore autonomously the electrical conductivity of severely
damaged electric pathways by forming conductive “patches” within the damaged regions (Fig.
3.10). We examine factors that influence the rate of the nanomotor accumulation and hence the
efficiency of the repair process, and demonstrate that motor suspensions with high mobility and
density exhibit a more efficient localization and repair capability. Such a bio-inspired healing
system constitutes a step toward engineering advanced biomimetic nanomotors for the autonomous,
nondestructive detection and repair of defects in a variety of materials, as well as applications
involving targeted drug delivery. Finally, we note that the concept described here can be extended
to encompass other nanomotor-crack interactions (e.g., involving charged particles and surfaces)

and applied to surface cracks of different dimensions. Importantly, the healing provided by the self-
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propelled nanomotors does not affect the inherent properties of the device material. Moreover, the

approach can be reapplied to provide repeatable repair in subsequent instances of damage.

3.3.2 Experimental section
Synthesis of Janus Nanomotors

The Janus nanomotors were prepared using spherical gold particles (diameter 0.8-1.6 um,
Alfa Aesar, Ward Hill, MA, USA) as the base particles. 10 pg of gold particles were first dispersed
into ethyl alcohol (A407-4, Fisher, Pittsburgh, PA, USA) and centrifuged. Then, the gold particles
were modified by immersion in 0.5 mM octadecanethiol in absolute ethanol (from Sigma-Aldrich)
for 30 min. To remove any unreacted reagents, the particles were isolated by centrifugation and
washed four times in double-distilled water. The sample was then spread onto glass slides and dried
uniformly to form particle monolayers. The particles were sputter coated with a 15 nm Pt layer
using a Denton Discovery 18. The deposition was performed at room temperature with a DC power
of 200 W and Ar pressure of 2.5 mT for 15s. In order to obtain a uniform Janus half-shell coating,
stage rotation was disabled and the sample slides were set up at an angle to be parallel to the Pt
target. After the fabrication, the Janus particles were detached from the substrate via sonication or
pipette pumping and were dispersed into double-distilled water.
Speed and Mean Squared Displacement

To determine the relationship between the Au/Pt motor speed and fuel concentration,
aqueous hydrogen peroxide solutions (H325-500, Fisher, Pittsburgh, PA, USA) of 5.0%, 10%, and
15% (w/v) were prepared and directly mixed with equal volumes of droplets of nanomotor
suspensions, attaining final hydrogen peroxide concentrations of 2.5%, 5.0%, and 7.5%
respectively. Speeds of multiple (n > 30) nanomotors were tracked and averaged for each

nanomotor sample, as well as their mean-squared displacements over 5 s. The propulsion
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experiments were performed by mixing 1 puL of the motors and 1 pL of the hydrogen peroxide
solutions.
Localization Experiments

Nanomotors were prepared as above, with desired densities (motors per unit area of the
droplet on the glass slide) achieved by either concentration or dilution of the suspension. The
densities were measured by placing a 1 puL droplet of the nanomotors and 1 pL. droplet of water on
a glass slide to simulate experimental conditions, allowing the motors to settle into the plane of
focus of the microscope, and counting the number of nanomotors within a random sample of n >
30 areas of size 100x100 um?. Two densities were prepared in this manner: a low density of 7.3 +
0.8 motors per 100x100 pm?, and a high density of 16.3 £ 1.5 motors per 100x100 um?. In each
nanomotor density and fuel concentration, the experiments are repeated and 5 times to calculate
the averaged percentages of the free and localized nanomotors.

Gold electrodes with hydrophilic surfaces were patterned on hydrophobic glass slides
(Fisherbrand Microscope Cover Glass, 12-545-E). Lift-off lithography was used to pattern the Au
electrode on the glass slides. The slides were coated with a thin layer of Au (100 nm) using electron-
beam deposition, and then submerged in acetone to lift-off the remaining photoresist and unwanted
Au, leaving only the desired Au electrodes behind on the surface. These electrodes were scratched
down the middle with a diamond tip glass cutter, with crack widths ranging from 0.5 to 2.2 um.
For each of the six experimental configurations (two motor densities, three fuel concentrations) a
1 pL droplet of the motor suspension was first placed over the crack, and allowed to settle into the
plane of focus. Then, a 1 puL droplet of the hydrogen peroxide solution was directly mixed into the
motor droplet.

Conductivity Restoration Experiments
Lift-off lithography was used to pattern the Au electrode on the Si wafer with a 300 nm

SiO- insulating layer. The substrates were coated with a thin layer of Au (100 nm) using electron-
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beam deposition, and then submerged in acetone to lift-off the remaining photoresist and unwanted
Au, leaving only the desired Au electrodes behind on the surface. Electrical contacts at each end of
the electrodes were made by employing stainless steel wires coated with silver epoxy.

For each conductivity restoration experiment, the resting resistance of each electrode
(width 5 mm) was measured. Then, a diamond tip glass cutter was used to crack the electrode down
the middle, severing conductivity completely and exposing the SiO; insulating layer. Low and high
densities of nanomotors were prepared as above for these experiments, along with the three
different hydrogen peroxide solutions of 5.0%, 10%, and 15% (w/v) and one control without adding
hydrogen peroxide. A 3 pL droplet of the motor suspension was first placed over the crack, and
allowed to settle into the plane of focus. Then, a 3 pL droplet of the hydrogen peroxide solution
was directly mixed into the motor droplet. During this period, the resistance was continuously
monitored between the two ends of the electrode. After the droplet dried (generally after 30 min),
a thermal treatment was used to reduce the contact resistance. The final resistance of the repaired
electrode was measured with a digital multimeter. In each nanomotor density and fuel concentration,
the experiments are repeated and 10 times to get the final averaged conductivity.
Equipment

Videos were captured by an inverted optical microscope (Nikon Instrument Inc. Ti-
S/L100), coupled with 40x objectives, and a Hamamatsu digital camera C11440 using the NIS-
Elements AR 3.2 software. SEM images were made obtained on Philips XL30 ESEM. Conductivity

and resistance measurements were made using a Radioshack PC Interface Digital Multimeter.

3.3.3 Simulation Section
To understand main features of the experimentally observed behavior of the Janus

nanomotors influenced by the cracked surface, we simulate a collective dynamics of interacting

self-propelled particles, moving with average speed U, . The two-dimensional motion of N



117

nanomotors, labeled by index i, is described by velocity vectors U, (t) = (ui ®),v, (t)) where X-

and y -components U(t), , V(t),, and angle ¢ (t) (with respect to X -axis) obey Langevin
equations in the overdamped limit:
N N .
U; = U,COSg, _,UZ Fxpip(rij) _,UZ F(r) + 1429, & (),
j=1 =
=i

Vi =ugsing, —u FPP () — ) B (R) + 20,67 (1),
" = 3.1)

=Ja,&®,  1<ij<N.

The stochastic fluctuations are characterized by strength parameters (, and 0, which we define

below. The variables &*, &’ and &/ are assumed to be Gaussian white noise:

(&®)=0, (&1)=0, (W) 1,))=35,6,6t1,),

<§i¢ (t)> =0, <‘§i¢ (tl)'ffj (t2)> = é‘ijé‘(tl _tz) .

In equations (1), 4 is the nanomotor mobility, r; = \/(xi — xj)2 +(y, - yj)2 is the vector from

U p-p
particle j to particle i, I; is the shortest vector from the trough to motor i, F*~P (rij) =_ p ( ) D L
h
p-t ou " (r) : . . _
and F°7(r) = B are forces due to interactions with other particles and with the trough
i
respectively. To model interactions between motors we use Morse potential
(3.2)

UPP(r)= g—;(l—exp[—ip(r - rp)])2
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where parameters ", A°,and r " characterize the potential strength, width, and equilibrium inter-

particle distance respectively and r =X+ y2 is the distance between the pair of motors. The

process of accumulation of particles in the trough is controlled by the balance of particle fluxes in
and out of the trough. One possible physical mechanism to provide such balance is to use a force,
between the nanomotors and the trough, generated by superposition of Morse potentials:

U (r) :%(1—6Xp[—jfr])2 _g_j(l_ exp[—)J‘r B rb‘])z (3.3

where the height of the repulsive barrier 6‘; controls the influx of particles and the depth of the

potential well elt controls particle flux out of the trough. A' characterizes the width of such

potential and r® specifies the location of the repulsive potential barriers on each side of the trough.
The dynamics of the non-interacting nanomotors can be characterized by approximating

the mean-squared displacement as:
t
(r*(t)) = 4Dt + 2u§z'2[— +etlr —1} (3.4)
T

The attractive interactions, resulting in the cluster formation, slow down the particle dynamics. To
study the dynamics of interacting particles, we parameterize our model (1)-(3). Using the
experimental average motor radius R=0.6 pm provides the Brownian (passive) diffusion
coefficient

D =u*q, = 6|7<:T =4.1-10" m?%s, (3.5)

Rn

where K is the Boltzmann constant, T =300 K is temperature, and 77 =8.94-107* kg/sm is the
dynamic viscosity of water. The nanomotor mobility =1/677R=10°s/kg provides the

fluctuation strength q, = 4110 JKg/s . Measuring in the experiment the average motor speed,
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Ug , the torsional diffusivity q% = % was chosen so that our simulations would reproduce the mean
square displacement <r2(t)> observed the experimentally values. The values of Uyand d, are
given for representative hydrogen peroxide concentrations (2.5%, 5.0%, and 7.5%) in the following:
U, (7.53,8.55,and 10.54 um/s ); 4, (18.2,7.25and 4.55 rad?/s)

The parameters £” and AP, accounting for inter-particle interactions, were set to ensure
formation of clusters of nanomotors similar to those observed in experiment. Parameters 6‘; and
glt , controlling the particle interaction with the trough, were chosen to reproduce the evolution of
number of particles accumulating in the trough. Parameters responsible for the inter-particle and

trough-nanomotor interactions are summarized in the table below: ¢” =0.8-10™"° J; AP =15

um™: rP=13 um; £=14.10" J; £,=1.1.10"° J; A'=4 um™; r®=0.75 um .
Simulations were performed in a square computational domain of area A=1mm? with

periodic boundary conditions. A trough, described by potential (3), was placed crossing the domain

through the middle parallel to one of the walls. To start evolution, N nanomotors were randomly

distributed in the domain, with number N = p A determined by the experimentally observed motor

areal density p . To integrate equations (1), we used a first order numerical scheme with time step
5.10*s. To count numbers N, and N, of freely moving motors and those absorbed in the
trough as functions of time, a square observation region of size 348x 261 um?” was chosen in the
middle of the computational domain. The nanomotors located within 0.5 um distance from the

trough were considered to be absorbed (N, ), the rest were considered free ( N ; ).The accumulation

100N
of the nanomotors in the trough, described by the percentages of the localized W and free
t + f
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100N

N Nf nanomotors is presented in Fig. 3.12 of the manuscript for the 7.5% of hydrogen
¢ TNy

peroxide concentration. Shown in these figures, the mean values and the standard deviations for

each evolution of the percentage of nanomotors were obtained by averaging 8 independent

simulations.

3.3.4 Nanomotor localization

To demonstrate autonomous repair by nanomotors experimentally and to characterize the
localization process of the repair mechanism, we created a system of self-propelled nanomotors
swimming over the damaged surface of an electronic circuit. Gold electrodes with a thickness of
100 nm were patterned on a glass substrate. The untreated surfaces of the pure gold electrodes,
prepared by physical vapor deposition, are highly hydrophilic 8, while the surface of the glass
substrate is relatively hydrophobic. Microscopic cracks on the gold surface were made by
mechanical scratching with a diamond tip, removing the gold layer and exposing the underlying
hydrophobic glass substrate. Scanning electron microscopy (SEM) characterization of the damaged
substrate revealed cracks with widths ranging from 0.5 to 2.2 um. The cracks of this size and shape
are representative of those expected in microelectronic devices and circuits. As schematically
displayed in Fig. 3.10A, we fabricated conductive Au/Pt Janus nanomotors by depositing a
hemispheric platinum film (15 nm thick) on the gold spheres (diameter 0.8-1.6 um). Such bimetallic
Au/Pt catalytically-powered nanomotors self-propel efficiently in the presence of hydrogen
peroxide (H20,) fuel *%. Both gold and platinum are stable noble metals with high electrical
conductivity. We further functionalized the surface of the gold hemisphere of the nanomotors with
a self-assembled monolayer of octadecanethiol, as schematically illustrated in Fig. 3.10A. This
modification was performed for two purposes: first, these alkanethiol hydrophobic monolayers

enhance the motor interactions with the exposed hydrophobic cracks 1°%; second, these hydrophobic
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surfaces strengthen hydrophobic interactions between the gold hemispheres of different motors,
leading to the formation of motile nanomotor clusters that can be confined within the crack 3L,
Repair is achieved by the autonomous transport and aggregation of metallic nanomotors
into the cracks, which act as new conductive “patches” in the broken circuit to restore the electrical
current, as illustrated conceptually in Fig. 3.10B-C. When mixed with the H.O, chemical fuel, a
suspension of the Janus nanomotors can undergo self-propelled motion over the electrode, and
thereby encounter cracks and other defects. The relative difference in surface energies between the
hydrophilic electrode surface and the hydrophobic exposed substrate enables the nanomotors to
effectively sense the microscale gaps created by the mechanical cracking. Notably, similar
interactions were used to localize nanoparticle-filled microcapsules into microscale surface cracks
8, In the latter study, an imposed flow was used to drive the capsules over the damaged surface,
and hence, into hydrophobic cracks. The capsules had thin walls and when lodged in the crack,
hydrophobic nanoparticles diffused from the capsules’ interior to fill and repair the damaged region.
Sen and coworkers used ion gradients to trigger the motion of charged nanoparticles for bone repair
102 The present system, in contrast, relies on self-propelled, tailor-made nanomotors in a quiescent

solution that are trapped in the damaged location via engineered surface interactions.

2 Surface crack . fof
CN J/ Electrical wiring
+l/

Figure 3.10 Schematic and actual process of autonomous repair of broken electronic pathways by
artificial nanomotors that autonomously seek and repair microscopic mechanical cracks to
effectively restore conductivity. (A) Structure of the functionalized Au/Pt Janus spherical
nanomotor. (B-C) Nanomotor-based autonomous conductivity restoration concept. Localization
of nanomotors at the crack site restores a conductive pathway, lighting up the lightbulb. (D-E)
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Time-lapse microscopy images showing the nanomotors swimming and localizing in a surface
crack within 2 sec. (F) SEM image illustrating the spherical nanomotors confined in the crack.
Scale bar: 5 pm.

In addition to hydrophobic interactions, the motion of the nanomotors along the surface is
further restricted by geometric confinement within the microscale cracks. The time-lapse images
of Fig. 10D-E, illustrate the propulsion and subsequent localization of Au/Pt nanomotors in an
exposed crack on a conductive gold-coated glass substrate in the presence of 5% H,O,. It was
observed that the defect obstructed the motion of the nanomotors and confined them in the crack.
SEM characterization in Fig. 3.10F reveals that multiple nanomotors are localized in the surface
crack; this provides further evidence that such surface cracks can act as potential wells to confine

and trap the nanomotors.

A

Figure 3.11 (A-C) Time-lapse microscopy images and (D-F) simulated video snapshots showing
the nanomotor propulsion and localization process with an H,O- fuel concentration of 7.5% and
average motor density of 16.3 motors per 100100 um? at times 0 s (A), 150 s (B) and 300 s (C)
from adding the fuel solution. (G-I) Time-lapse microscopy images showing the influence of the
motor speed, controlled by the fuel concentration, on the propulsion and localization process of
multiple nanomotors. Fuel concentrations, (G) 2.5% (H) 5.0% and (1) 7.5%. Average motor density:
16.3/100x100 pm?2 (J-L) Simulated video snapshots showing the propulsion and localization
process of multiple nanomotors, moving at speeds corresponding to HO; fuel concentrations of (J)
2.5%, (K) 5.0% and (L) 7.5%. Scale bar (A-C; G-I): 50 pm.
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To observe directly how a group of self-propelled nanomotors swim and accumulate at the
crack of a damaged surface, we have monitored the self-propulsion process of a relatively large
number of nanomotors on the damaged gold surface under a microscope. In the microscopy
experiments, we ensured that the nanomotor droplet was exposed only to the hydrophilic electrode
surface or to the hydrophobic crack, and not to the rest of the hydrophobic substrate (in order to
maximize the concentration of particles at the crack). Fig. 11A-C show the time-lapse microscopy
images of a group of nanomotors swimming over the cracked surface in the presence of 7.5% H20>
fuel with an average nanomotor density of 16.3 motors per 100x100 um?. Immediately after fuel
addition (corresponding to Fig. 3.11A), a negligible number of nanomotors are observed to have
accumulated in the crack, owing to limited displacements under pure Brownian motion.

In the presence of the peroxide fuel, the nanomotors exhibit isotropic self-propulsion at
consistent average speeds throughout the experiment (indicating negligible fuel depletion); over
long time periods, the self-propulsion of the motors is combined with their Brownian reorientation
to behave as a random walk **. Such enhanced random walk trajectories (see discussion below)
increase the probability of nearby motors to encounter surface cracks over a sufficiently long time
period, i.e., on the order of minutes. These surface defects introduce irregularities that disrupt the
random walk through physical interactions that can entrench the nanomotors in a potential well
within the crack. Furthermore, the hydrophobic hemispheres of the nanomotors can adhere to these
exposed hydrophobic crack surfaces. Hence, the dynamics of the nanomotors at the crack are
drastically altered by the hydrophobic surface interaction between the modified nanomotor surface
and the crack, along with the physical defect itself. In addition, higher speeds correspond to greater
collision rates between motors, where hydrophobic-hydrophobic surface interactions can lead to
self-assembly of nanomotor clusters that can move and accumulate at the cracks as entire groups.

The change in the crack can be clearly observed after 5 min of the particle motion (Fig. 3.11C),
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with the originally dispersed swimming nanomotors gradually accumulating and aggregating into
the surface crack.

Our observations reveal complex dynamic interactions at the cracks that lead to such
gradual accumulation: the nanomotors decelerate at the surface obstacle, where some of the motors
are fully stopped and confined in the crack, while others move alongside the crack before entering.
In addition, we observed that some of the trapped nanomotors can migrate within the crack and
even overcome the energy barrier to exit the potential well and become free again. There were also
instances in which the motors passed over the crack with no discernible interaction, or changed
direction upon encountering the crack. Furthermore, we noticed that the nanomotors that became
confined tended to self-assemble and aggregate around those already entrapped, such that even
singular localized nanomotors could nucleate entire clusters of motors that stretch outside of the
cracks. We also observed the rare opposite effect, where sufficiently energetic nanomotors could
occasionally break free from these localized clusters. Higher viscous drag forces on the larger
clusters, however, generally prevented them from overcoming the interior energy barriers to detach
from the crack as a group, contributing to a net swarming effect. Overall, these observations
indicate that the crack is a preferable site for confinement of nanomotors.

To analyze the mechanisms contributing to the observed accumulation of nanomotors in
the crack, we developed a computational model describing the random walks of self-propelled
interacting particles influenced by the presence of a trough. This approach relies on techniques
developed to describe the clustering of Brownian walkers in the presence of an external potential
103104 'In our case, the attractive potential is associated with the relative hydrophobicity of the crack
and this attractive interaction leads to the motors being localized in the crack with a finite
probability. The motor’s trajectories were obtained by numerical integration of stochastic

differential equations describing the propulsion of the nanomotors. We assumed that the nanomotor



125

dynamics are governed by a combination of self-propulsion, random forces originating from
thermal noise, and forces resulting from the inter-particle and particle-trough interactions.

The catalytic reactions at the surface of the Au/Pt Janus nanomotors can propel the motors
at a constant speed through the fluid solution. Besides fluctuations in the nanomotor position,

Brownian forces cause fluctuations in the direction of the propulsion vector. The self-propulsion

of the nanomotors is described by the average speed U, , the directional fluctuations, and the

characteristic rotational time 7 and yields dynamics in which particle displacement is ballistic
(linear in time) at short times, and diffusive (proportional to the square root of time) at longer
times.*®%! The observed localization process occurs on a time scale of minutes (much longer than

7 ~1s), suggesting enhanced motor diffusion dynamics with an effective diffusion coefficient

1
Dy = D+Eu§’r . The straightforward estimates for a 1.2 pm size motor with diffusion

coefficient D = 0.4-10* m*/s | moving with a speed U, ~10 um’s | give an increase in the

€

effective diffusion coefficient Fﬁ~100 (relative to thermally-driven Brownian motion

characterized by D) and correspond to a 10-fold increase in the distances accessible by random

walk. For each of the three fuel concentrations, 2.5%, 5.0%, and 7.5% H.0, (w/v), we measured

the average speed U, and then fitted 7 such that the mean squared displacement of the simulated

random walks reproduced the observed values.

The clustering of nanomotors is primarily due to the hydrophobic coating on their
hemispheric gold surfaces. The formation of such clusters reduces the net motor surface exposed
to the fuel solution. Since the individual motors within a cluster are randomly oriented, the
propulsion vectors largely cancel out and the net motion of the cluster tends to be slower as the

cluster size increases. This phenomenon exhibits two opposing effects: clustering outside the crack
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depletes the number of fast free motors and slows down the repair dynamics; clustering inside the
crack helps to bridge the gap between conducting surfaces, improving the localization process. To
account for the clustering phenomenon, we modeled the attractive interactions between nanomotors
using a Morse potential, which is frequently used to model the self-assembly of nanoparticles 1%.
This form of the interaction was chosen for simplicity and stability of the numerical procedure.
Other potentials that account for a hard-core repulsion and a short-range attraction that smoothly
vanishes at large distances (to stabilize the numerical simulations), could also be chosen to model
clustering of nanomotors %1% and would yield qualitatively similar results. The experimental
observation of nanomotor accumulation suggests that the crack is a preferable site for confinement,
due to the larger hydrophobicity of the crack relative to the undamaged hydrophilic conductive
surfaces. On average, the flux of nanomotors entering the crack is larger than that of nanomotors
exiting this region. The balance between the two fluxes determines the rate of the nanomotor
accumulation and ultimately affects the efficiency of the repair process. As one possible physical
mechanism of controlling inward and outward nanomotor fluxes, we chose to model the
nanomotor-crack interactions with a superposition of Morse potentials, consisting of a well in the
middle of the crack flanked on either side by potential barriers, providing a higher energy cost for
nanomotors to exit the well than to enter it. This model was developed based on our observations
of the nanomotor behavior around the crack, and built on work characterizing such adhesive
hydrophobic interactions between surface-modified microcapsules and a microscale crack 1071%8, A
related study on nanoparticle localization similarly detailed the use of such potential barriers to
model these adhesive/repulsive interactions between nanoparticles and a microscopic crack .
Increasing the height of the barriers reduces the probability of an approaching nanomotor entering
the crack, and hence decreases the accumulation rate. Equilibrium is reached when the flux into the
crack balances the flux out of the crack. Increasing the depth of the well decreases the frequency

of nanomotors escaping from the crack. Therefore, by adjusting the depth of the well and the heights
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of the barriers, we can tune the accumulation rate and equilibrium point in the simulations to match
the experimentally observed localization rates..

The simulated random walks of a collection of interacting self-propelled nanomotors
moving with average speed of 10.4 um/s (corresponding to a fuel concentration of 7.5%) around a
crack is shown in Fig. 11D-F. Good agreement is observed between the simulations and the
corresponding experiments (Fig. 11A-C). Over time, we observed the gradual accumulation of
individual and assembled nanomotors within the crack. In the experiments, an average of 51% of
the nanomotors was trapped in the crack after 20 minutes under these conditions. Many of the
nanomotors had assembled into clusters that bridged the gap of the crack.

Increasing the peroxide fuel concentration increases the nanomotor speed and allows
trajectories to reach greater distances over a given time, thus making the repair procedure more
efficient. Representative samples of the experimental and simulated trajectories, demonstrating the
motor localization over time as a function of their average speed, are shown in Fig. 11G-I and Fig.
11J-L, respectively. The increased length of the trajectories (over the 10 s period) reflects the
increase in the speed of nanomotors due to higher fuel concentrations. In the experimental Fig.
11G-I, the faster nanomotor speeds, at higher fuel concentrations, result in the significantly greater
accumulation within the cracks, as well as a greater degree of clustering. These results indicate
that the greater mobility afforded by higher fuel concentrations has a two-fold effect on the
nanomotor accumulation. The direct effect of increasing the fuel concentration is that the longer
nanomotor trajectories, corresponding to larger mean squared displacements, increase the
probability of encountering the crack. Indirectly, the faster speeds contribute to more collision
events between motors, promoting cluster formation. Clusters formed outside the crack bind highly
mobile free motors and slow down the dynamics, whereas clusters accumulating inside the crack

facilitate the bridging of the gap. The combination of these effects is that higher speeds drastically
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enhance the localization process of the nanomotors over shorter time periods, which is crucial to

achieving the highest repair efficiencies.
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Figure 3.12 Experimental and simulated values of percentages of the free and localized nanomotors
over 20 min (at 2 min intervals) using (A) low (average 7.3 motors per 100x100 pm?) and (B) high
(average 16.3 motors per 100x100 um?) motor density populations. Fuel level: 7.5%.

Denser nanomotor populations have more nanomotors available to interact with the crack and
with each other compared to sparser ones. We investigated the effects of nanomotor density upon
their accumulation within a representative segment of the crack throughout the first 20 minutes
after adding the fuel. We performed multiple experiments with three different fuel concentrations
—2.5%, 5.0%, and 7.5% H>0, (w/v) — at a low and high densities of 7.3+0.8 and 16.3+1.5 motors
per 100x100 um?, respectively, totaling six unique experimental configurations. At each 2 min time
interval, we counted the number of free and localized motors within the field of view of the
microscope. In each case, we opted to compare the percentages of motors inside the crack versus
outside the crack rather than raw counts because the total number of motors slightly varied over
time, owing to nanomotors moving in and out of the field of view. Fig. 3.12 compares swimmer
accumulation versus time between multiple (n = 5) low density (3A) and high density (3B)
experiments at the 7.5% fuel level. We observed an average of 34 localized motors at the low
density compared to an average of 60 localized motors at the high density over a 340 um portion
of the crack after 20 min, representing nearly a two-fold increase in localized motors at this fuel
concentration. We observed similar, but smaller, differences in the number of localized motors

between the two densities at the 2.5% and 5.0% fuel levels.
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Our experimental results showed that denser populations correspond to significantly
greater percentages of localized motors, indicating a larger than linear relationship between density
and the number of localized motors. This behavior can be explained by noting that an increase in
the number of nanomotors leads to an increase in the number of nanomotor collision events,
resulting in more clusters that can accumulate as groups on the crack. In agreement with this
hypothesis, we observed that in each of our high density experiments, the degree of nanomotor self-
assembly was significantly higher at each fuel concentration. This also underscores the importance
of the self-assembly process in the nanomotor localization: in the low density experiments using
2.5% fuel, corresponding to minimal accumulation of under 20% by 20 min, we found that few to
no clusters had been formed relative to either higher fuel concentration or higher density
experiments.

We also performed simulations of each of the six experimental configurations that we used
to extract motor counts from an equal-area representative segment, and compared these findings to
our experimental results. These comparisons are presented in Fig. 3.12 (7.5% H,0-). The numerical
model was parameterized based on the case with the 7.5% fuel level, where the high motor density
yielded the best accumulation results, with over 50% of the motors successfully localized in the
crack within 20 min. Note a slight deviation between the experimental and modeling localization
rates results at longer time scales; this deviation is more pronounced at the higher motor density,
where clustering effects are more prominent. The discrepancy may result from the assumption of
constant motor speed (implying constant fuel concentration), which may be inaccurate in larger
clusters of motors. However, both modeling and experimental results pointed to the greatest
localization using the motor suspension with the highest mobility and density; this combination

was used to demonstrate the most efficient circuit repair process.

3.3.5 Restoring conductivity of cracked circuits
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To demonstrate the autonomous healing potential of the nanomotors, we measured the
conductivity of a number of gold electrodes before and after the propulsion and localization process.
The gold electrode was patterned over a Si wafer, with a 300 nm SiO; insulating layer and a width
of 5 mm. The average original resistance of the electrodes was found to be 3.2 Q. After cracking
the electrodes with a diamond tip and exposing the hydrophobic SiO; layer, we found that in each
experiment, there was no conductivity at all between the two ends of the electrode, as shown in Fig.
3.13A prior to the 0 minute mark. To investigate the time scale for restoring the conductivity, we
monitored the resistance between the two ends of the broken electrode after placing the nanomotor
solution over the crack. As displayed in Fig. 3.13A, after placing the suspension of the high density
of Janus nanomotors with a peroxide fuel concentration of 7.5%, we noted that the resistance of the
circuit had leveled out at a maximum of 10 MQ. This trace conductivity in the circuit at the start of
the experiment is a result of the weak conductivity of water, which forms the droplets used to add
both the nanomotors and fuel over the crack. This high resistance begins to decrease steadily to
roughly 5 MQ over the next 20-25 minutes, but the presence of the water droplet still interferes
with accurate resistance measurements. In each experiment, we found that our low volumes of
droplets eventually dried after 30 minutes on average, and resistances under 100 Q were finally
obtained, proving the successful healing of broken circuits by localization of nanomotors in the
cracks. An additional thermal annealing process could further reduce the contact resistance and

thereby improve the conductivity.
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Figure 3.13 Autonomous restoration of the electrical conductivity using self-propelled nanomotors.
(A) Variation of the resistance of the electrode during a representative
connection/disconnection/reconnection experiment. Fuel level: 7.5%; average motor density:
16.3/100x100 pm?. (B) Measured resistance of a gold electrode after repairing with nanomotors at
four different fuel concentrations and low and high nanomotor densities. Original average
resistance: 3.2 Q. (C) Schematics illustrating the disconnection and reconnection of a simple
electronic circuit using self-propelled nanomotors. (D) Image of gold electrodes patterned on a Si
wafer. Scale bar: 1 mm. (E-F) Photographs of a simple circuit consisting of a damaged electrode
wired to a power source and a red LED, followed by successful recovery of the conductance after

placing the nanomotors solution over the crack. Fuel level: 7.5%; average motor density:
16.3/100x100 pm?,

In line with our previous experiments and modeling of the localization process, we
performed multiple conductivity restoration experiments (n = 10) for each of the aforementioned
six experimental configurations to examine the effects of the nanomotor density and fuel
concentration on the healing process; the results are summarized in Fig. 3.13B. A control
experiment without adding hydrogen peroxide was also conducted; in the absence of the fuel and
efficient self-propulsion of the nanomotor, the electrode exhibited a very large resistance (>500 Q)

after the drying of nanomotor suspension at both nanomotor density. Motor suspensions with either
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low fuel concentrations or low densities repaired the electrode to higher final resistances, reflecting
the inferior localization and hence impaired repair. At the slowest nanomotor speeds, corresponding
to 2.5% fuel concentration, even the high density suspensions repaired the damaged electrode less
efficiently than the low density suspensions at the 5.0% and 7.5% fuel concentrations. But at these
higher fuel levels, we found that increasing the motor density provided greater gains in the repair
capacity. Motor suspensions with high mobility and high density exhibit a more efficient repair due
to the improved localization capability; utilizing these conditions yielded an average final
resistance of 8.9 Q. Our experimental results closely matched the model predictions, where higher
motor densities and speeds greatly contributed to improved conductivity; this conveys the critical
importance of motor mobility and density upon the efficiency of the motor-based repair process.

To further demonstrate the capability of the autonomous healing system, as a proof-of-
concept these nanomotors were used to repair a simple circuit consisting of a gold electrode, a
direct power source and a red LED, as schematically illustrated in Fig. 3.13C. The lithographically
patterned gold electrode, with a width of 200 um, is displayed in Fig. 3.13D. After severing and
damaging the electrode with a diamond tip, there was no light emitted by the red LED. We then
placed a high density suspension of nanomotors with 7.5% H,O, fuel over the cracked site (Fig.
3.13E). After the solution evaporated following 30 min of propulsion, the voltage was reapplied,
and the conductivity of the circuit was restored by the nanomotors, as evidenced by the light
emission shown in Fig. 3.13F.

The above results illustrate that such a nanomotor-based repair capability can be achieved
in conductive materials, obviating the need to modify the materials themselves. These findings also
indicate that the present nanomotor repair system could be adapted for use in a wide range of
materials and devices. Considering that the depth of the crack-induced potential well may vary with
the width of the crack, we envision that a suspension consisting of a mixture of nanomotors with

different diameters could rapidly repair cracks of different widths. Note that, as in our experiments,
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the nanomotor diameter need not be as large as the crack width. The tendency for nanomotors to
aggregate allows larger gaps to be bridged by clusters of nanomotors. In addition, the new
nanomotor-based repair process is fully independent of the time after damage, allowing for
restoration at any time afterwards. Such behavior demonstrates that these nanomotors can be used
to autonomously repair broken conductive pathways, thus potentially expanding the utility of
current nanorobotics for diverse applications in microelectronics and repairing complex integrated
circuits. Furthermore, these surface energy- and geometry-based sensing mechanisms could be
applied to a wide range of other nanomotor repair systems, such as the healing of diverse artificial

and biological materials through defect-triggered localization or targeted drug delivery.

3.3.6 Conclusion

In conclusion, we have engineered synthetic nanomotors that self-propel and
autonomously detect surface cracks to localize in these defects and rapidly restore the conductive
pathway. These nanomotors convert chemical fuel in their surrounding environment into directed
motion to autonomously seek the surface cracks on the substrate. Mimicking natural sensing
mechanisms, the motors probe the surface for defects by utilizing the differences in surface
energies, as well as geometric obstructions, which interfere with the dynamic driving forces acting
on the nanomotors to trigger localization within the cracks. These nanomotors can also
spontaneously self-assemble into clusters that can travel as groups towards these cracks. The
surface cracks act as potential wells, which confine and localize both individual nanomotors and
clusters of such motors. The restorative nature of the autonomous nanomotor system has been
guantitatively examined by multiple experimental configurations and modeled by numerical

simulations, leading to a good agreement between experiment and theory.
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A direct application of this bio-inspired nanomotor repair system is demonstrated with the
formation of conductive ‘patches’ that restore electrical conductivity in a mechanically damaged
circuit. Autonomously healed circuits will lead to increased longevity and enhanced device
reliability in adverse mechanical environments, enabling new applications in microelectronics,
advanced batteries, and electrical systems. Although the repair functionality demonstrated here
involves the selective localization of conductive nanoparticles at cracked electrodes, the self-
propelled nanomotor concept can be extended to repair the biological, mechanical, optical and/or
electronic properties of a wide range of damaged materials. The use of self-propelled nanomotors
to probe nano- and microscale environmental changes and to promote autonomous and precise
localization at desired sites opens the door for artificial responsive nanosystems with advanced
biomimetic functionalities for a wide variety of applications, ranging from targeted drug delivery

to self-healing nanodevices.

Chapter 3.1, in full, is a reprint of the material as it appears in Nature Communications,
2014, by Jinxing Li, Wei Gao, Renfeng Dong, Allen Pei, Sirilak Sattayasamitsathit, Joseph Wang.
Chapter 3.2, in full, is a reprint of the material as it appears in Nano Letters, 2016, by Jinxing Li,
Wenjuan Liu, Tianlong Li, Isaac Rozen, Jason Zhao, Babak Bahari, Boubacar Kante, Joseph Wang.
Chapter 3.3, in full, is a reprint of the material as it appears in Nano Letters, 2015, by Jinxing Li,
Oleg E Shklyaev, Tianlong Li, Wenjuan Liu, Henry Shum, Isaac Rozen, Anna C Balazs, Joseph

Wang. The dissertation author was the primary investigator and author of these papers.
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Chapter 4 Towards the Fantastic Voyage:

Micromotor based Autonomous Medicine

4.1 In vivo use of synthetic motors in mouse’s stomach
4.1.1 Introduction

The development of small-scale synthetic motors that convert energy into movement and
forces has been a fascinating research area 18, Impressive progress made over the past decade has
led to a variety of powerful microscale motors based on different propulsion mechanisms and
design principles. New functionalities and capabilities have been added to these micromotors,
leading to advanced microscale machines that offer a wide range of important applications. In
particular, the movement of man-made micromachines in biological fluids can benefit biomedical
fields such as directed drug delivery, diagnostics, nanosurgery, and biopsy **. For example,
functional micromotors have shown considerable promise for isolating circulating tumor cells and
bacteria from raw biological fluids 213, Mallouk et al. have recently reported the ultrasound-driven
propulsion of nanowire motors in living cells 14, while Nelson et al. have explored targeted drug
delivery based on magnetically-propelled artificial flagella *°. In vitro testing by Pumera’s team
found no apparent toxicity effects of catalytic microngines on cell viability . Although
tremendous progress has been made toward such biomedical applications, there are no reports so
far illustrating and examining the in vivo operation and behavior of these tiny micromotors. Lacking
the characterization and evaluation of these synthetic motors in whole living organisms greatly

hinders their further development towards practical and routine biomedical applications.
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Here we demonstrate the first study of synthetic motors under in vivo conditions, involving
acid-powered zinc-based micromotors in a living organism. Among the variety of recently
developed artificial micromotors, our recently reported zinc-based motors hold great promise for
in vivo use, particularly for gastric drug delivery, because of their unique features, including acid-
powered propulsion, high loading capacity, autonomous release of payloads, and non-toxic self-
destruction 118, Fabricated through established membrane templating processes, the zinc-based
micromotors can display efficient propulsion in harsh acidic environment without an additional
fuel and transport fully-loaded cargoes at high speeds. As the zinc body is dissolved by the acid
fuel, the motors are self-destroyed, leaving no harmful chemicals behind "8, Such attractive
behavior makes these zinc-based micromotors useful for movement and operation in the harsh
stomach environment, hence opening the door to the first in vivo operation of micro/nanomotors in

living animals.

In this study, the zinc-based micromotors are applied to the stomach of living mice through
gavage administration. The autonomous movement of these motors in gastric acid and the motion-
induced biodistribution and retention of the micromotors on the stomach wall are carefully
evaluated, along with their in vivo toxicity profile. Our results demonstrate that the self-propulsion
of the micromotors leads a dramatically improved retention of their payloads in the stomach lining
compared to the common passive diffusion and dispersion of orally administrated payloads. These
findings, along with the absence of toxic effects in stomach, indicate that the movement of
micromotors in the stomach fluid offers potentially distinct advantages for in vivo biomedical

applications and pave the way for their future clinical studies.

4.1.2 Experimental Section

Synthesis of zinc-based micromotors
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The PEDOT/Zn micromotors were prepared using a template-directed electrodeposition
protocol. The Cyclopore polycarbonate membranes, containing 5 pm diameter (Catalog No 7060-
2513; Whatman, Maidstone, U. K.) conical-shaped micropores, were employed as the templates.
A 75 nm thick gold film was first sputtered on one side of the porous membrane to serve as working
electrode using the Denton Discovery 18. Sputtering was performed at room temperature for 90 s
under vacuum of 5 x 107 Torr, DC power 200 W, Ar flow of 3.1 mT, and rotation speed of 65 rpm.
A Ptwire and an Ag/AgCl electrode (with 3 M KCI) were used as counter and reference electrodes,
respectively. The membrane was then assembled in a plating cell with an aluminum foil serving as
a contact. First, the outer PEDOT layer of the microtubes was prepared by electropolymerization
at +0.80 V using a charge of 0.06 C from a plating solution containing 15 mM EDOT, 7.5 mM
KNO; and 100 mM sodium dodecyl sulfate (SDS). Subsequently, the inner zinc tube was deposited
galvanostatically at -6 mA for 1 hour from a commercial zinc plating solution containing 80 g I*
ZnSO4 and 20 g I? H3BOs (buffered to pH = 2.5 with sulfuric acid). For the PEDOT/Pt control
micromotors, the inner Pt tube was deposited galvanostatically at -2 mA for 10 min from a
commercial platinum plating solution (Platinum RTP; Technic Inc, Anaheim, CA). The sputtered
gold layer was removed by hand polishing with 3-4 um alumina slurry. The membrane was then
dissolved in methylene chloride for 10 min to completely release the microtubes. The microtubes
were collected by centrifugation at 6000 rpm for 3 min and washed repeatedly with methylene
chloride, followed by ethanol and ultrapure water (18.2 MQ cm), three times of each. Finally, the
microtubes from the whole piece of membrane were dispersed into 1.2 mL ultrapure water. The
simulated gastric acid (pH 1.2) was prepared by adding 2.0 g NaCl and 7 ml HCI (12 M) in1.0 L

of ultrapure water (18.2 MQ cm).

Stomach retention of PEDOT/Zn micromotors
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To measure the retention of the PEDOT/Zn micromotors, ICR male mice at 6 weeks of age
were randomly assigned to 4 groups (n=3) and orally administered with 0.3 mL of the PEDOT/Zn
micromotor or PEDOT/Pt micromotor solution by oral-gavage. Mice were sacrificed at 2, 6, or 12
hours post administration of PEDOT/Zn micromotors and 2 hours post administration of PEDOT/Pt
micromotors, and their stomachs were removed from the abdominal cavity. The stomachs were cut
open along the greater curvature, the gastric content was removed, and the gastric fluid containing
excess micromotors was washed away. The micromotors retained on stomach lining of the mice

from each group were counted under optical microscope.

Cargo delivery by PEDOT/Zn micromotors

To study the capability of PEDOT/Zn micromotors as a carrier for cargo delivery, AUNPs
was chosen as a model payload. AuNPs were prepared as previously described. Briefly, sodium
citrate solution (2.2 mM) was dissolved into DI water (150 mL) in a three-neck round-bottom flask
and heated to 100°C, followed by addition of HAuUCI, aqueous solution (1.0 mL, 25 mM). The
reaction mixture was maintained at the boiling temperature for additional 3.5 min followed by
cooling to room temperature. The resulting AuNPs (20 mL) were poured into HAuUCI4 (8 mL, 2.5
mM, 0.008g) under magnetic stirring. Then, freshly prepared NH,OH solution (40 mg in 4 mL)
was added dropwise and stirred for 30 min to allow the reduction of HAuUCI. to form AuNP with
diameters of 50 nm. Particle size (diameter, nm) was measured by DLS on a Zetasizer Nano ZS
(model ZEN3600 from Malvern Instruments). To prepare the AuNPs-loaded micromotors, the
PEDOT outer layer was electropolymerized first in the 5 um diameter membrane template at +0.80
V using a charge of 0.06 C from a plating solution containing 15 mM EDOT, 7.5 mM KNO; and
100 mM sodium dodecyl sulfate (SDS). Then, AuNPs were loaded into the membranes by
encapsulation method. Solutions of AuNPs were passed through membrane pores by vacuum

infiltration before the zinc deposition. A polycarbonate membrane with pore sizes of 15 nm was
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placed below the sputtered Au film of the membrane containing PEDOT microtubes to retain the
AuNPs within the upper 5 um membrane pores. The membrane was then assembled in a plating

cell for electrodeposition of zinc.

For the in vivo cargo delivery experiments, ICR male mice at 6 weeks of age were randomly
assigned to 3 groups (n=4) to receive free AUNPs, AuNPs-loaded PEDOT/Zn micromotors, and
PBS as control. Each mouse in the first two groups was administered orally (by oral-gavage) 0.3
mL of the free AuNPs solution, and of the AuNPs-loaded PEDOT/Zn micromotors containing the
same amount of AuNPs. After 2 hours of administration, the mice were sacrificed and the stomach
was removed from the abdominal cavity. The stomach was cut along the greater curvature and
rinsed with PBS. Gastric tissue of the mouse from each group was weighted. The tissue was added
to 3 mL aqua regia consisting of concentrated nitric acid and hydrochloric acid (Sigma-Aldrich,
trace element analysis grade) in a volume ratio of 1:3. The mixture was left at room temperature
for 12 hours, followed by annealing at 80°C for 6 hours to remove the acids. The sample was then
resuspended with 3 mL DI water. Inductively-Coupled Plasma Mass-Spectrometry (ICP-MS) was

used to quantify the amount of AuNPs delivered and retained in the stomach tissue.

In Vivo Toxicity Study

To evaluate the toxicity of PEDOT/Zn micromotors in vivo, ICR male mice at 6 weeks of
age were orally administered with 0.3 mL of the PEDOT/Zn micromotors, as well as with free
AuUNPs or AuNPs-loaded PEDOT/Zn micromotors. Mice administered with PBS were used as a
negative control. At 6 hours after the administration, the mice were sacrificed and the stomachs
were collected for histological analysis. The longitudinal sections of the gastric tissue were fixed
in neutral-buffered 10% formalin and then embedded in paraffin. The tissue sections were stained
with hematoxylin and eosin (H&E). Epithelial cell apoptosis was evaluated by the terminal

deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL)
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assay (Boehringer Mannheim, Indianapolis, IN). Sections were visualized by Hamamatsu
NanoZoomer 2.0HT and the images were processed using NDP viewing software. All animal

experiments were in compliance with institutional animal use and care regulations.
Equipment

Template electrochemical deposition of micromotors was carried out with a CHI 661D
potentiostat (CH Instruments, Austin, TX). SEM images were obtained with a Phillips XL30 ESEM
instrument, using an acceleration potential of 20 kV. The SEM images were taken using fresh
micromotor samples. Mapping elemental analysis was carried out using an Oxford EDX attached
to the SEM instrument and operated by Inca software. Microscope images and videos were captured
by an inverted optical microscope (Nikon Instrument Inc. Ti-S/L100), coupled with a 10x objective,
using a Hamamatsu digital camera C11440 along with the NIS-Elements AR 3.2 software. The
size of the gold particle (diameter, nm) was measured by DLS on a Zetasizer Nano ZS (model
ZEN3600 from Malvern Instruments). The amount of the released AuNPs retaining on the mouse

stomach was quantified using an ICP-MS analyzer (Perkin-Elmer Optima 3000 DV).

4.1.3 Preparation and characterization of PEDOT/Zn micromotors

Fig. 4.1a illustrates the self-propulsion and tissue penetration of acid-driven poly(3,4-
ethylenedioxythiophene)(PEDOT)/zinc(Zn) micromotors in the stomach environment. The
PEDOT/Zn bilayer micromotors were fabricated using Cyclopore polycarbonate membrane
templates containing microconical pores (Fig. 4.1b). Due to solvophobic and electrostatic effects,
the monomers initially polymerized on the inner wall of the membrane pores, leading to a rapid
formation of the outer PEDOT layer *°. A zinc layer was subsequently deposited galvanostatically
within the PEDOT microtube. The resulting PEDOT/Zn bilayer microstructures were then released

by dissolving the membrane templates. Fig. 4.1c (left) displays a side-view SEM image of two
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typical PEDOT/Zn micromotors. Such biconical micromotors have a length of 20 um and a
diameter of 5 um. Energy-dispersive X-ray spectroscopy (EDX) mapping analysis, carried out to
confirm the motor composition (Fig. 4.1c, right), illustrates the presence of zinc throughout the
motor body. Immersion of the PEDOT/Zn micromotors in the gastric acid resulted in a spontaneous
redox reaction involving the Zn oxidation and the generation of hydrogen bubbles essential for the
propulsion thrust. Fig. 4.1d displays time-lapse images, taken from the supporting video S1, for the
movement of the PEDOT/Zn micromotor in a simulated gastric acid (pH 1.2) over a 3 s period at
1 s intervals (I-1V). These images illustrate a defined tail of hydrogen microbubbles generated on
the inner Zn surface and released from one side of the micromotors, propelling the micromotors at
a high speed of ~60 pum/s. Such efficient propulsion of the zinc-based micromotors at the gastric

pH indicates considerable promise for in vivo evaluation and operation, as envisioned in Fig. 4.1a.

|
Jm
Zn(s) + 2H*(aq) — Zn?* (aq) +Ha(g)

K \\)

Figure 4.1 Preparation and characterization of PEDOT/Zn micromotors. (a) Schematic of the in-
vivo propulsion and tissue penetration of the zinc-based micromotors in mouse stomach. (b)
Preparation of PEDOT/Zn micromotors using polycarbonate membrane templates: (I) deposition
of the PEDOT microtube, (1) deposition of the inner zinc layer, and (I1l) dissolution of the
membrane and release of the micromotors. (c) Scanning electron microscopy (SEM) image (left)
of the PEDOT/Zn micromotors and the corresponding energy-dispersive X-ray spectroscopy (EDX)
data (right) of elemental Zn in the micromotors. Scale bar, 5 um. (d) Time lapse images (1 s
intervals, 1-1V) of the propulsion of PEDOT/Zn micromotors in gastric acid under physiological
temperature (37 °C). Scale bar, 20 um.

Stomach
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4.1.4 Tissue Retention of micromotors in mouse stomch

In order to demonstrate that the zinc-based micromotors hold such distinct advantages for
in vivo operation and potential for biomedical applications, we first examined their retention
properties on the stomach tissues using a mouse model. The micromotors were administered to the
mice orally after the mice were fasted overnight (in order to avoid the influence of food). To
examine the effect of the micromotor propulsion upon the tissue penetration, we compared the
retention behavior of PEDOT/Zn micromotors with that of PEDOT/Pt micromotors (which cannot
move in the stomach environment and thus serve as a control). Following 2 hours of the
micromotors administration, the mice were sacrificed and their entire stomach was excised and
opened. Subsequently, the luminal lining was rinsed with PBS and flattened for imaging and
micromotors counting. The gastric tissue obtained from the mice treated with PEDOT/Zn
micromotors displayed a large amount of micromotors retained on the stomach lining 2 hours post
administration (Fig. 4.2a). In contrast, a significantly smaller amount of the control PEDOT/Pt
micromotors (which are very stable in the stomach environment and do not exhibit autonomous
propulsion) was retained on the stomach wall using the same experimental conditions (Fig. 4.2d).
Apparently, the propulsion of the Zn-based micromotors in the acidic stomach environment greatly
improved their tissue penetration and retention. It is well documented that the inner surface of the
stomach is covered by a 170 um thick mucus layer, which is composed primarily of crosslinked
and entangled mucin fibers 2°. When the conical motors are actively propelled in the stomach, they
have a great chance to penetrate into the porous, gel-like mucus layer and be trapped within the
mucus. The retention of PEDOT/Zn micromotors in the gastric tissue was further examined at 6
and 12 hours after their administration (Fig. 4.2b,c). The number of micromotors retained in the
stomach tissues decreased gradually from 285 per mm? to 70 per mm? and to 25 per mm? at 2, 6

and 12 hours post oral administration, respectively (Fig. 4.2e). Such time-dependent decrease of
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motor retention in the mouse stomach is likely due to further degradation of the anchored motors
under gastric conditions as well as their transfer to the subsequent digestive systems such as the
small intestine. Nevertheless, the results clearly demonstrate that even after 12 hours micromotors

are still observed in the stomach tissue, indicating the efficient tissue penetration of the motors.
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Figure 4.2 Tissue retention of PEDOT/Zn micromotors. (a-d) Microscopic images illustrate the
retained micromotors on the stomach tissues collected at (a) 2 hours, (b) 6 hours, and (c) 12 hours
post oral administration of PEDOT/Zn micromotors, and (d) 2 hours post oral administration of
PEDOT/Pt micromotors (serving as a negative control). Scale bars, 100 um. () Enumeration of
the density of PEDOT/Zn and PEDOT/Pt micromotors retained on the stomach tissues at the
different times after the administration.

4.1.5 Cargo delivery in mouse stomach

Next, we tested the in vivo functionalities of such PEDOT/Zn micromotors for possible
applications, particularly for cargo delivery in living organisms. In our previous study '8, we
reported the in vitro capabilities of Zn-based micromotors for combinational cargo delivery and

multifunctional operation, including autonomous release of cargo and self-destruction of the motors
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during the acid-driven movement of the zinc motors. Taking advantages of these attractive
capabilities, we demonstrated here that PEDOT/Zn micromotors could effectively deliver the
cargoes in vivo. Compared to the previously reported fully-loaded zinc micromotors that could
operate only in extremely strong acid and had very short lifetimes (<1 min) 8, the presence of the
outer PEDOT polymeric layer here greatly enhances the propulsion performance and lifetime of
the zinc micromotors under a broad spectrum of acidic conditions characteristic of the stomach
environment. Such PEDOT based micromotors can be self-propelled for ~10 mins in the stomach
environment under physiological temperature (pH up to 2). In this study, gold nanoparticles
(AuNPs) were employed as a model cargo because of their widespread use as imaging agents and
drug carriers 2%, Fig. 4.3a (left) shows an SEM image of a PEDOT/Zn micromotors loaded with
AuUNPs (~50 nm diameter) through vacuum infiltration before the zinc deposition. The
corresponding EDX mapping analysis indicates a uniform distribution of elemental Zn and Au over
the entire micromotor body (Fig. 4.3a, center and right panel, respectively), which confirms the
successful encapsulation of the AuNP cargoes. Note that the AuNPs are hardly observed in the
SEM image because of their extremely small size and confinement within the Zn body. Supporting
video S2 displays the autonomous propulsion of two AuNPs loaded PEDOT/Zn micromotors in
gastric acid at physiological temperature (37 °C). No obvious difference in the propulsion behavior
was observed between regular and AuNPs-loaded micromotors. Oral administration of these
AuNPs-loaded PEDOT/Zn micromotors into the mouse stomach led to their movement in the
gastric fluid and binding to the mucus layer on the stomach wall. The zinc dissolution at the gastric
acidic condition is accompanied with autonomous release and delivery of the encapsulated AuNPs
cargo to the stomach tissue during this in vivo operation. The motor-based active delivery strategy
resulted in distinct improvement in the delivery efficiency compared to the common passive
diffusion of orally administrated AuNPs. The amount of the released AuNPs retaining on the mouse

stomach was quantified by inductively-coupled plasma/mass spectrometry (ICP-MS). As shown in
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Fig. 4.3b, this spectroscopic metal analysis demonstrates that under the same experimental
conditions the mice treated orally with AuNPs alone retained 53.6 ng Au per gram tissue compared
to 168 ng Au per gram tissue for the mice treated with PEDOT/Zn micromotors loaded with an
equivalent amount of AuNPs. Regular PEDOT/Zn micromotors, without AuNPs loading, were
used as control. Apparently, loading the AuNPs cargo onto the self-propelled “mother ship”
micromotor leads to a significantly (>3 fold) larger retention of AuNPs on the stomach tissue
compared to the orally administrated NPs. The high retention of AuNPs can be attributed to the
effective penetration and retention of the micromotors that will concentrate and localize the AuNP
payloads on the stomach wall. Moreover, the subsequent self-dissolution of the Zn-based motors
will release the AUNPs to the mucus layer, which will further trap and retain the released AuNPs.
These finding clearly illustrate the importance of the micromotor propulsion for enhancing the
delivery efficiency compared to the common passive diffusion. While the concept of in vivo cargo
delivery of PEDOT/Zn micromotors was illustrated through the loading of model AuNPs, it could
be readily expanded to the simultaneous encapsulation and rapid delivery of a wide variety of
payloads possessing different functions such as therapy, diagnostics, and imaging. Unlike most
existing micromotors, Zn-basedmicromotors destroy themselves upon completing their cargo
delivery mission 8.2 It is also possible to add additional functionalities to these micromotors

through bulk or surface modifications 172 toward diverse biomedical applications.
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Figure 4.3 In vivo cargo delivery. (a) SEM image of a AuNP-loaded PEDOT/ZN micromotor (left)
and EDX analysis illustrating the presence of Zn (middle) and Au (right) within the motor. Scale
bar, 5 um. (b) Inductively coupled plasma - mass spectrometry (ICP-MS) analysis of the amount
of gold retained on the stomach tissues. The AuNP-loaded PEDOT/Zn micromotors or AUNPS were
administered orally to the mice and the stomach tissues were collected 2 hours post the
administration.

4.1.6 Toxicity evaluation of micromot

Finally, we evaluated the acute toxicity of the biodegradable micromotors on healthy mice.
Toxicity is a primary issue in any live animal experiment and hence in practical real-world in vivo
applications of micromotors. The main degradation product of the present micromotors is Zn?*,
which is an essential multipurpose nutrient involved in many aspects of metabolism and found in
all body tissues 2. In the study, mice were orally administered with PEDOT/Zn micromotors,
AuNPs-loaded PEDOT/Zn micromotors, free AuNPs, or PBS. Mice were fasted overnight before
administrating these samples to avoid the influence of food in the digestive tracts. All the mice
were sacrificed 6 hours after administrating the micromotors or the AuNPs. The longitudinal
sections of gastric tissues obtained from mice were collected and rinsed three times with PBS. The
tissue sections were stained with hematoxylin and eosin (H&E). The gastric tissue treated with

PEDOT/Zn micromotors maintained an intact structure with a clear layer of epithelial cells (Fig.
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4.4c), which was similar to the gastric samples treated with PBS (Fig. 4.4a). The gastric tissue
treated with free AUNPs (Fig. 4.4e) and with AuNPs-loaded PEDOT/Zn micromotors (Fig. 4.49)
showed no apparent toxicity as well. The potential toxicity of the PEDOT/Zn micromotors was
further evaluated using gastric tissue sections by a terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick-end labeling (TUNEL) assay to examine the level of gastric
epithelial apoptosis as an indicator of gastric mucosal homeostasis 2. No apparent increase in
gastric epithelial apoptosis was observed for treatment groups involving PEDOT/Zn micromotors
(Fig. 4.4b), free AuNPs (Fig. 4.4f) and AuNPs-loaded PEDOT/Zn micromotors (Fig. 4.4h),
compared to the PBS control group (Fig. 4.4d). The absence of any detectable gastric
histopathologic change and toxicity indicates that the orally administrated PEDOT/Zn micromotors
and AuNPs-loaded PEDOT/Zn micromotors are safe to the model mouse. While these Zn-based
micromotors can penetrate the mucus layer on the stomach wall and thus improve the retention of
the motors in the mouse’s stomach, such penetration and retention do not induce destructive effect
on the gastric epithelial cells. The PEDOT polymer is a known non-cytotoxic material which shows
no apparent immunological response #. Similarly, zinc is a biocompatible “green” nutrient trace
element, vital for numerous body functions and processes. Accordingly, the PEDOT/Zn
micromotors leave no harmful products following their movement, cargo delivery and self
destruction in the stomach fluid, making them attractive nanoshuttles in living organisms. The
absence of toxic effects in the stomach is in agreement with the in-vitro study of the influence of
micromotors on cell viability 6. It should be pointed out that changing the micromotor composition

would require re-assessment of the toxic response.
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Figure 4.4 Toxicity evaluation of PEDOT/Zn micromotors. The mouse stomach was treated with
PBS buffer (a, b), PEDOT/Zn micromotor (c, d), AuNPs (e, f), and AuNP-loaded PEDOT/Zn
micromotors (g, h). At 6 hours post treatment, the mice were sacrificed and sections of the mouse
stomach were processed as described in Materials and Methods section and stained with H&E assay
(a, c, e, and g) or TUNEL assay (b, d, f, and h). Scale bars, 250 pm.

4.1.7 Conclusion

In summary, we reported the first in vivo study of artificial micromotors using a live mouse
model, and characterized their distribution, retention, cargo delivery and toxicity profile in mouse
stomach. These acid-powered micromotors were applied to the stomach of living mice through
gavage administration and their retention on the gastric tissue was investigated, along with related
toxicity profile. The self-propulsion in the local stomach environment led to greatly improved tissue
penetration and retention. Autonomous and efficient in vivo release and delivery of cargo payloads
upon the self-destruction of the motors were also demonstrated. Such active motor-based delivery
strategy offers dramatic improvement in the efficiency compared to the common passive diffusion
of orally administrated cargoes. While additional in vivo characterizations are warranted to further
evaluate the performance and functionalities of various man-made micromotors in living organisms,

this study represents the very first step towards such goal. Our new findings and insights are thus
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expected to advance the field of synthetic nano/micromotors and to promote interdisciplinary

collaborations towards expanding the horizon of man-made nanomachines in medicine.



158

4.2 Enteric Micromotor Can Selectively Position and

Spontaneously Propel in the Gastrointestinal Tract

4.2.1 Introduction

Microbiomes play important roles in the health of many animals, including human beings,
thus have attracted intense research interest 2627, While most of the GI microbes live in harmony
with the host, some are hostile and cause a variety of diseases. These bacteria colonize in different
segments of the Gl tract, dependent on local factors 222°, Therefore, selectively locating therapeutic
or imaging agents to specific segments of the Gl tract is of considerable interest *°. Ideal Gl delivery
system should protect the cargos en-route and accurately locate them to the site of action. Upon
arrival at destination, the carrier should retain there for unloading the cargos. Fulfilling this goal is
hampered by the body’s natural physiological and structural barriers. As a result, it still remains an
unmet need to develop a biocompatible nano/micro-scale device that can selectively position in a
specific segment of the Gl tract and actively penetrate into the tissue for prolonged retention.

Over the past decade, remarkable advances have been made in the development of artificial
micromotors, which are tiny devices that convert locally supplied fuels or externally provided
energy to propelling force and movement 38113134 These micromotors have proved useful for
performing diverse biomedical tasks, including transport of cargos, biosensing and imaging, and
target isolation %3537, After nearly ten years of basic research on the synthesis and characterization
of artificial micromotors in test-tubes, the field has recently reached a new milestone where the
performance and functionality of the motors were being evaluated in live bodies. For instance, the
in vivo evaluation of synthetic micromotors demonstrated that acid-powered motors can function
in a live mouse’s stomach for gastric cargo delivery without causing toxic effects 3. Magnetic

actuation and navigation were also applied to control the swarming of artificial bacterial flagella in
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vivo *. These studies demonstrate that motor-based active delivery approaches offer attractive
features for localized cargo delivery.

In this study, we developed an enteric micromotor consisting of a magnesium (Mg)-based
motor body with an enteric polymer coating. The Mg body allows for spontaneous propulsion in
intestinal fluid while the coating, which is stable in acidic conditions but soluble in neutral or
alkaline media %4, enables accurate positioning in the Gl tract. The enteric coating can shield the
motors from acidic gastric fluid environment (pH 1~3), but dissolves in intestinal fluid (pH 6~7) to
expose the motors to their fuel and start the movement. By tailoring the thickness of the enteric
coating, we can tune the time required to dissolve the polymer layer, thereby controlling the
distance that the motors can travel in the GI tract before their propulsion is activated. Upon
activation the motors will propel and penetrate into the local tissue and retain there to release
payloads. The properties and functions of the synthesized enteric magnesium micromotors
(EMgMs) are evaluated in a mouse model. The in vivo results demonstrate that these motors can
safely pass through the gastric fluid and accurately activate in the GI tract without causing
noticeable acute toxicity.

4.2.2 Experimencal Section

Synthesis of EMgMs

Polycarbonate (PC) membrane templates (110607, Whatman, NJ, USA) with pore sizes of
5 wm were used for fabricating the Mg-based micromotors. A 75 nm gold film was sputtered on
one side of the porous membrane to serve as a working electrode using the Denton Discovery 18
(Moorestown, NJ, USA). A Pt wire and an Ag/AgCI (with 1 M KCI) were used as counter and
reference electrodes, respectively. The membrane was then assembled in a plating cell with
aluminum foil serving as a contact. All electrochemical deposition steps were carried out at room
temperature (22 °C). First, the outer PEDOT layer of the microtubes was prepared by

electropolymerization at +0.80 V using a charge of 0.2 C from a plating solution containing 15 mM
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EDOT, 7.5 mM KNOs, and 100 mM sodium dodecyl sulfate (SDS); subsequently, a gold layer was
deposited at —0.9 V from a commercial gold plating solution (Orotemp 24 RTU RACK; Technic
Inc., USA) with a total charge of 0.6 C. After electrochemical deposition, the sputtered gold layer
was completely removed by mechanical polishing with 3 pm alumina slurry. In order to get the Mg
microparticles with favorable size to be loaded in the prepared PEDOT/Au microtube with a
diameter of ~5 pum, the microparticles were collected from the commercial ones (size 0.2-50 um
catalog #FMW?20, TangShanWeiHao Magnesium Powder Co., China). Vacuum infiltration process
by a 5 um Polycarbonate membrane (110607, Whatman, NJ, USA) was used to remove the Mg
microparticles with size larger than 5 um, then another vacuum infiltration process using a 1 um
Polycarbonate membrane (110607, Whatman, NJ, USA) was used to remove the Mg microparticles
with size smaller than 1 um. The obtained Mg microparticles with size of 1-5 um were then
dispersed in isopropanol with a concentration of 10 mg/mL. Thereafter, the Mg microparticle
suspension was pumped into the polished polycarbonate templates with electrodeposited
PEDOT/Au microtubes using vacuum infiltration. A polycarbonate membrane with a pore size of
15 nm was placed below the 5 um diameter PC membrane to retain the magnesium microparticles
within the upper PEDOT/Au microtubes. The vacuum infiltration process was performed for 2
hours to ensure full loading of Mg microparticles in the microtubes. The polycarbonate membrane
was then dissolved in methylene chloride for 2 h to completely release the micromotors, e.g. the
Mg microparticles loaded PEDOT/Au microtubes. The micromotors were then collected by a
sediment process and washed with methylene chloride and isopropanol (3 times each one).
Fluorescent Mg-based micromotors were prepared by using the Mg microparticle suspension

dissolved with a Rhodamine 6G dye (83697, SIGMA, USA) with a concentration of 2 pug/mL.

A commercial enteric polymer (Eudragit L100-55; Evonik Industries, Germany) was chosen to be
coated on the Mg-based micromotors to prevent the Mg microparticles from reacting in stomach

fluid thus ensuring their safe reaching to the GI tract. First, a batch of Mg-based micromotors
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(dissolved from one whole piece of PC membrane) was collected in 0.1 mL isopropanol solution.
Then Eudragit L 100-55 was dissolved into isopropanol solution with three different concentrations
of 6.5%, 10.0% and12.5 % (wi/v) to prepare the EMgMs with different coating thicknesses. The
micromotor suspension was then mixed with Eudragit L100-55 solution with the above three
different concentrations, and then dispersed in to a paraffin matrix for a solvent evaporation process.
The obtained structures were then solidified with hexanes and a following freeze drying process.
Finally, a soft annealing of 130 °C for 10 min to ensure the complete sealing of the Mg-based
micromotors. The original diameter of the micromotors without polymer coating is 5 um, as defined
by the micropores of the polycarbonate membrane template. The enteric coating thicknesses were
examined by SEM. For the three enteric polymer concentration of 6.5%, 10.0% and 12.5 % (w/v),
a coating thickness of 0.3, 0.8 and 1.2 um was calculated by polymer-coated micromotors with an

average diameter of 5.6, 6.8 and 7.4 um, respectively.

To make the silica microspheres-loaded control micromotors, a suspension of silica
microspheres (diameter 1.21 pm, Bangs Lot# 8348, Fisher, IN, USA) were added into the
PEDOT/Au microtubes, instead of Mg microparticles. An enteric polymer coating, with a thickness
of 0.8 um, was then coated on these silica-microspheres loaded micromotors by same method
described above using a polymer concentration of 10.0%. The resulting coated silica-microspheres
loaded micromotors were then used as control micromotors without movement in the intestinal

fluid.

In vitro release study

In vitro release of the EMgMs was performed using gastric fluid simulant and intestinal
fluid simulant, respectively. Videos of micromotor propulsion were captured by an inverted optical
microscope (Nikon Instrument Inc. Ti-S/L100), coupled with a 40X microscope objective, a

Hamamatsu digital camera C11440 using the NIS-Elements AR 3.2 software. In each test of the
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release study, EMgMs were dispersed on a glass slide with PDMS cell to prevent the evaporation
of the liquid during the observation. Normally about 400 micromotors were in the view under the
4X microscope objective. The CCD camera is set to take a microscopy image every minute, while
the micromotor which is generating bubble or moved from its original place in the imaging is
consider as being released. The time-dependent release rate is calculated in each test then averaged

as the statistical results (n=6).

In vivo Gl tract site-specific localization and retention studies

For in vivo Gl tract site-specific localization study, 8 weeks old ICR male mice were
purchased from Harlan Laboratory (Indianapolis, IN). Mice were gavaged with 0.3 mL of
suspension of uncoated Mg-based micromotors or EMgMs with thin, medium, or thick enteric
coatings (n=6). Gl tracts including stomach, duodenum, jejunum, and ileum from each mouse were
collected at 6 hours after administration. The tissues were rinsed with PBS. Each section was placed
in a glass vial and 3 mL of aqua regia consisting of concentrated nitric acid and hydrochloric acid
(Sigma-Aldrich, St. Louis, MO, USA) in the ratio of 1:3 was added into the tissue for 12 hours at
room temperature; this was followed by annealing at 80 °C for 6 hours in order to remove the acids
and then resuspended with 5 mL DI water. Analysis of the amount of micromotors retained in each
part of Gl tract was carried out by measuring their embedded Au content using inductively coupled
plasma-mass spectrometry (ICP-MS). For in vivo retention study, mice (n=6) were fed with alfalfa-
free food from LabDiet (St. Louis, MO, USA) for 2 weeks prior to the experiment. A 0.3 mL
suspension of fluorescence-labeled EMgMs with medium thickness of enteric coating was
administered orally. At 6 and 12 hours after administration, the Gl tracts were dissected, rinsed
with PBS, and then imaged using an intelligent visual inspection system (IVIS). A 0.3 mL PBS
was given to control mice and tissues were collected and imaged at 6 hours after administration.

For in vivo retention study comparing the propulsive EMgMs with inert silica microspheres loaded
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micromotors, one group of the mice were orally administrated with a 0.3 mL suspension of
fluorescence-labeled EMgMs with medium thickness of enteric coating, while another group were
orally administrated with a 0.3 mL suspension of silica-microsphere loaded PEDOT/Au microtubes
coated with medium thickness of enteric coating. At 6 hours after administration, the Gl tracts were

dissected, rinsed with PBS, and then imaged using an intelligent visual inspection system (IVIS).

In vivo toxicity study

To investigate the acute toxicity of EMgMs, 8 weeks old ICR male mice were oral-gavaged
with 0.3 mL suspension of EMgMs with medium thickness of enteric coating. Healthy mice treated
with PBS were used as a negative control. Mice were sacrificed at 24 hours after the administration.
The stomach and small intestine were collected. The stomach was cut open along the greater
curvature, and the gastric content was removed. The small intestine was cut to small sections as
duodenum, jejunum, and ileum, and rinsed inside with PBS to remove internal residues. The tissues
were put in tissue cassettes and fixed with 10% buffered formalin for 15 hours, then moved into
70% ethanol, and then embedded in paraffin. The tissue sections were cut with 5 pum thickness and
stained with hematoxylin and eosin (H&E) assay. The apoptosis cells were evaluated by terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay using ApopTag®
from EMD Millipore (Billerica, MA, USA). The stained sections were visualized by the

Hamamatsu NanoZoomer 2.0HT.

4.2.3 Synthesis and characterization of enteric magnesium micromotors

Fig. 4.5a illustrates the operation principle of the EMgMs that can selectively position and
spontaneously propel in the Gl tract by using the pH-sensitive coating which dissolves in intestinal
fluid (pH 6~7). Fig. 4.5b shows the fabrication processes of EMgMs, where a template-

electrodeposition method is combined with a particle-infiltration technique by packing Mg
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microparticles within template-synthesized PEDOT/Au microtubes with a uniform diameter of 5
um (Supporting Video 2). The template-synthesized PEDOT/Au microtubes serve as robust
microcontainers for loading the Mg microparticles while Au is used as a model cargo for in vivo
biodistribution study. Note that Mg is a biocompatible trace element vital for many bodily functions

and that the reaction of Mg microparticles with water is used to generate propulsion 443,
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Figure 4.5 Synthesis and characterization of enteric magnesium micromotors (EMgMs). (a)
Schematic illustration of in vivo operation of the EMgMs for propulsion and localized delivery to
the GI tract. (b) Preparation of EMgMs: (i) loading of Mg microspheres and payload into
PEDOT/Au microtubes electrodeposited in microporous polycarbonate (PC) membrane with pore
size of 5 pm and pore length of 15 pm; (ii) dissolution of PC membrane and release the Mg
micromotors; (iii) coating Mg micromotors with enteric polymer; (iv) dissolution of the enteric
coating and propulsion of Mg micromotors in solution with neutral pH. (c) Top view of a Mg
micromotor with SEM characterization and EDX images of the Mg and Au in the micromotor.
Scale bar: 1 um. (d) Side view of an EMgM with SEM characterization and EDX images of the Mg
and Au in the micromotor. Scale bar: 5 pm. (e) Propulsion snapshot of a single (i) and multiple (ii)
EMgMs in the intestinal fluid. Scale bars, 20 um.
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Fig. 4.5c and Supporting Fig. 4.5 display the top and side views, respectively, of Mg
particles infiltrated into a PEDOT/Au microtube. These SEM images and EDX mapping confirm
that the microtube can be successfully loaded with Mg particles, while the interparticle space could
be potentially filled with therapeutic or imaging payloads. The motors are subsequently coated with
methacrylate-based polymer Eudragit L100-55, which has been used for protecting oral drug
capsules from the acidic gastric fluid 4%, The SEM image and EDX mapping in Fig. 4.5d show
the side view of a micromotor with a smooth enteric polymer coverage. Upon fabrication of the
EMgMs, we first evaluated their propulsion performance in intestinal fluid. The microscopy images
of Fig. 4.5e (corresponding to Supporting Videos 3), demonstrate effective movement of a single
and multiple EMgMs in intestinal fluid simulant. Hydrogen bubbles propel the motors for
approximately 1 min with average speed of 60 um/s, demonstrating water-powered microtubular

motors that can efficiently propel and function in intestinal fluid.

4.2.4 In vitro evaluation

To evaluate the feasibility of precisely tuning the activation time of EMgMs after entering
the Gl tract, the micromotors - with an original diameter of 5 um — were modified with enteric
polymer coatings of three different thicknesses (0.3, 0.8 and 1.2 um) and were tested in gastric and
intestine fluids. The thickness of the polymeric coating was adjusted by using three enteric polymer
concentrations of 6.5%, 10.0% and12.5 % (wi/v), which resulted in average EMgMs diameters of
5.6, 6.6 and 7.4 pum, respectively. Fig. 4.6a shows that EMgMs with thin coating display no bubble
generation upon immersing in gastric acid for over 150 minutes, reflecting the shielding ability of
the polymer in strongly acidic gastric environment. Upon changing to intestinal fluid, these EMgMs
display a burst of bubble generation and efficient propulsion within 20 minutes (Fig. 4.6b). The

efficient propulsion eventually leads to a dynamic distribution of the micromotors to different
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locations. Medium and thick enteric coatings are able to delay the bubble generation and
micromotor propulsion to 60 minutes and 150 minutes after immersion in intestinal fluid,
respectively (Fig. 4.6¢ and d). Supporting Video 4 shows the delayed actuation of EMgMs in the

intestinal fluid.
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Figure 4.6 In vitro evaluation of EMgMs in gastric and intestinal fluids. (a) Microscopy images of
EMgMs with thin thickness of enteric polymer coating immersed in gastric fluid for 20 min, 60
min and 150 min. (b-d) Microscopy images of EMgMs with thin (b), medium (c) and thick (d)
enteric polymer coating immersed in intestinal fluid for 20 min, 60 min and 150 min. Scale bar, 50
um. The three coating thicknesses are 0.3, 0.8 and 1.2 um, respectively. (¢) Quantitative analysis
of the percentage of activated micromotors in intestinal fluid at different time points (n=6 with 400
micromotors in each test).

Fig. 4.6e shows the quantitative results of the release and activation of EMgMs with
different enteric coatings in intestinal fluid. Based upon the statistical analysis of about 400 motors
for each group, thin polymer coating results in over 75% of EMgMs activated in intestinal fluid
within 10 min, indicating that the propulsion occurs in the upper segment of the Gl tract. In contrast,
for a medium-thickness coating, a very slow activation is observed between 30 and 45 minutes,

followed by a rapid activation of about 75% of EMgMs between 50 to 70 minutes, indicating the
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motors localize at the middle segment of the GI tract. EMgMs coated by a thick polymer layer
display very slow activation up to 2 hours, followed by rapid activation of 80% EMgMs at 3 hours,
indicating that these motors can reach the lower segment of the GI tract. These results verify the
possibility of selectively position the motors in different regions of the Gl tract by controlling the

coating thickness.

4.2.5 In vivo localization

The ability of EMgMs to selectively localize at desirable segments of the Gl tract was
evaluated in vivo using a mouse model. In the study, four groups (n=3) of mice were assigned to
receive EMgMs with three different polymer thicknesses and uncoated micromotors, respectively.
Upon oral administration of the motors for 6 hours, the mice were euthanized, and their stomach
and entire GI tract were collected to evaluate the biodistribution and retention of the motors.
Specifically, the mouse Gl tract was sliced into three segments corresponding to duodenum,
jejunum and ileum of the GI tract (Fig. 4.7a) for separate inspection. Fig. 4.7b displays the
distribution of the micromotors in these three Gl segments and the stomach for the four tested
groups. The uncoated micromotors display significant (79%) retention in the stomach, reflecting
their efficient activation and propulsion in the stomach (Fig. 4.7b i). The enteric polymer coatings
offer robust protection of the micromotors in the stomach and thus enhance their delivery efficiency
to the Gl tract. A small fraction (16%) of EMgMs with thin enteric coating retained in the stomach
(Fig. 4.7b ii) while minimal micromotors were detected in the stomach for EMgMs with medium
and thick coatings (Fig. 4.7b iii and iv). In contrast, Fig. 4.7b ii-iv illustrate that 75%, 67% and 54%
of the motors retained in the duodenum, jejunum and ileum for EMgMs with thin, medium and

thick enteric coatings, respectively. These results demonstrate that controlling the coating thickness,
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and hence the exposure and activation times of the motors, has a profound effect upon the
biodistribution of EMgMs within the Gl tract.
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Figure 4.7 In vivo biodistribution and retention of EMgMs in the GI tract. (a) Schematic
representation of the localization and retention of the micromotors in the stomach and Gl tract. (b)
ICP-MS analysis of the number of micromotors with different enteric coating thickness retained in
the stomach, duodenum, jejunum, and ileum 6 hours post oral administration. The samples include
(i) bare Mg micromotors without enteric coating, (ii) EMgMs with thin polymer coating, (iii)
EMgMs with medium polymer coating, and (iv) EMgMs with thick polymer coating (n = 6 mice
per group; estimation of number of the motors in each administration can be found in Supporting
Note). (c) Superimposed fluorescent images of mouse Gl tracts at 6 hours and 12 hours post-
administration of EMgMs loaded with the dye Rhodamine 6G and covered with medium polymer
coating. PBS was used as a control.

We further studied the retention of the EMgMs with medium coating in mouse Gl tract by
orally administrating fluorescently labeled EMgMs. At 6 and 12 hours after EMgMs administration,
the entire Gl tract was excised for fluorescence imaging, as shown in Fig 4.7c. The image obtained
from GI tract collected at 6 hours showed the strongest fluorescence in jejunum and the signal
remained at the site at 12 hours, which was about four-fold longer than typical gastric emptying

times in mouse Gl tract °. In contrast, when mice were treated with phosphate-buffered saline (PBS)



169

control, there was no detectable fluorescence signal in the Gl tissue; some signal observed in the
stomach is attributed to the food self-fluorescence. The luminal surfaces of the intestines are
covered by a mucus layer, consisting of large and highly glycosylated proteins, which serve as the
front line of protection of GI tract *°. When the cylindrical Mg-loaded motors are locally released
and activated in the Gl tract, they will propel and collide with the porous, slimy mucus layer and
can be readily trapped within the gel-like mucus, leading to an enhanced local retention. To test our
hypothesis that the active propulsion of the motors is critical for the enhanced local retention, we
compared the retention of EMgMs with medium polymer coating with that of inert silica-
microsphere loaded PEDOT/Au microtubes (with the same polymer coating). The latter are inert
in the intestinal environment fluid and do not exhibit autonomous propulsion when released. These
control micomotors displayed a significantly lower fluorescence intensity, compared to the EMgMs,
reflecting their greatly reduced retention in the jejunum under the same experimental conditions
and coatings. Such observations are similar to our early work which demonstrated that the
propulsion of Zn-based micromotors in the acidic stomach environment greatly improved their
tissue penetration and retention *. In the present work, we obtained similar results with highly
enhanced retention (up to 24 hrs) associated with propulsive micromotors. Overall, self-propelled
micromotors lead to a dramatically improved localized retention of their payloads in the intestine
compared to the passive diffusion and dispersion of inert payloads. These data verify that both the
enteric polymer coating and the propulsion of the Mg-based micromotors are critical for their

accurate position and enhanced retention in desired segment of the Gl tract.

4.2.6 Toxiciy evaluation of enteric micromotors
Finally, the toxicity profile of the EMgMs in the GI tract was investigated. Mice were
orally administrated with PBS buffer (Fig. 4.8a-c) or suspension of EMgMs with medium polymer

coating thickness (Fig. 4.8d-f) and monitored for general toxicity signs every 2 hours for the first
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10 hours post administration. No physiological symptoms such as lethargy, rough fur, or diarrhea
were observed in both groups. Then, the GI tract was dissected and sectioned for histological
evaluation 24 hours after administration. The tissues were first stained with hematoxylin and eosin
(H&E) (Fig. 4.8 a, b, d, €). We did not observe apparent alteration of gastric and intestinal mucosal
epithelial architectures or differences in the crypt and villus length and number, or mucosal
thickness, between the PBS and motors-treated groups. There was also no infiltration of immune
cells such as neutrophils, lymphocytes, or macrophages into the mucosa and submucosa, indicating
no sign of tissue inflammation. Furthermore, the deparaffinized mouse gastric tissue sections of
motor-treated mice showed no difference in apoptotic gastric and intestinal epithelial compared to
the PBS control, as indicated by positive staining cells in TUNEL assay (Fig. 4.8 c, f) 4647, Overall,
the in vivo toxicity studies demonstrate no apparent GI mucosal epithelial morphology change or
inflammation, suggesting that the EMgMs are biocompatible and safe for oral administration in

mouse model.
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Figure 4.8 Toxicity evaluations of EMgMs. The stomach, duodenum, jejunum and ileum of mice
treated with (a-c) PBS buffer or (d-f) EMgMs with medium polymer coating thickness were
collected and analyzed. At 24 hours post-treatment, the mice were sacrificed and Gl tract tissue
sections were stained with H&E assay (a, b, d, and e) and TUNEL assay (c, and f). Scale bar (a, d:
500 pm; b, ¢, e, and f: 100 pm).

4.2.7. Conclusion

A desirable Gl delivery system should be able to protect the cargos en-route and accurately
locate them to the site of action. Upon arrival at destination, the carrier should retain at the site for
complete unloading of the cargos. The reported enteric magnesium micromotors provide an
exciting thrust towards achieving such goal. By simply tuning the thickness of the pH-sensitive
polymer coating it is feasible to selectively activate the propulsion of the water-powered
micromotors, and thus to control their tissue penetration and retention at desired regions of the Gl
tract. Such combination of accurate positioning and active propulsion demonstrate that a microscale
robot can achieve desired biodistribution and enhanced retention simultaneously in the Gl tract; it
is therefore of particular importance for the emerging microbiome research. Furthermore, the use

of advanced pH-sensitive materials for precise local manipulation of microrobot for site-specific
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active delivery (compared to conventional passive-diffusion-driven delivery vehicles) is expected
to pioneer novel delivery approaches and advance the emerging field of medical nano/micromotors
and nanorobotics. While future studies are warranted to validate the delivery efficiency and
therapeutic efficacy, the micromotor-based GI transporter system offers innovative combination of
accurate positioning and active propulsion towards effective localized Gl delivery of cargos and

personalized treatment of Gl diseases and disorders.
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4.4 Micromotor-Enabled Active Drug Delivery for In Vivo

Treatment of Stomach Infection

4.4.1 Introduction

Recent advances in the nano/micromotor field®>*%3! in terms of improvement of
biocompatibility and biological function have led to their growing use in
biomedicine®3448 including therapeutic payload delivery!*3%4%-52  micro-surgery®®>,
isolation of biological targets?, operation within living cells**’, and removal of toxicant
molecules and organisms®>>’. Although significant progress has been accomplished to
demonstrate the in vitro capabilities of nano/micromotors to transport therapeutic cargos
to target destinations, tremendous effort is still required to translate the proof-of-concept
research to in vivo biomedical applications.

In recent years, the utility and performance of these motor-based active transport
systems have been tested in live animals. For example, our group has demonstrated the
biocompatibility and attractive in vivo performance of zinc-based and magnesium (Mg)-
based micromotors under in vivo conditions**°8°, These studies have shown that artificial
micromotors can self-propel in the stomach and intestinal fluids for enhanced retention in
the gastric mucous layer®® and targeted delivery in the gastrointestinal tract>®. Walker et al.
presented the ability of magnetic micropropellers to move through gastric mucin gels, by
mimicking the mucus penetration strategy of Helicobacter pylori (H. pylori)®. In addition,
Nelson and Martel demonstrated that magnetically actuated nanoswimmers could lead to
active and directional drug delivery in a mouse model3®5t. These prior in vivo studies of

synthetic motors have significantly advanced motor research and cleared a path towards
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direct evaluation of disease-oriented therapeutic efficacy associated with motor-enabled
active drug delivery. However, this still remains an alluring but unmet goal for biomedical
researchers.

This work demonstrates the first attempt to apply Mg-based micromotors, loaded
with antibiotic drug clarithromycin (CLR), for in vivo treatment of H. pylori infection in a
mouse model. Given the built-in proton depletion function, this motor-based therapy is able
to undergo the harsh gastric environment to achieve remarkable antibacterial efficacy
without involving the commonly used proton pump inhibitors (PPIs). The H. pylori
bacteria, found in about half of the world's population, can cause stomach infection and
subsequently lead to diverse gastric and extragastric diseases®®2. In most cases, the
administration of antibiotics for the treatment of H. pylori infection is combined with the
use of PPIs to reduce the production of gastric acid®3, because the gastric acid could make
antibiotics less effective. The effectiveness of PPIs is attributed to the irreversible binding
to proton pumps and thus to suppress acid secretion®®® which in long term use can lead
to adverse effects such as headache and diarrhea and in more serious scenarios cause
anxiety or depression®®%°. Therefore, it would be highly beneficial to develop an
alternative therapeutic regimen with equivalent or advantageous therapeutic efficacy as the

current antibiotic treatments while excluding the use of PPIs.

The reported Mg-based micromotors rely on the combination of a CLR-loaded
poly(lactic-co-glycolic acid) (PLGA) layer and a chitosan polymer layer covering on a
propellant Mg core to offer high drug loading capacity, along with biodegradability and

biocompatibility. The positively-charged chitosan outer coating enables adhesion of the
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motor onto the stomach wall ”°, facilitating efficient localized autonomous release of CLR
from the PLGA polymer coating. In contrast to acid suppression by PPIs, Mg-based
micromotors can temporally and physically alter the local acidic environment by quickly
depleting protons while propelling within the stomach?®. Such elimination of the PPI
administration is coupled with significant reduction of bacteria burden, as demonstrated in
vivo in a mouse model. Using a mouse model of H. pylori infection, the propulsion of the
drug-loaded Mg-based micromotors in gastric fluid along with their outer chitosan layer
are shown to greatly enhance the binding and retention of the drug-loaded motors on the
stomach wall. As these micromotors are propelled in the gastric fluid, their Mg cores are
dissolved, leading to self-destruction of these motors without harmful residues, as is

demonstrated by the toxicity studies.

Overall, we take advantage of the efficient propulsion of Mg-based micromotors in
the acidic stomach environment, their built-in proton depletion ability, their active and
prolonged retention within the stomach wall, and their high drug-loading capacity, to
demonstrate the first actual in vivo therapeutic application of chemically-powered
micromotors. In vivo studies examine the therapeutic efficacy, distribution and retention of
the micromotors in the mouse stomach compared to passive drug-loaded microparticles
and other control groups, along with corresponding in vivo toxicity profile. These results
illustrate the attractive therapeutic capabilities of acid-driven micromotors, which open the
door for in vivo therapeutic applications of body-fluid propelled micromotors towards the

treatment of a variety of diseases and disorders.

4.4.2 Experimental Section
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Synthesis of Mg-based micromotors

The Mg-based micromotors were prepared using magnesium (Mg) microparticles (catalog
#FMW?20, TangShan WeiHao Magnesium Powder Co.; average size, 20+£5 um) as the core. The
Mg microparticles were initially washed with acetone to eliminate the presence of impurities. After
being dried under a N current, the Mg microparticles were dispersed onto glass slides (2 mg of Mg
microparticles per glass slide), followed by atomic layer deposition (ALD) of TiO: (at 100 °C for
120 cycles) using a Beneq TFS 200 system. Since such an ALD process utilizes gas phase reactants,
it leads to uniform coatings over the Mg microparticles, while still leaving a small opening at the
contact point of the particle to the glass slide. After that, the Janus micromotors were coated with
120 pL of 1% (w/v) PLGA (Sigma-Aldrich, P2191) prepared in ethyl acetate (Sigma-Aldrich,
270989) and containing 40 mg mL clarithromycin (CLR) (TCI CO., LTD. C220). It should be
noted that different CLR amounts (between 4 mg and 6 mg) were tested in order to optimize the
drug loading. The PLGA@CLR coating was dried fast to avoid crystallization of the drug. Finally,
the Janus micromotors were coated with a thin layer of 0.05 % (w/v) Chit (Sigma-Aldrich, C3646)
prepared in water and containing 0.1% (w/v) sodium dodecy! sulfate (SDS) (Sigma-Aldrich, 62862)
and 0.02% (v/v) acetic acid (Sigma-Aldrich, 695092), forming the outermost layer coated on the
Mg microparticles. Finally, the Mg-based micromotors were collected by lightly scratching the

microparticles off the glass slide.
Synthesis of dye-loaded Mg-based micromotors

For performing the characterization of the Mg-based micromotors along with the in vivo
retention studies, fluorescent Mg-based micromotors were prepared by combining both 1% PLGA
and 0.05% Chit solutions with 5 ug mL™ 1,1°-dioctadecyl-3,3,3°,3 -tetramethylindodicarbocyanine,
4-chlorobenzenesulfonate salt (DiD, Aex=644 nm/ Aem=665 nm, Life Technologies, D7757) and 1

pug mL?t fluorescein isothiocyanate-dextran (FITC, Aex=492 nm/ Aem=520 nm, Sigma-Aldrich,
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46945) dyes, respectively. To compare with the Mg-based micromotors, inert silica (Si)
microparticles (Nanocs, Inc., Cat. No.Si01-20u-1; 20 um size) were used as core particles,

following the same protocol described above.
Micromotor characterization

Bright field and fluorescent images of the Mg-based micromotors and inert silica
microparticles were captured using a EVOS FL microscope coupled with a 20x and 40x
microscope objectives and fluorescence filters for red and green light excitation.

Scanning electron microscopy (SEM) images of the Mg-based micromotors were obtained
with a Phillips XL30 ESEM instrument, using an acceleration voltage of 10 kV. Energy-dispersive
X-ray mapping analysis was performed using an Oxford EDX detector attached to SEM instrument

and operated by INCA software.
Micromotor propulsion studies

Autonomous Mg-based micromotors propulsion in simulated gastric fluid (Sigma-Aldrich,
01651) was obtained by diluting 25 times the simulated gastric fluid according to the commercial
specifications (final pH~1.3), and adding 1% Triton X-100 (Fisher Scientific, FairLawn, NJ) as
surfactant. An inverted optical microscope (Nikon Eclipse 80i upright microscope) coupled with
different microscope objectives (10x, 20x and 40x) and a QuantEM:512SC camera were used for
recording the autonomous micromotor propulsion in the gastric fluid simulant. The speed of the
Mg-based micromotors was characterized using the MetaMorph 7.1 software (Molecular Devices,

Sunnyvale, CA).

In vitro anti-H. pylori activity

H. pylori Sydney strain 1 (HPSS1) was cultured from frozen stock and routinely

maintained on Columbia agar supplemented with 5% (vol/vol) laked horse blood at 37 °C under
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microaerobic conditions (10% CO2, 85% N2, and 5% O,). For experiments, broth cultures of H.
pylori were prepared by subculturing fresh colonies from agar plates into Brain heart infusion (BHI)
supplemented with 5% fetal bovine serum (FBS) and incubated overnight at 37 °C under
microaerobic conditions with moderate reciprocal shaking. An overnight broth culture of H. pylori
was centrifuged at 5000g for 10 min to obtain a bacterial pellet. After removal of culture medium
by centrifugation, the obtained bacteria pellet was then suspended in an appropriate amount of fresh

BHI with 5% FBS for future use.

The bactericidal activity against H. pylori of free CLR and CLR-loaded Mg-based
micromotors (PLGA@CLR/TiO2/Mg) were tested in vitro. Samples were treated in 0.1 N HCI for
1 h and serially diluted to desired concentrations with PBS. Bare Mg-based micromotors
(PLGA/TiO./Mg) with corresponding amount of micromotors were used as negative control.

The samples were added with 1x10® CFU/mL H. pylori in BHI with 5% FBS to make final
concentrations of 0-16ug/mL CLR, followed by incubation at 37°C under microaerobic conditions
with moderate reciprocal shaking for 24 h. Then a series of 10-fold dilutions of the bacterial
suspension was prepared, and inoculated onto a Columbia agar plates supplemented with 5% laked
horse blood. The plates were cultured for 4 days before the colony-forming unit (CFU) of H. pylori

was quantified. All measurements were made in triplicate.
In vivo micromotor retention

Prior to the experiment, C57BL/6 mice (n = 3) were fed with alfalfa-free food from LabDiet
(St. Louis, MO, USA) for 2 weeks. The in vivo retention study was performed by using dye-loaded
Mg-based micromotors prepared by the protocol described above. A 0.3 mL suspension of Mg-
based micromotors with DiD-labeled PLGA and FITC-labeled chitosan coatings were
intragastrically administered. A group of mice was administered with DI water as a negative

control. Following 30 min and 2 h of oral administrations, the mice were sacrificed and their entire
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stomachs were excised and cut opened along the greater curvature. Then, the tissues were rinsed
with PBS, flattened, and visualized using a Keyence BZ-X700 fluorescence microscope. The bright
field and corresponding fluorescence images were obtained at 665 nm and 520 nm (DiD and FITC,
respectively) for each sample. Subsequently, the tissues were transferred to 1 mL PBS and
homogenized. Analysis of the amount of micromotors retained in the stomachs was carried out by
measuring the fluorescence intensity of their embedded DiD-labeled PLGA and FITC-labeled

chitosan using Synergy Mx fluorescent spectrophotometer (Biotek, Winooski, VT).

In vivo therapeutic efficacy against H. pylori infection

Six-week-old C57BL/6 male mice were purchased from the Jackson Laboratory (Bar
Harbor, ME). Each C57BL/6 mouse received 0.3 mL of 1 x 10° CFU/mL H. pylori in BHI broth
administered intragastrically through oral gavage every 48 h, repeated three times (on day 3, 5 and
7, respectively), and the infection was allowed to develop for 2 weeks. For the in vivo anti-H. pylori
therapeutic study, mice were randomly divided in five treatment groups (n=6) to be orally
administered with CLR-loaded Mg-based micromotors, CLR-loaded inert silica microparticles,
free CLR+PPI, blank Mg-based micromotors or DI water. For free CLR+PPI group, mice were
first administered with omeprazole (a proton pump inhibitor) through oral gavage at a dose of 400
umol/kg, followed by a lag time of 30 min before administration of CLR. CLR-loaded Mg-based
micromotors, CLR-loaded inert silica microparticles and free CLR (with 30 mg/kg clarithromycin
dosage) were administered through oral gavage once daily for 5 consecutive days. Blank Mg-based
micromotors and DI water served as movement control and negative control, respectively. Forty-
eight hours after last administration, mice were sacrificed and stomachs were excised from the
abdominal cavity. The stomachs were cut along the greater curvature, and the gastric content were
removed and rinsed with PBS. For H. pylori recovery, each gastric tissue was weighed before

suspended in 200 puL PBS and homogenized. The homogenate was serially diluted and spotted onto
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Columbia agar plate with 5% laked horse blood and Skirrow’s supplement (10 pg/mL vancomycin,
5 ug/mL trimethoprim lactate, 2,500 IU/L polymyxin B; Oxiod). The plates were then incubated at
37 °C under microaerobic conditions for 5 days, and bacterial colonies were enumerated. Statistical
analysis was performed using one-way ANOVA. No statistical methods were used to predetermine
sample size. Studies were done in a non-blinded fashion. Replicates represent different mice

subjected to the same treatment (n=6).

Toxicity evaluation of Mg-based micromotors

To evaluate the acute toxicity of the Mg-based micromotors in vivo, uninfected C57BL/6
male mice were orally administered with CLR-loaded micromotors once daily for 5 consecutive
days. Mice administered with DI water were tested in parallel as a negative control. On day 6, mice
were sacrificed and sections of the mouse stomach tissue were processed for histological
examination. The longitudinal sections of gastric tissue were fixed in neutral-buffered 10% (vol/vol)
formalin for 15 h, transferred into 70% ethanol, and embedded in paraffin. The tissue sections were
cut with 5 um thickness and stained with hematoxylin and eosin (H&E) assay. Sections were
visualized by Hamamatsu NanoZoomer 2.0HT and the images processed using NDP viewing
software.

4.4.3 Preparation and characterization of drug-loaded Mg-based micromotors.

Fig. 4.9a schematically illustrates the preparation steps of the drug-loaded Mg-based
micromotors. The cores of the micromotors are made of Mg microparticles with an average size of
~20 um. In the study, a layer of Mg microparticles was dispersed onto a glass slide (Fig. 4.19a, 1),
followed by an asymmetrical coating of the microspheres with a thin TiO; layer using atomic layer
deposition (ALD) (Fig. 4.9a, 11). The ALD process leads to a TiO, uniform coating over the Mg-
microspheres, while leaving a small opening (essential for contact with the acid fuel) at the sphere-

glass contact point™, which forms a Janus microstructure. Such biocompatible TiO, layer acts as a
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shell scaffold that maintains the micromotor spherical shape and the opening size during the
propulsion, leading to consistent and prolonged operation. The Mg/TiO, Janus microparticles were
then coated with a PLGA film containing the CLR antibiotic payload (Fig. 4.9a, 111). After the drug
loading step, the microparticles were coated with an outer thin chitosan layer (thickness ~100 hm)
that ensures efficient electrostatic adhesion of the micromotors to the mucosal layer on the stomach
wall while protecting the CLR-loaded PLGA layer (Fig. 4.9a, 1V). Finally, the resulting CLR-
loaded Mg-based micromotors were separated and collected by soft mechanical scratching of the
glass slide, leaving a small opening for spontaneous Mg-acid reaction when the motors are placed
in an acidic solution. This reaction generates hydrogen microbubbles and leads to efficient
propulsion in the stomach fluid °. The small opening enables also a slow reaction process and
gradual dissolution of the Mg core, leading to a prolonged micromotor lifetime of approximately 6
min. The in vivo self-propulsion in the gastric fluid of a stomach and the corresponding drug
delivery process from the PLGA layer of the Mg-based micromotors are illustrated schematically

in Fig. 4.9b and Supplementary Movie 2.

The ability of drug-loaded Mg-based micromotors to efficiently propel in gastric acid was
first tested in vitro by using a simulated gastric fluid (pH ~1.3). The microscopic images in Fig.
4.9c (taken from Supplementary Movie 3 at 2 min intervals) illustrate the fast and prolonged
autonomous propulsion of a CLR-loaded Mg-based micromotor in the gastric fluid simulant. The
efficient hydrogen bubble generation propels the micromotors rapidly, with an average speed of
~120 um/s, and indicates that the Mg-based micromotors can react and move fast in the gastric
fluid. Such efficient micromotor propulsion is essential for the motors to reach stomach wall and
thus achieving high therapeutic efficacy. Importantly, the acid-Mg reaction responsible for the
autonomous propulsion also spontaneously depletes protons in gastric fluid and thus neutralizes the

stomach pH without using PPIs*°.
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Fig. 4.9d schematically illustrates the structure of a drug-loaded Mg-based micromotor,
showing the Mg core, covered mostly with the TiO; shell layer, drug-loaded PLGA layer, and an
outer chitosan layer. The drug-loaded Mg-based micromotors were carefully characterized. The
scanning electron microscopy (SEM) image of a drug-loaded micromotor (shown Fig. 4.9e)
confirms the presence of a small opening (~2 pum) on the spherical micromotor, produced during
the coating process, that exposes the Mg core of the micromotor to the gastric fluid and facilitates
the hydrogen bubble thrust. Energy-dispersive X-ray (EDX) spectroscopy mapping analysis was
carried out to confirm the motor composition. The resulting EDX images, shown in Fig. 4.9f-g,

illustrate the presence and distribution of magnesium and titanium, respectively.

A fluorescence study was carried out to confirm efficient drug-loading within the PLGA
layer and the coating of the micromotor with the protective and adhesive chitosan layer. This was
accomplished by preparing Mg-based micromotors with the PLGA and chitosan coatings
containing the fluorescent dyes 1,1°-dioctadecyl-3,3,3”,3’-tetramethylindodicarbocyanine, 4-
chlorobenzenesulfonate salt (DiD, A.n=665 nm) and fluorescein isothiocyanate-dextran (FITC,
Lem=520 nm), respectively. An optical image of a dye-loaded micromotor is displayed in Fig. 4.9h.
The corresponding fluorescence images show the dye-loaded Mg-based micromotor in the DiD and
FITC channels (Fig. 4.9i, j, respectively); an overlay of the two channels is displayed in Fig. 4.9k.
The high fluorescent intensity of the loaded dyes confirms the successful coating of the micromotor

with both PLGA and chitosan layers, along with the high cargo-loading capacity of the micromotor.

Prior to in vivo therapeutic application of the Mg-based micromotors, several in vitro
studies were performed. Initially, the ability of drug-loaded micromotors to efficiently propel in
gastric acid was tested in vitro. The micromotor speed drastically decreases upon changing the pH

of the gastric fluid solution from pH 1.5 to 1.75. Assuming that the stomach pH is 1.3, the drug-
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loaded Mg-based micromotors can efficiently move at this condition with an average speed of ~120

pm/s.

o > |) b Propulsion in gastric fluid
In vivo \

Drug-delivery

Figure 4.9 Synthesis, characterization and in vitro propulsion of drug-loaded Mg-based
micromotors. (a) Schematic preparation of the micromotors: (I) Mg microparticles dispersion over
a glass slide, (I1) TiO, atomic layer deposition (ALD) over the Mg microparticles, (111) drug-loaded
PLGA deposition over the Mg/TiO, microparticles, and (1) Chitosan polymer deposition over the
Mg/TiO2/PLGA microparticles. (b) Schematic of in vivo propulsion and drug delivery of the Mg-
based micromotors in a mouse stomach. (c) Time-lapse images (2 min intervals, I-111; taken from
Supplementary Movie 3) of the propulsion of the drug-loaded Mg-based micromotors in simulated
gastric fluid (pH~1.3). (d) Schematic dissection of a drug-loaded micromotor consisting of a Mg
core, a TiO> shell coating, a drug-loaded PLGA layer, and a chitosan layer. (e) Scanning electron
microscopy (SEM) image of a drug-loaded Mg-based micromotor. (f-g) Energy-dispersive X-ray
spectroscopy (EDX) images illustrating the distribution of (f) magnesium and (g) titanium in the
micromotor. (h-k) Microscopy images of dye-loaded Mg-based micromotor: (h) optical image, and
fluorescence images showing the dye-loaded Mg-based micromotors in the (i) DiD channel (PLGA
layer), (j) FITC channel (chitosan layer), along with an overlay of the two channels (k).

4.4.4 Drug loading optimization and in vitro bactericidal activity

The CLR loading onto the Mg-based micromotors was optimized to achieve a clinically-

relevant therapeutic concentration of the drug (15-30 mg/kg/day)’. Fig. 4.10a shows a schematic
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displaying the loading of CLR onto the micromotors. Briefly, the Mg/TiO2 microparticles dispersed
onto a glass slide (~2mg of Mg microparticles per glass slide) were coated with a PLGA solution
prepared in ethyl acetate, which was mixed with CLR (see detailed experimental protocol in
Methods section). Rapid evaporation under nitrogen current leads to the formation of a
homogeneous PLGA/CLR coating over the Mg/TiO, microparticles (microscope images of the
coated micromotors are displayed in Fig. 4.10b). The microparticles were further coated with
chitosan before quantifying the CLR loading efficiency of the micromotors. In order to optimize
the drug loading, Mg-based micromotors were coated with PLGA solutions containing different
amounts of CLR (between 4 mg and 6 mg). By studying different combinations of the PLGA/CLR
solution volume and CLR concentration, the highest CLR loading efficiency (26%), corresponding
to 1032+37 ug per 2 mg micromotor, was obtained when coating the microparticles with 120 uL
of the PLGA solution containing 4.8 mg of CLR (Fig. 4.10c, I1). This formulation offered optimal
CLR loading and was selected for subsequent in vitro and in vivo anti-H. pylori studies.

Once confirmed that the micromotors were capable to load antibiotic cargo with high
loading efficiency, an in vitro bactericidal activity of CLR-loaded Mg-based micromotors against
H. pylori was performed. To mimic the gastric environment, samples were treated in 0.1 N HCI for
1 h prior to incubation with bacteria. This also ensured the dissolution of micromotors and
consecutive drug release. Fig. 4.10d shows the enumerated amount of bacteria after being treated
by CLR-loaded Mg-based micromotors or free CLR solution with varying concentrations of CLR.
According to the results, drug-loaded micromotors exhibited a comparable bactericidal activity to
free drug solution over the whole range of concentrations used in the study. Specifically, we
determined the minimal bactericidal concentration (MBC) values of the samples, defined as the
minimal concentration of an antimicrobial agent that kills 3 logs (99.9%) of the bacteria. The MBC
value for CLR-loaded Mg-based micromotors was found to be 0.25 pg/mL, which was unaltered

from the MBC value of free CLR. Moreover, bare Mg-based micromotors with corresponding
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amount of motors were used as negative controls. From Fig. 4.10d, the bare motors had negligible
effect on the viability of H. pylori over the studied range, which supports that the bactericidal effect
of CLR-loaded Mg-based micromotors is solely due to the loaded antibiotics, not the other
compositions of the micromotor carrier. Overall, Fig. 4.10d verifies that the activity of the loaded
drug was not compromised compared to free drug. The findings validate the potential use of these

drug-loaded micromotors for therapeutic applications.
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Figure 4.10 Antibiotic drug loading of the Mg-based micromotors and in vitro bactericidal activity.
() Schematic displaying the loading clarithromycin (CLR) onto the Mg-based micromotors. PLGA
polymer dissolved in ethyl acetate is mixed with CLR, and the solution is deposited over the
Mg/TiO, microparticles resulting in the formation of a thin PLGA/CLR coating. (b) Microscope
images showing the PLGA/CLR film over the Mg-based micromotors. Scale bars, 100 um and 40
pm, respectively. (¢) Quantification of CLR loading amount and yield of the micromotors prepared
with different CLR solutions: (1) 100 pL of 40 mg/mL CLR solution, (1) 120 uL of 40 mg/mL
CLR solution, and (I11) 200 pL of 30 mg/mL CLR solution. All the CLR-loaded Mg-based
micromotors were coated with a thin chitosan layer; all samples were dissolved in acid for 24 h
before the drug loading measurement. (d) In vitro bactericidal activity of free CLR, CLR-loaded
Mg-based micromotors and blank Mg-based micromotors (without CLR drug) against H. pylori
bacteria.

4.4.5 In vivo micromotor retention in mouse stomach
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After the optimization of drug loading onto the Mg-based micromotors and the
confirmation of effective in vitro bactericidal activity, the micromotors were further investigated
under in vivo setting. First, the in vivo retention properties of the Mg-based micromotors on stomach
tissue were examined at different post-administration times, and compared with control groups
administered with DI water (Fig. 4.11). For this purpose, Mg-based micromotors prepared with
DiD-labeled PLGA and FITC-labeled chitosan coatings were administered to a group of mice
(n=3), and following 30 min and 2 h of the samples administration, the mice were sacrificed and
the entire stomach was excised and opened. Subsequently, the luminal lining was rinsed with PBS
and flattened for imaging. Accordingly, Fig. 4.11a shows bright-field and fluorescence images of
the luminal lining of freshly excised mouse stomach at O min after oral gavage of DI water, and at
30 min and 2 h after oral gavage of Mg-based micromotors. As can be observed, the images
corresponding to the dye-loaded Mg-based micromotors show an intense fluorescent signal in both
red and green light channels, which indicates efficient distribution and retention of the micromotors
in the mouse stomach. The continuous propulsion of the micromotors and the adhesive properties
of the chitosan coating help to achieve a homogeneous distribution of the micromotors in the
stomach. The corresponding fluorescence quantification of the dye-loaded micromotors retained in
the mouse stomach after 30 min and 2 h oral gavage of the sample is displayed in Fig. 4.11b. The
graphic represents the higher fluorescence signals obtained at 665 nm and 520 nm (corresponding
to DiD and FITC dyes, respectively) for each sample. These results indicate that the micromotors
can effectively propel in gastric fluid and are retained in the stomach wall, where the H. pylori

bacteria reside.
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Figure 4.11 Retention of the Mg-based micromotors in mouse stomachs. (a) Bright-field and
fluorescence images of the luminal lining of freshly excised mouse stomachs at 0 min after oral
gavage of DI water (control), and at 30 min and 2 h after oral gavage of the Mg-based micromotors.
Scale bar, 500 mm. (b) Corresponding fluorescence quantification of all the images shown in (a).

4.4.6 In vivo anti-H. pylori therapeutic efficacy

We proceeded to test the in vivo therapeutic efficacy of the drug-loaded Mg-based
micromotors against H. pylori infection. Prior to the therapeutic study, we developed H. pylori
infection in a mouse model using C57BL/6 mice. Each mouse was inoculated with 3 x 108 CFU H.
pylori SS1 in brain—heart infusion (BHI) broth by oral gavage three times on day 3, 5, and 7 (Fig.
4.12a)%8%, Two weeks after inoculation, the H. pylori infected mice were divided into five groups
(n =6 for each group) and treated with DI water, blank Mg-based micromotors (without CLR drug),
free CLR drug with PPl (CLR+PPI), CLR-loaded silica microparticles, or CLR-loaded Mg-based
micromotors once a day for 5 days. Mice in the free CLR+PPI group received proton pump inhibitor
(PPI) 30 min before administrating CLR to neutralize gastric acid and prevent potential degradation
of CLR. After the treatment course, the bacterial burden was evaluated by enumerating and

comparing H. pylori counts recovered from each mouse stomach. The mean bacterial burden from
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two negative control groups treated with DI water and blank Mg-based motors were 2.1x10" and
1.4x10" CFU/g of stomach tissue, respectively (Fig. 4.12b, black and orange colour, respectively).
Meanwhile, a bacterial burden of 3.0x108 CFU/g was measured from the mice treated with CLR-
loaded silica microparticles, which did not show statistical difference to the negative controls. In
contrast, when the mice were treated with CLR-loaded Mg-based micromotors, the bacterial burden
was quantified as 2.9x10° CFU/g, a significant reduction compared to the negative control and
CLR-loaded silica microparticle groups. The substantial improvement in H. pylori reduction
demonstrates the benefit of acid-powered Mg-based micromotors compared to static micron-sized
carriers. A bacterial burden of 2.8x10® CFU/g was obtained for the positive control mice with free
CLR+PPI treatment. The difference between CLR-loaded Mg-based micromotors and the free
CLR+PPI groups were not statistically significant. However, the CLR-loaded micromotors reduced
the H. pylori burden in mice compared with in the negative controls by ~1.8 orders of magnitude,
whereas the free CLR+PPI group reduced it only by ~0.8 orders of magnitude. More importantly,
looking at the bacterial burden in each tested mice, we found that 2 out of 6 mice from the CLR-
loaded micromotors group displayed a significant reduction by 4 order of magnitude of bacteria
burden which are the lowest among all other treatment groups. These analyses highlight the
enhanced performance of Mg-based micromotors compared to free drug and emphasize the benefit
of the propulsion-enabled active drug delivery in the stomach. These results demonstrate that the
Mg-based micromotors can effectively propel and distribute throughout the stomach of living mice,

and perform effective therapeutic activity.
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Figure 4.12 In vivo anti-H. pylori therapeutic efficacy. (a) The study protocol including H. pylori
inoculation and infection development in C57BL/6 mice, followed by the treatments. (b)
Quantification of bacterial burden in the stomach of H. pylori-infected mice treated with DI water
(black colour), bare Mg-based micromotors (orange colour), free CLR+PPI (green colour), CLR-
loaded silica microparticles (blue colour), and CLR-loaded Mg-based micromotors (red colour),
respectively (n = 6 per group). Bars represent median values. *P < 0.05, **P < 0.01, ns= no
statistical significance.

4.4.7 In vivo toxicity evaluation of Mg-based micromotors

Finally, the gastric toxicity of the administrated Mg-based micromotors was evaluated.
Healthy mice were orally administered with Mg-based micromotors or DI water once daily for 5
consecutive days. Throughout the treatment, no signs of distress such as squinting of eyes, hunched
posture, unkempt fur, or lethargy were observed in both groups. On day 6, mice were sacrificed
and their stomachs were processed for histological staining. Longitudinal sections of the glandular
stomach were stained with hematoxylin and eosin (H&E), shown in Fig. 4.13. The stomach section
of the micromotor-treated group showed undamaged structure of columnar epithelial cells with no
signs of superficial degeneration or erosion (Fig. 4.13, left). There was no noticeable difference in

the gastric mucosal integrity, in terms of thickness as well as size and number of crypt and villus,
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between the motor-treated and DI water-treated groups (Fig. 4.13, right). No lymphocytic
infiltration into the mucosa and submucosa was observed, implicating no sign of gastric
inflammation. The in vivo toxicity study of Mg-based micromotors showed no alteration of gastric
histopathology or observable inflammation, indicating that the treatment of Mg-based micromotors
is safe in the mouse model.

Mg-based motor DI water

e . e
Figure 4.13 In vivo toxicity evaluation of the Mg-based micromotors. Uninfected mice were orally
administered with the Mg-based micromotors or DI water once daily for 5 consecutive days. On
day 6, mice were sacrificed and sections of the mouse stomach tissue were processed for
histological staining with hematoxylin and eosin (H&E). Scale bars, 100 pm.

4.4.8 Conclusions

In this work we conducted the first study to evaluate the therapeutic efficacy of a drug-
loaded Mg-based micromotor for in vivo treatment of H. pylori infection in a mouse model.
Through these in vivo experiments we demonstrated that acid-powered Mg-based micromotors
could efficiently be loaded with clinical doses of drugs, retain in the mouse stomach wall, and
perform effective in vivo bactericidal activity. Our results showed that the active propulsion of
drug-loaded Mg-based micromotors in the acidic media of the stomach and motor-tissue interaction
lead to efficient drug delivery and hence to a significant reduction of bacteria burden compared to
passive drug carriers. Furthermore, such drug-loaded micromotors were able to rapidly deplete the
protons in the gastric fluid to reach a neutral pH, thereby excluding the use of PPIs for the H. pylori
infection treatment. We also demonstrated that there were no toxicological consequences of the

micromotors in the mouse models. Overall, our results indicate that micromotors holds great



191

promise for effective and safe therapeutic treatment of H. pylori infection. Such micromotor-based
therapy represents an exciting new therapeutic regimen for the treatment of stomach diseases such
as H. pylori infection. While this work is still at early stage and requires more intensive evaluations
of the motors prior to their potential practical use, it opens the door to the use of synthetic motors
as an active delivery platform for in vivo treatment of diseases and will likely trigger intensive

research interests in this area.
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Chapter 5 Conclusions and Future Perspectives

Over the past decade, micro/nanorobotics has emerged as a novel and versatile platform to
integrate the advantages of nanotechnologies and robotic sciences. A diverse set of design
principles and propulsion mechanisms have thus led to the development of highly capable and
specialized micro/nanorobots. These micro/nanorobots have unique and multivalent functionalities,
including fast motion in complex biological media, large cargo-towing force for directional and
long-distance transport, easy surface functionalization for precise capture and isolation of target
individuals, and excellent biocompatibility for in vivo operation. These attractive functionalities
and capabilities of micro/nanorobots have facilitated biomedical applications, ranging from
targeted delivery of payloads and precise surgery on a cellular level to ultrasensitive detection of
biological molecules and rapid removal of toxic compounds. These developments have advanced
the micro/nanorobots from chemistry laboratories and test tubes to whole living systems. Such in
vivo studies serve as an important step forward toward clinical translation of the micro/nanorobots.

The ability of micro/nanorobots to address health care issues is just in its infancy.
Overcoming knowledge gaps in nanorobotics could have a profound impact on different medical
domains. Tremendous efforts and innovations are required for realizing the full potential of these
tiny robots for performing complex operations within body locations that were previously
inaccessible. Future micro/nanorobots must mimic the natural intelligence of their biological
counterparts (e.g., microorganisms and molecular machines) with high mobility, deformable
structure, adaptable and sustainable operation, precise control, group behavior with swarm
intelligence, sophisticated functions, and even self-evolving and self-replicating capabilities.

A significant challenge is to identify new energy sources for prolonged, biocompatible,

and autonomous in vivo operation. Although different chemical fuels and external stimuli have
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been explored for nanoscale locomotion in aqueous media !, new alternative fuels and propulsion
mechanisms are necessary for safe and sustainable operation in the human body. Most of the
catalytic micromotors rely on hydrogen peroxide fuel and hence can only be used in vitro.
Micromotors powered by active material propellants (e.g., Mg, Zn, Al, and CaCQs) have relatively
short lifetimes because of rapid consumption of their propellant during their propulsion. Recent
efforts have indicated that enzyme-functionalized nanomotors could be powered by bodily fluid
constituents, such as blood glucose or urea 23, The power and stability of these enzyme-based
motors require further improvements for practical implementation. Magnetic and acoustic
nanomotors can provide fuel-free and on-demand speed regulation, which is highly suitable for
nanoscale surgery but may hinder autonomous therapeutic interventions.

Moving nanorobots from test tubes to living organisms would require significant future
efforts. The powerful performance of micro/nanorobots has already been demonstrated in viscous
biological fluids such as gastric fluid or whole blood “®. Operating these tiny devices in human
tissues and organs that impose larger barriers to motion requires careful examination. Magnetically
powered microswimmers have been successfully actuated in the peritoneal cavity of a mouse using
a weak rotating magnetic field of 9 mT °. Magneto-aerotactic bacteria were able to migrate into
tumor hypoxic regions under a focalized directional magnetic field of only 15 G °. Ultrasound-
powered micromotors with powerful “ballistic” capabilities have enabled deep tissue penetration
11 Powering nanorobot within tissues and organs could greatly benefit from their small size. Such
“small is better” philosophy has already been verified using nanoscale magnetic propellers, which
display a significant advantage for propulsion in viscoelastic hyaluronan gels because they are of
the same size range as the openings in the gel’s mesh, compared with the impeded motion of larger
propellers 2. These results demonstrate that nanorobots are highly promising for achieving efficient

motion in tissues enabled by the nanoscale size and optimized design. The miniaturization
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advantages of smaller nanorobots have also been realized for overcoming cellular barriers and
internalizing into cells 2,

Designing robots to perform tasks at the nanoscale is essentially a materials science or
surface science problem because the operation and intelligence of tiny robots rely primarily on their
materials and surface properties. Biomedical nanorobots are designed for environments involving
unanticipated biological events, changing physiological conditions, and soft tissues. Therefore,
diverse smart materials, such as biological materials, responsive materials, or soft materials, are
highly desired to provide the necessary actuation and multifunctionality while avoiding irreversible
robotic malfunctions in complex physiologically relevant body systems. Recent report has shown
that the macrophage uptake of rotating magnetic microrobots could be avoided by adjusting the
rotational trap stiffness 4. Alternatively, coupling synthetic nanomachines with natural biological
materials can minimize undesired immune evasion and biofouling effects experienced in complex
biological fluids, leading to enhanced mobility and lifetime in these media °. Responsive materials
are highly desired for designing configurable nanorobots for adaptive operation under rapidly
changing conditions. Nanorobots are also desired to be soft and deformable to ensure
maneuverability and mechanical compliance to human body and tissues 6%, Eventually, they
should be made of transient biodegradable materials that disappear upon completing their tasks 8.
New fabrication and synthesis approaches, such as 3D nanoprinting, should be explored for large-
scale, high-quality, and cost-efficient fabrication of biomedical nanorobots. Advancing nanorobots
into the next level will thus be accomplished with new smart materials and cutting-edge fabrication
techniques.

Biomedical nanorobots are expected to cooperate, with thousands of units moving
independently and coordinately to target the disease site. The coordinated action of multiple
nanorobots could be used for performing tasks (e.qg., effective delivery of large therapeutic payloads

or large-scale detoxification processes) that are not possible using a single robot. Although
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individual navigation and collective behavior of nanorobots have been explored, mimicking the
natural intelligence group communication and synchronized coordination, from one to many, is a
challenging issue. Advancing the swarm intelligence of nanorobots toward group motion planning
and machine learning at the nanoscale is highly important for enhancing their precision treatment
capability. Fundamental understanding of “active matter” and related quantitative control theory
can guide the realization of such swarming behavior in dynamically changing environments. High-
resolution simultaneous localization and mapping of nanorobots in the human body are
experimentally difficult using conventional optical microscopy techniques. Future biomedical
operation of nanorobots will require their coupling with modern imaging systems and feedback
control systems for arbitrary 4D navigation of many-nanorobot systems.

Looking to the future, the development and application of micro/nanorobots in medicine is
expected to become a vigorous research area. To realize the full potential of the micro/nanorobots
in the medical field, nanorobotic scientists should work more closely with medical researchers for
thorough investigations of the behavior and functionality of the robots, including studies on their
biocompatibility, retention, toxicity, biodistribution, and therapeutic efficacy. Considering the
promising results achieved recently in Gl delivery and ophthalmic therapies, we strongly encourage
nanorobotic scientists to look into the demands and needs of the medical community to design
problem-oriented medical device for specific diagnostic or therapeutic functions. Addressing these
specific needs will lead to accelerated translation of micro/nanorobots research into practical
clinical use. We envision that with close collaboration between the nanorobotic and medical
communities, these challenges can be gradually addressed, eventually expanding the horizon of

micro/nanorobots in medicine.
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Chapter 5 is based, in part, on the material as it appears in Science Robotics, 2017, by
Jinxing Li, Berta Esteban-Fernandez de Avila, Wei Gao, Liangfang Zhang, Joseph Wang. The

dissertation author was the primary investigator and author of these papers.
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