1. Introduction

In his famous 1959 lecture “There’s plenty of room at the bottom”,** Richard Feynman

introduced the idea of very small machines that can be used to move through their
surroundings and potentially perform a myriad of tasks, from manufacture to microsurgery.
While we are still a good deal away from this futuristic vision, the last decade or so saw the
development of the first microstructures, with sizes between hundreds of nanometers and
several micrometers, which can be actuated and controllably propelled through various
fluids.”*" And even with these relatively simple systems, researchers have not been shy
about foreseeing and proposing all kinds of applications, from biomedical uses like
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nanosurgery,”> drug delivery and cargo transport, and remote sensing and
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diagnostics, to self-assembly of superstructures,” and environmental
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remediation. However, none of these have at this point been implemented beyond a

proof of concept demonstration.

While some of these envisioned applications might be more realistic than others, almost all
of them require certain improvements and further developments in order to be at all feasible,
and in order to determine how promising the intended applications actually are. Necessary
advances include external hardware development, for issues like power transmission and
imaging, as well as modifications to the microstructures themselves. The present work deals
exclusively with the latter. The type of particle investigated here is a helical screw-shaped
one, which includes a magnetic section and can be propelled by the application of an
external rotating weak magnetic field, which causes the particle to rotate and consequently
translate due to its inherent chirality. The advantage of this approach is the absence of fuels
used by other designs, and thus the avoidance of additives which are potentially toxic or
otherwise harmful to the respective surrounding, and which are furthermore generally

subject to a concentration decline over time.
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To bring these micropropellers a little closer to useful applications, first and foremost
fabrication techniques have to be optimized for high relative and absolute yields. Just a
small number of these actuated particles by themselves will only be of limited use in many
applications, particularly those where more than a very limited area, say one single cell,
needs to be targeted. And large amounts of debris that are not able to navigate to the
targeted site will in many cases undo precisely those advantages that actively propelled
particles might have over conventional approaches. Fabrication approaches that preceded
the work presented here generally achieved only one of the above mentioned objectives.
They produced micropropellers either in high numbers’ or high yields with a minimum
amount of debris.”” Recently, a technique was demonstrated which could potentially achieve
both by template electrosynthesis, although no values for the yield were reported.” In
Chapter 3 an approach is presented that optimizes an already established method to produce
large numbers of helical colloids with defined shape and functionality.® By reducing the
number of fabrication steps, yields are improved significantly. This, among other potential
benefits, enables them to be used as model systems to investigate various phenomena and
molecular processes, in experiments that require very clean and uniform colloidal systems.
This is demonstrated by visualizing on a colloidal scale the “propeller effect”, which was
proposed for molecules by Baranova and Zel’dovich in 1978.,'° but has so far not been

observed experimentally on a molecular scale.

Other necessary developments for many applications include strategies for actuation in
biological fluids. This encompasses two objectives: The micropropellers would have to be
stable in the respective medium, and be able to propel through it. The stability in several
biologically relevant solutions of the magnetic section of micropropellers has been achieved
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by various coatings. Concerning the propulsion capabilities however, earlier

demonstrations were almost always preformed in low viscosity Newtonian fluids like water
or serum.”* Venugopalan et al. achieved both stability and propulsion of magnetic
microhelices in blood, which is a non-Newtonian fluid due to a shear thinning effect caused
by the suspended cells.** Nevertheless, blood still has a rather low viscosity, as it is
specifically designed to flow through narrow channels at high velocity. Many other

biological fluids and tissues in which applications of micropropellers might be attractive,

however, have much more complicated rheological properties, often including highly
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viscoelastic behavior caused by extended three dimensional networks of various
biopolymers, in addition to cells, proteins, and other components. Chapter 4 presents one
viable approach for controlled actuation of particles in biologically relevant viscoelastic
gels. Hyaluronan, which was used as a model biological fluid in this work, forms networks
with mesh sizes on the order of several tens of nanometers. Whereas the micropropellers
reported previously, with diameters of hundreds of nanometers, are not able to move
through these solutions, much smaller helices with filament diameters of only 70 nm are
able to do so. Whereas these nanopropellers, which are the smallest of its kind reported to
date, do not effectively propel through water due to strong thermal motion, they do propel in
solutions of higher viscosity, and penetrate the viscoelastic HA gels even more effectively

than Newtonian fluids.

Naturally, every biological fluid is different, and most likely a different propulsion strategy
would have to be devised for each targeted medium. In addition, while the results mentioned
above demonstrate that the size can be crucial when it comes to delivering particles into a
biological system, strategies that do not rely on an exact propeller size are generally
desirable, as they allow for more flexible designs that are tailored to the respective
application without being limited by a maximum diameter. In Chapter 5, an approach for the
propulsion of micropropellers in solutions of gastric mucin is presented. The previously
used HA is in many respects a relatively simple model of a viscoelastic biological fluid,
since the polymer chains do not interact measurably with the colloidal helices. Gastric
mucin on the other hand is known for its tendency to adsorb strongly to surfaces, a
phenomenon termed muco-adhesion, and to reduce particle motility in the process.’**’ In
fact, with mucus being the first layer of defense on every surface of the body where
substance exchange with the environment takes place, as for example in the airway system
and gastro-intestinal tract, mucin is specifically designed to allow for the transport of small
molecules like nutrients or oxygen, but prevent the penetration of micron-sized structures

that include most pathogens.***’

But for this reason it is of high interest to achieve efficient
propulsion in this system, particularly because mucin polymers are ubiquitous in nature, and
an approach to realize efficient propulsion of micropropellers with (almost) arbitrary
diameter in this medium presents an important step towards eventual applications. Since

gastric mucin generally occurs at low pH values in the lining of the stomach, a passivation
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technique is presented that stabilizes the magnetic layer against oxidation in acidic
environments. In addition, approaches to reduce muco-adhesion are explored. As a final step
to realize navigation of micropropellers through mucin gels, a strategy copied from the
bacterium Helicobacter pylori '* is demonstrated, which employs urease to alter the local
pH value and lower the gel’s viscoelasticity in the process to allow for propulsion through
the mucus. This approach has a certain elegance, since it changes the surrounding fluid’s

properties reversibly, and is therefore minimally destructive to its environment.
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2.  Theoretical Background

The present chapter is intended to give an introduction to general concepts, as well as state-
of-the-art techniques related to micro- and nanopropellers, and their applications. Chapter
2.1 covers the basics of propulsion at small length scales. It gives an overview of available
actuation strategies, followed by an analysis of the propulsion mechanism of magnetic
propellers in a Newtonian fluid at low Reynolds numbers. Finally the influence that
Brownian motion has on helical propulsion is discussed. Since the propulsion strategy
employed here requires particles with low symmetry and magnetic properties, Chapter 2.2
provides an overview over available fabrication techniques for low-symmetry micro- and
nanoparticles. Glancing Angle Deposition (GLAD), the technique used in this work, is
described in more detail. Finally, Chapter 2.3 introduces the additional challenges that one
faces when navigating small structures in biological fluids. Model fluids used in this work
are described, and the effect that their chemical, as well as their complex rheological

properties have on propulsion in and penetration of biological systems, is discussed.

2.1  Controlled Motion of Microscopic Structures

One of the first questions that need to be asked when attempting to controllably navigate
very small structures, is how should they move? More specifically, how can they be
powered, and how can their motion be controlled? The following section is intended to give
an overview about strategies that have been designed to actuate and steer micro- and

nanostructures. Magnetic propulsion, which is the focus of this thesis, is analyzed in detail.

2.1.1 Actuation Strategies and “Microrobot” Designs

One of the most precise methods to control and manipulate microscopic structures involves

optical tweezers. They make use of an intensity gradient in a focused laser beam to trap and
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