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Abstract

Modern medicine is on the verge of evolving from traditional methods based on the
systemic administration of chemical drugs, radiation therapies, and invasive surgeries
towards a new era of more sophisticated, targeted approaches. The emergence of new
technologies and deeper comprehension of biological mechanisms allowed scientists to
engineer more targeted treatment options that better address the fundamental causes of
diseases. The potential of active micro- and nanomachines lies in their ability to perform
tasks or deliver therapeutics at the same length scale as biological machinery. However,
very few new treatment options have been approved and integrated into standard med-
ical practices. A significant concern is that synthetic nano- and microstructures do not
meet the necessary biosafety standards, primarily due to their frequent reliance on in-
organic, toxic materials. A lack of long-term toxicology studies is even preventing the
implementation of biocompatible designs, because there are no effective retrieval strate-

gies available.

The first part of this thesis investigates how biological building blocks can be re-imagined
to function outside of their typical purpose and environment, thereby attaining novel
functionalities. DNA nanotechnology was employed to program unreactive DNA strands
to self-assemble into a larger structure. The combination of a DNA scaffold with catalyt-
ically active platinum nanoparticles has enabled the successful fabrication of a unique
active hybrid nanostructure. This combination of such fundamentally different materials
was demonstrated to be stable and active in a high-energy fuel, which presents a mul-
titude of potential applications, including the fabrication of chemical motors and larger

functional machinery.

In the context of biological applications, the use of magnetic helical microswimmers for
the transportation of medicines over longer distances within biological environments is
regarded as the most promising approach. By replacing the conventional materials typ-
ically used to construct such structures, the author has fabricated an almost entirely

biodegradable variant composed of magnesium and zinc. This directly addresses the



biosafety concerns associated with the use of microcarriers in biomedical applications,
thereby circumventing the need for a retrieval strategy. The demonstrated transport ca-
pabilities and adjustable degradation behaviour provide an actively guided transporta-
tion platform that can release therapeutics over time. The presented research represents
a notable advancement over existing active microswimmers, particularly in the context

of targeted drug or gene delivery.

The eye and its associated diseases were investigated as a potential target organ for
the implementation of such active, degradable microcarriers. The current limitations of
retinal therapy were surveyed and addressed using active microswimmers to identify so-
lutions that are not available with conventional methods. The degradation of biological
barriers with enzymes or the condensation of DNA into extremely small nanoparticles
were demonstrated as promising research directions, both of which can potentially be

combined with and benefit from targeted delivery through active microswimmers.

The work shown in this thesis therefor helps bridge the technological gap between the

envisioned applications for active microcarriers and the state of the art.

II



Zusammenfassung

Die moderne Medizin steht kurz davor, sich von traditionellen Methoden, die auf der sys-
temischen Verabreichung chemischer Medikamente, Strahlentherapien und invasiven Op-
erationen basieren, zu einem neuen Zeitalter fortschrittlicherer, gezielterer Ansétze zu en-
twickeln. Das Aufkommen neuer Technologien und ein tieferes Verstédndnis biologischer
Mechanismen ermdglichten es Wissenschaftlern, gezieltere Behandlungsméglichkeiten zu
entwickeln, die die grundlegenden Ursachen von Krankheiten besser angehen. Das Poten-
zial aktiver Mikro- und Nanomaschinen liegt in ihrer Fahigkeit in derselben Groéfienord-
nung wie biologische Maschinen zu agieren, Aufgaben auszufiihren oder Therapeutika
zu befordern. Allerdings wurden bisher nur sehr wenige neu Behandlungsoptionen zuge-
lassen und in die medizinische Praxis integriert. Ein grofles Problem besteht darin, dass
synthetische Nano- und Mikrostrukturen nicht die erforderlichen biologischen Sicher-
heitsstandards erfiillen, was hauptséchlich auf die notwendige Verwendung von anorgan-
ischen, giftigen Materialien zuriickzufiihren ist. Das Fehlen langfristiger toxikologischer
Studien verhindert sogar die Umsetzung biokompatibler Konzepte, da keine effektiven

Rickgewinnungsstrategien verfiigbar sind.

Im ersten Teil dieser Arbeit wird untersucht, wie biologische Bausteine neu konzipiert
werden kénnen, um auflerhalb ihres typischen Zwecks und ihrer typischen Umgebung zu
funktionieren und so neue Funktionalitdten zu erreichen. DNA-Nanotechnologie wurde
verwendet, um unreaktive DNA-Strdnge so zu programmieren, dass sie sich selbst zu
einer grofleren Struktur zusammensetzen. Die Kombination eines DNA-Geriists mit
katalytisch aktiven Platin-Nanopartikeln ermoglichte die erfolgreiche Herstellung einer
einzigartigen aktiven hybriden Nanostruktur. Diese Kombination von so grundlegend
unterschiedlichen Materialien hat sich in einem energiereichen Brennstoff als stabil und
aktiv erwiesen, was eine Vielzahl von potenziellen Anwendungen ermdoglicht, darunter
die Herstellung chemischer Motoren und grofierer funktioneller Maschinen.

Im Zusammenhang mit biologischen Anwendungen gilt die Verwendung von magnetis-
chen helikalen Mikroschwimmern fiir den Transport von Medikamenten iiber langere

Strecken in biologischen Umgebungen als der vielversprechendste Ansatz. Durch den Er-

111



satz der herkémmlichen Materialien, die normalerweise fiir den Bau solcher Strukturen
verwendet werden, hat der Autor eine fast vollstdndig biologisch abbaubare Variante aus
Magnesium und Zink hergestellt. Dies geht direkt auf die Bedenken hinsichtlich der biol-
ogischen Sicherheit ein, die mit der Verwendung von Mikro-Tréigerpartikeln in biomedi-
zinischen Anwendungen verbunden sind, und umgeht so die Notwendigkeit einer Riick-
holstrategie. Die nachgewiesenen Transportfihigkeiten und das anpassbare Abbauver-
halten bieten eine aktiv gesteuerte Transportplattform, die im Laufe der Zeit Therapeu-
tika freisetzen kann. Die vorgestellte Forschung stellt einen bemerkenswerten Fortschritt
gegeniiber bestehenden aktiven Mikroschwimmern dar, insbesondere im Zusammenhang

mit der gezielten Wirkstoff- oder Gentherapie.

Das Auge und die damit verbundenen Krankheiten wurden als potenzielles Zielorgan
flir die Umsetzung solcher aktiven, abbaubaren Mikro-Tragerpartikel untersucht. Die
derzeitigen Einschriankungen der Netzhauttherapie wurden untersucht und mit aktiven
Mikroschwimmern angegangen, um Losungen zu finden, die mit herkémmlichen Meth-
oden nicht verfiigbar sind. Der Abbau biologischer Barrieren mit Enzymen oder die
Kondensation von DNA zu extrem kleinen Nanopartikeln wurden als vielversprechende
Forschungsrichtungen aufgezeigt, die beide potenziell mit der gezielten Abgabe durch

aktive Mikroschwimmer kombiniert werden kénnen und davon profitieren.
Die in dieser Dissertation gezeigten Arbeiten tragen daher dazu bei, die technologische

Liicke zwischen den geplanten Anwendungen fiir aktive Mikro-Tragerpartikel und dem
Stand der Technik zu schlielen.
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1 Introduction

Movement and locomotion are essential aspects of life, whether the motivation is the
search for food, orientation towards light, reproduction or avoidance of danger.! While
active movement used to be a privilege of living beings, it is not longer restricted to
them. The invention of motors has enabled us to transfer the ability of directed mo-
tion to inanimate objects. The translation of motors to small length scales, however,
remains a challenge. Due to engineering constraints the implementation of a motor is
hard to realize at the nano- and micrometer scale, where active motion often takes place
in fluids and deviates greatly from the macroscopic techniques that we know from fish
and other sea life. Because the fluid imposes additional constraints that require spe-
cial motion strategies, only some motor concepts are practical. Additionally, Brownian
fluctuations make directed movement increasingly harder to achieve, the smaller the
swimmers’ dimensions become. The attempt to construct a tiny submarine is hence
not straightforward. However, the ability to achieve and control precise movement on
the micro- and nanoscale is desirable. It gives us the ability to navigate and influence
the biological world through direct interactions with biological building blocks. The
most promising aspect is their manipulation for biomedical applications, for example by
achieving targeted delivery of therapeutics. Other applications, such as environmental
remediation or chemical synthesis, by overcoming diffusion-limited reactions, are also
of interest. Now this is not a new concept, and synthetic realizations of active micro-
and nanoswimmers have been demonstrated. Compared to biological machines though
- driven by motor proteins - synthetic counterparts are mostly made from inorganic ma-

terials, which are often not compatible with biological components or environments.

Chemical motors are typically used to convert chemical fuel into directed motion. In
contrast to active swimmers, motors do not have inherent steering capabilities and their
rotational diffusion results in a loss of directionality. Biological motors mitigate this by
constraining the movement directions to specific paths, like kinesin along microtubules?
or myosin motors along actin filaments.? Chemotaxis - the movement in response to

a chemical stimulus - is a basic strategy of bacteria or cells, where motion towards or



away from a concentration gradient of e.g. food or toxins increases survival chances.
The ability of an entity to create its own local concentration gradients, called self-

diffusiophoresis*

, can be utilized to achieve active motion without the need for externally
applied gradients. This principle has been shown to achieve constant active motion in
synthetic motors, where concentration gradients are produced by asymmetric chemical
reactivity on the surface, as long as fuel is available.’ For example, catalytically ac-
tive metals can be coated on one side of an otherwise non-reactive particle to create
asymmetry. Another method is the partial shielding of a uniformly catalytic (metal)
particle. Biological materials and building blocks however, are typically not stable in
high-energy chemical fuels. In chapter 3, DNA nanotechnology is used to engineer the
stability of DNA in a harsh chemical environment, as well as self-assemble loose DNA
strands into a three dimensional structure with a pre-determined shape. The combina-
tion with catalytically active nanoparticles results in hybrid nanostructures and forms a
flexible platform, where the DNA framework can be used to strategically utilize chemical

motors and potentially build larger functional assemblies.

In areas where chemical fuels are not desirable or available alternative propulsion con-
cepts are required. Inspired by the locomotion mechanism of Escherichia coli bacteria
symmetry breaking is found in chirality. The rotation of chiral shapes on the microscale
leads to a non-reciprocal motion that can lead to propulsion. In the case of E. coli
long, flexible flagella are rotated by molecular motors, which causes them to assume a
helical shape.® This enables the bacterial cell to swim forward. To change the swimming
direction the cell must stop its motion by switching to a tumbling state, before resuming
swimming. The reorientation is no deliberate choice to turn into a specific direction, but
rather a probing process to find a direction that offers advantageous conditions. Hence,
precise control over the swimming direction goes beyond the capabilities of bacteria and
chemical motors and can be achieved in synthetic swimmers through magnetic fields,
which allows them to perform more complex tasks. However, precise fabrication of mag-
netic chiral structures on the nano- and microscale is a challenging task and is limited
in the choice of suitable materials. Very few techniques are available to build such de-
signs and even less can produce larger quantities of them. In chapter 4, the selection of
materials for the fabrication of magnetic helical swimmers is revisited with the goal of
finding not only biocompatible, but (bio)degradable alternatives. This is a crucial step
that addresses existing biosafety concerns for the use of microswimmers in biological and

medical context.?



A promising field for the application of microswimmers with the goal of transporting
therapeutic agents is the treatment of retinal diseases. The retina is located safely in
the back of the eye and responsible for enabling eye sight. Due to its protected location
it is not easily accessible to conventional treatment options, and the current state of the
art is not satisfactory, even though hundreds of millions of people worldwide are affected.
Retinal diseases can stem from genetic mutations (estimation of 5.5 million people in
2020)19  age-related degeneration (projected 196 million in 2020; 288 million in 2040)!!,
or are related to diabetes (= 159 million in 2010).!2 They are the most common cause
of childhood blindness!? and the general prevalence is higher in developing countries,
because treatment options are expensive, medical equipment is not available and highly
trained personnel are scarce.'¥ Technological advancements and simplified procedures
are needed in order to provide treatment options to the global population. The lack
of safe and easy delivery routes prevents the prophylactic use of therapeutics. Genetic
targets are already identified and treatment options are potentially available, but can
not be utilized. The lack of an efficient delivery and transfection mechanism is the
bottleneck for retinal therapy.'® In chapter 5, I attempt to utilize the unique advantages
of magnetic helical microswimmers to address the various challenges faced in the field

of retinal drug or gene delivery.
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2 Theoretical background

This chapter provides theoretical background information for the work presented in

subsequent chapters.

2.1 DNA origami

Some of the first artificial DNA constructs based on complimentary Watson-Crick base
pairing were proposed by Nadrian 'Ned’ Seeman in 1982.'6 The creation of precise 2D
or 3D objects built out of single stranded viral DNA (typically M13mp18 bacteriophage
ssDNA with 7249 bp), termed DNA origami, was later shown by Rothemund!” and
Douglas et. al.'®, respectively. The principle is based on the programmed hybridization
of DNA bases!” (adenine-thymine and guanine-cytosine) through hydrogen bonding.
Guanine and cytosine form three hydrogen bonds, compared to only two for adenine and
thymine, which together with base stacking makes their pairing more stable. The idea is
to design strategically placed, single stranded DNA oligonucleotides with a typical length
of 21-45 bp (called staple strands), where each end hybridizes with two different positions
on the ssDNA backbone, effectively 'stapling’ it together through energetically favorable
interactions. The length of the staple strands depends on the nucleotide content and has
a minimum to ensure a stable double strand, whose melting temperature is high enough
to not unfold at the desired working temperature.'® A relatively high concentration of
16 mM Mg?*t ions is needed for charge neutrality, which allows the close packing of
negatively charged DNA strands. If there are nucleotide mismatches the hybridization
is incomplete and hence less thermally stable. By increasing the temperature above the
oligonucleotides’ melting point, the hybridization can be reversed and the double strand
denatures. The energy needed to melt double stranded DNA depends on the number
and type of hybridized nucleotide pairs. In order to form more complex structures,
more staple strands are needed. As a result, when mixing a ssDNA backbone with its
designed staple strands and applying a specific heating program, the predefined structure
self-assembles through reversible hybridization, until the energetic minimum is found.

The program starts by melting all hybridized double DNA strands, followed by a very



long and slow cooling period. In order to help with the complex design process, the
caDNAno software?® provides a user interface, 3D visualization and automated staple

design.

2.2 Brownian motion

In a fluid or gas every molecule is in constant motion, due to thermal energy. Collisions
of these solvent molecules with themselves and larger particles in the medium result
in a transfer of their kinetic energies. Due to the statistical nature of the collisions
particles get pushed around in what is mathematically described as a random walk.
The associated root-mean-square displacement (MSD) relates the statistically covered

distance of the particle, as a function of time?!

(Az?) = 2nDt (2.1)

for and n-dimensional system. The (self-)diffusion coefficient D of a larger particle, sur-
rounded by much smaller solvent molecules, can be estimated by the Einstein-Smoluchowski-

Sutherland?' 23 equation?!

kBT
D=— .

with the Boltzmann constant kg and the absolute temperature 7'. The drag coefficient
is . For a spherical particle in the low Reynolds number regime (explained in the next

chapter) Stokes’s law provides an estimate of
§ = 6mnRy (2.3)

with the viscosity 1 and the Stokes radius Ry. For translational diffusion of a sphere

this leads to the Stokes-Einstein-Sutherland equation:

kT
67 77RH

trans — (24)
Using the drag coefficient of a sphere towards rotation leads to the rotational diffusion

coefficient:2°
kpgT

Diot = ————
rot 87T7]R3H

(2.5)

The rotational diffusion coefficient is proportional to Rﬁ?’ and is therefore of increasing

relevance for smaller particles. The reorientation time is given by the Stokes-Einstein-



Debye expression:26

4R,
_ 2.
T KT (2:6)

For small particles this leads to a loss of directionality due to the particles’ fast reorienta-

tion. Actively propelled particles therefore are quickly re-oriented due to their rotational
diffusion, which makes it significantly harder to achieve directed motion for smaller and

smaller swimmer dimensions.

2.3 Motion at low Reynolds numbers

In order to understand the differences and consequences of locomotion at small length
scales we need to consider the fluid flows around objects in an incompressible Newto-
nian fluid, such as water. The simplified Navier-Stokes equation under conservation of

momentum and mass describes this flow as:

—

ou

pog ol V)i = —Vp+nV3i+F (2.7)

with the density of the fluid p (constant), its mass flow velocity #, time ¢, pressure p
and dynamic viscosity 1.2” It contains from left to right, inertial forces, pressure forces,
viscous forces and externally applied forces, such as gravity. The interplay of inertial
and viscous forces acting on a fluid particle define its behaviour and are described by

the Reynolds number Re:

L inertial f
Re = UL _ 1§er ial forces (2.8)
n viscous forces

where L is the characteristic length of the object.?® For objects that typically swim at
speeds of 1-10 body lengths per second the Reynolds number decreases drastically with
size to the very low regime Re << 1. As a consequence the inertial terms of equation 2.7
become so small that they can be neglected, yielding the Stokes equation in the absence
of any external forces

~Vp+nVii =0, V-i=0 (2.9)

Stokes flows or low-Reynolds number flows are therefore only dependent on viscous forces
and pressure forces. The independence of inertial forces leads to a time independence of
the equation. In practical term this means that reciprocal motion (symmetrical forwards
and backwards deformation) is independent of the movement speed and can thus not

lead to net motion. This is know as the scallop theorem.



2.3.1 Self-diffusiophoretic motors

Chemical motors posses asymmetrical chemical reactivity on their surface, which can
lead to active motion. They do not have a natural analogue. So called Janus-particles
have two ’faces’, named after the Roman god. A simple design is a sphere with two
halves: an inert side and a catalytically active side. By providing the Janus-sphere with
fuel it starts converting that fuel into product(s) on the active side. If the reaction
rate is higher than the diffusion of the individual molecules away from the particle, this
induces a local concentration change in products and fuel molecules.?? The attractive or
repulsive interactions of the molecules surrounding the particles’ surface at the interface
change as a result of the reaction. This can lead to a net flow of fluid from one side to
the opposite side.?? Since the fluid is incompressible the particle moves in the opposite
direction, leading to its propulsion. Janus particles have been studied extensively by

coating a polystyrene or SiOy bead on one side with Pt.5 73!

Pt is a known catalyst for
the disproportionation reaction of hydrogen peroxide, which can be used as fuel for the
Janus swimmer. Experimentally one can observe this self-diffusiophoretic behaviour for
SiOy /Pt Janus particles, which move towards the SiOg side, when exposed to hydrogen

peroxide.

2.3.2 Magnetic propulsion

Some bacteria, like E. coli achieve propulsion at the microscale through rotating, flexible
filaments, called flagella.?? Constant rotation of the flagellum in one direction results in
a helical shape, rendering its movement non-reciprocal. This has been the inspiration
for the design and fabrication of helical microswimmers, which are explored in chapter
4. In the case of micropropellers that to some extent mimic the motion of bacteria, mag-
netic fields are used to induce the rotation. Typically a ferromagnetic part is therefore
incorporated into the body of the swimmer to allow for magnetic manipulation. If the
swimmer is placed inside an uniform, external magnetic field, its magnetic moment 17}
gives rise to a torque

T=mxB=VMxB (2.10)

with the volume V and remnant magnetization M of the magnetic material.?® If B
rotates, then the swimmer starts to rotate until its M and the external B are parallel
to each other and the torque becomes zero. In this way no linear force (pulling) is
applied the swimmer. Spherical magnetic particles can be pulled using a magnetic field
gradient, but the effect is short ranged and one dimensional. In contrast, a more elegant

approach that allows for three dimensional propulsion is achieved for helical bodies and



rotating magnetic fields, created for example by three orthogonally placed coil pairs.
These can create a homogeneous, rotating magnetic field in a precisely controlled fashion
by modulating the currents through the individual coil pairs. The swimmers’ magnetic
moment tries to follow the rotation of the external magnetic field. When the shape of the
swimmer is asymmetric towards the rotation axis, its rotation will lead to translational
movement and vice versa.3® Typically a helical shape is used, which behaves like a
corkscrew. In this way a helical shaped particle, magnetized orthogonal to its long axis,

can be propelled and steered precisely in 3D.34

2.4 Glancing angle deposition

The fabrication of corkscrew shaped magnetic micro-and nanostructures can be achieved
by specialized physical vapor deposition. A method, in which materials are evaporated
from a source in a vacuum chamber. The evaporated material flux is reasonably parallel
when it is incident on the substrate, due to the long distance (0.5 m) between source and
substrate. The vapor flux is created by thermal evaporation. In this thesis electron beam
(e-beam) evaporation from a tungsten filament gun was used. After exiting the anode
the electrons are controlled by a sweep controller and directed onto the crucible holding
the source material. The operating voltage applied to the gun was 8 kV. The vapor
pressure of each deposition material is different and temperature dependent. In order to
individually control the deposition rates the beam current is controlled to achieve the
desired heating.

Upon contact with the substrate the adhered atoms, called adatoms, condense, start
nucleation points and diffuse on the surface with a material- and temperature-dependent
mobility. If the substrate is perpendicular to the direction of the vapor flux then over
time a continuous thin film is deposited. However, if the substrate is tilted by and angle
« the deposition geometry changes and the angle of incidence becomes oblique. For ~~85°
nanostructuring is observed due to the shadow effect, which prevents uniform growth
and results in distinct column formation. If in addition the substrate is rotated around
its normal, by an angle ¢, this specialized process is called glancing angle deposition
(GLAD).? A typical GLAD system and its specialized deposition scheme is depicted in
figure 2.1.
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Figure 2.1: Left: GLAD system with a substrate holder mounted on a rotatable stage
capable of both a and ¢ rotation in a vacuum chamber. The incoming
vapor flux from a source material is measured via a quartz crystal microbal-
ance (QCM), which is then used for feedback loop control over the substrate
holder motion. Right: (a) By tilting the substrate to an incident angle «,
patterned substrates create shadowed areas (grey). (b) No growth occurs in
the shadowed areas, resulting in the creation of distinct columns that grow

towards the vapour source. The figure on the right is adapted from??.

This process produces columns that grow towards the vapour source. In order to create
different shapes the substrate’s tilt and rotation angles can be changed. A sudden change
in ¢ results in the formation of zig-zag structures, while the slow and constant rotation
in one direction creates helical columns.

Many materials, including metals, oxides, salts, semiconductors and polymers can in
principle be deposited with physical vapor deposition. The implementation of multiple
vapour sources allows for the co-deposition at specific atom ratios to create composite
materials. There are several patterning methods used to create defined substrates prior
to GLAD. Through the use of Langmuir-Blodgett deposition, monolayers of close-packed
spherical nano- and microparticles can be created that allow for the growth of individual

structures on top of each seed particle.
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2.4.1 Quartz crystal microbalance

A quartz crystal microbalance close to the substrate holder measures the deposited mate-
rial mass, which is used to control the deposition thickness. The deposition rate is mon-
itored in real time via individual quartz crystal microbalances (QCMs) for each material
source. The measurement of deposited material thickness is based on the piezoelectric
properties of quartz crystals. This use of QCMs was pioneered by Giinter Sauerbrey3S.
By applying an alternating voltage the crystal starts oscillating. Its resonance frequency
depends on the cut of the crystal, temperature, mechanical influences and inversely on
its thickness. Keeping the other parameters constant gives the resonance frequency f as

a function of crystal thickness d3¢
v
f= %4 (2.11)

with the propagation velocity of the transversal wave v. As an approximation for ade-
quately thin, rigid films the deposition of any material on the crystal can be treated as
a thicker crystal of the same mass. This can be used to measure the thickness of films,

deposited on the QCM:
m

(2.12)

if the area A and density p of the deposited material are known.36

For practical purposes this means that the entire area A of the QCM must be exposed
to the vapor flux and the density of the deposited material must be known to achieve
accurate deposition rates. Furthermore, the gathered deposition rate information is part
of a feedback loop that controls substrate motion in real time. In reality the correlation
of rate constants to actual growth thickness is more complex. Due to geometric restric-
tions and the shape of the emitted vapor plume®’ the QCM and substrate holder do
not experience the same vapor flux, which has to be corrected using the experimentally
determined tooling factor Fj for each deposition system. By tilting the substrate to
an angle a, the mass influx on the substrate is reduced by a factor cos(«), which re-
duces the deposited film thickness accordingly. Additionally the density of the deposited
material film decreases with increasing « by a factor of p,(«), which is the normalized
density compared to the bulk material density py,, assumed by the QCM. A simple model
used to estimate the angle dependence of the deposited film density for deposition on

hemispherical features is3%3%:39

2cosa

n = 2.13
P (a) 1+ cosa ( )

The deposition ratio Ry combines all these effects and is defined as the ratio between
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real deposition thickness 5 and nominal deposition thickness tQCM.35

ts Fycosa

D p— p—
0 toem pn()

(2.14)

Ry is shown in figure 2.2 for SiOy of an exemplary system. Fy can be determined
experimentally by performing several depositions at & = 0 and fitting the measured

thicknesses to equation 2.14.

Deposition ratio
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Figure 2.2: Deposition ratio dependence on the tilt angle « for SiOy with (solid line) and
without (dashed line) incorporation of a basic density model to account for
density reduction. The data points represent experimental values. Figure

taken from3°.

2.5 Eye anatomy

Chapter 5 in this thesis concerns the use of magnetic micropropellers to move in the
eye and retina. The eye is one of the most important and complex sensory organs
of the human body. Directly connected to the brain it allows interaction with the
outside world by collecting light and enabling sight. It is therefore called a window
to the brain.? It possesses unique properties, such as easy accessibility, transparency
and low immune activity, providing a somewhat isolated ’container’, ideal for studying
diseases and their potential therapies. In order to understand the challenges in treating
eye diseases, a brief overview over the anatomy and natural barriers is provided. The

most common eye diseases are related to damage to the retina (retinopathy). The most
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severe forms affect the central, high-resolution, color vision, achieved in the macula,
such as (age-related) macular degeneration or (diabetic) macular edema (fluid deposits).
Other forms lead to retina detachment, like in proliferative vitreoretinopathy, or are
genetic, such as retinopathia pigmentosa. Other diseases are caused by an infection
that leads to inflammation of the retina (retinitis), such as cytomegalovirus retinitis and
endophthalmitis.*! Diseases of the retina are potential targets for active drug delivery.
However, several biological barriers complicate the transport.

The eye can be divided into two segments, the anterior and the posterior segment, as
shown in figure 2.3. The anterior segment consists of the light capturing and focusing
elements: cornea, conjunctiva, lens, iris and the aqueous humour. The cornea is the
outermost, transparent tissue of the eye and consists of cell layers with tight junctions
to protect the eye. Below is a thick layer of regularly arranged collagen fibers. The
specific orientation ensures optical transparency. Together with the conjunctiva it forms
a mechanical permeability barrier. However, when attempting a topical drug application,
e.g. eye drops, tear drainage is responsible for removing up to 90 % of the applied dose,

before the drug reaches deeper layers of the cornea.*?

conjunctiva

Figure 2.3: Schematic representation of the human eye. Created with BioRender.com
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The posterior segment of the eye contains from the outside to inside: the sclera, choroid,
retinal pigment epithelium, neural retina, and vitreous humour. The sclera is a sieve-
like elastic tissue that wraps around the eye and fuses with the cornea. The sclera also
consists of collagen fibers, but in an overlapping, disorderly fashion, which makes it
appear white. It effectively shields the inside of the eye from stray light. It is thick,
tough, highly lipophilic and impermeable to the diffusion of most drug molecules.*>~44
Only a combination of the right surface charge, size, hydrophilicity and physicochemical
properties grants entry. Below the sclera lies the choroid, which contains the blood
vessels responsible for supplying the neural retina with oxygen and nutrients.

The neural retina is multilayered and contains the sensory part of the eye. It coats the
inside of the eye up until the ora serrata. The individual layers are shown in figure
2.4. Here the photons are captured by the photoreceptor cells and converted into an
electrical signal. The signal is then transmitted inwards via bipolar cells and ganglion
cells to the central nervous system. The nerve fiber layer makes up the innermost layer
of the human neural retina.*> The nerve fibers are collected and bundled together to
form the optic nerve. The neural retina contains the most crucial parts of the eye and
is the most interesting target for drug delivery. This sensitive part of the eye is well

protected.

pigment
epithelium
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Figure 2.4: Schematic representation of the anatomy of the human neural retina.
Adapted from*!.
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Outwards the retina is closed off to the choroid by the retinal pigment epithelium (RPE)
- a densely packed, smooth, single cell layer held together by tight junctions. Apart
from its barrier function its pigments absorb scattered light to prevent radiation dam-
age. Inwards the inner limiting membrane (ILM) forms a significant barrier to the
vitreous humour. It forms the basement membrane of the Miiller cells*®, made of a
three-dimensional collagen IV fiber network, proteoglycans and laminins.*6:47 The thick-
ness of the membrane increases with age from 70 nm in human fetuses to up to 4 pm in
adults.?®

The centre of the eye is filled up by the vitreous humour, a thick, gel-like fluid made
of water, collagen, hyaluronic acid, and glycosans, which maintains the structure of the
eye. The vitreous humour is attached to the anterior retinal layers, optic nerve disc, and
the macula.

The most common drug delivery strategies rely on injecting the therapeutic either sub-
retinally (between photoreceptor cells and retinal pigment epithelium) or intravitreally

(into the vitreous).

2.5.1 Anatomical differences in human and pig eyes

While the closest anatomical relatives of humans are primates, the ethical burden of
animal studies demand an alternative. For this reason ex vivo pig retinas have been
investigated as a potential model system. Porcine eyes are a waste product of the meat
industry and readily available. The pig eye anatomy has been studied and found to
be very similar to human anatomy, making it an excellent intermediate step, before
attempting clinical studies. A summary of the differences between human and the pig
eye anatomy is given below.

Developmental studies found that pigs are matured at an age of 6 months and their
retinas show very similar features found in adult humans.* Investigations into the eye

50,51 54,55 and

size , aqueous humour outflow system®?, sclera thickness®®, ganglion cells
photoreceptors®® come to the same conclusion. Topographically the density of human
photoreceptor cells varies significantly, with the highest concentration in the circular
macula. A similar yet band-like feature is found in pigs.?'®” More differences can be
found in the location and organisation of blood vessels within the retinal layers.”® The
pigs eye’ vasculature is located superficially in the nerve fiber layer, while human blood
vessels lie deeper.’® The thickness of the pig’s retina was measured to 160-220 pm in

51,60

adult pigs , while the human retina ranges in thickness from 80 pm to 300 pm, de-

pending on the location.!
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Overall, the anatomy of the pig’s eye is very close to human eyes, potentially better
even than most primates®!, and serves as an excellent model system for targeted drug

delivery.? Existing differences are not crucial for scope of this study.

After this overview of theoretical concepts, the following chapters discuss the experi-

mental work.
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3 Chemical DNA nanohybrid structures

In this chapter it is examined how one can realize catalytically active hybrid structures

that may be of use in the context of chemical motors.

3.1 Introduction

The precise fabrication of nanoobjects is a challenging engineering task. A variety of
fabrication techniques have been developed to achieve precise control over shape and
chemical functionality. For chemical motors, symmetry breaking is essential to achieve
active motion, as discussed in the theoretical section on low Reynolds numbers. Physical
and chemical methods like vapor deposition, photochemistry, masking and lithography
are capable of introducing a structural or functional asymmetry, but usually require
clean, vacuum conditions and highly ordered substrates to work. Self assembly ap-
proaches work in bulk, produce large numbers and can be used to introduce asymmetry
in solution, but the design of nanosized building blocks is often limited by the avail-
able fabrication technologies. An advantage is that the asymmetry can be designed
beforehand and the fabrication then follows a predetermined assembly process.

The DNA origami technique is an example of utilizing biological molecules to build
well-defined, three-dimensional, nanosized objects with specifically addressable anchor
points.'018 The shape can be designed flexibly within the natural constraints of the
DNA double helix and the DNA origami folding requirements. Since DNA is inert and
relatively unreactive, a second, active component is needed to build a catalytically-active

machine. The active part can for instance be provided by a nanoparticle.

3.2 Motivation

Actively performed tasks always require an energy source. In chemical synthesis, catal-
ysis or propulsion applications, high energy fuels are desirable to drive a certain func-
tionality. Chemical motors in the form of Janus-type swimmers utilize Pt due to its

high reactivity to achieve self-phoretic motion via the disproportionation of hydrogen
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peroxide.’? The creation of local concentration gradients can lead to fluid flows and par-
ticle movement due to the Janus shape.30 Here, the combination of the inorganic Pt
nanoparticles (PtNP) with DNA origami structures is investigated to explore possible

ways to transfer catalytic functionality to an otherwise inert biological system.

3.3 Results

The results of this project have been largely published in:

Alarcén-Correal, M.; Kilwing®, L.; Peter', F.; Liedl, T.; Fischer, P. ChemPhysChem
2023, 24

t These authors contributed equally to the published work.

MAC, LK, TL, and PF conceptualized this work. 6HB stability analysis was performed
by LK. 6HB to Pt coupling protocol development was performed by FP and MAC. Pt-
6HB activity and stability studies were performed by FP under supervision of MAC. In
addition, unpublished results are presented on active propulsion tracking experiments,

which were performed by FP.

3.3.1 DNA origami design and folding

In the first part of this project, DNA has been folded into an exemplary and well-known
origami design, called the 6-helix bundle (6HB).%2 The base design was provided by
Prof. Dr. Kerstin Gopfrich and is based on the M13 bacteriophage derived p8064 DNA
scaffold with 8064 nucleotides.

The scaffold DNA was folded by the use of staple strands into six, honeycomb structured,
roughly 400 nm long DNA double helix tubes in alternating orientation, shown in figure
3.1. The diameter measured by TEM was 8 nm. Staples were used at 10x excess (100 nM
final concentration) towards the scaffold in origami buffer (1x TE buffer with 14 mM
MgCly). The high concentration of Mg?* ions is needed to neutralise the negative charges
of the DNA backbone. Initial heating to 70 °C and incubation for 3 min dissolved any
possibly entangled conformations of the DNA strands. The solution was cooled to 20 °C
in steps of 0.1 °C per 90 s. From 50 °C the program directly shifted to 20 °C. This was
followed by a 30 min incubation at 20 °C. Subsequently, the mixture was heated to 40 °C
and incubated there for 4 h before it was cooled to 20 °C again where it incubated for

another 2 h. The folding ramp ended after cooling the solution to 4 °C.
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Figure 3.1: (i) Schematic overview of the folding process from DNA staple strands and
scaffold DNA to a 6HB with two handles (PolyA and R). (ii) 2 % native
agarose gel to verify the proper folding of the 6HB. TEM images of 6HB
show the expected shape and size. Scale bars are 100 nm. (iii) Thermocycler

program for the folding process. Figure adapted from%3.

The end of each helix was adapted to hold three overhanging staple strands, resulting
in three attachment points on each end of the 6HB. A schematic of the handle design is
shown in figure 3.2, the entire sequence of the 6HB can be found in the publication.%?
Each side of the 6HB has three of the same overhangs to allow site specific anchoring.
On the Ol-end the overhangs carry a sequence of Ajs (polyA) used for easy coupling
to a second component carrying a Ti5 (polyT) sequence in the next section. On the
02-end a deliberately non-self-compatible sequence AATATCTGTATGTCTA (R) was
implemented to avoid unspecific binding or allow specific attachment of a potential third
binding partner. From now on the PolyA-6HB-R construct is abbreviated as 6HB. The

use of multiple handles per side should increase binding efficiency and strength.
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Figure 3.2: Excerpt from the cadnano viewer, showing the overhangs for each end of
the 6HB. A Ol-end of the 6HB, showing three handles at the 3’ end with a
polyA sequence. B O2-end of the 6HB with three overhangs with a random
sequence at their 3’ end. Full sequences are available in the publication.

Figure taken from%3.

3.3.2 6HB stability in hydrogen peroxide

Potential hybrids of 6HB and Pt would require the DNA origami structure to survive in
hydrogen peroxide solutions, a commonly used fuel for Pt in active systems. The liter-
ature offers no prior studies on the stability of DNA origami in this context. However,
loose single- and double-stranded DNA is shown to be unstable in chemically reactive
and harsh environments, like hydrogen peroxide. The oxidation of deoxyribose leads
to base liberation, which eventually might lead to phosphate-backbone cleavage.6468 In
order to test the stability of 6HBs we exposed the DNA origami (120 fmol) to hydrogen
peroxide in concentrations of 1 and 5 %. The concentrations were chosen as they rep-
resent common working conditions for chemical Janus motors.>” Samples were taken at
different time intervals (30, 45, 60, 90 min, 2, 24, and 72 h) over a duration of three days
and subsequently diluted to effectively stop further degradation effects of the hydrogen
peroxide. Control samples are incubated in ultrapure water for 72 h. All collected sam-
ples were then subjected to 2 % native agarose gel electrophoresis, stained with SYBR
Gold intercalating DNA dye. A damaged construct will deviate in its mobility, while an
intact structure would be represented by a single, clean band in the gel. The process and
results are shown in figure 3.3. The lanes for 6HB, exposed to the same concentration
of hydrogen peroxide, are color coded and loaded from left to right by decreasing expo-
sure time. The first three lanes are for reference: DNA ladder (1 kb), single-stranded
scaffold DNA (sc), and untreated 6HB (raw). As we can see from the gel images the

electrophoretic behaviour of 6HB is unaffected in all concentrations and exposure times,
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compared to the control sample (C7). The low molecular weight of the different short
staple strands provides higher mobility in the gel and results in a diffuse 'band’ at the
bottom of the gel.

A
PolyAs-6HB-R H,0, 1kb raw 72h 24h 2h 1.5h 1h 0.5h
H ———
— —_—
H 3d
B PolyAs-6HB-R in 1% H,0, PolyAs-6HB-R in 5% H,0, c

1kb sc raw C 72h 24h 2h 1.5h 1h %h %h C 72h 24h 2h 1.5h 1h %h %h o

=

o

Figure 3.3: A The effect of 1 and 5 % of hydrogen peroxide on 6HB was investigated over
the course of 3 days. Expected results are schematically shown. B Image
of 2 % native agarose gel after staining with SYBR Gold. A control sam-
ple of single-stranded scaffold (sc) has a different mobility, while untreated
(raw) 6HB show the same bands as 6HB treated with 1 and 5 % hydrogen
peroxide over 3 days. C TEM images of 6HB before and after hydrogen
peroxide treatment for 3 days. Concentrations are colour coded. Scale bars

are 100 nm. Figure taken from%.

Additionally, the structural integrity was investigated using TEM. For that, samples were
applied in low concentration (107 particles per nl) to plasma charged, carbon-coated cop-
per grids (positive, 45 s, 15 mA). After drying almost completely the remaining solution
was removed with a filter paper to remove residual salts. The DNA was stained using 2 %
uranyl formate as a contrast agent. Uranyl formate was preferred over uranyl acetate,
as it provides smaller grain sizes and better contrast. The shorter shelf life was compen-
sated for by storing frozen aliquots at -20 °C. TEM imaging was performed at reduced
80 kV acceleration voltage for this study to minimize e-beam damage, compromising on

resolution. The micrographs showed no breaks, kinks or deformations.

21



The increased stability of DNA origami over loose DNA might be a results of the dense
packing of DNA helices and counter-ions, achieved through the DNA origami folding
process. The close packed conformation possibly even reduces free diffusion through the
structures, limiting exposure of hydrogen peroxide to the outward facing areas. The
liberation of single bases, as a result of deoxyribose oxidation, from scaffold DNA or
staple strands reduce their respective melting temperature. It is likely that multiple
base liberations would need to occur on the same strand to reverse the hybridization,
eventually leading to the loss of a single staple strand. However, the stability of the
DNA origami is unlikely to be affected severely by the loss of a single staple strand. The
presence of multiple crossover staple strands in the design should retain overall structural
stability. Similarly, the cleavage of the DNA backbone should have very little effect on
the folded origami. Extensive staple strand loss and phosphate backbone cleavage will

of course eventually lead to an unfolding process.

3.3.3 DNA origami to Pt coupling

After confirming the stability of DNA origami constructs in hydrogen peroxide the com-
bination with catalytically active nanoparticles was pursued. The coupling of DNA to
gold nanoparticles (AuNP) was known at the time and served as reference for initial
coupling attempts. As discussed in the theory section, the formation of origami struc-
tures requires a high concentration of Mg?* ions. This high ionic strength environment
causes free Au or Pt nanoparticles to aggregate in solution, by reducing the electrostatic
repulsion between similarly charged particles so that attractive Van-der-Waals interac-
tions dominate and cause aggregation.? In order to improve colloidal stability particle
surfaces can be decorated with ligands to keep them apart. We adapted a procedure
from the literature’, in which ssDNA strands with thiol functionalities were used to
modify the particle surface. Thiols are shown to completely displace the originally at-
tached citrate ligands through their high affinity for metals. While the nature of the
bond is complex, X-ray photoelectron spectroscopy shows involvement of Au 4f and S
2p orbitals”' "3 Density functional theory calculations indicate that the binding energies
are higher for Pt-S than those for Au-S bonds™ through partial charge-transfer.”™ The
functionalization of Pt with thiol ligands should therefore be possible. Dithiol-T19 (SH-
PolyT) was purchased from Integrated DNA technologies. The use of dithiol-ssDNA
linkers results in a more stable attachment through two Pt-S bonds.” Since thiols form
disulfide bonds in solution they had to be reduced again by incubation with 2.6 mM Tris
(2-carboxyethyl) phosphine (TCEP) for 30 min. Afterwards they were added to PtNP

of 70 nm diameter in 2 mM sodium citrate buffer in 4 - 10°-fold excess and incubated
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for 15 min, before freezing at -80 °C for 1 h. An internal protocol for the conjugation
of AuNPs to thiol-ssDNA strands from the group of Prof. Dr. Tim Liedl was adopted.
It was found that freezing the samples led to an at least 50 times faster functionaliza-
tion compared to established literature procedures, where samples were shaken for a
minimum of 2 days at 23 °C.7 The idea was to slow down ssDNA motion to allow for
longer contact time, which is shown to be crucial for Pt-S (or Au-S) bond formation and
strength.™ To remove the large excess of ssDNA the particles were washed ten times
by centrifugation at 13000 rcf (relative centrifugal force) for 90 s and were transferred
to the origami buffer during the last wash in preparation for the next step. The use of
Protein LoBind tubes (Eppendorf) was crucial to avoid adherence to the tube walls dur-
ing centrifugation. An overview of the procedure is given in figure 3.4A. The reference
protocol for AuNP used 100 kDa centrifugal filters, which resulted in a complete loss
of all PtNPs in the filter. If the coverage was successful the particles did not aggregate
and precipitate. Storage at 4 °C ensured stability of the Pt-S bond for longer storage
times.”""8

With the PtNPs stable under high salt conditions, which is needed for DNA origami
stability, and decorated with PolyT strands, complementary to the 6HB-handle, the
assembly of the Pt-6HB constructs followed. The literature protocol for AuNP adds
6HB and incubation in a rotary shaker for 24 h at 23 °C. Translation to PtNP-PolyT
did not give the desired results, because the Pt particles adhered to the tube walls during
the long shaking process. In order to optimize the hybridization process we transferred
a mixture of 6HB and PtNP-PolyT to a PCR tube and used the thermocycler to ramp
the temperature in five cycles between 25 and 28 °C, with a rate of 0.1 °C per second.
The ceiling temperature was chosen specifically, as it is below the melting temperature
for 19 T oligomers, but high enough to separate partially hybridized strands. By using
this strategy the coupling of 6HB to PtNP was achieved in 5 minutes. Importantly, the
handling from this point on has to be at temperatures below 28 °C.

The ratio of 6HB to PtNP had to be optimized to achieve a specific configuration. After
some experimentation a ratio of 2:1 was found to be ideal to achieve the attachment of a
single 6HB per PtNP in 60-70 % of cases. Analysis was performed using TEM on uranyl
formate stained samples and 200 kV acceleration voltage for higher resolution, shown
in figure 3.4B. Adding a higher excess of 6HB resulted in the attachment of multiple
origami per PtNP. For example, a 12 times excess lead to the attachment of 5-8 6HB
per PtNP, exemplary shown in figure 3.4C.
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Figure 3.4: A Coupling protocol for the reliable binding of a single 6HB to 70 nm PtNPs.
First the PtNPs were decorated with PolyT strands via (di)thiol linker. In-
cubation and freezing at -80 °C ensured sufficient surface coverage to achieve
stability in origami buffer. Clean-up by centrifugation was followed by a 2:1
addition of 6HB to PtNP. Temperature ramping ensured optimal hybridiza-
tion of PolyT to PolyA linkers. Finally, gentle centrifugation yielded 60-70 %
of the desired 1:1 configuration. B TEM images of PtNPs with single 6HB
attached. C TEM images of PtNPs with multiple 6HB attached. TEM sam-
ples were stained with uranyl formate and TEM was performed at 200 kV.

Scale bars are 100 nm. Figure taken from53.

To separate Au-6HB from the excess of free 6HB the literature performes native agarose
gel electrophoresis. This purification method could not be translated to Pt-6HB in a
proper way. PtNPs and Pt-6HB showed very little mobility in the gel and did not
separate properly. Recovery of the sample by gel extraction through squeezing was
unreliable and yielded only a low concentration of Pt-6HB, sometimes even contaminated
with agarose. The samples were instead washed by gentle centrifugation at 3000 rcf for
3 min, which is technically simpler, but does not separate uncoupled PtNPs from the
Pt-6HBs.
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Au-6HB

To test if our adapted protocol also works for AuNP we repeated the procedure with
80 nm commercial AuNPs@Qcitrate. As shown in figure 3.5 the coupling yields 1:1 Au-
6HB constructs as well. Our protocol is therefore a valid alternative to the literature

protocols with significantly shorter incubation times.

Figure 3.5: Exemplary TEM images of AuNPs with single 6HB attached. TEM samples
were stained with uranyl formate and TEM was performed at 200 kV. Scale

bars are 100 nm.

These Au-6HB particles are used later as control particles, as they are unreactive in
HQOQ.

3.3.4 Pt-6HB activity and stability in hydrogen peroxide

After successful coupling of PtNP to 6HB the catalytic activity of Pt towards hydrogen

peroxide disproportionation was tested.
Pt
2 HQOQ — 2 HQO + 02

Qualitatively, the activity was observed by the formation of oxygen gas bubbles. For
better visualization a sample of Pt-6HB was enclosed in a sandwich of cover glasses
with and without the addition of 1 % H0Os2, shown in figure 3.6B. Quantitatively, the
disproportionation of HoOy was observed via UV spectroscopy. To avoid refraction of
the light beam by gas bubbles, experiments were performed at low HyO2 concentration
of 0.05 %. AuNP, PtNP, PtNP-PolyT, and Pt-6HB were each diluted in 2 mM sodium
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citrate solution to a final concentration of ~ 7.6 - 10® particles per mL. The absorption
was measured for each solution individually and subtracted as background. Then, after
addition of the appropriate amount of HoO9 and short mixing, the absorption of ultra-
violet light (A=240 nm) was tracked for each dispersion over 10 min. In that wavelength
region the overwhelming contribution to light absorption comes from HyOy molecules.™
A decrease in absorption therefore indicates HoOo disproportionation. The slope of the
curves gives a reaction rate. The measurement of citrate buffer with HoOo was used to
normalize the obtained values, which are shown in figure 3.6A. AuNPs served as negative
control and showed no change in absorption, as expected. The disproportionation rate
for PtNP, Pt-PolyT, and Pt-6HB decreased in that order. This observation agrees with
the assumption that the decoration of the particles surface leads to a decrease in exposed

Pt area and therefore activity.
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Figure 3.6: A Absorption of UV light (240 nm) observed over time as an indirect method
to quantify HoO9 disproportionation activity. Normalized results are shown
for AuNP, PtNP, Pt-PolyT, and Pt-6HB. B Sealed reaction chamber for the
observation of oxygen gas, released as a result of HoOq disproportionation.
C Stability of Pt-6HB constructs in origami buffer and 2 % H205 over 1 h
shown by TEM. TEM samples were stained with uranyl formate and TEM
was performed at 200 kV. Scale bars are 100 nm. Figure taken from%3.

After proving the activity of Pt-6HB constructs, their stability in 2 % H3O9 at 20 °C

was tested over the course of 1 h and analysed using TEM. Figure 3.6C shows Pt-

6HB constructs with multiple 6HBs still attached, proving some stability in high HsO9
concentrations. Stability of Pt-6HB constructs in origami buffer was observed for at least

5 days at 20 °C, shown in figure 3.7A and B. Longer incubation times and higher HoO2
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concentrations led to particle aggregation and detachment of 6HBs, shown in figure 3.7C

and D. This is most likely due to Pt-thiol bond lability in oxidative environments.%°

A B

Figure 3.7: TEM images of Pt-6HB constructs A, B after 5 days in origami buffer and
C, D after 1 day in 2 % Hy05 at 20 °C. C and D are adapted from53.

3.3.5 Active Propulsion

The reaction rate difference observed for Pt-PolyT and Pt-6HB in figure 3.6A shows
that 6HBs seem to have a shielding effect on PtNPs. To test if this break of symmetry
is enough to produce active motion, Pt-6HB were tracked in hydrogen peroxide solution
in a fluorescence microscope. At first the DNA origami were stained using SYBR Gold,
then transferred to a bovine serum albumin coated cover slide sandwich with and without
1 % H203. The coating prevents the adhesion to the galss slides. To suppress oxygen
bubble formation and to keep the HoOs concentration constant, a final concentration
of 5 uM glucose oxidase (GOx, from Aspergillus niger, type X-S) and 100 mM S-D-

glucose (substrate) were added. The activity of GOx was tested qualitatively and semi-
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quantitatively. GOx catalyzes the following reaction:

Glucose + Oy % Gluconic acid + HyO9

Active and passive particles were observed with a 63x objective (NA 0.75) and recorded
in fluorescence mode, after illumination with a 470 nm LED (Zeiss Colibri) on 10 %
intensity and a 504 nm beam splitter. Analysis was performed using the MOSAIC
Suite plugin®! for ImageJ (settings: radius=5, cut-off=0.001, Percentage=0.3-0.1, link
range=3, displacement=7/10). Particles were tracked (passive: 76, active: 61) over 170-
500 frames each. Examples are shown in figure 3.8. The derived diffusion coefficients
were 0.614£0.12 pm-s~! in buffer and 0.7£0.18 pm-s~! in 1 % H50,.

A control B 1% H,0,

Y [um]
Y [um]

Figure 3.8: Exemplary tracks (300 frames) of Pt-6HB tracking analysis by fluorescence
microscopy in A origami buffer as control (3 tracks, shades of purple) and
B in 1 % Hy04 (3 tracks, shades of green).

Repetition of the same experiment with a new batch of Pt-6HB and identical analysis
yielded 0.54 pm-s~! for passive and 0.42 pm-s~! for active constructs. Estimating the
size of a spherical particle with these diffusion coefficients, using equation 2.4, yields
around 900 nm in diameter, which means the diffusion coefficient is much smaller than
expected.

The discrepancy may in part arise from surface effects, because the particles were ob-
served in confinement, close to the glass surface. Since the tracking method only tracks
fluorescent 6HBs, detachment of the 6HB from the PtNP goes unnoticed, thus creating
an error in the calculated diffusion coefficients towards higher D values. Unfortunately

the PtNPs were too small to be tracked directly using this method. There seems to be
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a significant error in the measured diffusion coefficients determined by this method. A
different tracking method is needed to verify the acquired data or provide more realistic

results.

Nanosight

In order to obtain more reliable data the experiment was repeated using an alterna-
tive method to tracking, provided by a Nanosight NS300 system (Malvern Panalytical).
The working principle is based on a microfluidic chip, coupled to a laser (488 nm) that
illuminates the sample. The scattered light is then recorded by a camera. This way
short tracks of scatterers are recorded that are then subsequently analyzed. Alterna-
tively the machine can operate in fluorescence mode, where the emitted light is filtered
(500 nm long-pass filter) and then recorded by the camera. The sample can be imaged
statically or dynamically by flowing it through the observation chamber with the help
of a syringe pump. Free PtNPs are approximately symmetric and should not show any
active propulsion in the presence of HoO9. Convective effects should also not arise in
the used concentrations.®? Additionally, their size is very small, resulting in much higher
rotational diffusion. To reduce the impact of oxygen bubble formation and viscosity
changes, HoOo was used in low concentrations <1 %. For better tracking statistics the
sample was pumped through the microfluidic chip to observe a large number of different
particles, while making sure that the flow is slow enough (2-4 pl-s~!) to keep each parti-
cle ideally visible for at least 50 frames. The motion of the fluid flow is subtracted by the
software. During the experiment the microfluidic tubes were covered in aluminum foil
to prevent the formation of OH- radicals through UV radiation. The sample was diluted
in 20 nm filtered buffer to achieve a concentration of ~ 5-10% particles/ml. Each sample
was tracked for at least 4 min (25 frames per second). For active diffusion, HoO2 was
added in 0.5 % final concentration to the sample just before the measurement. The low
concentration was necessary to avoid irregular fluid flows through gas bubble formation
as much as possible. For the negative controls 20 nm filtered water was used instead of
H902. The videos were analyzed using the NTA software (Malvern Panalytical) with
manually adjusted detection settings and auto detected analysis settings, since each sam-
ple was different. The mean of the diffusion coefficients of all valid particle tracks within
one sample were considered. All measurements are drift corrected in real-time by the

software and shown in table 3.1.
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Table 3.1: Tracking analysis of 6HB, Au-6HB and Pt-6HB, recorded using Nanosight
NS300 and analyzed using the NTA software. Active samples contained
0.5 % Hy04, passive samples were substituted with filtered water. The mean
values of diffusion coefficient are displayed in [pm-s—1].

6HB Au-6HB Pt-6HB Pt-6HB (bc)

passive | 5.17 £ 0.01 | 3.83 + 0.15 | 3.80 £ 0.06 | 4.76 + 0.08

active | 5.17 £0.02 | 3.54 + 0.36 | 4.15 £ 0.03 | 5.03 + 0.09

As we can see from the results the diffusion coefficients of 6HB do not change with
the addition of HoOs, as expected. Diffusion coefficients of the Au-6HB constructs are
also expected to stay constant. The results however show a slight decrease in diffusion
coefficient, potentially a results of Au-S bond breakage and subsequent partial AuNP
aggregation. The same behaviour is to be expected for Pt-6HBs, which shows an overall
increase in diffusion coefficient despite this counteracting effect. The increase for Pt-
6HB is a first indication that the addition of 6HB might break the particles symmetry,
resulting in self-phoretic motion when a fuel is added. Using equation 2.4 again, these
diffusion coefficients for 6HB and Pt-6HB would correspond to calculated spherical par-
ticle of 87 nm and 120 nm diameter respectively, which is more reasonable. To be sure
the enhancement is not a result of 6HB detachment, the experiment was repeated with
a new batch of Pt-6HBs. The use of both operating modes during the measurement (bc,
alternating) allowed observation of Pt-PolyT and Pt-6HB species in scattering mode (sc)
and 6HB, Pt-PolyT, and Pt-6HB species in fluorescence mode (fl). Additionally GOx
and its substrate were added to further suppress oxygen bubble formation. The mean
results are shown in table 3.1. The individual diffusion coefficients for fluorescence and
scattering mode were 5.114-0.056 pm-s~! (fl) and 4.9240.17 pm-s~! (sc). Apparently
some 6HB detach from the Pt-6HB constructs, resulting in an overall higher diffusion
coefficient in fluorescence mode. What is surprising though, is the difference in absolute
diffusion coefficients for Pt-6HB in separate batches and measurements, while the in-
crease for the active samples remains. An explanation would be that a different amount
of 6HB attach during the coupling procedure leading to different percentages of empty
Pt-PolyTs in the sample. This variability in measured diffusion coefficients has been ob-
served several times and could also be a result of the tracking analysis conditions. While
the detection parameters have to be chosen according to the sample requirements, the
minimum track length (in frames) can be varied. More restrictive settings of higher

minimum track lengths lead to lower valid track numbers and poorer statistics, but rep-
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resent particles that were visible for longer times in the focal plane. Depending on the
particle brightness potentially only a sub-population would be observed. In table 3.2 are
the results from Pt-6HB (bc), analysed with different minimum track lengths.

Table 3.2: Tracking analysis of Pt-6HB (bc), recorded using Nanosight NS300 and ana-
lyzed using the NTA software with different minimum track lengths of 7, 10,
and 12 frames. Active samples contained 0.5 % HyOo, passive samples were
substituted with filtered water. The mean values of diffusion coefficient are
displayed in [pm-s™1].

7 10 12

passive | 5.50+ 0.13 | 4.38 4+ 0.09 | 4.31 4+ 0.05

active | 5.44 £0.21 | 4.33 + 0.14 | 4.25 £ 0.16

Analysis with different tracking settings significantly changed the results. Depending
on the minimum track length, there was no observed diffusion enhancement and the
total values for diffusion coefficients changed significantly. Both tracking attempts have
led to ambiguous results. Future attempts should re-consider separating Pt-PolyT from
Pt-6HBs. Additionally, the analysis parameters need to be optimized for each sample
and consistently used throughout the analysis. A different tracking setup would need
to be constructed which contains access to the software’s algorithm. However, despite
these difficulties an upper limit can be deduced, in that the enhancement in effective
diffusion is Deg/D < 4 %.

3.4 Summary

A first attempt at combining DNA origami as versatile scaffolding material with Pt-
NPs as catalytically active components has been presented. A known DNA origami
construct, the 6HB, was adapted to carry three overhangs on each side, to gain sepa-
rately addressable anchor points. After successful folding the 6HB stability was tested
in hydrogen peroxide solutions of up to 5 % concentration over the course of three days.
Surprisingly, we found no evidence of structural damage, observed by electrophoretic
mobility and TEM analysis. The concentrations represent common working conditions
used with catalytically active Pt Janus motors. A coupling protocol for 70 nm PtNP
to 6HB was delevoped, based on existing literature for AuNP to DNA origami binding
procedures. By adjusting the ratio of 6HB to PtNP during the procedure the number
of attached 6HB per PtNP can be directed. A ratio of 2:1 results reliably in a 1:1 con-
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figuration for 60-70 % of observed constructs. The use of higher amounts of 6HB leads
to attachment of multiple 6HB simultaneously. The protocol was shown to also achieve
coupling of AuNP to 6HB in a similar manner in a few hours, compared to at least
3 days in literature procedures. The Pt-6HB constructs and precursors were subjected
to HoO4 solutions, where the catalytic activity towards the disproportionation of HoO9
was shown qualitatively and quantitatively. As expected the surface functionalization of
PtNPs leads to a decrease in the reaction rate due to a decrease in exposed Pt surface
area. The stability of Pt-6HB was shown by TEM for at least 5 days in buffer and 1 h
in 2 % H205. The weakest link in the construct is likely the Pt-S bond, which is labile
in oxidative environments, leading to disassembly and aggregation of Pt in solution. In
order to provide higher resilience to oxidative stress an entirely different PtNP surface
functionalization strategy would be required. Tracking of Pt-6HB motion in HoOs using
direct tracking proved to be unreliable. In any case the enhancement in diffusion is small.
Observation using Nanosight provided a hint that any increase through active motion
will be less than 4 %. The small diameter of the 6HB was likely not enough to create a
significant concentration gradient. Future DNA origami constructs should increase the
fore-aft asymmetry. The use of larger constructs should simplify the tracking conditions
and exhibit larger effects. Thicker DNA constructs could also help maintain a larger

concentration difference.
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4 Degradable magnetic microcarriers

Magnetically propelled swimmers offer a fuel-free alternative to chemical motors. Active,
tetherless steering can be implemented leading to a promising class of swimmers suitable

for biological environments.

4.1 Introduction

Alternative propulsion strategies for micro- and nanoswimmers include magnetic, acous-
tic or light stimuli.®3 While light-driven propulsion methods can achieve fuel-free, di-
rected propulsion via thermophoresis, most examples still involve a fuel and photocat-
alytic semiconductors, like TiO9.84 Furthermore they are limited by the penetration of
light into (biological) samples, making them more suitable for environmental remedia-
tion, rather than biomedical applications.

A relatively new strategy utilizes acoustic waves for propulsion. The concept was first
shown in 2012 by Wang et al.3 and was initially limited to microrods and wires.®6
Ultrasound waves experience a high-density contrast, between a liquid and metals or
entrapped gas bubbles and exert forces, but also move liquid via streaming. The motion
profile is explosive and short lived, achieving remarkable speeds, yet without any steer-
ing capabilities. Sound waves have a high penetration depth, making them potentially
suitable for biological samples.

Magnetically propelled swimmers however have the highest potential to be used in
biomedical applications. Their most significant advantage is the remote controllability
in three dimensions, independent of chemical fuels or gradients. Propulsion is instead
achieved through weak external magnetic fields, produced by electromagnetic coils, that
have no side effects when interacting with biological matter.8” The magnetic coils can
in principle be scaled to human anatomy, leading to unparalleled targeting capabili-
ties. However, this is technically still challenging. The downsides are the more complex
fabrication and material requirements to realize such a swimmer design and the large
electromagnets and power supplies that are needed when the sample volume is large.

Propulsion is realized by the swimmer shape, as discussed in the theory section. The
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materials required to fabricate magnetic micro- and nanoswimmers in specific and asym-
metric shapes are mostly inorganic, especially when the required dimensions of the pro-
pellers are below 10 nm. The small size is needed to fit through biological barriers and
interact with biological machinery on their length scales. Very few fabrication methods
have achieved the required resolution and scaling capabilities to produce a large number
of uniform micro- and nanoparticles so far. The first microswimmers with a helix diam-
eter of around 500 nm were fabricated by our group in 20093* using GLAD. Later we
showed the fabrication of helical swimmers as low as 120 nm diameter.®® The small size
was necessary to achieve propulsion in complex viscous media, often found in biological
tissue and fluids. Modern 2-photon polymerisation based 3D printing techniques can
fabricate soft helical microswimmers with diameters in the range of 10 pm,®® but the
huge drawback is the printing speed of around 10 s per structure.”® Since every helix
needs to be printed individually it takes very long to write a large number (=~ 109)
of swimmers, making this technique more suitable for applications that require a few
selected structures.

Commonly used magnetic materials are Fe and its oxides, as well as Ni, and Co. While
Ni and Co possess desirable hard magnetic properties, they are toxic to cells (animal
and human).?’:92 While iron based materials are considered biocompatible, the dosage
is important.?3 %% Especially dissolved Fe?T ions can cause oxidative stress through the
Fenton reaction.”” therefore, using the lowest amounts of magnetic material possible
or shielding it from the environment should ensure sufficient biosafety. This requires
materials with high remanent magnetization and a coercive field large enough to prevent
re-magnetization, where FePt L1y nanomaterials show some of the highest magnetic
strength recorded.”® Additionally FePt is shown to be biocompatible?®, which makes it
an excellent choice to fabricate magnetic micro- and nanoswimmers.

While micro- and nanoswimmers have shown potential to be used in targeted drug de-
livery, most are non-degradable and raise biosafety concerns.!®® Coatings of chemically
inert materials, like gold, might prevent direct interaction with the biological environ-
ment. However, the coating causes the accumulation of micro- and nanoparticles in the
human body, which may lead to chronic inflammation.?3:191193 To avoid these biosafety
concerns altogether the use of (bio-)degradable particles is the best strategy forward. In
this context 'biodegradable’ is used for decomposition mechanisms through biological ac-
tivities, e.g. enzymatic, while 'degradable’ systems refer to chemical corrosion processes
through interaction with the surrounding medium. (Bio-)degradability however adds
additional material constraints to an already challenging engineering task. The develop-

ment of a fully degradable system capable of actively guided motion on this length scale
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could not be shown yet. However, recent research shows partially biodegradable mag-
netic microswimmers, made out of a degradable matrix that incorporates FesO4 NPs.
In one case helical algae of 5 pm diameter have been dip-coated in Fe3O, dispersion.!%4
In other cases microparticles were fabricated by encapsulating Fe3O4 nanoparticles dur-
ing the synthesis process. These particles rely on their random, asymmetrical shape and
internal Fe3O4 NP distribution to achieve magnetic propulsion. The random shape how-
ever results in a different propulsion direction for every microparticle, making collectively

guided motion impossible.!0%:106

4.2 Motivation

With the recent implementation of a biocompatible FePt layer of only 50 nm thickness
into a helical microswimmer by our group'®” we have proven that very little magnetic
material is needed to achieve excellent hard magnetic properties. While the helical
body made of SiOq is also biocompatible, it still presents a micron-sized object, which
would remain in the patients body with currently no means of retrieving it. This project
concerned the development of a suitably sized magnetic microcarriers, which should show
degradability under physiological conditions to eliminate long-term safety concerns.'%
This is a necessary step in the research effort to progress towards in vivo drug and gene
delivery, which so far has not been addressed properly. Moreover, a degradable body

opens up the possibilities for the gradual release of its cargo.

4.3 Results

The results of this project have in part been published in:

Peter, F.; Kadiri, V. M.; Goyal, R.; Hurst, J.; Schnichels, S.; Avital, A.; Sela, M.;
Mora-Raimundo, P.; Schroeder, A.; Alarcon-Correa, M.; Fischer, P. Advanced Func-
tional Materials 2024, 34, 2314265

Contributions

VMK and PF conceptualized this work. Preliminary fabrication and degradation ex-
periments were performed by VMK. Fabrication optimization, systematic degradation
studies, propulsion, cargo loading and release studies were performed by FP, supervised
by MAC and PF. RG assisted in some propulsion experiments and maintained the mag-
netic coils. JH performed biocompatibility tests with supervision of SS. AA, MS, PMR
and AS fabricated the used liposomes.
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4.3.1 Fabrication

The magnetic microswimmers of this chapter have been made using glancing angle physi-
cal vapor deposition (GLAD). The working principle is explained in the respective theory
section. The deposition thicknesses given in the text are corrected by the estimated de-
position ratio Ry that accounts for the deposition conditions, introduced in section 2.4.1,
and should as such represent the estimated real thickness values. Ry is provided for each
deposition. GLAD allows the controlled deposition of materials on a substrate, covered
with a monolayer of seed particles. By tilting the substrate to an extremely oblique
angle the seed particles shadow each other, allowing the growth of distinct columns on
each individual particle. Rotation of the substrate allows for column shaping to produce
billions of three-dimensional structures on a 2 inch (5.08 cm) wafer.

Degradable material candidates have already been investigated at large scales. Alloys
and glasses of Mg, Zn and Ca found application as degradable orthopedic implants
and suture materials.!®® 117 These implants underlie rigorous biocompatibility testing
standards for medical devices (ISO 10 993).

Alloying is commonly used to tune and alter the characteristics of materials when indi-
vidual elements alone do not possess the desired properties. For biomedical implants the
degradation rate of pure Mg in physiological media was too high.!18120 In order to influ-
ence the corrosion behaviour, slow corroding metals, like Zn and Ca, were mixed in. This
approach has been adapted by us to the microscale for the fabrication of magnetically
actuated microswimmers. The combination of different materials should retain a similar
adjustability of the corrosion properties, which allows for flexibility. The translation to
the nano- or microscale has not been achieved previously, since traditional metallurgical
processes operate on larger scales. Furthermore, the low melting temperatures of Mg
(650 °C) and Zn (420 °C) are not compatible with the higher annealing temperature for
FePt (=680 °C),'?! which causes additional problems. Important properties for GLAD
deposition are deposition rate and handling. Additionally, each material’s corrosion be-
haviour was considered theoretically. In a first study Mg, Zn, Ca and their respective
oxides were evaluated. Ca was considered unsuitable, because it corrodes in contact
with air and sublimates at 459 °C, which makes the deposition rate very hard to control.
Calcium oxide is not suitable for e-beam deposition.!??> The Mg deposition quality is
good, but the vapor pressure increases rapidly with temperature, leading to very high
deposition rates and material overspray. Zn is an excellent deposition material and cor-
rodes slowly. MgO and ZnO are practically insoluble in water'??, but they react with
water. The corrosion rates are dependent on the solvent conditions. MgO is commonly

used as a protective layer for pure Mg and its corrosion resistance can be improved by
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annealing,'?4125 but the deposition rate is very low, making long depositions imprac-
tical. ZnO reacts slowly with water'?6, but is a poor deposition material. Mg and Zn
have therefore been identified as highly promising degradable materials.

The deposition conditions have to be optimized to ensure optimal growth. Especially for
co-depositions the proper calibration of the QCM feedback loop is essential to achieve
the desired ratios of the deposited materials. Misalignment leads to systematic errors.
The alignment quality of our system is evaluated later by the quantified degradation
results that give insight into the actual deposition ratios of Mg to Zn, compared to the
theoretical values. Preliminary design choices and the first helix co-depositions with
Mg and Zn have been performed by my colleague Dr. Vincent Mauricio Kadiri and
are published in his thesis.!?” Mg is a volatile deposition material that requires specific
adaptations to existing deposition procedures. It is operated at extremely fast deposition
rates of 2 — 5 nm - s~!, which results in substrate heating and in column broadening,
which fuses individual structures together when the deposition length exceeds a few
hundred nanometers. To mitigate this effect the seed particles were spaced further
apart, to allow more room in between individual structures. For this purpose a Si(100)
substrate was first patterned with 1 pm polystyrene beads in a hexagonal close-packed
monolayer by Langmuir-Blodgett deposition. The beads were carefully placed on the
water/air interface in a Langmuir-Blodgett trough, pushed together until they form a
monolayer on the surface and transferred onto the silicon wafer.!?® Subsequent oxygen

127 shown in

plasma etching for 8 min at 300 W reduced the bead diameters to ~ 560 nm,
figure 4.1. SEM imaging was performed using an InLens detector and 5 kV acceleration

voltage.

Figure 4.1: SEM image of hexagonally patterned PS beads after oxygen plasma etching.

Scale bar is 500 nm. Figure taken from!2?.
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Additionally the substrate holder can be cooled to —90 K to reduce adatom diffusion
during deposition. The seed particle spacing however increases the exposed area on
the seed particles, resulting in a less defined helix with increased diameter. Exemplary

structures by VMK are shown in figure 4.2.

Figure 4.2: SEM images of MgZn 70:30 (upper) and 50:50 (lower) helices with 1.1 pm
length and 1.5 turns. Fabrication performed by VMK, deposited at an inci-

dent angle of 85°. Scale bars are 1 pm.

To negate this side effect I increased the incident angle to 87°, which reduces the exposed
area, effectively reducing the helix diameter. I also reduced the deposition length to
reduce column broadening effects and increased the pitch to create less turns, which
reduces the experienced drag and results in higher translation per turn, in accordance
with previous findings from our lab.!3% Ry is estimated as 0.6. The corrected deposition
length is different from the measured helix height in that it represents the length of a
straight rod that has been wound into a helix of the measured height. The final shapes
obtained by this improved procedure can be seen in figure 4.5.

As discussed in the theory section, conventional magnetic materials possess sub-optimal
magnetic properties and raise biosafety concerns. However, FePt in its L1y phase is
biocompatible and has excellent magnetic properties on the nanoscale.?” The vapor de-
position growth of FePt microstructures has recently been realised by our group'?! and

is therefore perfectly suited for the new design. Due to its extremely high magnetic
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98,131 only a very small amount

remanence and coercivity in a thin film of 10 nm or less,
of material is needed. The annealing temperature to achieve the right crystal structure
of FePt is around 700 °C,'?! and therefore higher than the melting points of Mg and
Zn. Annealing attempts at slightly lower temperature of 650 °C after the helix growth
still resulted in collapsed structures, shown in figure 4.3. The deposition order had to

be inverted to permit for the annealing of FePt at 700 °C before depositing Mg and Zn.

Figure 4.3: SEM image of MgZn 60:40 helix design after annealing at 650 °C. Scale bar

is 1 pm.

The updated deposition procedure includes a thin layer of 4 nm MgO, deposited around
the beads for better adhesion'! at a deposition angle of 65 °C. The low deposition
angle ensured exposure as far down to the side of the seed particles as possible.'?” Co-
deposition of 16 nm FePt at an atomic ratio of 1:1 was followed by another 4 nm of MgO,
all at 65° and from all sides. Ry is estimated as 0.8. Given that at any given time only
half of the bead is exposed to the vapor flux the real thickness is only half of the corrected
thickness, which corresponds to Ry = 0.4. The wafer was subsequently removed from
the deposition chamber, cut into thin pieces, sealed in quartz ampules under vacuum
(or Argon atmosphere) and annealed at 700 °C for 1 h with subsequent flash cooling in
an ice bath. The annealing process favors the L1y phase and thermolyses the PS beads,
which removes a non-degradable part of the swimmers. The FePt half-spheres remained
mostly in their original hexagonal pattern, as shown in figure 4.4. The deposition at
65° was important, because the half-cups are now tall enough to still create the needed
shadow effect for the next deposition.

The fabrication was then finished with the optimised Mg and Zn co-deposition in desired
ratios of the two materials. Mg contents of 90, 80, 70, and 50 atomic % were grown,
according to the integrated QCMs. A scheme of the final deposition procedure is given

in figure 4.5a.
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Figure 4.4: Patterned substrate after FePt co-deposition and annealing. Figure taken

from*29.

Figure 4.5: a MgZn propeller fabrication scheme. Step 1: Oy plasma etching, step 2:

FePt co-deposition, step 3: FePt annealing under vacuum, step 4: MgZn
helix co-deposition. Created with BioRender.com. b SEM image of 70:30
and ¢ 80:20 MgZn propellers on the wafer, tilted by 10°. Scale bars are

500 nm. Figure taken from!'?.

The magnetic characteristics of the fabricated propellers were determined with a super-

conducting quantum interference device (SQUID). The hysteresis loops from -3 T to
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+3 T are shown in figure 4.6, scaled for a single propeller and volume of FePt present
in the sample. The scalings are given below.

The propellers were grown originally on a hexagonal close packed pattern of beads with
a diameter of 1 pm. By projecting the beads onto the surface we can treat this as a
packing of circles in a hexagonal orientation, which is the densest form of packing.'3?
The achieved packing density is

T
\/ﬁ ~ 0.9069.
Thus, we can calculate the number of beads N, (and therefore propellers) per area of

substrate Agu, as the packing density divided by the projected area of a single bead

Apead:
Ny 1 T

Asub B Abead ' v 12
For the 1 nm beads used in this thesis we find a propeller density of

Np 1 ¢ propellers
= - 0. =1.16-10° ————
Asp 7-(0.5-1073 mm)?2 0-9069 6-10 mm?

or a total of 2:10% propellers on a 2 inch (5.08 cm) wafer. Dividing the measured magnetic
moment (with SQUID) by the number of propellers on the measured substrate size,
yielded the magnetic moment per propeller. The remanent in-plane magnetic moment
was calculated to be 7.4-107'2 emu per propeller. To calculate the material properties of
FePt L1y we need to estimate the volume of magnetic material, present on the measured
substrate. This was estimated by assuming a FePt half-shell around a sphere of 550 nm.
The thickness of the shell is 16 nm. The half-shell volume was then calculated as half the
difference between two sphere volumes with diameters 550 nm and 564 nm. With this,
the remanent magnetization of FePt L1j is 886 emu - cm ™3, which is even higher than
previous measurements by our group.'?! To put this into context, the magnetization
of superparamagnetic magnetite nanoparticles, which are commonly incorporated into
different swimmer designs, achieved in a magnetic field of 10 mT is ~ 10 emu - cm~3.106

The coercivity was determined from the hysteresis curve to be 1.8 T.
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Figure 4.6: SQUID in-plane hysteresis loop of fabricated FePt half-spheres at 20 °C.
Adapted from'??.

Exemplary SEM images of Mg to Zn ratios 80:20 and 70:30 are shown in figure 4.5b and
¢, taken with an SE2 detector and 5 kV acceleration voltage. The SE2 detector was used,
because the high contrast between FePt and MgZn created imaging problems. The total
length of the helix was measured from the SEM image as =~ 800 nm with an outer helical
diameter of ~ 750 nm, a filament thickness of ~ 350 nm and a pitch of ~ 600 nm. The
head of the swimmer adds roughly ~ 300 nm in length. These dimensions are similar to
previous designs'®3, where these dimensions were shown to permit transport through the
gel-like macromolecular network of the vitreous humour inside the eye.'®3 Envisioning
a similar application the specifications were kept, but the fabrication is flexible, so that

diameter, length and pitch can be adjusted if the requirements change.

4.3.2 Degradation

After successful fabrication the corrosion rates of propellers of different ratios of Mg and
Zm were investigated. The literature offers extensive studies on degradation behaviour

111,112,134-139 113,116,140,141 1 the macro scale. Gener-

and kinetics in vitro and in vivo
ally, a higher Zn content should slow down corrosion.'#?7145 Although, this is only an
estimation, since corrosion processes are complex and depend on material purity, shape,

composition, as well as pH, fluid flows, ion content and ion strength of the medium.
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The degradation behavior was investigated primarily in water to achieve a basic un-
derstanding of the system. More complex environments require individual studies for
the targeted environment. Firstly, wafers of MgZn propellers with different ratios were
immersed in DI water (ion exchanged with a remaining resistivity of 18.2 MQ-cm and
filtered with 200 pm pore size) at 37 °C and sonicated to release all propellers. At reg-
ular time intervals a sample was dried, washed and imaged by SEM. To not artificially
increase the degradation rate the sample containers were not shaken to avoid mechanical
degradation.

From figure 4.7 we can see that a higher Mg content leads to comparatively faster
degradation, which is in agreement with the macroscopic corrosion behaviour of MgZn

structures.

MgZn 80:20

X |
0h

MgZn 70:30

®

Figure 4.7: SEM images of MgZn 80:20 and 70:30 micropropellers imaged at different

— NG

intervals during the degradation process in DI water at 37 °C after sonication.
An aliquot was removed at the indicated times, washed and imaged. Scale
bars are 500 nm. The images are shown at comparable levels of degradation.

Figure taken from'%°.

Propellers with a Mg content of 90 % degraded completely in under 6 h. For a typ-
ical biomedical workflow including cargo loading, administration, and propulsion, the
micropropellers need to remain structurally and functionally intact for at least 24 h.
Propellers with a high Mg content of more than 80 % were therefore excluded in the
subsequent experiments.

Samples with only 50 % Mg took several weeks to display signs of corrosion and thus
remain of interest for possible applications, but make experimental observations difficult

in a reasonable amount of time. MgZn ratios of 80:20 and 70:30, as shown in figure 4.7,
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provide the optimal lifetimes in DI water. For instance, the first signs of degradation are
observed after a few hours for the MgZn 80:20 structures, whereas a comparable state
is reached only after three days for the 70:30 structures.

These relative observations in free suspensions are expected to differ from the corrosion
behaviour observed on the wafer, due to the spacial restrictions. However, for technical
reasons, and to avoid sonication steps, the quantification of corrosion rates had to be
measured under those simplified conditions. MgZn ratios 80:20, 70:30, and 50:50 were
investigated. A wafer piece of known size of each sample was immersed separately in 5 ml
of DI water at 20 °C over 11 d. After each time point the wafer was carefully transferred
to a fresh solution. At the end of the experiment the remaining wafer piece content was
dissolved in 5 ml of 0.1 M HCI. The increase in ion concentration of all solutions were
measured with the help of Samir Hammoud (MPI for Intelligent Systems, Stuttgart),
using inductively coupled plasma - optical emission spectroscopy (ICP-OES). The ratio
of Mg to Zn in the respective samples was determined to be 81 %, 66 %, and 48 %
(all determined with an accuracy of +2 %), which agrees well with QCM measurements
during the fabrication. This confirms that the ratio of Mg and Zn can be precisely set
during fabrication.

The cumulative amounts of metal ions detected in each sample, shown in figure 4.8a,
charts the overall degradation progress over time. The values are normalized to the total
amount of ions detected for each sample.

From this we can confirm that the corrosion rate correlates with the amount of Mg in the
structure: the higher the Mg content, the faster the structure degrades. Unsurprisingly,
the overall corrosion rate is slower than in free solution at slightly higher temperature
and after sonication. If we separate the detected ions further into individual ion types,
shown in figure 4.8b, we can see that Mg is dissolving much faster than Zn. After 11
days only &~ 5-20 % of Zn content initially present in the structures could be found in
solution. SEM images of the remaining samples after 11 d in DI water in figure 4.8c,
d show that the remains were still recognizable helical structures, that appear to be
porous, ’hollowed out’. This suggests that the MgZn helix corrodes not uniformly, but
instead the Mg is dissolved out of the structure first, leaving a Zn mesh behind.
Looking at the corrosion behaviour of MgZn 50:50 we can estimate the corrosion of Mg
to be 10 times faster than Zn, which is in agreement with values of 2-20 times, found in
literature. As an example, a tube of 2 mm outer diameter and 0.15 mm wall thickness
immersed in Hank’s buffer solution showed a corrosion rate of 0.028-0.037 mm per year

compared to 0.61-0.73 mm per year for Mg.!!4136,138

44



o
o

100 100

®
S

® o
S o

=
S

\

normalized degradation [%]
PN
=3 =1

* 80/20 Mg
©70/30 Mg
* 50/50 Mg
=70/30 Zn
= 80/20 Zn
= 50/50 Zn

S
S

IS

=)

w
53

normalized degradation [%]

* 80/20 MgZn

[
S

)

S

© 70/30 MgZn
10
« 50/50 MgZn
0 0
0 50 100 . 150 200 250 300 0 50 100 150 200 250 300
time [h] time [h]

Figure 4.8: ICP-OES analysis of the degradation time series of MgZn propellers in DI

water at 20 °C for different ratios of Mg to Zn. a Quantification of dissolved
Mg and Zn ions, for each ratio, normalized to the total amount of Mg and Zn
obtained when dissolving the entire sample. b Measurement of dissolved Mg
and Zn ions over time, separated by ion type, and normalized to the total
amount. SEM images of MgZn ¢ 70:30 and d 80:20 samples on the substrate
after 11 d in DI water. The lines only serve as guides to the eye. Scale bars

are 500 nm. Figure taken from'?.

Since the corrosion behaviour in physiological media is expected to differ from degrada-
tion behaviour in DI water, the experiment was repeated over a period of three days in
common cell culture medium, namely Dulbecco’s Modified Eagle Medium (DMEM), for
MgZn 70:30 and 80:20 ratios. The degradation progress, shown in figure 4.9 is different
from the behaviour observed in DI water. The overall degradation rate in DMEM is
similar, but the differences between different ratios is not as distinctive anymore. When
comparing the individual ion contents in figure 4.9b the degradation rates for Mg and
Zn were inverted, with now Zn dissolving faster than Mg. After one day almost no Zn

remained in the structures and after three days all the original Zn content was dissolved.
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Figure 4.9: ICP-OES analysis of the degradation time series of MgZn propellers in
DMEM at 20 °C for different ratios of Mg to Zn. a Quantification of dis-
solved Mg and Zn ions, for each ratio, normalized to the total amount of Mg
and Zn obtained when dissolving the entire sample. The lines only serve as

guides to the eye. Figure taken from'?”.

This changed behaviour is most likely due to the presence of salts in DMEM. Especially
chloride ions can react with the protective ZnO layer and form highly soluble ZnCly.83
This proves that the corrosion behaviour of Mg and Zn are strongly dependent on the

surrounding medium and need to be tested in each individual fluid they are used in.

4.3.3 Biocompatibility

To investigate the biocompatibility of our MgZn propellers during degradation, toxicity
assays were performed by the Schnichels lab (Center of Opthalmology, University Eye
Hospital Tiibingen). Clinically relevant ocular cells, including the the human cell lines
ARPE-19 (RPE cells) and MIO-M1 (Miiller cells), as well as primary porcine RPE cells
were treated, as they represent possible target sites, with high cell-to-propeller ratios of
up to 1:20 for 48 h. An MTS-assay was performed to determine cell viability, crystal
violet staining for cell density and apoptosis onset was investigated via caspase 3/7-
assay. A decrease in cell viability and cell density or an increase in Caspase 3/7 activity
indicates a negative impact on the cells. To account for fast degradation MgZn 80:20
propellers were used. The results are shown in figure 4.10, where the cell viability and
density remained unchanged for all tested cells. For ARPE-19 and MIO-M1 cells the
caspase 3/7 activity was slightly reduced after 48 h for higher propeller concentrations.

In short, all assays confirmed a high biocompability in all tested cell lines over 48 h.
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Figure 4.10: Incubation of ocular cells with MgZn 80:20 micropropellers in ratios of 1:5,
1:10, and 1:20 for 48 h. Bar graphs represent the mean values and standard
error of mean, n = 8. The experiments were repeated three times with
similar results. Statistical differences are indicated as follows: *p < 0.05,

and ***p < 0.001 compared to control, according to one-way ANOVA.

Figure taken from'??.



4.3.4 Cargo loading and release

In order to function as carriers for therapeutics the degradable microcarriers need to
be temporarily loaded with cargo. This functionalization needs to be stable enough
for a time window required to facilitate the transport. The surface of the propellers
is oxidized when exposed to air and humidity, forming zinc and magnesium oxides and

146 a]] of which have very low solubility in water.!?® This effect was increased

hydroxides,
by air plasma treatment of the particles. This can be exploited to achieve an anchor
point, addressable through condensation reactions with ethoxysilane groups. A silane-
PEG(5k)-succinimidyl ester (SC) was used to create an attachment point for amine
groups via amide bond formation. In this case the cargo molecules were specialized
liposomes with integrated surface amino groups and fluorescent CY5 labels, provided by
the lab of Prof. Dr. Avi Schroeder (Technion, Israel).

For the functionalization the propellers were air plasma treatment for 5 min at 100 W
and 0.4 mbar on the substrate. The substrate was then immersed in a solution of silane-
PEG-SC (5 mg-ml™!) in a 1:1 ethanol to DI water mixture in a plastic container for at
least 30 min. The substrate was rinsed with DI water, immersed in PBS and sonicated
shortly to release the propellers. The liposomes were added at a ratio of 10 : 1 and
incubated for 2 h. Subsequent washing with PBS by gentle centrifugation (3 times,
3000 rcf, 3 min) removed the excess of liposomes.

The liposome size was measured to be 96 nm by DLS (Z-average) by my collaborators.
The fluorescent labels of the liposomes are used for co-localization with the microcarri-
ers. The successful decoration of the helical body with liposomes was demonstrated by
enclosing a sample of freshly functionalized MgZn 70:30 microcarriers in a glass cham-
ber, magnetic sedimentation and subsequent imaging of the bottom layer in brightfield
and fluorescence channels. A representative overlay of both channels is shown in figure
4.11a, together with inserts showing zoomed-in parts for better visibility.

The sample was then incubated for 24 h and prepared and imaged in the same way
as before, shown in figure 4.11b. The expectation of seeing less to no co-localization
following the MgZn degradation, leading to liposome release, could be confirmed. After
24 h the fluorescent signal from the liposomes is distributed over the liquid volume in
the chamber and not confined to the bottom layer. This is consistent with free floating
liposomes in solution. Some liposomes are visible as red agglomerates of larger numbers.

However, these show no co-localization with the microcarriers.
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Figure 4.11: Inverted brightfield (blue) and fluorescence (red) image overlays with
zoomed-in inserts of MgZn 70:30 micropropellers, imaged after a 0 h and b

24 h in PBS solution. Scale bars are 25 pm. Figure adapted from!?.

This finding was confirmed by preparing a control sample, prepared in the same way,
but without use of silane-PEG-NHS. The resulting overlay image in figure 4.12a shows
(almost) no liposomes present. This proves that unspecific, charge-based interactions

are not enough to facilitate reliable functionalization.

In an attempt to quantify the liposome release the experiment was repeated for MgZn
80:20 and 70:30 samples. Images in both channels were taken after 0, 2, 6, and 24 h.
The number of particles with and without liposomes (n > 100) at each time point was
counted. The initial functionalization rate was 58 + 10 % and 36 +9 % for MgZn 80:20
and 70:30 respectively. The liposome release is shown relative to the loading at 0 h
in figure 4.12b. The MgZn ratio only slightly affects the liposome release rate in the

observed range.
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Figure 4.12: a Inverted brightfield (blue) and fluorescence (red) image overlay with
zoomed-in inserts of MgZn 70:30 micropropellers, without silane-PEG-NHS
for active functionalization, on a glass slide. Scale bar is 25 pm. b Ob-
servation of liposome functionalization over 24 h for MgZn 70:30 and 80:20

(n>100). Solid lines serve as guides to the eye. Figure adapted from!'%°.

4.3.5 Propulsion

The propulsion behavior of the helically shaped microswimmers, fabricated by GLAD,
using FePt was investigated before.!07121 However, this helix design made of degradable
MgZn is different and might alter the propulsion capabilities, especially when loaded
with liposomes. With a length of around 1 pm the propellers are large enough to be
observed by light microscopy. Custom designed and in-house built 3-axis orthogonal coil
pairs were fitted onto the microscope stage of an inverted fluorescence microscope, shown
in figure 4.13. With this setup particles can be tracked using brightfield or fluorescence
microscopy during actuation.

A sample of MgZn 70:30 microswimmers on a substrate was magnetized perpendicular to
the swimming direction, using an electromagnet with a field strength of 1.8 T. The pro-
pellers were then dispersed in PBS by sonication for 20 s. In order to observe swimming
behaviour without external flows, the swimmers were diluted to a low concentration of
~ 10* particles per pl and constrained in a chamber with a volume of 25 pl, using a gene
frame (10 x 10 x 0.25 mm) and two cover slips. Too high concentrations caused the mi-
croswimmers to aggregate over time, which altered the shape and prevented directional
movement. Coating the coverslips beforehand with bovine serum albumin prevented ad-

hesion to the glass slides, but resulted in rolling behaviour on the glass surface. Special
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care was taken to observe swimming in free solution. To operate the coils, an in-house
software was used that allows the precise input of voltages, through a 3-channel 10x volt-
age amplifier. Swimming direction, frequency, time and magnetic field strength can be
set by the software. Calibration was performed using a magnetometer with a directional
probe, placed in the centre of the chamber. Orientation along a positive axis direction
and fitting experimental to theoretical values gave a correction function, dependent on

applied voltage and frequency, for each coil pair.

Figure 4.13: 3-axis orthogonal coil pairs inside an inverted fluorescence microscope.

Particle tracking analysis showed a microswimmer following a L-shaped trajectory with

a speed of ~ 10 pym - s~

using 1 mT field at 100 Hz, which is comparable to conven-
tional, non-degradable designs. After successful loading of helical micropropellers with
fluorescent liposomes the propulsion capabilities were tested again. The procedure is
similar, but additionally the fluorescent signal of the liposome cargo was tracked con-
secutively, while switching the light source and adding a suitable filter. Figure 4.14
shows the tracking analysis of propelled particles with liposome cargo in brightfield and
fluorescence mode. Tracking analysis measured speeds of ~ 8 ym -s~!, which is slightly

slower than without cargo, but well within the expected range.
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Figure 4.14: Particle tracking analysis of helical MgZn 70:30 microcarriers loaded with
fluorescent liposomes on a predetermined L-shaped trajectory. Left: bright-
field, right: fluorescent mode. Scale bars are 10 pm. Figure adapted

from!29,

For the utilization in therapy, the velocity and steerability of the propellers need to per-
sist over time. To see whether the assembled microcarriers with cargo could be actively
propelled for longer times after incubation in an aqueous environment, the experiment
was repeated after 28 h in PBS. Figure 4.15 shows propulsion along a manually di-
rected L-shape, observed in fluorescence. While the fluorescence intensity was lower
than before, suggesting that some liposomes had already detached from the carriers,
the propulsion behavior showed similar speeds and characteristics. It is assumed that
one day is long enough to functionalize the micropropellers and perform experiments in

potential therapeutic applications.

Figure 4.15: Particle tracking analysis of helical MgZn 70:30 microcarriers, loaded with
fluorescent liposomes on a predetermined L-shaped trajectory. Scale bar is

10 pm. Figure taken from'??.
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4.4 Summary

In this chapter the fabrication of degradable, magnetic, helical microstructures was
demonstrated, using GLAD. The growth of structures made of Mg and Zn in ratios
of 90:10, 80:20, 70:30, and 50:50 was precisely controllable. Macroscopically predicted
corrosion behaviour of Mg and Zn was observed on the microscale, where it was shown
that Mg corrodes roughly ten times faster than Zn in DI water. By altering the Mg and
Zn content the degradation of the microstructures could be tuned from a few hours to
months.

A 16 nm thin layer of biocompatible FePt in its L1y phase was incorporated into the
helical body of the swimmer to enable propulsion through weak external magnetic fields.
The measured magnetic moment of 7.4 - 1072 emu per propeller with a remanent mag-
netization of 886 emu - cm ™ and a coercivity of 1.8 T provides excellent hard magnetic
properties, orders of magnitude higher than conventional magnetic materials. Using
3-axis orthogonal coil pairs the microswimmers could be propelled in water, following
pre-determined paths, with speeds of ~ 10 pm - s~ 1.

The biocompatibility of relatively fast degrading 80:20 MgZn microswimmers was tested
on clinically relevant ocular cell lines and primary porcine cells over 48 h, where they
showed no toxicity towards the cells, even in extremely high propeller to cell ratios of
20:1. This is of great importance for potential biomedical applications in treating retinal
diseases. Towards this goal it could be shown that relevant transfection agents, like
liposomes, could be linked through covalent bonds to the microcarriers. The oxidized
surface of the microswimmer was decorated using ethoxy silanes with a succinimidyl
ester functionality, which in turn forms a peptide bond with the specialized liposome
surface. The decoration with liposomes had no significant impact on the propulsion
capabilities in terms of speed and steerability. Controlled propulsion with liposomes
was still possible after 28 h in water, providing enough time for any future transfection
experiments in a clinical setting. The time-dependent degradation of the microswimmer
was shown to result in the release of cargo over time, which completes its function as
potential carrier systems for targeted drug delivery.

In contrast to previous delivery systems the removal of the microcarriers after delivery is
not necessary, since they are almost entirely degradable in aqueous solutions. The shown
fabrication and characterization of a degradable magnetic microswimmers system made
out of Mg and Zn provides a significant step towards the use of an actively targeted
delivery system in a relevant clinical setting. The investigated degradable microcarrier

platform shows all the benefits of magnetic delivery systems, while avoiding long-term
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safety concerns of microparticles in the human body, especially since there are no re-
trieval strategies available yet for particles of that size. While the impact of a 16 nm
biocompatible thin film of FePt is not yet studied in detail, this should allow an attempt

at ex vivo and in vivo studies for the therapy of ocular diseases in larger animal models.
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5 Nanomedicine for retinal diseases

5.1 Introduction

To understand the challenges encountered in retinal delivery it is of interest to examine

the physiology and diseases of human and animal eyes in detail.

5.1.1 Retinal therapy

The most interesting targets for drug or gene delivery in the eye are photoreceptor cells,
neurons, and the retinal pigment epithelium (RPE). These are found in the posterior
segment of the eye in the neuroretina, behind a multitude of biological barriers. To
circumvent most barriers, current treatment strategies are injections as close as possible
to the retina. The two most common options are shown in figure 5.1 and discussed

below.

5.1.2 Subretinal injection

Subretinal injection is a recently developed surgical technique performed by injecting a
small volume of therapeutics in between the photoreceptor cells and the RPE. This dif-
ficult to apply surgical maneuver results in a partial retinal detachment and poses many
potential complications, including permanent retina detachment or hole formations.™”
Several administration routes are being developed and tested in clinical trials, but the
standard technique involves prior removal of the vitreous body (vitrectomy),'4® which
has severe side effects, such as progression of cataract and retinal detachment, and post
operative complications.'*® Additionally, the treated area is limited to the immediate
surroundings of the injection site. Here, the limited diffusion of therapeutics is accred-
ited to the barrier function of the retina, due to its dense structure.'®® Treatment is

often used as a last resort, due to the high risks involved.
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Figure 5.1: Schematic illustration of conventional treatment options for retinal diseases.
A Subretinal injection of therapeutic containing fluid between the RPE layer
and the photoreceptor cell (PRC) layer. B Intravitreal injection of the ther-
apeutic into the vitreous body. Created with BioRender.com

5.1.3 Intravitreal injection

Injections into the vitreous body are much less invasive and cause less complications,®!

but have a significantly lower efficiency due to additional barriers between the injected
therapeutic and the target cells in the retina. The most significant barriers are the

vitreous humour and the inner limiting membrane, which are discussed below.

Vitreous humour

The first barrier after intravitreal injection is the vitreous body itself. The gel-like body

with a volume of about 4.5 ml consist mostly of water and a three-dimensional network
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of collagen fibers and glycosaminoglycans (e.g. hyaluronic acid).** The pore size in

153

porcine vitreous is estimated to be 500 nm,'®® in bovine vitreous 550 & 50 nm.!®* Due

to the presence of high amounts of negative charges, positively charged molecules get
trapped inside, rendering all positively charged therapeutics ineffective.!5>7157 Smaller
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nanoparticles have been shown to rapidly penetrate the bovine vitreous.>* Diffusion

studies in human vitreous with small fluorescein molecules indicate even higher mobility
than for porcine vitreous, making the application in human eyes potentially easier.!52

The large volume of the vitreous poses the first challenge, since injected therapeutics are
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diluted drastically. Injection of large doses of drugs enhance the risk of triggering an im-
mune response and are thus not an easy circumvention of that problem.'®® Additionally,
depending on the injection site, particles have to diffuse over large distances to reach
the retina, spreading over the entire vitreous volume.'®?160 Both these aspects could be
addressed effectively by an active carrier system. A locally high concentration of thera-
peutics and genes could be carried directly to the retina, without triggering an immune
response. The propulsion of magnetic, helical microswimmers through the porcine vit-
reous body was demonstrated by our group.'? In order to overcome the mesh structure
of the vitreous the propeller diameter had to be reduced to 500 nm and the surface was
coated with perfluorocarbon coating for reduced adhesion. This is a promising approach

to facilitate cargo delivery to the retina.

Inner limiting membrane

The second barrier for intravitreal injection is a basment membrane, called the inner
limiting membrane (ILM), which separates the vitreous from the retina. For intravitreal
injections it is considered the most significant biological barrier. Its thickness increases

with age up to 4 pm in humans!¢!162

, and the main contents are collagen IV, laminin and
glycosans.*748:163 Together they form a three dimensional mesh of significantly smaller
pore size than the vitreous. A precise number is not known yet. Previous studies,
mostly performed on rodents, suggest up to 350 nm, but this number strongly varies
for different animal species.'647166 Jackson et al. observed the diffusion of fluorescent
dextrans of different molecular weights through fixed human retina explants in an Ussing
chamber - an apparatus to study diffusion through membranes.'%” They found a size ex-
clusion limit of 76 kDa (Stokes-Einstein radius of ~ 6 nm), while noting that the fixation
with paraformaldehyde results in a bias towards smaller pore sizes due to crosslinking.
Cryosections of the studied tissues revealed that dextrans of 164 kDa (Stokes-Einstein
radius of ~ 7.3 nm) accumulated in the inner plexiform layer, which is posterior to the
ganglion cell layer. In vivo experiments on cynomolgus monkeys with the commercial
drug Bevacizumab (149 kDa, d~ 7 nm) showed penetration through all retinal layers af-
ter intravitreal injection.!®® Viral transduction attempts using adeno-associated viruses,
whose capsid is only 22 nm in diameter, also reported very low efficiency in various an-

imal models.169-174

Non-viral transfection agents were engineered in that size range, by
complexing a single DNA molecule with a pegylated CK30 peptide. These compacted
DNA nanoparticles can carry larger gene vectors and exhibit sizes of 8 to 45 nm in di-
ameter (minor diameter, as determined by electron microscopy), depending on the gene
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size and particle shape. "> The ability of compacted DNA NP to transfect mice and pri-
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mate retina was demonstrated, but often required subretinal injections to reach target

176-181 Nevertheless, compacted DNA nanoparticles offer the

cells in the posterior retina.
advantages of non-viral tranfection agents, while having similarly small dimensions than

viral vectors, and are hence promising candidates.

Inner limiting membrane removal

A straightforward idea would be to attempt to remove the ILM. Unsurprisingly, the
surgical or enzymatic removal of the ILM was shown to increase the transfection efficiency
drastically.169:172:173,182,183 However, surgical removal has to be preceded by a vitrectomy
and is therefore unfavorable. Additionally, the surgical procedure is not easy to perform
and requires specialized surgeons.

On the other hand, Dalkara et al. studied the use of non-specific proteases to degrade the
ILM biologically. The treatment lead to a dramatic increase in transduction efficiency
by adeno-associated viruses. Unfortunately, high doses were also deleterious to the
underlying nerve fibers and ganglion cells. They concluded that the safety margin for
intravitreal injection of protease might be too narrow to be used in patients.'5

The use of micropropellers, functionalized with protease, might help solve this dilemma
by reducing the effectively introduced enzyme amount and by localizing it. Guided
delivery of an effective dosage might achieve the desired ILM degradation effect, without

destroying the underlying retina.

5.1.4 The need for a better model system

The lack of accessibility to suitable model tissue resulted in most (biosafety) studies to

be performed on rodents.!98:184

These, however, possess significantly different physiol-
ogy and gained insights have limited transferability to different species. The current
process of designing non-viral vectors for ocular drug delivery is very inefficient, due to
a lack of standardized procedures.'®® This leads to a plethora of suggested specialized
nanomedicines that fail at the clinical trial stage, because the research is performed on
insufficient models that do not hold true when translating to the human eye. In order to
progress fundamental research questions need to be answered first. For this reason a fo-
cus on appropriate animal models is paramount. The high cost, lack of accessibility and
ethical burden of in vivo animal studies can be reduced by well-chosen ex vivo models.
Closer-to-human and readily available are porcine[186] or bovine models.'8* Addition-
ally, retina explant culture is a valuable tool for the study of drug permeability, since

the explants can be oriented with the ILM side facing up or down to simulate different
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injection routes.!%"

Similarly, Peynshaert et al. developed a vitreoretinal explant model for bovine retina,
which leaves the vitreous attached. This is beneficial, since vitreous removal is known
to disturb the ILM in small areas, leading to potentially biased results.'® Using this
bovine vitreoretinal model, PS nanoparticles of 40 nm size could moderately penetrate
the ILM, while 100 nm and 200 nm particles did less so. Removal of the vitreous was
shown to allow a comparatively higher intake of 100 nm particles. To display the effect of
compromised ILM, they sought out damaged positions on the explant, where a massively
increased penetration was observed locally. Unfortunately, due to biological variability,
results fluctuate in between different explants and even within different regions on the
same explant. Therefore, experimental studies require careful data analysis to produce

reliable results.

5.1.5 Magnetic helical microswimmers

Magnetic nano- and microswimmers are promising delivery vehicles for the transport
of therapeutics to the retina. They offer guided delivery through the vitreous, thus
minimizing off-target side effects, and can overcome slow passive diffusion. Because their
propulsion speed is in the order of 1-10 body lengths per second they can only operate
in slow fluid flow environments, which can for example be found in the eye. Injections
close to the retina are difficult to position. Hence the facilitation of the transport to
the back of the eye is already an improvement to conventional techniques. In a proof-
of-concept study by our group magnetic helical microswimmers were shown to actively
traverse the vitreous body of the eye.'3? To achieve this the microswimmers had to have
a filament thickness of maximum 500 nm, small enough to fit through the vitreous gel
mesh structure, but big enough to allows strong propulsion and carrying capabilities.
Smaller swimmer designs have more dominant rotational diffusion character and are not
suitable for propulsion over long distances. Additionally, the surface was coated with a
perfluorocarbon liquid that reduced adhesion. Future designs need to include a similar

concept to avoid getting trapped inside the vitreous.

5.2 Motivation

This project investigates potential uses of active magnetic microswimmers for retinal
therapy. The eye is an ideal environment for active delivery systems, because of its low
immune response and the lack of strong fluid flows. Ideally, the transport and release of

effective therapeutics to the retina is sufficient to improve or replace conventional surgical
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approaches, effectively reducing health risks and unwanted side effects, thus improving
the patients’ quality of life. To probe this, fundamental studies to better understand the
penetration capabilities of micro- and nanoparticles into the retinal tissue are necessary.
With this knowledge more directed progress in finding efficient drug delivery strategies
can be achieved. Additionally, microswimmers could be used for more than the transport
to the retina. Mechanical stress exerted locally might help overcome otherwise imperme-
able biological barriers. If that should not be enough, carrying additional components,
such as enzymes, to help facilitate reliable retina penetration is possible, rendering this

system a versatile all-round solution.

5.3 Results

Performing experiments on biological tissues, as delicate as the retina, is very complex
and challenging. From reading the literature and talking to eye experts it has become
clear that reducing the time from the point of death to the experimentation is crucial
to preserve the sample physiology. Cooling during transport and handling is essential
to slow down cellular degradation processes, which alter the samples’ integrity. This
imposes a time constraint on performed experiments. Additionally, the tissues need to
be handled with extreme care and under physiological salt conditions. Any mechanical
stress can lead to ruptures in the thin membranes and cell layers. The best practise
we found is to always have the retina tissue lying on a support and otherwise never
touch it. These restrictions result in a high susceptibility to errors. On top of that the
biological variability makes every sample unique and experimental results have to be
viewed critically to avoid misinterpretation. For these reasons the experimentation was
partly performed in collaboration. My colleagues Lucie Motyckova and Dr. Mariana
Alarcén Correa helped with the tissue preparations. Lucie Motyckova performed the
cryosectioning work, while I performed sample staining and imaging with guidance from

Dr. Dimitris Missirlis. Discussions, planning and analysis were performed together.

Eye dissection

The fresh porcine eyes were received from a local butcher, where they were kept at 4 °C
after enucleation. The eyes were picked-up directly after and transported with cooling
to the lab. The estimated time between the animals death and arrival at the lab was
4 h. Next, the remaining outer ocular tissue was removed and the eyes were disinfected
in 70 % ethanol, then washed in sterile PBS. A bilateral cut was made by a scalpel and

medical scissors above the ora serrata, around the iris. The anterior parts were removed
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and the vitreous body carefully separated, by tilting the eye cup and careful pulling with

broad tweezers. This leaves the retina exposed for subsequent experiments.

5.3.1 Mechanical penetration

A straightforward approach to the delivery of therapeutics is the direct delivery via
active particles. For this purpose LM fabricated magnetic helical microswimmers made
out of SiOy with a FePt tail, similar to previous publications,'3? but more biocompatible
and with a higher remnant magnetization. We did not use the MgZn microswimmer to
reduce the complexity of the study at this stage, but MgZn swimmers can readily be
substituted, if needed. In order to observe the propulsion against the ILM and potential
penetration into the retina the experiment was performed under an inverted microscope.
The 3-axis orthogonal coils were fitted to the microscope stage to enable propulsion in
3D. For better visibility the surface of the propeller was functionalized with Quantum
dots@NH, (QDot ITK Amino 705) by a silane-PEG-NHS linker. The procedure is
similar to the loading protocol described in section 4.3.4. For imaging, a thin sample
was necessary to see trough the tissue. Using scissors the eye cup was cut into 3-4
segments after dissection. Each flap was punched by a medical punch (8 mm diameter),
which was kept in place to remove the surrounding retina and then carefully removed.
The flap was then transferred into a petri dish, filled with neurobasal medium. The
interface of RPE to photoreceptor cells is the weakest link, where the retina detaches
from the flap and started floating in the medium, where it could be picked up with a
spatula spoon. The retina punch was then transferred gently placed inside a chamber,
built out of glass cover slips and stacked gene frames. The propellers were magnetized
orthogonal to the swimming direction and added on top of the ILM in retina medium.
Retina medium is based on neurobasal medium with added N2 and B27 supplements,
ciliary neurotrophic factor human (CNTF), Gentamycin and Penicillin/Streptomycin.
The exact formulation can be found here.'87 After closing the chamber from the top the
sandwich was then flipped upside down and placed inside the magnetic coils. Imaging
from below was necessary because of the limited working distance of the 63x objective
(NA 0.75) and to allow fluorescence imaging. The propulsion behaviour of the propellers
were tested at the bottom of the chamber. Optimal actuation was achieved operating
at 10 mT and 100 Hz. The propellers were then navigated upwards until they hit the
medium to ILM interface. Once there, they could not swim higher up and started sliding
sideways, because the ILM is undulating. until they accumulated in the locally highest

plane, shown in figure 5.2.
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Figure 5.2: Brightfield and fluorescent images of SiO2@QDot micropropellers at the ILM
interface of an porcine retina explant with the ILM side facing down. The
interface is not flat, due to the undulating nature of the retina. Scale bars

are 5 pm.

The frequency range, in which the propellers can operate depends on the fluid viscosity
around it. The viscosity inside the ILM or retina is unknown, but presumably higher
than medium. A shift to higher viscosity will require different operating conditions. Fur-
ther upwards propulsion while varying the frequency between 1 Hz and 100 Hz did not
have an observable effect on the propeller penetration capabilities, which suggests the
applied force was insufficient to penetrate the ILM. When the propulsion was stopped,
the swimmers slowly sedimented towards the bottom of the chamber. We also repeated
the experiment from the RPE side, by preparing the sample the other way around. Here,
the particles immediately come in contact with RPE cells, without an additional mem-
brane in between. The observed behaviour was indeed different, as the propellers got
trapped in the photoreceptor cell layer interface, when propelling upwards. Reorienta-
tion or movement in plane was not possible, while being trapped. When the swimming

direction was reversed the swimmers broke free again.

The maximum torque that can be applied here depends on the magnetic moment of
the swimmer and the applied external magnetic field, according to equation 2.10. The
magnetic moment of the swimmer is limited by the remnant magnetization of the used
magnetic material and its incorporated volume. In this case the magnetic moment is
already very high and can only be marginally increased by using more magnetic mate-

rial, which is not desirable for later applications. The external magnetic field strength
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is limited by the coil that produces it. Most lab-scale coil designs reach their limit
around 10 mT and a frequency of 100 Hz, while still being small enough to fit inside a
microscope stage. Limiting factors are the thickness of the wire and number of turns
per coil. These can not be scaled indefinitely, because the dimensions are restricted by
the microscope and heating effects must be considered. The achievable torque has been

optimised within reasonable constraints.

In order to get a theoretical estimation of the force F' a single propeller can exert I
compared it to the drag force it overcomes when swimming. This approximation has
been made in our group before.?* By estimating the shape of the propeller as an ellipsoid
with the major and minor axes a and b (a>b), its Stokes’ drag in free solution can be
calculated as

Fell,oo = 671’77bufeu,oo (5.1)

with a correction factor fe,0 and the swimmers’ speed u. 188

fell,oo = {i\/@i [(CQ + 1) arcoth(¢) — C} }_1 (5.2)

a 1
C_\/a2—b2_\/1—1i2 3

with the aspect ratio A = a/b. Using the dimensions of a typical helical micropropeller

as a = 1.5 pm and b = 0.5 pm results in an aspect ratio of A = 3. Using equation 5.2
for this swimmer gives a correction factor of fe1 0 ~ 1.4. With this I can estimate the
drag force acting on the microswimmer, swimming at a typical speed of u = 10 pm-s~*

in water (n = 1073 Pa s) using equation 5.1 to
Fell,oo ~ 13 pN

With this force a microswimmer would exert a pressure of around 100 N-m~2. To
put this number into context, atomic force microscopy (AFM) studies can be used to
determine stress-strain curves of biological barriers. Candiello et al. performed AFM
force measurements on the ILM of chicks, lying on a stiff substrate.*6 Loading force
over indentation plots show no rupture of the membrane at 10 nN of loading force at
an indentation depth of 50 nm. With their used AFM tip radius of 10 nm the exerted
pressure calculates to ~ 107 N - m~2. Somewhat related cell membrane and rehydrated

lipid bilayer penetration force measurements were shown to require a force of 5-27 nN,!89
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which resulted in pressures of ~ 10° — 107 N - m~2, depending on the used tip geometry
and size. These numbers suggest that the exerted force by this microswimmer is orders

of magnitude too low to penetrate the ILM and other biological membranes.

5.3.2 Retina penetration by nanoparticles

From the literature we know that particles of smaller size show higher permeability, but
have low efficiencies due to their dependence on slow diffusion, dilution in the vitre-
ous and dependence on local injections. Magnetic helical propellers could be used to
transport smaller, nanosized particles to the retina, which can not propel themselves.
However, since the exact size limit of particles, capable of ILM penetration, is unknown,
determining it would immensely benefit the search for suitable non-viral vectors. From
the few reliable studies the size limit can be estimated to be below 100 nm, likely even
below 50 nm, if penetration by larger numbers is required. The research of my colleague
Lucie Motyckova is focused on performing systematic studies to find the size limit of

spherical particles, capable of ILM penetration.

Enzymatic ILM digestion

To complement this line of research, I investigated the possibility of increasing the ILM
permeability through enzymatic degradation of its structural collagen fibers. To this
extent, two different collagenases from Clostridium histolyticum were used to achieve
proteolytic activity. Collagenases are proteases of the matrix metalloproteinase family,
capable of collagen fibre cleavage in basement membranes.!'?’ Collagenase type IV (Cls

1192 while col-

IV, Merck) is capable of cleaving network-forming collagen IV chains
lagenase type II (Cls II, Merck) is cleaving long collagen I fibrils. Both enzymes were
blended by the manufacturer with clostripain, an arginin protease. Compared to the

previously studied, unspecific protease blend Pronase E,!69

which catalyzes the cleavage
of proteins down to single amino acids, the herein used collagenases are more specific,
which should result in less off-target activity.

In order to observe the effect of enzyme digestion on the ILM permeability, fluorescent PS
nanoparticles of 25 nm diameter (micromer-redF, carboxyl modified surface, micromod
Partikeltechnologie) were applied to the retina. From our observations during shared
preliminary experiments, we suspect that the addition of a particle dispersion on top of
retina explants in culture does not prevent the particles from diffusing into the medium
and around the explanted tissue. Diffusion of small particles into the retina from the

torn off photoreceptor cell side should be more easily possible, since there is no biological
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barrier to prevent penetration into the damaged tissue. Performing penetration exper-
iments, where particles can diffuse from both sides lead to biased results and confusion
and should be avoided. The extraction of a larger section of retina is unfortunately not
possible, due to the fragile nature of the tissue. Therefore, we developed an ex vivo
retina-choroid-sclera model system. The model can be cut into larger sections and keeps
the structural assembly of layers intact. The eye was prepared as described in section
5.3 and then cut in 2-3 pieces. Each piece was then pinned on a styrofoam plate with
needles to keep the partial eye cups from collapsing, shown in figure 5.3. The cups were
filled with physiological salt buffer solution (Hank’s balanced salt solution, HBSS) to

keep the tissue alive.

Figure 5.3: A retina-choroid-sclera explant pinned on a styrofoam square.

This model did prevent diffusion around the tissue, but could not be cultured for more
than a few hours. Experiments with free enzymes in different amounts were performed
to study the degradation process and show the effect of ILM degradation on the perme-
ability of retina towards 25 nm PS particles. According to the manufacturer the enzyme
activity was 125-250 Mandl-U per mg. Enzyme formulations of 0, 50 and 100 pg were
applied over 1 h in HBSS with added Ca?* at 37 °C. The Ca?" ions are a necessary
co-factor for collagenase. After washing with HBSS, the ez vivo retina-choroid-sclera
model was incubated with 25 nm PS@COOH beads (=~ 10'3 particles) for 1 h at 37 °C.
After incubation the retina was rinsed with HBSS to remove excess particles and the ex-
posed area was excised, fixed with methanol and embedded in TissueTek O.C.T. medium
(Sakura Finetek) in an aluminum mold. Homogeneous freezing was achieved by placing
the mold on a raft, built out of aluminum, floating on liquid nitrogen. The frozen tis-
sue was cut into 10 pm thick slices and transferred to adhesive glass slides (SuperFrost
PLUS, Epredia). The cryosections were dried, washed with tris-buffered saline, stained
with DAPI and imaged using a fluorescence microscope under consistent imaging condi-

tions. 3-channel images were taken using a 10x air objective (NA 0.45) in brightfield with
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phase contrast and two fluorescence channels for DAPI and the red PS particles with
suitable filters. The red fluorescence microscopy images were post-processed to differen-
tiate the particle signal from the underlying autofluorescence of the tissue by subtracting
an offset value, determined from a control sample. Figure 5.4A shows stitched together
zoom-in images of phase contrast brightfield images and overlayed fluorescence channels.
DAPI is displayed in gray, while the red fluorescence signal from the particles is shown
as a gradient from yellow to blue with decreasing intensity, normalized to the image with
the highest intensity (Cls II, 100 ng). Cell layers are labelled for orientation. The control
sample shows a low concentration of particles on the ILM with no apparent penetration
into the tissue. Rinsing the sample before imaging removed the bulk of particles. The
enzyme treated samples show a significant higher amount of retained particles at the
interface due to surface penetration into the ILM an underlying tissue. Cls II treated
samples show a higher penetration depth of PS particles deep into the GCL, but also
show damage to the surface layers, which appear to be disturbed. A higher enzyme dose
increase the ILM permeability further with particles reaching the ONL, but also had
increasing deleterious effects on the surface retina layers.

The region of degradation due to the enzymes in the higher dose reach down all the
way to the INL, causing structural rearrangement and resulting in the dislocation of cell
bodies. For Cls II the damage is more severe, with complete structural loss to the GCL,
forming holes in the tissue, which can be seen by the increased thickness of the GCL.
When observing the control sample with a high magnification 63x oil objective (NA
1.4) in brightfield and fluorescence, shown in figure 5.4B, the PS particles do appear to
penetrate the retina slightly. This level of detail was not possible to observe with a low
magnification objective, which is hence unsuitable for a detailed analysis and can only
be used to observe larger clusters of particles. The observed low penetration depth of
only a few micrometers might be a result of the short incubation time of only 1 h, given
they are diffusion dependent and therefore slow. To test this the experiment should be
repeated with longer incubation times of 24 h or more. However, increasing the time
also causes natural degradation due to the decaying tissue and so complicates such an
analysis. Unfortunately this ex vivo retina-choroid-sclera model system is not suited for

cell culture. Alternative model systems would have to be developed.
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Figure 5.4: A Low magnification fluorescence microscopy image zoom-ins of an ex vivo

porcine retina-choroid-sclera model after incubation with a 0 pg, b 50 pg,
and ¢ 100 pg of Cls IT and 1V, followed by incubation with 25 nm fluorescent
PS@QCOOH beads. Each incubation period was performed for 1 h in HBSS
with Ca?T at 37 °C. Left: Phase contrast brightfield images. Right: Overlay
of fluorescence channels, DAPI staining in grey and PS particles colored in a
gradient from yellow to blue with decreasing intensity. Fluorescence has been
offset using a negative control to remove autofluorescence and normalized to
the highest fluorescence (Cls II, 100 pg). Retinal layers from top to bottom:
ILM=inner limiting membrane, GCL=ganglion cell layer, INL=inner nuclear
layer, ONL=outer nuclear layer, PRC=photoreceptor cells. Scale bars are
100 pm. B High magnification fluorescence microscopy image zoom-ins of
the same position, shown in brightfield on the left and fluorescence on the

right (same color code, with offset, not normalized) Scale bars are 10 pm.

Additionally, the enzyme concentration has to be adjusted to prevent damage to the un-

derlying tissue, while still achieving higher ILM permeability. Cls IV seems to be milder

and more specific and therefore a more promising candidate. Alternative enzyme blends

without additional enzymes, like clostrapain, could also be tested to reduce unspecific ac-

tivity. In order to allow a detailed observation of the ILM degradation, immunostaining

against collagen would be insightful. Staining with rabbid anti-collagen IV antibodies

was attempted, following the literature procedure, but did not show good localization

to the ILM. The reason for this is still unknown and remains to be investigated.
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High-resolution electron microscopy analysis

In collaboration with the research group of Prof. Dr. Rasmus Schroder (BioQuant,
Heidelberg) the effects of enzyme degradation on the ILM and retina was investigated
by high-resolution electron microscopy. Retina explants were treated with 40 pg of Cls
IT for 1 h at 37 °C in retina medium, then subjected to a fixation, dehydration and
resin embedding procedure, followed by sectioning in an ultramicrotome (slive thickness
of about 70 nm) and sequential imaging by Munisa Tabarova. Exemplary images are

shown in figure 5.5.

A

i

Figure 5.5: Electron microscopy images of fixed and resin embedded retina explant ex-

plant ultramicrotome sections, incubated with A 0 pg or B 40 pg Cls 11 in
retina medium for 1 h at 37 °C. Scale bars are 500 nm. Provided by the lab
of Prof. Dr. R. Schréder.

As shown in the electron microscopy images the ILM is entirely intact in the observed
areas of the untreated retina explants. The ILM is visible as a =~ 140 nm thick membrane
with three layers, a more electron-dense core and more fibrous, transparent outside layers,
on top of the Miiller cell endfeet. This three alyer structure is also found in human fetal
ILM.193:194 The thickness measured in a dehydrated sample is always smaller than its
hydrated natural form.%> Incubation of the ILM with Cls II partially degraded the ILM
structure and produced holes of around 50 nm diameter. In these images no damage to
the underlying tissue could be observed, which might be due to the lower concentration
used in this experiment. This is a promising results, as it shows that proteolytic activity
does not necessarily need to cause deleterious effects, although a more extensive analysis

is necessary to determine the best operating conditions.

Condensed DNA nanoparticles

Alternatively, the use and potential transport of a non-viral transfection agents was in-

vestigated. In order to find a suitable cargo molecule that could benefit from delivery
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via MgZn microcarriers, I survey the literature for the smallest possible non-viral gene
delivery vectors available. The highest form of condensation is reported for nanoparti-
cles formed around a single strand of DNA, complexed with oligopeptides CK3p with
attached PEG (10 kDa) chain, first shown by Liu et al. to transfect postmitotic cells.!”
Since then these compacted DNA nanoparticles (DNA NPs) have also been successfully

176-179,195-197 4nd non-human primates'®? by intrav-

used to transfect ocular cells in mice
itreal and subretinal injections. The efficiency of these nanoparticles is likely due to their
extremely small dimensions, depending on the used DNA size. Number-weighted DLS
measurements show hydrodynamic diameters of 34, 78, and 100 nm for plasmid sizes of
2.89, 5.14, and 28 kb respectively.'” Their surface charge is neutral, which allows them

to diffuse freely in the vitreous body!**

and penetrate membranes, including the nuclear
membrane.!” Three years later it was shown through electron microscopy analysis that,
depending on the counter ion, the DNA NPs assume different shapes. The use of triflu-
oroacetate (TFA) produces an ellipsoidal shape, while the use of acetate (Ac) results in
long wires.!”® This is of interest, since an elongated shape features a minor and a major
diameter, which might allow penetration of particles along a specific orientation. The
minor diameters of such particles can be as low as 8 nm, which is significantly lower than
their measured hydrodynamic radius. It would therefore be of interest to see if the trans-
port and release of such small non-viral vectors with degradable magnetic microcarriers
can improve their efficiency. To this extent I have fabricated DNA NPs with an eGFP
plasmid (/3 kb). The oligopeptides (Intavis Peptide Services, Tiibingen) and the eGFP
plasmid were provided by the Schnichels lab (Center of Opthalmology, University Eye
Hospital Tiibingen). The formation of condensed DNA nanoparticles was performed
according to the literature!™19% by step wise addition of CK30PEG (10k)@acetate to
eGFP plasmid in a 2:1 charge ratio (3.1:1 w/w ratio) with vigorous mixing in between
additions. Complexation for 30 min at 20 °C was followed by 3 washing steps, using
Amicon Ultra 100 kDa centrifugal filters (Merck) to remove excess peptide. The DNA
NPs were recovered in water and stored at 4 °C until use. I measured the hydrodynamic
radius by DLS to 49+21 nm (average of six measurements, number-weighted), which is

in agreement with the literature value of 60+6 nm."

To test the transfection efficiency of DNA NPs towards ocular cells the Schnichels lab
(Center of Opthalmology, University Eye Hospital Tiibingen) performed transfection
experiments on cultured porcine retina explants. The reporter gene luciferase, cloned
into a plasmid, was complexed with CK30PEG(10k) for both counterions (TFA and Ac)

and incubated for 48 h on top of retina explants. After successful transfection Luciferase
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enzyme activity emits green light as a readout, when adding its substrate luciferin. The
fluorescence images captured after histological analysis, shown in figure 5.6, exhibit low
autofluorescence at the ILM interface and in the photoreceptor cell layer for the control
sample with naked plasmid. For the samples incubated with DNA NPs green fluorescence
is recorded throughout all retinal layers. The localization is different for each DNA NP
type. DNA NPsQTFA seems to have a higher permeability, but the cells in the INL and
ONL are disturbed. This might be a result of the preparation procedure or a negative
side effect of the DNA NPs and needs to be examined further. This experiment provides
preliminary confirmation that intravitreal delivery is a promising delivery route for these

particles.

DAPI | GFP | | merge

control

r GFP_TFA \ \

H pTo

pTor GFP_Ac

Figure 5.6: Histological analysis of transfection experiments on porcine retina explants
over 48 h with DNA NPs with different counterions, complexed with a plas-
mid encoding for the reporter gene luciferase. Cells were stained with DAPI.
Luciferase activity emits green light. Fluorescence channels are shown sepa-
rately and as overlay. Scale bar is 100 pm. Provided by the lab of Dr. Sven
Schnichels.

In order to load the DNA NPs onto MgZn microcarriers for future transport to the retina,

I performed the same silane linking procedure, as shown previously in section 4.3.4. For
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fluorescent labelling of DNA NPs, propidium iodide solution in a final concentration
of 1 pg-ml™! was added and incubated for 5 min, before performing microscopy in a
confined volume. Images were taken in quick succession in brightfield and fluorescence
mode (cyan LED of 511/44 nm and 20 % intensity with long-pass filter of 555/25 nm).
Fluorescence images were processed using imageJ, by applying a threshold that cuts off
the background signal, measured on an unstained sample of MgZn@DNA NP propellers
with identical imaging settings, and converted the images to binary form. Brightfield
images were background subtracted (rolling ball radius: 3 pixels, sliding paraboloid
enabled), inverted and also converted to a binary image using the threshold function.
The resulting channels, shown in figure 5.7, were compared using an ’AND’ filter, which
yields a binary image with bright pixels, where both channels showed a signal. The

fluorescently positive particles were counted (n=1297) and divided by the total particle

count (n=7689) from the brightfield images, which yielded a particle functionalization
ratio of 16.9+0.2 %.

Threshold
—

l

=3 Particle counting

Figure 5.7: Particle functionalization analysis of MgZn@DNA NPs, imaged in brightfield
and fluorescent mode. Brightfield images were background subtracted, then
both channels were converted by a threshold algorithm into binary images
and subjected to an ’AND’ filter. The resulting image shows only the over-

lapping signal from both channels. Scale bars are 20 pm.
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5.4 Summary

In this chapter the potential use of magnetically guided microcarriers for drug delivery
to the retina was investigated. The key challenges have been identified as overcoming
the barrier roles of vitreous body and ILM, which make the retinal tissue imperme-
able to many intravitreally injected viral and non-viral vectors alike. The penetration
capabilities of nanoparticles are restricted to neutral and negative charges and are size-
dependent, while a precise size cut-off is so far unknown. Studies have to be performed
in a relevant animal model to allow translation of the results to human physiology. To
this extent, pigs have been identified as a suitable model system, where these challenges
were addressed in preliminary experiments.

Firstly, the mechanical penetration of the ILM was studied using magnetic helical mi-
croswimmers and a lab-scale three-axis coil system. The exerted force of a single mi-
croswimmer against the surface of the retina from the ILM side by propulsion was esti-
mated to 100 N-m~? and shown to be insufficient to achieve penetration. Comparison
with reported AFM force measurement studies revealed that the achieved pressure is
likely orders of magnitude too low in this configuration.

Secondly, the use of enzymatic degradation of the ILM by proteases was investigated
in an attempt to increase its permeability for nanoparticles. An ex vivo porcine retina-
choroid-sclera model was developed to study the penetration of nanoparticles in a con-
trolled manner. In a preliminary study, I showed that collagenases are promising can-
didates for ILM degradation. Application of free enzymes in different doses increased
the penetration capabilities of 25 nm PS particles significantly. While the applied doses
were too high and caused substantial damage to the underlying tissue, a lower dose in
combination with more realistic incubation times should reduce unwanted off-target ac-
tivity. This approach could be combined with degradable MgZn microswimmers, which
should be capable of transporting enzymes in locally active quantities.

Thirdly, the transport of non-viral, gene-loaded vectors to the retina was identified as
a promising strategy to overcome the limitations of intravitreal injection by active and
guided transport. To this extent, a literature survey yielded compacted DNA nanopar-
ticles as promising candidates. Their retina transfection capabilities are documented
in the literature and were validated in an ex vivo retina model by our collaborators
(Schnichels lab). I was able to show the binding of these nanoparticles onto degradable
MgZn microcarriers for future targeted delivery experiments. While the initial loading
rate was only around 17 %, the procedure can likely be optimised to at least 40 %, which

is similar to the rate achieved for liposomes.
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6 Conclusions and Outlook

This thesis examined different ways to achieve propulsion and carry molecular cargo
in aqueous environments in the low Reynolds number regime. I specifically focused on
using biological building blocks or inorganic materials that are degradable in biological
environments to improve the biocompatibility of active nano- and microstructures. This
directly addresses concerns towards the long-term safety such structures when used in
the human body. Especially for small particles, where there are no retrieval strategies
available yet, the biosafety is of upmost importance.

By combining catalytically active platinum nanoparticles with a biological scaffold, made
out of DNA helices, an attempt was made to realize an active bio-hybrid structure.
While an efficient coupling scheme could be developed, and activity could be shown, the
shape of the structure did not exhibit significant active motion. The small size of the
construct limited the size of the chemical gradient for self-propulsion and complicated the
observation. However, the assembly procedure is flexible due to the versatility of DNA
and can be applied to build larger systems that could exhibit interesting functionalities
through catalytical activity.

Alternative to chemical propulsion the use of rotating magnetic fields is a promising
strategy to achieve actively guided motion, especially over larger distances and in bi-
ological media. Helical microswimmers are an interesting design concept, whose main
drawback is the need for inorganic materials for its fabrication and magnetic properties.
To address this issue the fabrication of a degradable microswimmer was achieved by us-
ing magnesium and zinc as structural materials. Adjusting the magnesium to zinc ratio
produces a flexible system that can be programmed to degrade in a time span ranging
from hours to months. This provides enough time to perform delivery tasks in medical
experiments, while at the same time allows the release of therapeutics over a designated
time. The results presented in this thesis overcome a major limitation of magnetic de-
livery systems and should allow the progression towards biomedical application inside
more realistic environments and clinical studies, which brings us another step closer to

the envisioned 'nanosurgeon’.2%%
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Figure 6.1: Envisioned micro-submarine carrying a surgeon for targeted nanomedicine

The eye poses an ideal target organ for the use of degradable magnetic microcarriers,
because it promises potential improvement over the currently employed, risky and in-
efficient surgical techniques. These shortcomings mean that gene therapy is currently
limited in the eye and only under major surgical procedures. In contrast to desirable
micro- and nanoparticle based preventive therapies, which would drastically increase
the prospect of success and the patients quality of life. To achieve this goal, the herein
reported progress in a degradable delivery system can be used to address the key chal-
lenges faced in ocular therapy. While the transport of magnetic helical microswimmers
through the vitreous body has been shown before, the identification and loading of an
efficient therapeutic agent still had to be demonstrated. Here I confirmed the fabrication
and showed the loading of compacted DNA nanoparticles as promising candidates onto
degradable microcarriers.

Outside of the eye, potential applications for magnetic microcarriers can be found in-
side other fluid containing organs, such as the bladder or stomach, as long as the fluid
flow is reasonably low. Progress towards the capability to traverse fast flowing environ-
ments or compact tissues would require optimisation and improvement of the propulsion
mechanism. If the target site imposes no size restriction, potentially larger designs can
be fabricated that might be capable of exhibiting stronger forces and faster swimming
speeds. The combination of magnetic and other propulsion strategies, for example ul-

trasound, might offer capabilities not achievable with either method alone.
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