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Zusammenfassung

Das Verständnis von molekularen Prozessen in lebenden Organismen ist
der Schlüssel zur Entwicklung von effektiven Medikamenten und der Heil-
ung von Krankheiten. Um die Unversehrtheit zellulärer Netzwerke wäh-
rend der Beobachtung und der Interaktion mit diesen Prozessen beizube-
halten, müssen nicht-invasive Bildgebungs- und Aktuierungsmethoden be-
nutzt werden. Die Sensitivität und Spezifität dieser Methoden kann durch
spezifische Kontrastmittel und Aktuatoren stark verbessert werden. Ma-
gnetische Kontrastmittel und Aktuatoren ermöglichen zusätzlich Interaktio-
nen durch Magnetfelder auf zellulärer Ebene. Da magnetische Felder frei
durch Gewebe propagieren, haben sie das Potenzial nicht-invasive Bildge-
bung und Zellaktuierung zu ermöglichen. Ein außergewöhnlicher Ansatz
um spezifische Zellnetzwerke zu adressieren und physikalische Barrie-
ren komplexer Organe zu überwinden, ist die genetische Kodierung der
gewünschten Kontrastmittel und Aktuatoren. Das Forschungsfeld Magne-
togenetik kombiniert die genetische Kodierung mit magnetischen Eigen-
schaften, um mit den neu entwickelten Systemen biomedizinische Proble-
me zu lösen.
Das Ziel meiner Doktorarbeit war die Modifikation der eukaryontischen Ei-
senhomeostase, um Zellen anhand von Magnetresonanzbildgebung (MR-
Bildgebung) zu detektieren und die Manipulierbarkeit durch Magnetfelder
zu ermöglichen. Dafür habe ich die zelluläre Eisenhomeostase genetisch
mit dem Ziel manipuliert, den intrazellulären Eisengehalt zu erhöhen und
das zusätzliche Eisen in einer nicht-toxischen, hochmagnetischen Form
zu organisieren.
In dem ersten Teil meiner Doktorarbeit wurde er Transferrin-abhängige
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vi Zusammenfassung

Eisentransportweg untersucht. Dieser Transportweg kommt am häufig-
sten vor und transportiert maximal zwei Eisenatome nach einem Endo-
zytosezyklus in das Zytosol. Es konnte gezeigt werden, dass die zelluläre
Eisenladung durch Supplementation mit Eisen(III) und Transferrin erhöht
wurde. Gleichzeitig wurde durch diese Methode der T2-abhängige MR-
Kontrast erhöht. Die Grenzen dieses Ansatzes wurden jedoch erreicht,
da, wahrscheinlich auf Grund von starken zellulären Regulationsmecha-
nismen, keine effektiven genetischen Veränderungen vorgenommen wer-
den konnten.
Eine Art diesen hochregulierten Transportweg zu umgehen war die Ein-
führung von Eisen(II)-abhängigen Transportproteinen. Das Protein Zip14
wurde wegen seines pH-Optimums dem gut bekannten Protein DMT1 vor-
gezogen. Durch den Zip14-abhängigen Eisentransport konnte die zellulä-
re Eisenbeladung stark erhöht werden. Jedoch führten hohe, unkontrol-
lierte Eisenmengen im Zytosol zu starker Toxizität. Dieser Effekt konn-
te durch die Überexpression von Eisenspeicherproteinen, hauptsächlich
Heavy Chain Ferritin, reduziert werden. Durch den Eisen(II)-abhänigen
Transportweg konnte die Eisenladung 2-3-fach erhöht werden und gleich-
zeitig wurde der MR-Kontrast ca. 3,5-fach im Vergleich zu Kontrollzellen
verstärkt. Obwohl die Eisenladung zusätzlich durch die Benutzung von
Ascorbinsäure erhöht werden konnte, war Zelltot, wahrscheinlich durch
die Toxizität von freiem Eisen im Zytosol, der limitierende Faktor dieses
Ansatzes.
Im Gegensatz dazu erlaubt der Ferritin-abhängige Transportweg einen si-
cheren Transport von Eisen in das Innere der Zellen, in Kombination mit
einer gesteigerten Endozytoseeffizienz von bis zu 4500 Eisenatomen pro
Zyklus. Die zusätzliche genetische Kontrolle durch die Überexpression der
Ferritinrezeptoren TfR1, Tim-2 und Scara5 ermöglichte hohe zelluläre Ei-
senladungen, die einen ca. 5-fach erhöhten MR-Kontrast während TfR1
Überexpression und eine ca. 10-fache Erhöhung während der Überex-
pression von Tim-2 oder Scara5 zur Folge hatte. Interessanterweise wur-
de der beobachtete MR-Effekt wahrscheinlich durch lysosomale Kluppung
des endozytierten Ferritins verstärkt. Um die Sensitivität von MRT zu erhö-
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Zusammenfassung vii

hen und um magnetische Interaktionen zu ermöglichen, wurde der Ferrihy-
dritkern von Ferritin durch superparamagnetisches Magnetit ersetzt. Da-
durch entstand hFTH-Mag. Durch magnetische Wechselwirkungen konn-
ten 30% der TfR1 und Tim-2 überexprimierende Zellen spezifisch absor-
tiert werden. Zusätzlich war es durch Tim-2 induzierte hFTH-Mag Aufnah-
me möglich ca. 10% der untersuchten Zellen durch magnetische Hyper-
thermie gezielt abzutöten. Zusätzlich wurde durch die Veränderung der
optische Absorption und des Brechnungsindexes des intrazellulären, ei-
sengeladenen Ferritins optoakustische und Frequenzverdreifachungsmi-
kroskopie, sowie spezifische Zellabtötung ermöglicht.
Zusammenfassend habe ich unterschiedliche Möglichkeiten untersucht,
die Magnetisierung von Zellen durch genetische Veränderungen zu erhö-
hen und diese Magnetisierung für nicht-invasiven Bildgebungs- und Ak-
tuierungsmethoden zu benutzen. Dafür wurden drei verschiedene Eisen-
transportwege evaluiert, von denen der Ferritintransportweg der effizien-
teste war. Die Kombination dieses Transportweges mit hFTH-Mag ermög-
lichte magnetische Interaktionen auf zellulärer Ebene. Die Ergebnisse mei-
ner Doktorarbeit beschreiben die vielfältigen Einsatzmöglichkeiten der neu-
entwickelten, synthetisch-biologischen Werkzeuge für nicht-invasive Bild-
gebungs- und Aktuierungsmethoden, die zusätzlich genetisch und biosyn-
thetisch angepasst werden kann. Die Kombination aus genetischer Kon-
trolle der subzellulären Lokalisation und dem Einsatz von modifiziertem
Ferritin ist dadurch ein robustes Werkzeug für Untersuchungen von zellu-
lären Netzwerken ohne diese bei der Untersuchung zu verändern oder zu
verzerren.
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Summary

The understanding of molecular processes in living organisms is the key to
developing effective medical treatment and cure disease. To maintain the
integrity of cellular networks during the observation and interaction with
these processes, non-invasive imaging and actuation methods need to be
used. The sensitivity and the specificity of these methods can be strongly
improved with the help of contrast agents and specific actuators. Magnetic
contrast agents and actuators, for instance, introduce cellular susceptibil-
ity to magnetic fields. Therefore, they have the potential to enable non-
invasive imaging and cell actuation since magnetic fields to not suffer from
tissue attenuation. An exceptional approach to address specific cellular
networks and to overcome physical barriers in complex organs is the ge-
netic encoding of the desired contrast agents and actuators. The field of
magnetogenetics combines genetic encoding with desired magnetic prop-
erties to address biomedical problems with newly developed systems.
The aim of my doctoral thesis was the modification of the eukaryotic iron
homeostasis, to enable their detection through magnetic resonance imag-
ing (MRI) and render them receptive for magnetic fields. To achieve this
goal, I genetically manipulated the cellular iron homeostasis, to increase
cellular iron content and organize the excess iron in a non-toxic, highly
magnetic form.
In the first part of my doctoral project, the transferrin-dependent iron uptake
pathway was investigated. It is the most abundant iron uptake pathway and
transports a maximum of two iron atoms after endocytosis to the cytosol. It
could be shown that cellular iron loading was elevated after ferric iron and
transferrin supplementation. Also, T2-derived MR-contrast was increased
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x Summary

through this method. However, this system reached its limits due to the
lack of genetic modification possibilities, which were probably caused by
effective cellular regulation mechanisms.
To bypass this highly regulated pathway, ferrous iron transport proteins
were introduced. The protein Zip14 was favored to the well known DMT1
protein because of its physiological pH optimum. High cellular iron loading
could be achieved through Zip14 mediated iron transport, but iron mishan-
dling caused severe iron toxicity. This effect could be reduced through the
overexpression of iron storage proteins, mainly heavy chain ferritin. The
use of the ferrous iron pathway led to a 2 to 3-fold elevation of intracellu-
lar iron content and cellular MR-contrast was approx. 3.5-fold enhanced
compared to control cells. Even though the iron loading could be further in-
creased through the addition of ascorbic acid, cell death, probably caused
by mishandling of high intracellular iron concentration, was the major ob-
stacle to this approach.
In contrast to that, the ferritin uptake pathway allowed for the safe intro-
duction of iron into the cells, combined with an enhanced endocytosis
efficiency of up to 4500 Fe-atoms in one cycle. Additionally, the genetic
control through the overexpression of the ferritin receptors TfR1, Tim-2
and Scara5 enabled high cellular iron content, which caused an approx.
5-fold increased in MR-contrast during TfR1 overexpression and 10-fold
increased during Tim-2 or Scara5 overexpression. Interestingly, the ob-
served MR-contrast enhancement was probably pronounced due to lyso-
somal clustering of endocytosed ferritin. To increase the sensitivity of MRI
and enable magnetic interactions, the ferrihydrite core was substituted with
superparamagnetic magnetite, creating hFTH-Mag. Through magnetic in-
teractions, 30% of TfR1 and Tim-2 expressing cells could be sorted. Fur-
thermore, Tim-2 mediated hFTH-Mag uptake allowed for magnetic hyper-
thermic cell ablation of approx. 10% of the examined cells. Additionally, it
was possible to achieve optoacoustic and third harmonic imaging with spe-
cific photoablation through the change of optical absoprtion and refractive
index properties of intracellular, iron loaded ferritin.
In conclusion, I investigated different possibility to enhance cellular mag-
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Summary xi

netisation through genetic modifications and to use this magnetisation for
non-invasive imaging and actuations methods. Therefore, three differ-
ent iron uptake pathways were evaluated and the ferritin uptake pathways
proved to be the most efficient. The combination of this pathway with the
use of hFTH-Mag enabled magnetic interactions on cellular levels. The
findings of this thesis describe the broad possible use of the newly devel-
oped bioengineered toolbox for multimodal, non-invasive imaging and and
actuation which can be tailored genetically and biosynthetically. The com-
bination of genetic control over the subcellular localization and the use of
modified ferritn is thereby a robust tool for cellular network studies without
interruption and potential distortion of the systems under investigation.
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Chapter 1

Introduction

Biological and medical research is a highly interdisciplinary field of science
facing the great challenge of explaining how complex molecular and cel-
lular networks operate to realize complicated physiological functions. For
a deeper understanding of correlative and causal relationships, various
imaging and manipulation techniques are used. Each of them harboring
inherent physical limitations in penetration depth, resolution or sensitiv-
ity. Some limitations can be overcome with the help of contrast agents.
These contrast agents, on the other hand, introduce a different set of in-
herent limitations e.g. in specificity, delivery or addressability. Genetically
encoded contrast agents are an elegant tool to overcome the major limi-
tations of synthetic contrast agents in complex biological systems like the
brain. If they can be used with non-invasive imaging and interaction tech-
niques simultaneously, it would be possible to gain profound knowledge
of the systems in question through observation and interaction in its most
natural state.
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2 1. Introduction

1.1 Molecular Imaging and Manipulation in Neu-

roscience

Molecular imaging emerged as a discipline combining molecular biology
and in vivo imaging. It is a biomedical discipline that provides the vi-
sualization, characterization, and quantification of biologic processes at
cellular and subcellular levels within living subjects [Blasberg & Gelovani-
Tjuvajev, 2002; Kang & Chung, 2008]. Nowadays a diverse set of imaging
and actuation techniques can be used, depending on the research inter-
est. The most used imaging techniques in neuroscience are fluorescent
imaging, magnetic resonance imaging (MRI), computed tomography (CT),
Ultrasound (US), Positron emission tomography (PET) and single photon
emission computed tomography (SPECT) [Rudin & Weissleder, 2003]. Ac-
tuation techniques are mostly used in research areas for instance in the
form of optical or ultrasound actuation [Deisseroth, 2011; Yoo et al., 2011;
Lakshmanan et al., 2016], but electrical stimulation, which is the oldest
known and used stimulation technique, is also approved by the Federal
Drug Administration (FDA) for deep brain stimulation patients with essen-
tial tremor, Parkinson’s disease, dystonia and obsessive-compulsive dis-
order (OCD). Furthermore, transcranial magnetic stimulation is FDA ap-
proved for treatment of clinical depression.

1.1.1 Optogenetics

To date, the most powerful in vivo imaging and interaction tools for preclin-
ical molecular neuroscience are summarized under the name of optoge-
netics. Optogenetics is the combination of genetic and optical methods to
achieve gain or loss of function of well-defined events in specific cells of
living tissue [Deisseroth, 2011].
Optogenetic sensors enable for instance imaging of intracellular calcium
transients in neurons [Tian et al., 2009]. This can be correlated with neu-
ronal activity because voltage-gated calcium channels open upon the ar-
rival of an action potential and cause a calcium influx. This generates

2



1.1 Molecular Imaging and Manipulation in Neuroscience 3

further calcium release from intracellular storages and finally results the
migration and fusion of vesicles filled with neurotransmitter with the presy-
naptic cleft [Rusakov, 2006]. Calcium imaging with synthetic calcium indi-
cators has been used for decades to measure neuronal activation in vivo
and in vitro [Yuste et al., 1992; Stosiek et al., 2003; Fetcho et al., 1998].
The more recent development of genetically encoded calcium indicators
(GECIs) made it possible to target distinct neuronal populations and cir-
cumvent neuronal damage during delivery of the dye. This combination
enabled long-term in vivo studies [Mank et al., 2008]. The GCaMP pro-
teins found the broadest range of use among GECIs. GCaMPs were ini-
tially fusions of the green fluorescent protein (GFP), calmodulin, and M13
-a peptide sequence from myosin light chain kinase- but have nowadays
advanced to different spectral properties [Nakai et al., 2001; Zhao et al.,
2011].
Optogenetic actuators, on the other hand, help to achieve gain or loss
of function in specifically targeted cells in the tissue of living organisms
with high spatial and temporal resolution [Deisseroth, 2011]. Therefore,
light-sensitive ion channels like channelrhodopsin, halorhodopsin and ar-
chaerhodopsin are expressed in cells of interest [Mancuso et al., 2011].
Channelrhodopsins, for instance, are naturally occurring light sensors in
unicellular green algae [Nagel et al., 2002]. They are mostly unspecific for
H+, Na+, K+ and Ca2+ ions, but it was possible to alter ion selectivity as well
as kinetics, wavelength and photocurrent amplitude through protein engi-
neering and make them, a widely usable tool in neuroscience [Lin, 2011].
It is unquestionable how much the field of brain science advanced using
optogenetic tools, but they bare an inherent limitation: the propagation of
light in tissue. Dependent upon the wavelength, the distance for light to be-
come highly diffuse in tissue, is typically between a few hundred microm-
eters and one millimeter [Ntziachristos et al., 2005]. This means that very
limited information can be received or transmitted outside of these limits.
Through the use of organisms like Caenorhabditis elegans, zebrafish lar-
vae or transparent adult zebrafish these restrictions could be avoided, but
for studies of deeper brain regions in mouse or rats highly invasive optical

3



4 1. Introduction

windows and surgical implantation of optical fibers are used [Hove et al.,
2003; Jain et al., 2002].

1.2 Towards Magnetogenetics

The need for photon-independent control of cellular processes resulted in
numerous affords to sense and actuate defined cell populations in living
tissue and lead to the birth of the field magnetogenetics. The biggest ad-
vantage of magnetic actuators as compared to optical actuators is that
magnetic fields only weakly interact with tissue, meaning that magnetic
actuation and sensing techniques do not suffer for tissue attenuation and
can, therefore, enable non-invasive studies of intact cellular systems. The
use of magnetic actuators enables the exertion of mechanic forces, heat
generation through magnetic hyperthermia and the use as contrast agent
for non-invasive imaging, namely MRI [Dobson, 2008; Jordan et al., 1999;
Pankhurst et al., 2003].
Most attempts to realize the idea of magnetogenetics relied on chemically
synthesized magnetic micro- or nanoparticles with very high magnetic mo-
ments. The coating of magnetic particles with molecules that enable bind-
ing to certain receptors allows for genetic targeting. Through targeting
of the extracellular part of integrin with magnetic nanoparticles (MNPs), it
was possible to measure the force needed to twist the magnetic particles
and therefore mechanical properties of the cytoskeleton could be quanti-
fied [Wang & Ingber, 1995; Wang et al., 1993]. Furthermore, mechanosen-
sitive receptors on the cell surface could be activated through deforma-
tion of the whole cell membrane [Pankhurst et al., 2003]. This approach
was further improved through the targeting of specific mechanosensitive
ion channels and their subsequent opening through the interaction with
a magnetic field gradient [Hughes et al., 2008]. Another example of the
potential use of magnetic interaction was published by Mannix et al. The
authors showed membrane receptor clustering in RBL-2H3 mast cells and
the onset of a calcium second messenger signal cascade after binding

4
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of 30 nm MNPs and exposure to high gradient magnetic field [Mannix et
al., 2008]. Besides mechanical interaction, it is also possible to influence
cell signaling through heat. Heat can be generated by hysteresis loss of
many magnetic materials when subjected to a magnetic field that alter-
nates direction [Carrey et al., 2011]. Nevertheless, there is usually no
hysteresis loss observed in MNP, and the dominant factors for heat gener-
ation in MNP are Brownian and Néel relaxation [Rosensweig, 2002]. Heat-
sensitive ion channels on the cell membrane, e.g. the transient receptor
potential cation channel subfamily V member 1 (TrpV1), can be targeted by
magnetic nanoparticles such that ion channels open and allow calcium in-
fluxes when their temperature threshold is exceeded [Huang et al., 2010].
Magnetic particles can also be used as contrast agents for MRI. MRI is
a powerful tool for non-invasive whole organ imaging with high resolution
and superior soft tissue contrast, thereby relying solely on energy tissue
interaction [Rudin & Weissleder, 2003]. There are two different relaxation
mechanism that result in conventional MR-contrast, namely spin-lattice
relaxation (T1-relaxation) and spin-spin relaxation(T2-relaxation) [Bloch,
1946; Bloembergen et al., 1948]. After excitation from its equilibrium in
an external magnetic field, each tissue returns to the equilibrium by these
two independent processes [Bloembergen et al., 1948]. To overcome
the limitations in the sensitivity of MRI and therefore make it a powerful
molecular imaging device, contrast agents are widely used [Muller et al.,
2001; Lauffer, 1987]. A special form of contrast agents are MNPs, more
precisely superparamagnetic iron oxides (SPIOs), which are used to en-
hance the so-called T2-contrast in MR-applications. T2-contrast agents
have high magnetic susceptibilities and induce local magnetic field distor-
tions [Roch et al., 1999]. Water molecules diffusing near these particles
experience rapid dephasing by the induced field inhomogeneities, and sig-
nal loss occurs [Roch et al., 1999]. SPOIs are widely used in research for
non-invasive cell tracking [Heyn et al., 2006; Ramos-Gómez & Martínez-
Serrano, 2016; Vera et al., 2014]. With the help of SPIOs induced con-
trast, it was further possible to detect single cells in the mouse brain via
MRI [Heyn et al., 2006].
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These achievements in interaction through magnetic forces and imaging
of magnetic particles associated with cells are remarkable demonstrations
on the versatility of biomagnetic actuators. However, the central weak-
ness of current approaches is the need to use synthetic nanoparticles to
achieve sufficiently strong magnetization. As discussed before, synthetic
approaches display weaknesses in addressability, delivery, and specificity
and additionally suffer from dilution and asymmetrical distribution in tis-
sue [Goodfellow et al., 2016]. Semi-genetic approaches of magnetoge-
netics give researchers a glimpse of future possibilities to conduct exper-
iments and gather knowledge. But to truly keep pace and eventually out-
compete optogenetics, a fully genetic solution must be developed with a
robustness close to optogenetic tools.

The Bases for the Development of a Biomagnetic Contrast Agents
and Actuators There are only three elements that could potentially form
magnetic structures in mammalian organisms: nickel, cobalt and iron.
Very little is known about nickel or cobalt homeostasis, besides the es-
sential role of cobalt in humans as an integral part of vitamin B12 and
the formation of thyroid hormones. However, low additional amounts of
nickel and cobalt are highly toxic [Romero et al., 2014]. In contrast, iron
homeostasis is fairly well understood and the knowledge can be used as
a starting point for the development of a genetically encoded biomagnetic
contrast agents and actuators.

1.2.1 Mammalian Iron Homeostasis

Iron is an essential element of life. It functions as co-factor for DNA repli-
cation, oxygen transport, oxygen sensing and hypoxic regulation, inter-
mediary metabolism and detoxification, energy generation, synthesis of
neurotransmitter and hormones, host defense and inflammation and cell
division [Salvador, 2010; Madsen & Gitlin, 2007; Ganz & Nemeth, 2015].
It has a broad range of oxidation states, ranging from -2 to +6. In biologi-
cal systems, the +2 and +3 oxidations states are the most common ones
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and therefore making iron either an electron donor or electron acceptor for
redox reactions, hydrolysis and polynuclear complex formation [Aisen et
al., 2001]. The accessibility of iron varies greatly between the ferrous form
(Fe2+), which is highly active and soluble in water and the ferric (Fe3+) form,
which is insoluble and more stable under physiological conditions [Aisen
et al., 2001]. As membrane transport, storage and heme synthesis are
dependent on ferrous iron, redox-chemistry of iron is critical [Aisen et al.,
2001]. It is highly regulated on systemic and cellular levels because exces-
sive free ferrous iron can result in the uncontrolled generation of reactive
oxygen species (ROS) due to Fenton chemistry [Finazzi & Arosio, 2014].
In this reaction, a superoxide is formed after oxidation of ferrous iron. This
superoxide leads then to hydrogen peroxide formation and in the last step
to hydroxyl radicals. These radicals have the potential to destroy proteins,
nucleic acids, and carbohydrates and initiate lipid peroxidation [Aisen et
al., 2001].

Fe2+ + O2 −−→ Fe3+ + O – ·

2

2 O – ·

2 + 2 H2 −−→ H2O2 + O2

Fe2+ + H2O2 −−→ OH· + OH– + Fe3+

To make this fine balancing, iron homeostasis is transcriptionally and trans-
lationally regulated on systemic and on cellular levels.

Systemic Iron Homeostasis - Uptake, Trafficking and Storage

Iron is a highly abundant element on earth, but mostly poorly accessible
for living organisms. For this reason, many different iron accumulation
strategies have evolved in the three domains of life. Systemic iron home-
ostasis in vertebrates is dominated by iron retention and recycling [Ganz
& Nemeth, 2015]. This keeps the total body iron levels relatively constant
and correlates with a steady demand of iron which is only enhanced dur-
ing pregnancy and childhood. Constant iron loss is very little and happens
mainly through the skin and intestinal cell death. Iron loss becomes only
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significant during bleeding, for instance during menstruation, child birth or
injuries [Ganz & Nemeth, 2015].
Systemic iron uptake happens in the jejunum and the duodenum on the
apical membrane of enterocytes [Frazer & Anderson, 2005]. Dietary iron is
either taken up after reduction by ascorbate through Duodenal cytochrome
B (DcytB) by ferrous iron transporters (e.g. DMT1, Zip8 and Zip14) or
in the form of heme through heme transporters (e.g. HCP1) [Evstatiev
& Gasche, 2011; von Haehling et al., 2015; Garrick, 2011]. After up-
take, the iron is trafficked through the cytoplasm, probably inside the iron
storage protein ferritin and subsequently, ferrous iron is released into the
plasma by ferroportin on the basolateral membrane [McKie et al., 2000;
Ganz, 2013]. Iron which is not released into the plasma by enterocytes
is lost during 2-5 days due to cellular turn over [Creamer, 1967; Donovan
et al., 2005]. If ferrous iron is released, it undergoes oxidation to ferric
iron through hephaestin on the cell membrane and is then bound with an
association constant of 4.7·1020 M-1 to the main blood plasma iron trans-
port protein, namely transferrin (Tf) [Vulpe et al., 1999; Aisen et al., 1978].
Transferrin mainly delivers iron to the liver, which is the main iron storage
organ, or to the bone marrow where it is utilized for erythropoiesis [Ganz
& Nemeth, 2015]. Adults normally store 3-5 g iron in their body. Mainly
in erythrocytes, hepatocytes and marcophages [Ganz & Nemeth, 2006].
This means that systemic iron levels are regulated on the level of duode-
nal absorption through enterocytes and iron release form macrophages
and hepatocytes.

Hecidin- the Main Systemic Iron Regulator

The key regulation step of systemic iron homeostasis is the release of iron
from enterocytes, macrophages and hepatocytes to the plasma [Ganz,
2013]. This step is controlled by the liver hormone hepcidin [Ganz &
Nemeth, 2015]. Hepcidin is a 2.7 kDa peptide which is synthesized in
hepatocytes and released in the blood stream [Ganz, 2013]. Hepcidin
binds to ferroportin and causes its endocytosis and lysosomal degrada-
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tion [Nemeth et al., 2004]. This leads to diminishing iron release to the
plasma and enables the control over the totally available iron in the body
[Ganz, 2013]. Hepcidin itself is regulated on the transcriptional level. HAMP
transcription is increased during high body iron conditions and inflamma-
tion and declined over erythropoietin-stimulated expansion of erythroid
precursors [Ganz & Nemeth, 2015]. To date, this transcriptional regulation
is the only one known for hepcidin [Ganz, 2013]. During inflammation, for
instance, macrophages secrete hepcidin through the TLR-4 pathway [Lin
et al., 2007]. These increased levels of hepcidin prevent iron absorption
in the gut as well as iron release from iron-recycling macrophages and re-
sults in an iron restriction for invading pathogens [Worthen & Enns, 2014].

Iron Homeostasis in the Brain

Iron plays a crucial role in the maintenance of the high metabolic and en-
ergetic requirements of neuronal tissues. It is also vital for myelination,
neurotransmitter synthesis and metabolism [Gerlach et al., 1994; Belaidi
& Bush, 2016]. The highest concentrations of iron are found in the sub-
stantia nigra pars compacta and basal ganglia, with levels comparable to
the liver [Drayer et al., 1986; Griffiths & Crossman, 1993; Haacke et al.,
2005; Singh et al., 2014]. During the process of aging, iron is accumulated
in the brain mainly in ferritin and neuromelanin [Connor et al., 1992; Zecca
et al., 2001, 2004]. All the regions in which iron is accumulated, namely
the substantia nigra, putamen, globus pallidus, caudate nucleus, and cor-
tices, are associated with neurodegenerative disorders [Berg & Youdim,
2006; Rodrigue et al., 2011; Ward et al., 2014; Hare et al., 2015]. There
is a clear correlation between increased cellular iron content and resulting
cellular damage through oxidative stress in neurodegenerative diseases
like Parkinson’s, Alzheimer’s, Huntington’s and Friedreich ataxia [Zecca et
al., 2004; Barnham et al., 2004; Greenough et al., 2013]. Nevertheless,
it remains unclear whether increased iron concentrations are a primary or
secondary cause. Only two of the ten known forms of neurodegenerative
diseases with increased pathological iron levels involve mutation of genes
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directly involved in iron homeostasis: neuroferritinopathy and aceruloplas-
minemia [Singh et al., 2014]. In the other forms lipid metabolism, mito-
chondrial function, lysosomes and autophagosomes are impaired [Singh
et al., 2014].
The brain has two major barriers: the blood-brain barrier (BBB) and the
brain cerebrospinal fluid (CSF) [McCarthy & Kosman, 2015]. To enter the
brain iron has to cross the BBB. This is mediated through the transferrin
receptor 1 (TfR1) which is highly expressed on the luminal side of endothe-
lial cells [Moos et al., 2007]. The mechanism of the subsequent release of
iron of the abluminal side is still elusive [Belaidi & Bush, 2016]. There are
two models for its description:
The transcytosis, which is based on the lack of the divalent metal trans-
porter (DMT1) staining, proposes that transferrin bound iron is transported
through the cytosol in endosomes and release on the abluminal side [Be-
laidi & Bush, 2016]. It should be noted that this model could not be verified
through transferrin transport studies over the BBB [Moos et al., 2007].
The receptor-mediated transferrin endocytosis model is in accordance with
the major iron uptake pathway used in other organs and cells discussed
in 1.2.1. It is supported by the proven need for iron in brain endothelial
cells, DMT1 expression in Belgrade rat and the expression of ferroportin
and ferroxidases in cultured brain endothelial cells [Burdo et al., 2001; Wu
et al., 2004; McCarthy & Kosman, 2013; McCarthy et al., 2014]. In conse-
quence, this model defines the brain endothelial cells as a regulatory site
for brain iron homeostasis [Simpson et al., 2015].
Both models assign an important role to astrocytes in the process of iron
uptake and distribution in the brain. It was proposed that the tight associa-
tion of astrocytes and endothelial cells enable the formation of a microenvi-
ronment which facilitates iron transport as low molecular weight complexes
with citrate, adenosine triphosphate or ascorbate, towards astrocytes and
away from them [Moos et al., 2007; Ward et al., 2014]. Astrocytes do
not express TfR1 but express ferroportin and glycophosphatidylinositol-
anchored ceruloplasmin (CP), which oxidizes ferrous iron and facilitates
binding to circulating transferrin [Wong & Duce, 2015; Belaidi & Bush,
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2016]. During inactivation of ceruloplasmin iron accumulated in astrocytes
and no iron accumulation was observed in oligodendrocytes and neurons
in the deep nuclei [Patel et al., 2002]. Once iron is released from astrocytes
in the brain, it is bound by transferrin, which is secreted from the choroid
plexus, and trafficked to neurons which are expressing TfR1, DMT1 and
ferroportin [Belaidi & Bush, 2016]. Even though the role of transferrin is
similar in the brain as in periphery, iron levels in the brain are not tightly
coupled to peripheral iron levels [Belaidi & Bush, 2016]. Transferrin-iron
saturation in the brain is close to saturation, whereas iron saturation of
transferrin in the periphery is about 30% and only reaches high satura-
tion in diseases[Batey et al., 1980; Brissot et al., 1985; Moos et al., 2007].
In consequence, this means that the buffering capacity of circulating iron
in the brain is very low and that there is probably another mechanism in
place, which prevents toxic effects of excess iron.
In search of on alternative iron transport system in the brain, Tim-2 was
identified as ferritin heavy-chain (H-chain) receptor in rodent [Todorich et
al., 2008]. Tim-2 is expressed in oligodendrocytes, which are the cells with
the highest content of iron in the brain [Connor & Menzies, 1995; Connor
et al., 1995]. Probably this results from the usage of iron as a cofactor
for enzymes required for myelination [Connor & Menzies, 1996]. This can
be reasoned through iron uptake peaks during periods of strongest myeli-
nation [Crowe & Morgan, 1992]. Despite the high demands of iron, there
is neither evidence for Tf-binding nor TfR1 mRNA in the white matter of
rodents and humans [Hulet et al., 1999; Han et al., 2003]. Furthermore,
there is no effect of transferrin receptor expression in myelin-deficient rat
model, and iron uptake continues in hypotransferrinemic mice which show
no myelin defect [Roskams & Connor, 1992; Takeda et al., 1998]. Func-
tionally Tim-2 is also a negative regulator of T-cell proliferation, which is in
agreement with its role as an H-chain receptor because ferritin H-chain is
reported to inhibit proliferation of lymphocytes [Rennert et al., 2006; Re-
calcati et al., 2008].
The source of H-chain ferritin for oligodendrocytes is believed to be mi-
croglia. Iron staining is shifted from microglia to oligodendrocytes during
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brain development and microglia respond in the adult brain to increased
iron levels with ferritin secretion, which promotes the growth of oligoden-
drocytes [Connor & Menzies, 1995; Zhang et al., 2006]. More evidence
is provided by hypoxia/ischemia animal models showing iron enriched mi-
croglia in damaged areas of the brain and iron enrichment in microglia
when oligodendrocyte development is impaired [Bidmon et al., 2001; Cheep-
sunthorn et al., 2001; Connor et al., 1990]

Cellular Iron Homeostasis

The understanding of cellular iron homeostasis is the first and most crucial
step for the creation of genetically encoded iron-based biomagnetic con-
trast agents and actuators. Cellular iron homeostasis can differ in detail
among cell types but consists mainly of iron import, storage and some-
times export.

Iron Sensing and Signaling Intracellular iron sensing and signaling is
carried out by the HIF pathway and heme signaling but mainly by the iron-
responsive element (IRE)/iron responsive protein (IRP) system [Hentze
et al., 1988; Theil & Eisenstein, 2000; Evstatiev & Gasche, 2011]. IREs
are regulatory mRNA elements on proteins involved in iron homeostasis
on which IRPs bind according to intracellular iron levels. The position of
the IRE determines thereby whether the translation is blocked or carried
out. If the IRE is located in the 5’ untranslated region (UTR), as for H-
chain and L-chain ferritin, binding of the IRP blocks ribosomal formation
and therefore inhibits translation [Evstatiev & Gasche, 2011]. As opposed
to this, IRP binding on a IRE located on the 3’UTR prevents mRNA from
endonucleotic digestion and enhances translation [Evstatiev & Gasche,
2011]. This posttranscriptional regulation mechanism is used for the ex-
pression of major iron transport proteins (TfR1 and DMT1), storage pro-
teins (H-chain and L-chain ferritin), iron utilization proteins (ALAS-2, suc-
cinyl dehydrogenase, mitochondrial aconitase) and the iron export pro-
tein (ferroportin) [Sanchez et al., 2006]. Furthermore, the IRE/IRP sys-
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tem is involved in the control of the transcription factor HIF-2α, cell cycle
phosphatase cdc14A, the cytoskeleton-regulating kinase MRCK-α and the
amyloid precursor protein [Evstatiev & Gasche, 2011]. Currently, there are
two IRP known, namely IRP1 and IRP2. The main difference is the form
of iron sensing. When there is enough intracellular iron, the iron-sulfur
cluster (ISC) synthesis functions normally and IRP1 binds ISCs as cofac-
tor. This causes a change in its function from an mRNA binding protein
to a cytosolic aconitase [Paraskeva & Hentze, 1996]. In contrast, IRP2
is controlled by ubiquitination and degradation via the proteasome under
iron-replete condition [Salahudeen et al., 2009; Vashisht et al., 2009].

Import Iron import can be categorized according to the chemical state of
transported iron. Iron is either transported over the cell membrane in the
form of transferrin-bound ferric iron, free ferrous iron, heme-bound ferrous
iron or ferritin-bound ferric iron in the form of ferrihydrite [Ganz, 2013; Evs-
tatiev & Gasche, 2011; Liuzzi et al., 2006; Todorich et al., 2008]. All these
processes require different transport proteins which are transcriptional and
translational regulated.

Transferrin-dependent Iron Import Most cells acquire iron from the
blood stream through the so-called transferrin-dependent iron uptake path-
way [Garrick, 2011]. This pathway is essential for development because
deletion of TfR1 is embryonically lethal at E11-E12 [Levy et al., 1999]. A
maximum of two transferrin-bound ferric iron atoms are taken up through
transferrin receptor-mediated endocytosis after transferrin binding. Until
now it is not clear whether, after acidification of the endosome, ferric iron is
released from transferrin and reduced by Steap3, or Steap3 causes the re-
lease and reduction of ferric iron from transferrin [Garrick, 2011; Dhungana
et al., 2004]. However, ferrous iron is trafficked via DMT1 and/or Zip14 into
the cytosol after reduction [Fleming et al., 1998; Zhao et al., 2010]. Trans-
ferrin and the transferrin receptor are recycled to the cell membrane and
plasma, respectively [Hopkins, 1983; Yamashiro et al., 1984; Dunn et al.,
1989]. Inside the cell, iron is either used as a cofactor or stored inside
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ferritin [Evstatiev & Gasche, 2011]. Iron uptake via this pathway can be
enhanced via ascorbic acid or 2-phosphoascorbate in vivo and in cell cul-
ture, probably through the facilitation of endosomal reduction of ferric iron
to ferrous iron [Hallberg et al., 1986; Frikke-Schmidt & Lykkesfeldt, 2010;
Lane et al., 2013].
The transferrin-dependent iron uptake pathway is well understood for many
years, but it refers to the function of TfR1. The function of TfR2, which
structure shares 45% homology in total and 66% in the ectodomain with
TfR1, is not well understood and remains a topic of intense research [Kawa-
bata et al., 1999; Evstatiev & Gasche, 2011; Worthen & Enns, 2014]. In
contrast to TfR1, TfR2 is not ubiquitously present but only expressed in
liver, erythrocytes, lung and muscle [Kawabata et al., 1999, 2001]. The
mRNA is not directly regulated by iron and the expression patterns are
opposite to TfR1. Meaning that TfR1 expression is upregulated during
iron depletion condition, whereas TfR2 is stabilized during binding with
diferric-Tf and therefore reaches higher levels during iron-repleted condi-
tions [Johnson et al., 2007]. Both Tf-receptors interact with another im-
portant iron sensing protein, HFE (hemochromatosis protein, HFE stands
for High Fe). HFE is an MHC class I protein which is brought to the cell
surface through interaction with β2-microglobulin [Bhatt et al., 2009]. Bind-
ing to TfR1 occurs during low serum iron concentrations and is prohibiting
HAMP transcription [Goswami & Andrews, 2006]. During high serum iron
concentrations, HFE binds to TfR2, which leads finally to HAMP transcrip-
tion and subsequent hepcidin production [Goswami & Andrews, 2006; Gao
et al., 2009]. TfR2 is considered more an iron sensor than an iron trans-
porter [Worthen & Enns, 2014], because it is stabilized when bound with
iron-loaded Tf, its mutations lead to low hepcidin expression and prevent
the organism to respond to acute iron-loading [Worthen & Enns, 2014].
Even though TfR2 is also able to mediate cellular iron uptake, its binding
affinity is 25-fold lower than that of TfR1 [Kawabata et al., 1999]. This dif-
ference may be advantageous for iron sensing and modulation abilities,
because it extends the dynamic range of sensing [Worthen & Enns, 2014].

14



1.2 Towards Magnetogenetics 15

Ferrous Iron Import The ferrous iron uptake pathway is predomi-
nately present in enterocytes of the duodenum and is responsible for the
systemic acquisition of dietary iron and acquisition of iron in iron over-
load disorders [Evstatiev & Gasche, 2011; Ganz & Nemeth, 2015]. Non-
transferrin bound iron (NTBI) is mainly transported into the cytoplasm by
DMT1 and the more recently discovered Zip14(Slc39a14) [Andrews, 1999;
Liuzzi et al., 2006]. Ascorbic acid also enhances this iron uptake route,
probably through its reducing capabilities which allow iron to be kept in the
ferrous state [Lane et al., 2010].
DMT1 is the best characterized mammalian iron transporter, more specifi-
cally DMT1 is a ferrous iron transporter. It is also known under the names
DCT1 and Nramp2 [Gunshin et al., 1997; Fleming et al., 1997; Gruen-
heid et al., 1995]. Besides its primary physiological role as an ferrous iron
transporter, it also transports Fe2+, Zn2+, Mn2+, Co2+, Cd2+, Cu2+, Ni2+ and
Pb2+ [Gunshin et al., 1997]. DMT1 plays a major role in duodenal iron
uptake, is the main responsible protein for the exit of iron during the Tf-
dependent iron uptake pathway and plays a role in NTBI-uptake [Garrick,
2011]. For each iron also one proton is transported in the same direction,
which make DMT1 a proton-coupled symporter [Picard et al., 2000]. This
might explain the natural trafficking of DMT1 to early and late endosomes
where the low pH is favorable for its function and close to its pH optimum
of 6.75 [Aisen et al., 2001; Worthington et al., 2000].
The Zip family (SLC39) encompasses 14 mammalian transmembrane pro-
teins which function as metal-ion importer [Jenkitkasemwong et al., 2012].
The family name (Zip) is derived from the first characterized member of
this protein family namely, ZRT, IRT1-like protein. IRT1 (iron-regulated
transporter) is an Arabidopsis cation transporter that is expressed in the
roots of iron-deficient plants [Guerinot, 2000]. Generally, Zip proteins are
predicted to have eight transmembrane domains with short extracellular
C-termini and long extracellular N-termini [Eide, 2004]. Zip14 and Zip8
are broad range metal ion transporters and transport Zn2+, Fe2+, Mn2+,
Co2+ and Cd2+, but not Cu2+ or Cu1+, with a pH optimum of approx. pH
7 [Pinilla-Tenas et al., 2011; Wang et al., 2012; Jenkitkasemwong et al.,
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2012]. While Zip14 and Zip8 share basic mechanistic features, they differ
in tissue, cellular and subcellular distribution. Luizzi et. al showed highest
expression of Zip14 in duodenum [Liuzzi et al., 2006], whereas most stud-
ies agree that in humans Zip14 is most abundant in liver, pancreas and
heart [Jenkitkasemwong et al., 2012]. In contrast, Zip8 is most abundantly
expressed in lung, testis and kidney [Jenkitkasemwong et al., 2012]. In
isolated cells or cell lines Zip14 and Zip8 are mostly present in the cell
membrane, after expression from overexpression systems and from en-
dogenous loci [Jenkitkasemwong et al., 2012]. Nevertheless, there are
reports of cell type-specific differences in Zip14 and Zip8 trafficking, which
show protein localization at the cytoplasm, endosome, lysosome and even
in mitchondria [Jenkitkasemwong et al., 2012]. It is well understood that
the 14 members of ZIP family and the ten members of the ZNT family
are the key regulators of zinc homeostasis, but their role in iron home-
ostasis is still not completely understood [Fukada & Kambe, 2011]. As
discussed, DMT1 is essential for intestinal iron absorption and cannot be
substituted if knocked-out in adult mice, so they become iron deficient and
anemic [Shawki et al., 2012]. In contrast, DMT1 does not seem to be es-
sential for iron uptake from milk during early development [Thompson et
al., 2007]. The high expression for Zip14 in the duodenum could explain
a possible compensation during this period, before the acid microenviron-
ment is formed and the pH shifts below 6.5, which limits transports ca-
pabilities drastically [Pinilla-Tenas et al., 2011; Zhao et al., 2010; Collins
et al., 1997]. In adult animals, Zip14 is the primary NTBI transporter into
liver, pancreas and heart during iron overload disorders [Jenkitkasemwong
et al., 2012]. A different role of Zip14 was shown in Hep-G2 cells. In
transfected cells Zip14 was found in early endosomes, colocalized with
transferrin and showed the ability, despite the low pH, to transport iron
into the cytosol [Zhao et al., 2010]. Nevertheless, it is not expected that
Zip14 plays a major role in TBI (transferrin bound iron) uptake because it
is weakly expressed in the bone marrow, where most TBI of the body is
taken up by erythroid cells, and cannot compensate for DMT1 loss [Taylor
et al., 2007; Gunshin et al., 2005]. The role of Zip8 in iron metabolism is
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even less defined. Zip8 is strongly expressed in the placenta and might
therefore function as a mediator of metal transfer between mother and fe-
tus, because downregulation causes the death of the fetus in the neonatal
period, whereas knockout mice of DMT1 and Zip14 are born with normal
iron levels [Begum et al., 2002; Wang et al., 2012]. High expression of
Zip8 in lung, kidney, testis and pancreas could elute to an impact in iron
homeostasis of these organs, but very little is known up to now about it.
Iron absorption via porphyrin-bound iron plays an important role in dietary
iron uptake. The sources of porphyrin-bound iron (heme) are mainly veg-
etables, fruits, cereals and legumes and to a minor account red meat.
Heme is mainly taken up by enterocytes in the duodenum in a non- com-
peting manner to inorganic iron [Arredondo et al., 2008; Raffin et al., 1974;
Morgan & Oates, 2002]. In total, 60% of the entire iron in the body is bound
in heme and functions as a prosthetic group in hemoglobin, myoglobin, cy-
tochromes, catalase, peroxidase and nitric oxide synthase [Padmanaban
et al., 1989]. It also has vital functions in transcription, translation and cel-
lular differentiation [Padmanaban et al., 1989]. Up to date, cellular heme
import is the least understood iron import mechanism, and the knowledge
is almost entirely restricted to macrophages and erythrocytes [Crielaard
et al., 2017]. On macrophages, the scavenger receptor CD163 takes
up hemoglobin in a complex with haptoglobin [Kristiansen et al., 2001;
Andersen et al., 2012]. If heme is bound to hemopexin a very similar
uptake happens through pro-low-density lipoprotein receptor-related pro-
tein (LRP1) [Hvidberg et al., 2005]. LRP1 is highly expressed in CD163-
positive macrophages and is suggested to aid iron clearance [Hvidberg
et al., 2005]. Furthermore, heme-responsive gene one protein homolog
(HRG1) and feline leukemia virus subgroup C receptor-related protein 2
(FLVCR2) were also identified as heme transporter proteins [Rajagopal et
al., 2008; Duffy et al., 2010]. There is evidence that HRG1 is a transporter
of heme across the lysosomal membrane after phagocytosis of senescent
erythrocytes by macrophages [White et al., 2013]. It has also been pro-
posed that heme carrier protein-1 (HCP1) takes over the part of heme im-
port [Shayeghi et al., 2005]. However, it is well established that this protein
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is a proton-coupled folate transporter called PCFT or SLC46A1 [Inoue et
al., 2008; Nakai et al., 2007; Qiu et al., 2006]. Recent experiments suggest
that the transporter is not constrained to folate transport but also involved
in heme-Fe transport and could play a physiological role in iron nutrition as
a low-affinity heme transporter [Le Blanc et al., 2012].

Ferritin-dependent Iron Import Another alternative iron uptake path-
way is the ferritin uptake pathway. Even though there is no consensus
about the exact physiological role of circulating ferritin, it has been re-
ported that cells in the intestine [San Martin et al., 2008], white matter
[Hulet et al., 1999], in the capsule of the adult kidney [Kobayashi, 1978]
and in the stroma of embryonic capsule [Li et al., 2009] as well as hep-
atocytes [Mack et al., 1983; Sibille et al., 1989], lymphoid cells [Moss et
al., 1992] and erythroid precursors [Meyron-Holtz et al., 1999] take up fer-
ritin. In all of these cell types, ferritin uses an endocytic pathway [Hulet et
al., 2000; Gelvan et al., 1996; Bretscher & Thomson, 1983] and delivers
iron to the cytoplasm [Radisky & Kaplan, 1998; San Martin et al., 2008;
Li et al., 2009]. To date, there are three ferritin receptors described in hu-
man and mice: murine scavenger receptor member 5 (Scara5) [Li et al.,
2009], murine T cell immunoglobulin-domain and mucin-domain 2 (Tim-
2) [Chen et al., 2005] and human transferrin receptor 1 (TfR1) [Li et al.,
2010]. It seems that the ferritin uptake mechanisms evolved independently
in mouse and human because Tim-2 and Scara5 are not expressed in hu-
mans and murine TfR1 does not function as an H-chain receptor [Chen et
al., 2005; Li et al., 2010].
As discussed in 1.2.1, transferrin is the major distributor of iron in the body,
nevertheless ferritin can provide sufficient iron, e.g. during erythropoiesis,
to compensate for the lack of transferrin [Leimberg et al., 2008, 2003].
Research from Li and colleges showed that the role of the human trans-
ferrin receptor 1 in iron homeostasis is not restricted to the mediation of
transferrin uptake. They prove that H-chain ferritin can bind to TfR1 with
subsequent internalization and trafficking to endosomes and lysosomes [Li
et al., 2010]. Interestingly the binding of H-chain ferritin was not reduced
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through HFE interaction with TfR1, which reduces transferrin binding to
TfR1 [Li et al., 2010]. On the other hand, transferrin can diminish ferritin
binding to TfR1 up to 70% but not completely [Li et al., 2010].
Scara5 belongs to the structurally diverse group of scavenger receptors
[Pearson, 1996]. These membrane proteins were associated with the
recognition of low-density lipoprotein and therefore with the development
of vascular disease [Krieger, 1994]. Furthermore specific scavenger re-
ceptors, e.g. Scara5, exhibit binding to microbe-associated molecules and
it is possible that they, therefore, play a role in innate immunity [Krieger,
1997; Jiang et al., 2006]. It was first shown in 2009 from Li and colleges
that Scara5 can function as an L-chain but not as an H-chain ferritin re-
ceptor [Li et al., 2009]. By injecting GFP-labeled TfR1(−/−) ES cells into
wild-type blastocysts, they were able to conduct studies beyond E11-E12,
where a knockout of TfR1 is usually lethal [Li et al., 2009; Levy et al.,
1999]. It was shown, that L-chain ferritin was endocytosed in capsular
cells in the kidney expressing TfR1 and also by those not expressing TfR1
but showing GFP fluorescence [Li et al., 2009]. Also, iron was obtained for
the activation of iron responsive elements through ferritin endocytosis after
intracellular trafficking to the lysosomes [Li et al., 2009]. These results sug-
gest that cells can, organ specifically, compensate for TfR1 loss through
alternative iron uptake mechanism. The selective uptake of ferritin elutes
to ferritin as a non-transferrin source of iron during development, since the
ferritin levels are 3-8-fold higher in fetal blood than in that of the mother [Li
et al., 2009].
Tim-2 belongs to type 1 transmembrane proteins and is expressed on B
cells, on Th2-differentiated T-lymphocytes and as well in the liver, kidney
and in the brain [Chakravarti et al., 2005; Chen et al., 2005]. After bind-
ing of H-chain ferritin, ferritin undergoes endocytosis and is trafficked to
the lysosomes [Chen et al., 2005]. To date, no human ortholog for mouse
Tim-2 has been found. Recently Tim-2 was used as a reporter gene for
MRI [Patrick et al., 2015]. In this study, Patrick and colleges showed ele-
vated uptake of horse spleen ferritin in HEK293T cells overexpressing Tim-
2. Due to the higher ferritin load of cells, they reported higher iron loading
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and stronger T2 derived MR-contrast [Patrick et al., 2015]. Furthermore,
they show aggregation of ferritin in the lysosomes after endocytosis and
speculate about an enhanced magnetic effect [Patrick et al., 2015]. The
ferritin nanocage was also used as a manganese carrier to enhance selec-
tively T1-drevied MR-contrast, but due to toxic effects, in vivo experiments
were only conducted with horse spleen ferritin and xenografted HEK293T
cells in SCID mice as a proof of concept [Patrick et al., 2015].

Cellular Iron Storage- Ferritin and Hemosiderin Once inside the cell,
iron can be utilized or stored. Mitochondria use most of the iron inside
the cell as a cofactor for ISC-synthesis, the respiratory chain, and heme-
synthesis [Crielaard et al., 2017]. The mitochondrial iron import is realized
through mitoferrin 1 and 2 [Shaw et al., 2006].
When intracellular iron exceeds cellular requirements, excess iron must be
stored safely but still bioavailable. In all three kingdoms of life the protein
ferritin functions as the main cellular iron storage and its expression is reg-
ulated on transcriptional levels by IRPs [Finazzi & Arosio, 2014; Evstatiev
& Gasche, 2011]. Mammalian ferritins consist of 24 subunits of two types,
namely the heavy chain subunit (H-chain) and the light chain subunit (L-
chain) [Aisen et al., 2001]. They assemble to a spherical molecule with a
mean molecular weight of 450000 kDa, an inner diameter of 7-8 nm and an
outer diameter of 12 nm [Aisen et al., 2001]. Most mature ferritin is found
in the cytoplasm but also in the nucleus and the mitochondria [Pountney
et al., 1999; Drysdale et al., 2002]. The exact composition of ferritin varies
depending upon species, organ and inflammation state [Aisen et al., 2001;
Harrison & Arosio, 1996]. Iron is stored in a polynuclear form that closely
resembles of ferrihydrite, in the cavity of ferritin, after cytosolic ferrous
iron is delivered, probably through the iron chaperone poly (rC)-binding
portein1 (PCBP1) and PCBP2 [Towe, 1981; Leidgens et al., 2013]. De-
spite the high homology between the ferritin subunits, they have different
purposes. H-chain ferritin has ferroxidase activity and catalyzes oxidization
of ferrous iron to ferric iron with hydrogen as an electron donor, producing
hydrogen peroxide [Chasteen & Harrison, 1999]. The L-chain subunit har-
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bors additional glutamate residues on the interior surface, which produce a
microenvironment that facilitates mineralization [Harrison & Arosio, 1996;
Ford et al., 1984]. The ferrihydrite core inside ferritin can consist of a
maximum of 4500 iron atoms. However, under physiological conditions, it
bears 2000-2500 iron atoms and is usually disrupted in its regular structure
through phosphate and maybe traces of magnetite and hematite [Aisen et
al., 2001]. In case cellular processes require more iron than available in
the cytosolic labile iron pool, iron is mobilized from ferritin. This happens
through ferritin degradation during ferritinophagy, a form of autophagy, or
through the proteasome [Mancias et al., 2014; De Domenico et al., 2006].
Autophagy is the process in which organelles and large proteins are seg-
regated in membrane structures called autophagosomes and delivered to
lysosomes for degradation [Yang & Klionsky, 2010]. Recently the protein
NCO4, which is known from interactions and co-activation of several nu-
clear hormone receptors and the control of DNA replication [Bellelli et al.,
2014; Heinlein et al., 1999; Lanzino et al., 2005], was identified as cargo
receptor, that interacts with ferritin and promotes its transport to the au-
tophagosomes [Mancias et al., 2014; Dowdle et al., 2014]. This was fur-
ther confirmed in an in vivo study where the loss of NCO4 function resulted
in ferritin accumulation in all analyzed tissue [Bellelli et al., 2016]. Further-
more, lysosomal activity and therefore the degradation of the ferritin shell
where proven to be necessary for the mobilization of iron [Kidane et al.,
2006; Asano et al., 2011]. If lysosomal iron mobilization from ferritin is
defective, hemosiderin is formed [Richter, 1986]. Hemosiderin is insolu-
ble, consists mainly of denatured H-chain ferritin and is more variable in
its phosphate and mineralized structure [Ward et al., 2000; Miyazaki et al.,
2002].

Iron Export Iron export is most entirely restricted to enterocytes as de-
scribed in 1.2.1. After the release of ferrous iron, ceruloplasmin (serum
and astrocytes), hephaestin (intestine, placenta, heart, brain and pancre-
atic β-cells) and zyklopen (placenta) oxidize ferrous iron to ferric iron and
therefore enable transferrin loading [Crielaard et al., 2017]. But there are

21



22 1. Introduction

also less well-understood iron export pathways like the ferritin export path-
way. As discussed in 1.2.1 ferritin can be imported into certain cells and
this ferritin is believed to be exported from hepatocytes, macrophages and
kidney proximal tube cells through release via the secretory lysosomal
pathway [Ghosh et al., 2004; Cohen et al., 2010; Mancias et al., 2014].
Erythroid cells apparently use FLVCR1B as heme exporter, if heme con-
centration reaches critically high levels [Keel et al., 2008]. Macrophages
also use this pathway to supply iron directly to erythroblasts [Keel et al.,
2008].

1.2.2 Genetically Encoded Biomagnetic Contrast Agents
and Actuators

Numerous studies showed that due to overexpression of ferritin,
MR-contrast could be increased in cell culture conditions and in vivo [Co-
hen et al., 2005; Genove et al., 2005; Cohen et al., 2007; Naumova et al.,
2010; Iordanova & Ahrens, 2012; Feng et al., 2012]. In all studies, iron
loading was realized through the transferrin-dependent iron uptake path-
way (discussed in 1.2.1) and cells were supplemented with ferric iron. An
explanation of the increased iron uptake was given through an endoge-
nous upregulation of transferrin receptor as a result of cellular iron de-
pletion caused by overexpressed ferritin [Cozzi et al., 2000; Feng et al.,
2012]. On the other hand, there are no reports of bioengineered TfR1
overexpressing cells showing enhanced MR-contrast due to possible fer-
ritin upregulation. Even though evoked MR-contrast by ferritin is measur-
able but weak, there are very few reports using an overexpression of TfR1
in combination with ferritin overexpression to enhance ferritin iron load-
ing and therefore MR-contrast [Deans et al., 2006]. The same research
group that published ferritin as an in vivo MRI gene reporter or to be pre-
cise a genetically encoded MRI contrast agent worked extensively on the
improvement of the relaxivity of ferritin through bioengineering [Iordanova
et al., 2010; Iordanova & Ahrens, 2012; Iordanova et al., 2013]. They re-
ported a chimeric ferritin composed of L- and H-chain ferritin (LHFT), as
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well as a cytosolically, targeted mitochondrial ferritin to have an increased
T2-relaxivity [Iordanova et al., 2010, 2013]. However, profound statements
about the exact mechanism of contrast enhancement were challenging.
The use of non-mammalian ferritin and the screen for iron loading enhanc-
ing mutations was carried out recently and lead to evidence for an im-
proved iron loading of this mutated version [Matsumoto et al., 2015]. But
since iron loading in the studies was carried out differently than in most
mammalian cells, it remains unclear whether the results are generally ap-
plicable.
To address the shortcoming of ferritin-evoked MRI contrast and therefore
make it an eGFP-like MRI marker, the iron loading of ferritin can be im-
proved, or the ferrihydrite core (which has a weak magnetization [Gossuin
et al., 2009]) could be exchanged for instance through a superparamag-
netic magnetite core.
Ferritin was also used to evoke responsiveness for magnetic fields in cells.
To provide more intracellular iron for ferritin loading the iron transporter
DMT1 was used in combination with H-chain ferritin [Kim et al., 2012]. Af-
ter transient overexpression of both genes, cells were artificially loaded in
an iron incorporation buffer containing three mM ferrous iron and nifedip-
ine, which is a controversially discussed DMT1 activator [Ludwiczek et al.,
2007; Mackenzie et al., 2010]. After this procedure, cells could be mag-
netically attracted and sorted [Kim et al., 2012]. Even though the technical
details are not compatible with a physiological experimental setup in cell
culture or in vivo, the potential benefit in direct trafficking of iron into the
cytosol, which could result in a higher iron loading of ferritin, was rec-
ognized. In other studies, it was even possible to activate heat-sensitive
and mechano-sensitive ion channels in cell culture and in in vivo experi-
ments through potential interactions of magnetic fields with overexpressed
and engineered ferritins [Stanley et al., 2012, 2015, 2016; Wheeler et al.,
2016]. The underlying mechanisms of these results remain questionable
after detailed biophysical calculations and the lack of reproducibility from
other laboratories [Meister, 2016].
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1.3 Iron-based Nanostructures as Reporters for

Optical Imaging and Actuation

New insights about the cellular interaction and complex biological net-
works can be gathered with the help of molecular imaging techniques.
Amongst others, a tradeoff between resolution, sensitivity and penetra-
tion depth has to be made during these studies [Willmann et al., 2008].
Photon-dependent conventional imaging has a physical limit derived from
the mean free path (MFP) [Ntziachristos, 2010]. This parameter describes
the average distance that a photon travels between two consecutive scat-
tering events [Ntziachristos, 2010]. Since the mean MFP in tissue is 100
µm, photons that travel 100 µm through tissue experience at least one
scattering event which results in the blurring of the acquired image [Ntzi-
achristos, 2010]. Techniques like multiphoton and confocal microscopy
have been developed to overcome these obstacles. These techniques
are facing a different physical limit called transport mean free path, which
considers the MFP and the angle by which photos are scattered in each
scattering event [Ntziachristos, 2010]. Imaging beyond the limit of 1 TMFP
which translates to approx. 1 mm in biological tissue could only be achieved
with non-optical approaches like x-ray computed tomography (XCT), ultra-
sound imaging, positron emission tomography and magnetic resonance
imaging [Ntziachristos, 2010]. An emerging molecular imaging modality
relies on photon absorption and the detection of an ultrasonic wave after
thermoelastic expansion of the absorbing molecules [Ntziachristos, 2010].
This so-called optoacoustic imaging allows for deep tissue imaging with
a resolution of approx. 50-200 µm at depths of 10 TMFP [Ntziachristos,
2010]. The development of gene reporters for this imaging modality has
been an intense field of research in the last years [Jathoul et al., 2015;
Deliolanis et al., 2014; Yao et al., 2016; Jiang et al., 2015]. Iron-based
contrast agents have a reddish or black color and can therefore also be
used as contrast agents for optoaccoustic imaging [Ha et al., 2012]. Fur-
thermore, they can also be used as a targeted interface for high energy
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absorption and subsequent ablation of labeled cells [Huang et al., 2014].
Another non-invasive imaging technique is third harmonic generation (THG).
THG relies on an energy conserving, nonlinear coherent scattering pro-
cess which results in the combination of the energy of three photons and
the emission of one photon with triple the energy and one third of the ex-
citation wavelength [Weigelin et al., 2016]. The energy-conserving nature
of THG helps to overcome the shortcomings of absorbing and fluorescent
materials like bleaching, blinking and signal saturation [Pu & Psaltis, 2013].
THG occurs at interfaces between two structures with different refractive
indexes or different third-order nonlinear susceptibilities [Weigelin et al.,
2016]. For biological applications, THG microscopy is used for label-free
imaging of lipid-rich structures, cellular membranes, calcified bones and
enamel in teeth with an imaging depth of approx. 1 mm [Weigelin et al.,
2016]. Also, the interface between water and protein agglomerations at
the size range of the excitation wavelength (approx. 1 µm) are known to
cause this non-linear optical effect [Weigelin et al., 2016].

1.4 Aims of the Thesis

This thesis will be focused on the development of genetically encoded bio-
magnetic contrast agents and actuators required in the research area of
magnetogenetics. Furthermore, the use of this contrast agents and ac-
tuators for optoacoustic and third harmonic generation microscopy will be
evaluated. The bases of the development lay in the knowledge of mam-
malian iron homeostasis, and the modification of it will be the starting
point. A genetically encoded contrast agents and actuators will enable
non-invasive sensing and actuation with high penetration depths without
the need for surgical interference. In contrast to state of the art tech-
nologies, magnetic fields do not suffer from tissue attenuation [Hove et
al., 2003; Jain et al., 2002; Pankhurst et al., 2003]. Genetically controlled
biomineralization combines these features with distinct genetic address-
ability and simplified delivery in complex organs like the brain.
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To achieve this goal, cells of interest have to be equipped with an effec-
tive iron transport system while being able to store big amounts of iron
in a non-toxic manner, preferably in a highly magnetic and inert structure.
Control over the crystalline structure of iron and subcellular location of the
contrast agents and actuators would bring further improvements of sensi-
tivity and control over distinct cellular processes.
The cavity of ferritin will be explored as an effective iron storage. Bio-
engineered ferritins have already been used for the generation of stronger
MR-contrast than native ferritin, [Iordanova et al., 2010, 2013; Matsumoto
et al., 2015] but the MR-contrast of overexpressed ferritin is not only limited
by the properties of ferrihydrite but also by the accessible iron at cellular
and systemic levels.
Through the most abundant iron uptake pathway only a maximum of two
iron atoms can be trafficked through into the cytosol in one endocytosis
cycle, but there is the need for high intracellular iron concentrations for the
desired contrast agents and actuators. To overcome potential iron limita-
tions, bioengineering of ferrous iron transport pathways will be a central
part of this doctoral thesis. During the introduction of a novel, highly ef-
fective route of iron import into cells the cytosolic labile iron pool must be
tightly controlled and kept very low to prevent harmful Fenton chemistry
as discussed in 1.2.1. Recently it was reported that each member of the
Poly-r(C)-binding protein (PCBP) family exhibits iron chaperone activity to-
wards ferritin [Leidgens et al., 2013]. Under elevated iron concentration in
the cytosol, this could enable effective ferritin loading and the maintenance
of a low labile iron.
A different approach to engineer cells as reporter cells for non-invasive
imaging and actuation will be the genetically controlled direct uptake of
ferritin. This uptake pathway is used in this project for the possibility of
obtaining up to 4500 Fe-atoms with a single endocytosis cycle while in-
troducing the storage protein directly in the system. The currently known
three ferritin receptors, TfR1, Tim-2 and Scara5 will be used for this ap-
proach1.2.1. Ferritin can also be used as a nanocage for the synthesis of
superparamagnetic magnetite [Cao et al., 2010]. Magnetite has a higher
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magnetic susceptibility than ferrihydrite and therefore the so-called mag-
netoferritin generates a stronger MR-contrast than native ferritin [Cao et
al., 2014]. This improves the sensitivity of MRI dramatically. The stronger
magnetic susceptibility probably also enables a wider use of this system
as an energy converter for non-invasive cellular actuation.
Besides genetic manipulations, the robust establishment of intracellular
iron measurements, qualitative ferritin iron loading determination, MR- mea-
surements on cell pellets, in vivo and hyperthermia experiments will be
parts of this doctoral project.
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Chapter 2

Materials and Methods

All chemicals were purchased in the highest possible grade, mostly from
Sigma-Aldrich and Carl Roth. An alphabetical list can be found in the
appendix (Table 2). An alphabetical list molecular biological kits and an-
alytical kits can be found in the appendix (Table 4). An alphabetical list
of laboratory equipment used can be found in the appendix (Table 5). An
alphabetical list of cell culture equipment and items can be found in the
appendix (Table 6). All solutions and buffers were prepared with ddH2O,
autoclaved and stored at 4°C, if not stated otherwise.

2.1 Molecular Biological Techniques

Plasmid DNA was produced by One Shot Top10 chemically competent E.
coli (Thermo Fisher Scientific) after transfection and appropriate antibi-
otics selection. A list of antibiotic concentrations used for bacterial and
mammalian cultures can be found in the appendix (Table 5). Plasmid
preparation was conducted with Miniprep and Maxi Prep Kits (Qiagen)
following the user’s manual. For gene expression in mammalian cells,
the pcDNA3 backbone (Invitrogen) was used, harboring either a geneticin
(G418) or hygromycin antibiotic resistance. The gene of interest was in-
serted via HiFi DNA Assembly in the multiple cloning site. Two primer
pairs were designed using the program NEBuilder Assembly Tool. In short,
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one primer pair was designed for the linearization of the plasmid via poly-
merase chain reaction (PCR). The second primer pair was used for PCR
amplification of the gene of interest, introducing a 15 base pair overhang
to the linearized plasmid. PCRs were carried out with Q5 Mastermix (New
England Biolabs, NEB). The reaction contained 25 µl Q5 Mastermix, 2.5
µl forward and reverse primer (10 µM) and approx. 500 pg template DNA.
The final reaction volume of 50 µl was reached by adding ddH2O. The
temperature profile started with an initial denaturation for 30 s at 98°C, fol-
lowed by 34 cycles of denaturation (30 s at 98 °C), primer annealing (for 30
s at a temperature according to NEB Tm calculator and elongation (for 30
s/kilo base at 72 °C). The PCR ended with a final extension for 2 min at 72
°C and was afterward stored until further use at 4 °C. The insert DNA was
mixed with plasmid-DNA (50 ng) in molar ratios of 2:1. A volume of 10 µl
was used of the HiFi Assembly Mastermix, and the whole reaction mixture
was adjusted to 20 µl with ddH2O. The assembly was routinely carried out
for 1 h at 50°C. Chemically competent One Shot Top10 E. coli (Thermo
Fisher Scientific) were transformed with 2 µl of the reaction mixture follow-
ing the user’s manual. Correct integration of the desired DNA sequence
was checked via colony PCR using PCR Master Mix (Genaxxon) and se-
quencing. For colony PCR single colonies of transformed E. coli were
used as template DNA. The reaction contained 12.5 µl PCR Mastermix,
2.5 µl forward and reverse primer (10 µM) and 7.5 µl ddH2O. The tem-
perature profile started with an initial denaturation for 10 min at 95°C to
release DNA from bacteria, followed by 34 cycles of denaturation (30 s
at 95 °C), primer annealing (30s at 53 °C) and elongation (1 min / kilo
base at 72 °C). The PCR ended with a final extension for 10 min at 72 °C
and was afterward stored until further use at 4 °C. A list of primers can
be found in the appendix (Table 7). DNA sequencing was carried out by
Eurofins Scientific.
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Gel Electrophoresis

For electrophoresis of DNA 1% agarose (Carl Roth) gels were prepared in
tris-acetate-EDTA (TAE) buffer. Electrophoresis of proteins was performed
in a Mini-PROTEAN Tetra cell system (Bio-Rad). Protein extractions from
HEK293T or HEK293 cell were conducted with M-Per Mammalian Pro-
tein Extraction Reagent (Thermo Fisher Scientific), containing protease
inhibitor cocktail (Sigma-Aldrich), according to the user’s manual. The pro-
tein extracts were stored until further experiments were conducted at -20°C
. For analysis of whole cell lysates approx. 30 µg total protein was loaded
on polyacrylamide gels. Protein assays were carried out with the BCA-Kit
(Pierce BCA Protein Assay Kit, Thermo Fisher Scientific) according to the
user’s manual.

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-
PAGE) Protein samples were mixed with equal volumes of Laemmli sam-
ple buffer (Sigma-Aldrich) and heated for 3 min at 95°C. Mini-Protean TGX
precast (12% polyacrylamide, Bio-Rad) gels were used with a running
buffer containing 2.5 mM Tris, 19.2 mM glycine, 0.01% SDS at pH 8.3.
Proteins were separated for 45 min at 200 V. Protein were visualized with
Coomassie R-250 stain if not used for further analysis.

Native PAGE Protein samples were mixed with native samples buffer
(Bio-Rad) and loaded onto Mini-Protean TGX precast (12% polyacrylamide,
Bio-Rad) gels. The running buffer contained 25 mM Tris-base and 192 mM
glycine. Protein separation was carried out for 45 min at 200 V. Proteins
were visualized with Coomassie R-250 stain if not used for further analy-
sis.

Diaminobenzidine enhanced Prussian Blue Staining For iron stain-
ing of proteins from whole cell lysates 7 µg protein was loaded per well.
DAB-enhanced Prussian Blue (Perls’) staining was adapted from Meguro
et al. with minor modifications [Meguro et al., 2007]. For Prussian blue
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staining, the gels were incubated with freshly prepared 2% potassium hex-
acyanoferrate (II) solution in 10% HCl for 30 minutes at room temperature.
Gels were washed 3×5 min with ddH2O. For DAB (diaminobenzidine)-
enhancement stained gels were incubated in the dark in a freshly prepared
solution of phosphate buffered saline, containing 0.025% DAB and 0.005%
H2O2, for 30 min.

Western Blotting

After SDS-PAGE or native PAGE proteins were blotted, for 1 h at 100 V, on
methanol activated Immun-Blot® PVDF Membrane (Bio-Rad). Afterward,
the membrane was washed 3×5 min in ddH2O and blocked for 1 h in tris
buffered saline (TBS, 50 mM Tris-HCl, 150 mM NaCl, pH 7.4) containing
5% non-fat milk (Carl Roth). After blocking, the membrane was incubated
for 1 h with the desired antibody, diluted in blocking solution, to a final con-
centration of 0.5-1 µg/ml. After washing 6×5 min with TBS, the membrane
was incubated with the secondary antibody conjugated to horse radish
peroxidase with a concentration of 0.5 µg/ml for 1 h. After 4×5 min wash-
ing with TBS, ECL Prime Western blotting detection reagent (Amersham,
GE Health Care) was used for chemiluminescent-based signal detection
in the FUSION-SL 7 advanced system (Vilber).

Cell Culture

Human embryonic kidney cells (HEK293T, ATCC: CRL-11268) were culti-
vated in advanced Dulbecco’s modified Eagle’s medium, (DMEM, Thermo
Fisher Scientific) supplemented with 10% fetal bovine serum, 2 mM Gluta-
max (Thermo Fisher Scientific) and 100 U/ml penicillin/streptomycin (Thermo
Fisher Scientific) solution at 37 °C in a humidified atmosphere containing
5% CO2. For detachment of cells, accutase solution (Sigma-Aldrich) was
used.
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Transfection Lipofectamine 3000 (Thermo Fisher Scientific) was used
for transient expression, following the producer’s manual. Plates in all for-
mats were poly-L-lysine coated (Sigma-Aldrich) during experiments. To
minimize stress during transfections, the amount of DNA was always kept
on the lower end of the recommended range, (e.g. 2.5 µg/6-well dish and
14 µg/10 cm dish) as well as the amount of lipofectamine 3000 used (1
µg/12-well dish, 3.75 µl/6 well dish and 21.7 µl/10 cm dish). For transfec-
tions carried out with Xfect (Clontech) 2.5 µg DNA/6-well dish and 20 µg
DNA/10 cm dish were used in combination with 0.3 µl Xfect-Polymer for
every 1 µg plasmid DNA. Cells were loaded with iron or ferritin for 24 h, 48
h after transfection.

Confocal Microscopy

For confocal microscopy the Leica SP5 system, equipped with lasers emit-
ting light at wavelengths of 408 nm, 488 nm and 561 nm was used.

Cellular Localization of Transiently Expressed Proteins For the de-
tection of transiently overexpressed proteins, HEK293T cells were pre-
pared as described in 2.1. Cells were permeabilized with 1% TritonX-100
(Sigma-Aldrich). The primary antibodies (Anti-FLAG or anti-human ferritin)
were diluted to a final concentration of 0.5 µg/ml in Superblock, based on
TBS (Thermo Fisher Scientific) and incubated overnight. After 6×5 min
washing in tris-buffered saline (TBS, 50 mM Tris, 150 mM NaCl, pH 7.4),
the secondary antibody was used at a final concentration of 0.5 µg/ml
in Superblock, based on TBS and incubated for 2 h. After three wash-
ing steps (5 min each) in TBS, cells were mounted with Aqua-Poly/Mount
(Polysciences, Inc.) on cover slides and imaged on an EVOS microscope
or the Leica SP5 confocal microscopy system.

Fluorescent protein labeling Horse spleen- or magnetoferritin was con-
jugated to Alexa Fluor 488 N-hydroxysuccinimidyl (NHS) ester (Thermo
Fisher Scientific), according to the user’s manual and dialyzed overnight
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against 50 mM HEPES with Slide-A-Lyser (Thermofisher Scientific). HEK
293T cells were grown on poly-L-lysine coated glass chips (BD Bioscience).
After 48 h transient overexpression of Tim-2 or TfR1, cells were incubated
for 24 h with labeled ferritin (0.4 mg/ml). Excessive ferritin was removed
through 3×5 min washing with DPBS before the cell nuclei were stained
with Hoechst 33258 (20 µM in PBS) for 5 min and cells were fixed with 4%
paraformaldehyde (PFA) (Thermo Fisher Scientific) in PBS for 10 minutes.
For imaging, cells were mounted on cover slides with Aqua-Poly/Mount
(Polysciences, Inc.).

2.2 Preparation of Magnetoferritin

For the preparation of magnetoferritin (hFTH-Mag), human heavy-chain
ferritin was expressed in E. coli and purified. After synthesis, magnetofer-
ritin was purified again from other by-products.

2.2.1 Expression and Preparation of Recombinant H-chain
Ferritin

Recombinant human heavy-chain ferritin (hFt) was expressed in E. coli
BL21(DE3) based on Rucker et al. with modifications [Rucker et al., 1997].
In short, the gene encoding for human hFt was cloned into the multi-
ple cloning side of pET151 via HiFi Assembly (NEB) and protein expres-
sion was induced with 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG)
overnight at room temperature. Cells were sonicated in lysis buffer (50 mM
Tris-HCl, 150 mM NaCl and protease inhibitor cocktail (cOmplete EDTA-
free, Roche). After cell lysis, the lysate was spun down for 20 minutes at
20,000 g. The supernatant was heated for 15 min at 65°C for heat pre-
cipitation of less heat-stable proteins and centrifuged again for 20 min at
20,000 g. The cleared supernatant, containing the recombinant protein,
was dialyzed over night at 4°C against 50 mM HEPES buffer with 150 mM
NaCl, using a Spectra/Por cellulose ester membrane (MWCO 300,000 Da;
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Spectrum Labs). The protein concentration was determined via BCA pro-
tein assay kit (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific).

2.2.2 Magnetoferritin Synthesis

The protocol for the magnetoferritin synthesis with recombinant human
heavy-chain ferritin (hFt) was developed based on Fan et al. [Fan et al.,
2012]. All solutions were carefully degassed with nitrogen and the reaction
vessel was closed hermetically to maintain an oxygen-free atmosphere.
The synthesis was performed at 65°C and pH 8.5 in 50 ml 100 mM NaCl
solution with 0.25 mg/ml apo-hFt. Ferrous iron was added in the form of
a 25 mM ferrous ammonium solution with a rate of 100 Fe/(protein/min).
Stoichiometric equivalents of 1 H2O2 : 3 Fe2+ were added to ensure correct
oxidation conditions (8.33 mM H2O2) and the pH was kept stable with 50
mM NaOH using a TitroLine 7000 (SI Analytics). Five minutes after the
theoretical loading of 3000 Fe/protein, 200 µl of 300 mM sodium citrate
was added to the reaction to chelate free iron. The synthesized magneto-
ferritin particles were centrifuged stepwise at 20,000 and 80,000 g to re-
move aggregates and dialyzed against 50 mM HEPES with 150 mM NaCl
over night at 4°C. For final purification, the synthesis was applied on a Su-
perdex 200 Increase 10/300 GL size exclusion column (GE Healthcare Life
Sciences). Before sample loading, the column was pre-equilibrated with
one column volume of buffer. The column run was performed isocratic with
filtered and degassed buffer (100 mM HEPES, 50 mM NaCl, pH 7.4) at a
flow rate of 0.5 ml/min. Absorbance was measured in-line at 280 nm for
protein content.

2.3 Analysis of Magnetic Properties

After genes of interest were expressed and/or cells were loaded with iron,
the magnetic properties of these cells were characterized in different ways.
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2.3.1 Colorimetric Quantification of Cellular Iron Content

Iron assays were always carried out with two technical replicates for each
biological replicate. Cells for these biological replicates were always
counted before seeding and the seeding number was the same of every
experimental condition. 4·105 cells were plated 24 h before transfection in
6-well plates. Cells were incubated with experimental amounts of the de-
sired iron species 48 h after transfection. If experiments were conducted
with ferrous iron, ferrous ammonium sulfate (FAS) was used. If experi-
ments were conducted with ferric iron, ferric citrate (FC) was used in com-
bination with 2 mg/ml human transferrin (Sigma-Aldrich). Both iron forms
and transferrin were dissolved in cell culture media and sterile filtered be-
fore applying onto the cells.
After 24 h incubation cells were washed three times in Dulbecco’s
Phosphate-Buffered Saline (DPBS). Cells were detached with accutase
and spun down for 5 min at 400 g. Afterward, cells were resuspended
and counted according to the user’s manual of the Countess II FL Auto-
mated Cell Counter (Life Technologies). Cells were spun down again at
2834 g and cell pellets were frozen until iron assay was conducted. The
iron assay was carried out according to Riemer et al. [Riemer et al., 2004].
For cell lysis, pellets were resuspended in 200 µl of a 50 mM NaOH solu-
tion and incubated for 2 h on a shaker. Afterward the samples were split
in half for technical replicates, and 100 µl of a 10 mM HCl solution was
added for pH adjustment. This mixture was incubated with 100 µl of iron
releasing solution (1.4 M HCl with equal volume of 4.5% (w/v) KMnO4) for
2 h at 60°C under the fume hood. This step is required for the release
of protein-bound iron and iron bound in low-molecular weight complexes.
After the samples had been cooled down to room temperature, they were
mixed with 30 µl freshly prepared iron detection solution (6.5 mM ferrozine,
6.5 mM neocuproine, 2.5 M ammonium acetate, 1 M ascorbic acid) and
incubated for 30 min. The absorption of the Fe(II)-ferrozine complexes
was measured at a wavelength of 550 nm. The assay was calibrated with
freshly prepared calibration solutions diluted from a 10 g/l iron in 1 M HCl
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analytical stock solution, ranging from 300 µM to 10 µM iron. Through the
determination of the iron concentration in the tested solutions and the as-
sumption that all the iron in these solutions is derived from the harvested
cells, the amount of cellular iron could be calculated, because the exact
number of cells in the assay was known.
The colorimetric iron assay was cross-validated via ICP-MS.

2.3.2 Inductively Coupled Plasma Mass Spectrometry

Samples for inductively coupled plasma mass spectrometry (ICP-MS) were
adjusted to contain approx. 200 µg/l iron in a total sample volume of 400
µl. The iron concentration was estimated based on the colorimetric assay.
Samples were incubated with equal amounts of 65% nitric acid overnight
at 60°C and then sent for analysis. Measurements were performed by
Christine Sternkopf (Institute of Hydrochemistry and Chair of Analytical
Chemistry, Technische Universität München).

2.3.3 Extraction of Lysosomes

Lysosomes were prepared using a lysosome isolation kit (Sigma-Aldrich)
according to the user’s manual. In short, cells were incubated with 18 µg
eFTH+L or hFTH-Mag for 24 h, afterward detached with accutase and pel-
leted. The pellet was washed twice with ice-cold PBS and resuspended
in extraction buffer (3×packed cell volume). Cell lysates were prepared
with a 7 ml Dounce homogenizer using Pestle B (Sigma-Aldrich). At ap-
prox. 80% cell lysis, the sample was centrifuged for 10 min at 1,000 g.
The supernatant was transferred to a fresh tube and centrifuged for 20
min at 20,000 g. The pellet containing a crude lysosomal fraction was
resuspended in extraction buffer and kept until further use at 4°C.
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2.3.4 Magnetic Resonance Imaging

MR images were acquired at a Bruker BioSpec 94/20 USR, 9.4 T system
equipped with an RF RES 400 1H 112/072 Quad TR AD resonator.
For relaxivity calculations of protein solutions four different concentrations
between 1.8 and 0.2 mg/ml were measured in modified 384 well plates
(Thermo Fisher Scientific). For accurate buffer correction, all wells sur-
rounding a sample were filled with corresponding sample buffer (50 mM
HEPES, 150 mM NaCl, pH 7.4). For crude lysosomal fractions (2.3.3),
extraction buffer from the lysosome isolation kit (LYSISO1, Sigma-Aldrich)
was used as a reference value. T2-measurements were performed using
a multi-slice multi-echo (MSME) sequence with a repetition time (TR) of
6000 ms, 30 echoes, an echo spacing of 20 ms, a flip angle of 90°, a field
of view of 60×60 mm and an image size 256×256 pixels.
For T2*-measurements of cells, 4·106 HEK293T cells were seeded 24 h
prior to transfection on 10 cm dishes. Cells were incubated with the sub-
stance of interest for 24 h, two days after transfection with the gene of
interest. After three washes with DPBS, cells were detached with accu-
tase and centrifuged for 4 min at 500 g. The pellets were resuspended
in 800 µl DPBS and transferred to cryobank vials (Thermo Fisher Scien-
tific) containing 50 µl 1% agarose. Cells were then spun down for 2 min
at 2000×g and immediately used for MRI. Agarose was filled in the tubes
to flatten the bottom of the vials. Therefore cell pellets appeared in an
angular shape in the take images and with a clear contrast difference to
the agarose. This facilitated image analysis. Measurements were con-
ducted in a custom-made holder filled with DPBS. T2*-values were calcu-
lated based on a multiple gradient echo (MGE) sequence with a TR of 800
ms, 12 echoes with an echo spacing of 4.5 ms, a flip angle of 50°, a field
of view of 65×65 mm and an image size of 256×256 pixels. Higher order
shims were used for all measurements. Relaxation times were calculated
with Image Sequence Analysis Tool from Bruker BioSpin MRI GmbH.
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2.3.5 Magnetic Cell Sorting

Magnetic sorting of cells was performed with MS columns (Miltenyi Biotec).
The column matrix consists of superparamagnetic beads which can am-
plify an applied external magnetic field and induce a high gradient within
the column. Therefore, cells are retained through magnetic interactions in
the column matrix if an external magnetic field is applied. For elution, the
external magnetic field is removed. In consequence, the magnetically re-
tained cells do not experience the strong, induced magnetic field anymore
and can be removed without mechanical stress.
HEK293T transiently overexpressing Tim-2, TfR1, Scara5 or EYFP were
loaded with 50 µg/ml eFTH+L or hFTH-Mag for 24 h. Cells were washed
twice with PBS and detached with accutase. Cells were resuspended in
4% PFA in PBS for fixation and kept at 4°C until sorting.
For magnetic sorting, MS columns were placed in a MiniMACS separator
(Miltenyi Biotec) and equilibrated with 0.5 ml PBS (pH 7.4). The column
was loaded with cells and washed with 0.5 ml PBS. The flow through was
collected as one fraction. After removing the column from the magnetic
separator, cells were eluted with 1 ml PBS using the provided plunger.
The total number of cells before sorting as well as the cell numbers in flow
through and eluate were determined. If cells were fixed, they were counted
manually using a C-Chip disposable counting chamber (Biochrom AG). Af-
ter life cell sorting, death cells were stained with trypan blue and the total
number of cells before sorting as well as the cell numbers in flow through
and eluate were determined with a Countess II FL Automated Cell Counter
(Life Technologies).

2.3.6 Magnetic Hyperthermia Experiments

For RF-treatment the Tru Heat 3010 generator (Trumpf-Hüttinger) was
used. The coil in use had 4 windings with a diameter of 10 cm and a
height of 6 cm (Sketch can be found in the appendix (Figure 18)). To
maintain steady temperature conditions during the experiment, the coil
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was water cooled with a flow rate of 4 l/min. For ablation experiments,
2·105 cells were seeded in 24-well plates 24 h before transfection. Cells
were then transfected and loaded with 300 µg/ml hFTH-Mag, eFTH+L or
eFTH+L-apoferritin 48 h after transfection. After incubation for 24 h, cells
were washed with DPBS and supplied with fresh medium before apply-
ing an RF-pulse (318 kHz, 18-21 mT or 1.8-2.1 mT) for 30 min. Control
cells were left at room temperature for the duration of the RF-pulse. After
treatment, cells were incubated another 24 h before cellular toxicity was
determined via LDH cytotoxicity detection kit (Roche).

2.3.7 Vibrating sample magnetometer

VSM measurements were conducted by Prof. Dr. Michael Winklhofer and
Dr. Ulf Wiewald from the Faculty of Physics and Center for Nanointegration
(CENIDE), University of Duisburg-Essen. Samples were lyophilised before
measurement.

2.4 Optoacoustic and third Harmonic Microscopy

and Photoablation

Transiently overexpressing cells were loaded with 150 µg/ml eFTH+L or
hFTH-Mag for 24 h before the experiments. As described in Seeger,
2016 57Tserevelakis, 2014 58Soliman, 2015 59, optical-resolution op-
toacoustic microscopy and third harmonic generation microscopy imag-
ing was performed on a custom-built hybrid microscope. The beam of
an actively triggered 532 nm laser (Elforlight) utilized for the OA modality
is co-aligned and merged with a 1043 nm laser (Time-Bandwidth) used
for THG by a longpass dichroic mirror (Thorlabs). Both beams are at-
tenuated by neutral density filters to desired pulse energies and guided
over a set of high-speed galvanometric mirrors (Cambridge Technology),
enlarged by a telescopic arrangement of lenses and focused by micro-
scopic objective lenses (Plan Apochromat 10X/0.45 and W Plan Apochro-
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mat 20X/1.0, Zeiss) placed in an inverted microscope (AxioObserver.D1,
Zeiss). For image generation, both laser beams are consecutively raster-
scanned across the sample hold by a xyz-stage (Thorlabs) using the gal-
vanometric mirrors controlled by a 16 bit data acquisition card (National
Instruments) with an averaging of 100. OA signals are detected by a spher-
ically focused 100 MHz transducer (SONAXIS), amplified (Miteq) and ac-
quired by a 12 bit data acquisition card (SP Devices). THG detection is per-
formed by a highly sensitive photomultiplier tube (Hamamatsu) equipped
with an optical bandpass filter (Thorlabs) and digitized by the previously
mentioned 16 bit data acquisition card. The system is fully controlled
in Matlab (Mathworks); image post processing is carried out in ImageJ
(Wayne Rasband).
Cell ablation induced by photothermolysis: To investigate the feasibility of
selective cell ablation by means of photothermolysis within the dual-modal
microscopy framework, cells were first imaged with both OA and THG
modalities. Next, the pulse energy of the previously mentioned 532 nm
laser utilized to excitate OA signals was increased about 15.4 fold (imag-
ing: 18.5nJ/pulse; ablation 285nJ/pulse). The beam was raster scanned
across a smaller area centered within the imaging FOV analogously to the
OA imaging procedure. The ablation scan was carried out with 100 pulses
per position to ensure strong photothermolysis effects. Finally, the sam-
ple was examined again with OA and THG as described above, whereas
the OA laser power was reduced to the imaging power. Due to loose con-
tact of the cells to the used glass bottom petri dishes (IBL Baustoff+Labor
GmbH) in combination with slight heat induced convection, images had to
be co-registered by an affine transformation carried out in ImageJ.
The OA and THG measurements and data analysis were carried out with
the help of Markus Seeger (Institute of Biological and Medical Imaging,
Helmholtz Zentrum München).
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2.5 Statistical Methods

Statistical analysis was conducted with GraphPad Prism. If not stated oth-
erwise, two-tailed, unpaired, parametric t-tests assuming same standard
deviations for both populations were calculated.

Table 1: P values and statistical significance

P value Asterisks Significance
< 0.001 *** Very significant
0.001 - 0.01 ** Very significant
0.01 - 0.05 * Significant
0.05 ns Not significant
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Chapter 3

Results

The results of this doctoral thesis are structured by the different iron up-
take pathways. As pointed out in 1.4, at first an effective iron loading of
cells was explored, and then safe storage of iron inside cells was ad-
dressed. Iron loading of cells was mainly assessed by a colorimetric iron
assay. Afterwards, MR-measurements were carried out to assess possi-
ble MR-contrast changes evoked by the bioengineered pathways. These
measurements were also used as a first approximation of altered mag-
netic properties of the cells since magnetic particles evoke T2-contrast. As
further assessment of cellular magnetization, the cells were magnetically
sorted in high gradient magnetic fields and additional magnetic analysis
was carried out.

3.1 Transferrin-dependent Iron Uptake Pathway

Most cells acquire iron through the transferrin-dependent iron uptake path-
way. This pathway was used as a benchmark for bioengineering approaches
in the following sections (3.2 and 3.3).
HEK293T cell express endogenously TfR1 and use this route to acquire
iron from the culture medium. The supplementation with 2 mg/ml holo-
transferrin in combination with 1 mM ferric citrate (FC) for 48 h, lead to an
increased intracellular iron content of 0.22 ± 0.04 iron/cell in comparison
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with unloaded cells (0.04 ± 0.04 pg iron/cell). Cells only incubated with
holo-transferrin but without ferric citrate contained 0.03 ± 0.01 pg iron/cell
(Figure 1). To further elevate this pathway, TfR1 was transiently overex-
pressed. This approach did not lead to a clearly increased MR-contrast
when compared to mock transfected HEK293T cells which were also in-
cubated with ferric citrate and holo-transferrin (∆R2=11 s-1). Nevertheless,
a positive effect of ferric citrate could be identified. HEK293T cells, incu-
bated only with holo-transferrin, showed an ∆R2 of 6 s-1 and cell incubated
with both showed ∆R2 of 11 s-1(Figure 1). These results suggest that the
iron loading can be correlated with increased MR-contrast to a certain ex-
tent.

Figure 1: Transferrin dependent iron uptake. (A) HEK293T cells in-
crease cellular iron content during incubation with ferric citrate and holo-
transferrin. Error bars according to SEM. p=0.0008. n=3. (B) Tran-
sient overexpression of TfR1 leads to same MR-contrast enhancement
like mock transfection. Enhanced cellular iron can be correlated with MR-
contrast enhancement.

44



3.1 Transferrin-dependent Iron Uptake Pathway 45

Since TfR1 is highly negatively regulated during iron repletion, heavy
chain ferritin and a P2A-construct of PCBP1 and PCBP2 (PCBP) were
overexpressed to induce an artificial iron depletion in cells. Co-expressions
of TfR1 and hFt or TfR1, hFt and PCBP were compared to EYFP overex-
pressing control cells. The total amount of DNA was kept constant and was
therefore adjusted EYFP coding DNA. The overexpression of TfR1 and hFt
was carried out through co-transfection or through a P2A-construct en-
abling TfR and hFt expression from the same plasmid. During overexpres-
sion of TfR1 and hFt no differences in cellular iron loading (approx. 0.2
pg iron/cell) and T2

*-derived MR-contrast could be detected.(Figure 2A).
During co-expression of all three constructs, ferritin overexpression could
be verified via Western blotting, but iron loading of ferritin could not be
shown on native PAGE after DAB PB staining (Figure 2 B). Also the T2

*-
derived MR-contrast remained at approximately ∆R=20 s-1 and was not
significantly different from control cells. Nevertheless, a proliferative effect
of transferrin supplementation with iron could be shown, indicating iron up-
take under the detection level of the iron assay and MR-measurements.

45



46 3. Results

Figure 2: Modification of transferrin-dependent iron uptake. (A) The over-
expression of hFt, the iron chaperones PCBP1-PCBP2 (PCBP) in combi-
nation with the overexpression of TfR1 did not lead to enhanced cellular
iron loading. (B) T2

*-derived MR-contrast was also not enhanced during
the overexpression of hFT and PCBP. The overexpression of hFt was veri-
fied through WB, but iron loading could not be visualized through DAB PB
staining of ferritin after native PAGE.
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3.2 Ferrous Iron Transport Pathways

Ferrous iron transporters were used to bypass the highly regulated Tf-
dependent iron uptake pathway. It was tested whether the ferrous iron
transport pathway can be used for more effective iron loading through the
direct delivery of ferrous iron into the cytosol without going through an
endocytosis cycle which can transport only a maximum of two iron atoms
into the cytosol.

3.2.1 DMT1

To test the suitability of DMT1, the protein was overexpressed in HEK293
cells and the cells were incubated with iron. During normal conditions in
cell culture, the pH is at a physiological range (approximately pH 7.4) and
far away from the optimal pH of DMT1, which is at pH 6.75. To achieve
maximal iron loading, an iron loading buffer described in Kim et al. [2012]
was used. Through this loading condition, it was possible to show that iron
loading could be correlated with increased DNA coding for DMT1 (Figure
3). Iron was elevated to 0.37 ± 0.13 pg iron/cell, if half the DNA used for
transfection was coding for DMT1. If all the DNA transfected coded for
DMT1, 0.67 ± 0.16 pg iron/cell could be detected. During the increase of
DMT1 and therefore cellular iron, the cell numbers gradually decreased. A
decrease in cell number during iron loading is correlated with cell death
induced by iron loading. The positive effect of nifedipine (dissolved in
DMSO) could not be verified because the loading control (DMSO without
nifedipine) showed similar iron loading than the iron loading buffer con-
taining nifedipine (0.7 pg iron/cell vs. 1.2 pg iron/cell). The addition of
ascorbic acid in combination with the iron loading buffer did not lead to a
clear increase in iron loading. To further explore the possibilities for iron
loading under more physiological conditions, the ferrous iron transporter
Zip14 was evaluated.
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Figure 3: Iron loading through DMT1. The cellular iron loading could be
gradually increased through the use of increasing DNA amounts coding
for DMT1 during transfection. An iron loading buffer was used, which
simulated optimal pH conditions for DMT1. Error bars according to SEM.
p<0.02. n=3

3.2.2 Zip14

The pH optimum of Zip14 is at pH 7.4. This makes Zip14 a more promis-
ing candidate for effective cellular iron loading under physiological condi-
tions. Zip14 has not been used for bioengineering purposes before, there-
fore membrane localization of CMV-driven, transient overexpressed Zip14
was tested and confirmed via immunocytochemical detection through a C-
terminally introduced FLAG-tag (Figure 4 A)
Cellular iron loading could be increased if Zip14 coding DNA was increased
during transfection. Iron was elevated 3-fold during the use of 50% Zip14
coding DNA of the total amount of DNA transfected. If all the DNA trans-
fected consisted of Zip14 conding DNA, an approximately 5-fold higher
cellular iron content could be detected. During the increase of Zip14, and
as a direct consequence of intracellular iron, the cell numbers decreased
to approximately a third of the control condition (100% Zip14 without iron
loading) (Figure 4 B) The reduction in cell number during iron loading is
correlated with cell death induced by iron loading.
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High iron loading could be realized through Zip14 mediated iron transport
into cells under physiological pH-conditions. Nevertheless, a pronounced
iron-dependent cell death was observed. To lower induced toxicity and
for the introduction of a scaffold for magnetic biomineralization, hFT and
a chimera of light- and heavy-chain ferritin (LHFT) were co-expressed in
combination with Zip14.
During co-expression of Zip14 and hFT, cell numbers reached the level of
control cell numbers and an increase of iron loading from 0.1 ± 0.012 pg
iron/cell to 0.3 ± 0.15 pg iron/cell could be detected. The coexpression
of Zip14 and LHFT did not show the same cell rescue abilities as Zip14 in
combination with hFT. However cellular iron content was also increased to
0.3 ± 0.1 pg iron/cell (Figure 5 A).
The iron loading of Zip14 and hFT cells could be increased gradually dur-
ing incubation with 1 mM FAS if ascorbic acid was added as a reductive
agent to the cell culture media in concentrations of 25 µM, 50 µM and 100
µM. However, this increase of iron correlated with increased cell death
(Figure 5 B). During incubation with 3 mM FAS, no enhancing effect of
ascorbic acid could be detected.
It was shown that the overexpression of hFt as an acceptor protein could
abolish the toxic effect of increased intracellular iron. This effect was ob-
served during 1 mM FAS loading for 24 h, leading to an intracellular iron
content of approx. 0.3 pg iron/cell. For the purpose of an MRI gene re-
porter and biomagnetic actuator for magnetogenetics the non-toxic iron
loading of cells had to be increased further.
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Figure 4: Iron loading via Zip14. (A) Immunocytological detection of tran-
siently overexpressed Zip14 through a C-terminally induced FLAG-tag. (B)
Iron loading was gradually increased during the elevation von Zip14 cond-
ing DNA in transfections. The increased iron concentration correlated with
a decrease in cell viability.
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Figure 5: Zip14 with iron acceptors and ascorbic acid. (A) The combina-
tion of hFT and Zip14 lead to an increased iron loading compared to EYFP
(one-tailed unpaired, parametric t-test. p=0.027. n=3) and could increase
cell viability compared to cells overexpressing only Zip14 (two-tailed, un-
paired, parametric t-test. p=0.0012. n=3) to values comparable with EYFP
overexpressing control cells. (B) Iron loading of Zip14 and hFt overex-
pressing cells could be further increased through the use of ascorbic acid
as a reducing agent in the cell culture media. The overexpression of hFt
could not abolish toxic effects during this conditions.
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To minimize toxic effects of transient transfection and to increase pro-
tein expression simultaneously, the transfection agent was changed from
X-fect to lipofectamine3000. Furthermore, it was attempted to minimize
the variability caused by multi-plasmid transfections. Zip14 and hFt were
expressed from the same plasmid harboring a P2A-side. The effect of
the iron chaperones PCBP1 and PCBP2 was also evaluated in a P2A
construct (PCBP). The iron loading could be increased to 0.74 ± 0.18 pg
iron/cell during Zip14 and hFt expression. It showed a slight, but not sig-
nificant, decrease during Zip14, hFt and PCBP expression (Figure 6 A).
The total cell numbers decreased in comparison to unloaded control cells,
but still reached values comparable to control cells from experiments car-
ried out with X-fect as a transfection reagent (Figure 5 A). A beneficial
effect of PCBP1 and PCBP2 expression on cell death could not be deter-
mined from these experiments. T2

*- MR-measurements showed a strong
increase in contrast during Zip14-mediated iron loading of cells compared
to EYFP control cells (∆R2

*=58 s-1 for hFt and Zip14 cells; ∆R2
*=14 s-1 for

control cells). Albeit PCBP overexpressing cells showed less MR-contrast
during the expressing with Zip14 and hFt. In this constellation, PCBP did
not show a pronounced improvement of either cell viability, iron loading nor
MR-contrast. Even though the iron chaperones did not lead to an improve-
ment of the system, the iron loading through Zip14 could be elevated to
0.74 pg iron/cell compared to 0.3 pg (as shown in 5) iron/cell maintaining
cell viability. Furthermore, MR-contrast increased strongly in comparison
to control cells (Figure 6 B).
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Figure 6: P2A constructs of Zip14 and hFt. (A) Cellular iron loading could
be increased through the expression of the P2A-contruct of Zip14 and hFt,
while maintaining cell viability at high levels. Error bars according to SEM.
p=0.0084. (B) MR-contrast could be increased after the expression of
Zip14 in either P2A-constructs compared to EYFP overexpressing control
cells. PCBP did not lead to an additional enhancement.

To further evaluate Zip14, hFt and PCBP, coexpression of all three con-
structs from different plasmids was realized. Cells overexpressing Zip14 or
Zip14 and hFt show 2 to 3-fold enhanced cellular iron loading
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(Zip14+hFt=0.51 ± 0.06 pg iron/cell; Zip14+EYFP=0.71 ± 0.03 pg iron/cell)
compared with control cells overexpressing EYFP (0.26 ± 0.02 pg iron/cell)
(Figure 7). DAB-enhanced Prussian blue stainings after native PAGE of
whole cell lysates show that the transported iron is stored to a certain ex-
tend inside overexpressed hFt.
Cellular evoked T2

*-contrast increased dramatically after overexpression
of Zip14 and hFT compared to control cells (Figure 8). The relaxation
rates (∆R2

*) rose approximately 3.5-fold to a mean of ∆R2
*=94 ± 11.3 s -1

compared to ∆R2
*=23.5 ± 4.2 s-1 derived from EYFP cells.

Figure 7: Zip14 and hFt evoked iron uptake and MR-contrast. Cotrans-
fection of Zip14 and hFt elevated cellular iron loading and increased T2

*

derived MR-contrast. Newly introduced iron could be partly stored in over-
expressed hFt. Cell overexpressing Zip14 -but no hFt- show upregulation
of native heavy chain ferritin and increased iron incorporation. Error bars
according to SEM. p=0.0065. n=5

Cells overexpressing Zip14, hFt and PCBP, show also enhanced iron
loading (0.78 ± 0.12 pg iron/cell) compared to EYFP control cells. It re-
mains unclear from these experiments whether the P2A-construct of PCBP1
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and PCBP2 has a positive effect on ferritin loading in this system be-
cause cells overexpressing Zip14, hFt and EYFP show similar iron loading
(0.65 ± 0.07 pg iron/cell). Notably, the amount of DNA encoding for Zip14
could be reduced to a third of total transfected DNA maintaining increased
cellular iron loading and approximately same ferritin loading. This opens
possibilities for more genes to be evaluate in a combinatorial way. Iron
loading after overexpression of Zip14, hFT, and PCBP enhances cellular
evoked T2

*-contrast compared to EYFP overexpressing cells. The relax-
ation rates rose approximately 4-fold to a mean of ∆R2

*=101.2 ± 26.8 s-1

compared to ∆R2
*=23.5 ± 4.2 s-1 derived from EYFP cells.

The ferrous iron transport pathway proved to be a very efficient pathway
to achieve cellular iron loading in a bioengineering context. However, a
quick elevation of intracellular iron leads to iron-induced cell death. This
cell death can be brought to an acceptable level, but never completely
prevented, through the overexpression of hFT.

Figure 8: Iron uptake and MR-contrast via ferrous iron uptake. Transfec-
tions with three plasmids resulted in pronounced cellular iron elevation and
iron incorporation in ferritin. Error bars according to SEM.
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3.3 Ferritin Uptake Pathway

As described in 3.2.2 cells suffer under quick elevation of intracellular iron.
This is probably a result of Fenton chemistry. The ferritin uptake pathway
is another way of cellular iron loading. In this pathway, the iron storage
protein ferritin is directly endocytosed into cells. This could prevent iron
toxicity, increase the efficiency of each endocytosis cycle from two iron
atoms to up to 4500 iron atoms and also open doors for the use of the
ferritin cavity as a nanocage for the delivery of other substances.

3.3.1 Native Ferritin

HEK293T cell endogenously express the ferritin heavy-chain receptor TfR1.
It was tested whether endogenous uptake of horse spleen ferritin (eFTH+L),
which consists of heavy- and light chain ferritin, was sufficient to detect
changes in cellular iron loading, cell viability and MR-contrast.
The incubation of HEK293T cells with eFTH+L (750 µg/ml) for two days
resulted in a significant cell proliferation and a rise of intracellular iron from
0.04 ± 0.04 pg iron/cell to 0.23 ± 0.01 pg iron/cell (Figure 9 A). Also MR-
contrast was enhanced approximately 3-fold from ∆R2=6.6 ± 1.1 s-1 for
unloaded control cells to ∆R2=30.7 ± 3.1 s-1 for eFTH+L loaded cells (Fig-
ure 9 B).
To further asses whether it was possible to enhance iron loading and MR-
contrast and simultaneously lower the amount of supplemented ferritin,
ferritin receptors were overexpressed. HEK293T cells overexpressing the
respective transporters were incubated with 150 µg eFTH+L/ml media. As
a result transferrin receptor overexpressing cells increased their relaxation
rate approximately 5-fold to 53.5 ± 16.5 s-1 compared to EYFP overex-
pressing cells (∆R2

*=10.2 ±3.2 s-1) while the iron content was only slightly
elevated to 0.2 ± 0.03 pg iron/cell. Cells overexpressing the mouse ferritin
receptors Tim-2 or Scara5 showed a 10-fold higher relaxation rate of ap-
proximately ∆R2

*=110 s-1 with cellular iron content of approximately 0.75
pg iron/cell in contrast to EYFP cells which only harbored 0.13 pg ± 0.01
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iron/cell. Apparently, the correlation of intracellular iron and MR-contrast
in cells loaded with ferritin is different from cells loaded via Zip14. More
specifically it seems that a stronger MR-contrast is evoked with less intra-
cellular iron.

Figure 9: Ferritin uptake pathway. (A) Increased iron loading via endoge-
nous ferritin receptor on HEK293T cells. A proliferative effect could be de-
tected after iron loading over this pathways. Error bars according to SEM.
p=<0.035. n=3 (B) Uptake of eFTH+L over endogenous TfR1 caused in-
creased MR-contrast after two days of incubation. Error bars according to
SEM. (C) Overexpression of ferritin receptors TfR1, Tim-2 and Scara5, en-
abled higher iron loading and stronger MR-contrast. Error bars according
to SEM. p=<0.0011. n=6
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Intracellular Iron Localization

To investigate the effect described above, the localization of endocytosed
ferritin was determined. To test, if ferritin is trafficked to lysosomes under
overexpression and high ferritin loading conditions, a lysosomally targeted
mCherry (mCherryLT) was used. At first, it was shown that mCherryLT
is colocalized with LysoTracker Green DND-26 and therefore trafficked to
lysosomes (Figure 10 Aa-Ac). The designed mCherryLT does not show
background signal from the cytosol, neither the lysosomes appear in an
abnormally large shape. A weak fluorescent signal is derived, from the
membrane because proteins with the dileucine-motive of the lysosomal
acidic phosphatase (LAP) are trafficked first over the cell membrane and
subsequently to the lysosomes. Tim-2 and mCherryLT overexpressing
cells incubated with fluorescently labeled eFTH+L show colocalization of
both fluorescent signals (Figure 10 Ad-Af)
Under physiological condition ferritin is degraded in lysosomes and iron is
released. It was checked whether endocytosed ferritin could be detected
or if introduced ferritin was rapidly degraded. Through Western blotting
heavy- and light chain ferritin could be shown (Figure 10 B). Also, iron
loading of ferritin could be proven through DAB enhanced PB staining af-
ter native PAGE. The detection of L-chain ferritin suggested that eFTH+L
is not completely degraded during this experimental setup because non-
modified HEK293T cells express only marginal amounts of light chain fer-
ritin. Despite the detection of iron-loaded ferritin, lysosomal degradation
was inhibited with bafilomycin A1 (50 nM and 100 nM) and chloroquine,
(10 µM and 30 µM) which in consequence did not alter MR-contrast evoked
by ferritin uptake (Figure 10 C). On the other hand, MR-measurements
of isolated lysosomes from Tim-2 expressing cells, incubated with a con-
centration of 300 µg eFTH+L/ml media for 24 h, showed clear contrast
enhancement compared to lysosomes from control cells (Figure 20 A in
appendix). This suggests that iron is retained in the lysosomes and prob-
ably not released in significant amounts into the cytoplasm.
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Figure 10: Intracellular eFTH+L localisation. (Aa) LysoTracker Green
DND-26 derived fluorescent signal. (Ab) mCherryLT derived fluorescent
signal. (Ac) Overlay of LysoTracker Green DND-26 and mCherryLT sig-
nals shows lysosomal trafficking. (Ad) Fluorescent signal from Alexa-488-
eFTH+L. (Ae) Fluorescent signal from mCherryLT. (Af) Overlay of eFTH+L
and mCherryLT signal. Colocalization (white arrows) shows lysosomal
trafficking. (B) Detection of heavy- and light-chain ferritin through WB after
ferritin endocytosis. DAB PB shows iron loading of endocytosed ferritin.
(C) Inhibition of lysosomal proteases did not alter MR-contrast. Error bars
according to SEM.
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It was further tested whether expressed and loaded hFt could be di-
rected to a cell compartment to mimic lysosomal clustering. The peroxiso-
mal targeting signal PTS2 from the human acetyl-Coenzyme A acyltrans-
ferase 1 (ACAA1) was fused the N-terminus of hFt to direct ferritin after
expression to the peroxisomes. Expression of the construct could be veri-
fied after Western Blotting, but iron loading was not achieved.
Through the ferritin uptake pathway, it was possible to increase cellular
iron uptake approximately 8 times in a non-toxic manner and increase MR-
contrast approximately one order of magnitude.

3.3.2 Magnetoferrtin

The exchange of the native ferrihydrite core of ferritin to a superparamag-
netic magnetite core could help to overcome physical limits of ferritin as
a biomagnetic contrast agent and actuator for non-invasive imaging and
actuation.

Figure 11: Relaxivity measurements of eFTH+L and hFTH-Mag. (A)
eFTH+L showed a relaxivity of 2677 mM-1s-1. (B) hFTH-Mag showed a
relaxivity of 22108 mM-1s-1.
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Characterization of Magnetoferritin

After synthesis of magnetoferritin (hFTH-Mag), the synthesis batch was
concentrated to a volume of 250 µl for purification through size exclusion
chromatography. The parallel detection of absorbance at a wavelength
of 280 nm and 410 nm enabled confirmation of iron loading of the newly
synthesized ferritin online (appendix Figure 21). Iron staining after native
PAGE also confirmed iron loading of ferritin, whereas no iron loading could
be detected in ferritin before synthesis. The relaxivity of hFTH-Mag was
calculated via T2-measurements of four different concentrations (Figure
11). The T2-relaxivity of hFTH-Mag was approximately 10-fold enhanced
compared to eFTH+L (r2 (hFTH-Mag)=22108 mM-1s-1; r2 (eFTH+L)=2677
mM-1s-1). The newly synthesized hFTH-Mag displayed superparamagnetic
behavior during measurements in vibrating sample magnetometer (VSM),
whereas native eFTH+L was antiferromagnetic (Figure 12 A and B). To
test whether hFTH-Mag is still recognized by ferritin receptor after synthe-
sis and purification procedures, hFTH-Mag was fluorescently labeled with
Alexa488, and the localization was compared with mCherryLT (Figure 12
C). Magnetoferritin was colocalized with mCherryLT and showed the same
cellular localization pattern as native endocytosed ferritin.

Magnetoferritin as an MRI-Contrast Agent

After the functional validation of hFTH-Mag in combination with the heavy
chain receptor Tim-2, hFTH-Mag was used as a contrast agent for MRI.
HEK293T cells show a strong increase of T2

*-derived MR-contrast after
overexpression of the heavy chain receptors TfR1 and Tim-2 and loading
with hFTH-Mag (TfR1: ∆R2*=120.3 ± 44.4 s-1, Tim-2: ∆R2*=126.7 ± 41.1
s-1) compared to EYFP overexpressing control cells (∆R2

*=12.7 ± 3.6
s-1) (Figure 13 A). In these experiments a concentration of 1.875 µg/ml
hFTH-Mag in the media was used for a 24 h incubation. This concen-
tration is approximately 80-fold lower than the concentration of eFTH+L
required to generate comparable contrast enhancement shown in 3.3.1.
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Even though, cells overexpressing the light chain receptor Scara5 show
high contrast enhancement, when incubated with eFTH+L, the contrast
did not increase significantly during hFTH-Mag incubation, which is only
composed of heavy chain ferritin (∆R2

*=15.1 ± 4.7 s-1).
To test a possible contrast-enhancing effect of ferritin entrapment inside
lysosomes, cells were incubated with different concentrations of both
eFTH+L (r2=2677 mM -1 s-1) and hFTH-Mag (here (r2=4849 mM-1 s-1) (Fig-
ure 13 B and C). The pseudo-r2 ratio of these two monodisperse protein
solutions is 1.81. However, the ratio of r2 derived from cell pellets (eFTH+L
r2=184.7 (mg/ml)s-1; hFTH-Mag r2=2561 (mg/ml)s-1) is 13.32. Regarding
the linear enhancement of MR-contrast with increasing concentrations of
ferritin, it can be assumed that all ferritin is taken up by the cells and that
the conditions were in a non-saturating range. Therefore, these experi-
ments suggest an amplifying effect of lysosomal entrapment of ferritin re-
garding MR-contrast.
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Figure 12: VSM measurements and cellular localization of hFTH-Mag.
(A)VSM measurements at 10 K suggest a mainly paramagnetic behavior of
eFTH+L. (B)VSM measurements at 10 K show superparamagnetic behav-
ior of hFTH-Mag. (Ca) Fluorescent signal derived from Alexa-488 labeled
hFTH-Mag. (Cb) Fluorescent signal derived from mCherryLT. (Cc) Over-
lay of fluorescent signals from Ca and Cb colocalization (white arrows) of
hFTH-Mag and mCherryLT, suggesting correct receptor recognition and
lysosomal trafficking from synthesized hFTH-Mag to lysosomes.
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Figure 13: hFTH-Mag as interface for MRI and lysosomal signal enhance-
ment. (A) Heavy chain ferritin receptors TfR1 and Tim-2 overexpress-
ing cells showed strong MR-contrast enhancement. Light chain receptor
Scara5 overexpressing did not increase MR-contrast. Error bar accord-
ing to SEM. p=<0.01. (B) Titration of eFTH+L on Tim-2 overexpressing
cells lead to a pseudo-relaxivity of 184.7 (mg/ml)s-1. (C) Titration of hFTH-
Mag on Tim2 overexpressing cells lead to a pseudo relaxivity of 2461
(mg/ml)s-1. The ratio of these two pseudo-relaxivities is 13.32, whereas
the ratio of the relaxivities of the protein solution is 1.81.
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Magnetoferritin as an Actuator

Due to the superparamagnetic behavior of magnetoferrtin and the high
cellular uptake, different possibilities of magnetic interaction were exam-
ined. Magnetic sorting over superparamagnetic columns could be real-
ized. Magnetic sorting was achieved after the overexpression of heavy-
chain ferritin receptors and hFTH-Mag loading (TfR1: 32 ± 3%, Tim-2:
35 ± 2%). However, it was not possible to sort significant amounts of
cells after overexpression of the light chain receptor Scara5 or during the
expression of any ferritin receptor expressing cells and incubation with
eFTH+L (Figure 14).

Figure 14: Magnetic sorting of ferritin loaded cells. Magnetic cell sorting
of cells overexpressing different ferritin receptors and loaded with either
eFTH+L or hFTH-Mag. Application of a static magnetic field to the column
containing a superparamagnetic mesh resulted in magnetically sorting of
TfR1 and Tim-2 overexpressing cells, after loading with hFTH-Mag. Error
bars according to SEM. p=<0.001. n=3
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Another form of magnetic interaction is heating through magnetic hy-
perthermia. It was tested whether is was possible to induce cell ablation
with either of the two lysosomally targeted ferritin variants. Experiments
show 12 ± 2% cell death 24 h after RF-treatment (18-20 mT for 30 min)
of hFTH-Mag loaded Tim-2 overexpressing cells (Figure 15 A). It was only
possible to detect 3 ± 2% cell death in eFTH+L, or 2 ± 1 % in apo-ferritin
loaded cells after RF-treatment. Control cells, which did not undergo RF-
treatment, were left outside of the incubator for the time the other cell
received RF-treatment. These cells show approximately 4% cell death but
the difference is not significant from RF-treated eFTH+L loaded cells. The
dependence of cell death on the magnetic flux density was demonstrated
during experiments in which hFTH-Mag incubated Tim-2 cells experienced
18-20 mT or 1.8 mT-2 mT for 30 min each (Figure 15 A). It was possible to
induce approximately 9 ± 1% cell death in Tim-2 overexpressing cell after
hFTH-Mag loading at 18-20 mT, but not at 1.8 mT- 2 mT. In contrast, cells
loaded with eFTH+L could not be ablated significantly at any magnetic flux
density used in our experimental setup. The temperature raise during the
experiment with 18-20 mT was neglectable because the absolute temper-
ature did not rise over 37 °C. Magnetic flux densities were simulated by
the Trumpf-Huettinger GmbH and can be found in the appendix (Figure 19
in appendix).
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Figure 15: RF-induced hyperthermia. (A) RF-dependent cell death could
be induced in Tim-2 overexpressing cells after loading with hFTH-Mag but
not after loading with eFTH+L or apo eFTH+L at a field strength of 18-20
mT. Error bars according to SEM. p=<0.0001. n=6. (B) RF-dependent
cell death was induced in a flux density-dependent way after hFTH-Mag
uptake but not after eFTH+L uptake into Tim-2 overexpressing cells. Cell
death could be induced with 18-21 mT but not with 1.8-2 mT. Error bars
according to SEM. p=<0.0001. n=3
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3.3.3 Ferritin as Optical Contrast Agent

Both ferritin variants have distinct colors. eFTH+L is brown-reddish, and
hFTH-Mag appears black. The changes in optical properties, more pre-
cisely in absorbance and optical homogeneity were used for optoacoustic
(OA) imaging and third harmonic generation (THG) based imaging.

Figure 16: eFTH+L as an contrast agent for optical resolution optoacoustic
and third harmonic generation microscopy, and actuator for controlled pho-
toablation. Tim-2 overexpressing cells generate OA-contrast and enhance
THG-contrast after take up of eFTH+L uptake. Imaging was conducted be-
fore and after locally confined ablation within the indicated area. OA-signal
is displayed in red and THG in gray. Intensity profiles of representative
cells (a+b) are shown above magnifications of regions of interest (ROIs).
Cell a evokes ferritin based OA-and THG signals (solid lines), which are
reduced to background after ablation (dashed line). Cell b does not show
OA-signal, but the THG-signal remains comparable after ablation.
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Figure 17: hFTH+L as an contrast agent for optical resolution optoacous-
tic and third harmonic generation microscopy, and actuator for controlled
photoablation. Tim-2 overexpressing cells generate distinct OA-contrast
and enhance THG-contrast due to hFTH+L uptake. Imaging was con-
ducted before and after locally confined ablation within the indicated area.
OA-signal is displayed in red and THG in gray. Intensity profiles of repre-
sentative cells (a+b) are shown above magnifications of regions of interest
(ROIs). Cell a evokes ferritin based OA-and THG signals (solid lines),
which are reduced to background after ablation (dashed line). Cell b does
not show OA-signal, but the THG-signal remains comparable after abla-
tion.

Tim-2 overexpressing cells evoked OA-signal and showed enhanced
THG-signal after incubation with eFTH+L (Figure 16) and hFTH-Mag (Fig-
ure 17). The OA-signal is only generated by ferritin, but THG is generated
by every cell through the cell membrane and additionally enhanced by fer-
ritin. After imaging, it was shown that specific cell ablation through energy
absorption could be realized. The laser intensity of the OA laser was in-
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creased in the area marked as “ablation area”. Cells loaded with either
of the ferritin variants were selectively destroyed through photothermol-
ysis, whereas non-loaded cells were not destroyed (Figure 16 ROI1+1*,
Figure 17 ROI 1+1*). Cell ablation is shown with vanished OA as well as
absent THG signal from cells that showed strong OA and THG signal be-
fore. Cells lacking OA contrast still showed normal morphology in THG
and were therefore not damaged.
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Chapter 4

Discussion

This doctoral thesis focused on the development of genetically encoded
magnetic contrast agents and actuators for molecular imaging and cellu-
lar actuation. Genetically encoded magnetic particles combine magnetic
features with unique genetic features like cell type specific addressability
and delivery. Due to its magnetic properties, a targeted magnetic interface
can be used in two ways. On the one hand, it can function as MRI contrast
agent and therefore enable non-invasive molecular imaging with whole or-
gan coverage [Pankhurst et al., 2003]. On the other hand, it can be used
as an energy converter in the field of magnetogenetics to modulate cellu-
lar behavior through the application of mechanic forces or heat [Dobson,
2008; Jordan et al., 1999]. The magnetic contrast agents and actuators
developed during this doctoral research project have also altered optical
properties which could be used in combination with new emerging non-
invasive imaging and actuation techniques.
The profound knowledge of systemic and especially cellular iron home-
ostasis, gathered through basis research over the past decades, were
the bases for the bioengineering approaches in this project. To assess
the maximum achievable effects ferritin can evoke in these systems CMV-
promoter driven transient overexpression was used to deflect iron home-
ostasis from its highly-controlled equilibrium. High iron loading of ferritin
is necessary for the assessment of its full potential as a genetically en-
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coded biomagnetic contrast agent and actuator. To simplify the testing of
the different approaches HEK293 and HEK293T cells were used as a eu-
karyotic model cell line, granting highly efficient transfections, followed by
high protein expression. Furthermore, it enabled the assessment of differ-
ent combinations of genetic constructs and other experimental conditions.
These assessments mainly consisted of iron assays and cell pellet MR-
measurements. These two analysis techniques were established for this
thesis and carried out in a defined way to enable multiple comparisons of
experiments.

4.1 Tf-dependent iron uptake pathways for bio-

engineering

Tf-dependent iron uptake is the most abundant pathway in vertebrates
[Ganz & Nemeth, 2015]. The uptake of maximal two iron atoms per en-
docytosis cycle seems from a bioengineering point of view very inefficient.
Considering that iron is irreplaceable for many cellular processes, but ex-
cess iron can harm cells through radical formation, a strong regulation of
cellular and systemic iron uptake is vital [Aisen et al., 2001]. Furthermore,
evolution had to solve the hurdle of iron accessibility. Ferrous iron is highly
soluble and reactive in aqueous solution, but ferric iron is insoluble and sta-
ble [Aisen et al., 2001], creating a dilemma. The solution of this being the
systemic mobilization of iron through the interaction of ferric iron with trans-
ferrin [Vulpe et al., 1999; Aisen et al., 1978]. In contrast, iron is mobilized
inside the cell in its ferrous form, probably through the iron chaperones
from the PCBP family [Leidgens et al., 2013]. Since a very fine balance
of all these factors needs to be maintained, iron homeostasis on systemic
and cellular levels is dominated by iron retention and recycling to keep
the fine balance needed [Ganz & Nemeth, 2015]. The experiments shown
in 3.1 suggest that it is possible to increase cellular iron loading through
the addition of transferrin and ferric iron in the cell culture media. As a
direct consequence T2-derived MR-contrast was elevated. However, the
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elevation of both was little and a specific further increase through overex-
pression of TfR1 could not be realized. Also, the introduction of an artificial
iron sink through overexpression of different ferritin variants did not result
in significantly increased cellular iron or MR-contrast. However, the in-
creased cell proliferation during transferrin loading with ferric citrate hints
to the successful loading of cells with iron via the canonical transferrin-
dependent iron uptake pathway. These experiments are in accordance
with many published data, were research groups repeatedly publish intra-
cellular iron and MR-contrast elevation but fail to prove a genetic control
over these conditions through TfR1 or even heavy chain ferritin expres-
sion [Pereira et al., 2016, 2015; Lee et al., 2017; Bernau et al., 2016]. For
further evaluations of Tf-dependent iron uptake, cellular regulation mecha-
nisms should be taken into focus. For instance, HFE diminishes binding of
TfR1 to ferric iron-loaded transferrin through direct competition [Giannetti &
Björkman, 2004]. This happens normally under low transferrin-bound iron
conditions [Ganz & Nemeth, 2015]. Even though ferric iron and transferrin
were supplemented in high concentrations, it might be that iron loading of
transferrin was not efficient. In-vivo but also in cell culture the ferroxidase
ceruloplasmin oxidizes ferrous iron to ferric iron and facilitates transferrin
loading [Crielaard et al., 2017]. Since loading without the help of cerulo-
plasmin can take up to minutes, the supplemented ferric iron in combina-
tion with Tf could have led to a very slow iron loading of Tf and therefore
a high concentration of non-iron bound transferrin. This would then cause
HFE interaction with TfR1 and in consequence inhibition of iron uptake
over TfR1. Even though ferric iron was theoretically the correct oxidation
form of iron, the supplementation with ferrous iron for iron loading over
TfR1 could be a promising starting point for further experiments.
For the bioengineering of biomagnetic contrast agents, which require high
intracellular iron concentrations, this pathway did not seem to be efficient
enough, and genetic control was lacking. This led to the use of the ferrous
iron uptake pathway.
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4.2 Ferrous iron transport

Through the overexpression of ferrous iron pumps in the cell membrane,
the bypassing of the highly regulated Tf-dependent iron uptake pathway
was realized. At first, the well-known iron transporter DMT1 was assessed.

DMT1

To my knowledge, the publication of [Kim et al., 2012] is the only published
study using DMT1 in combination with its iron transport abilities in a bio-
engineering context. The artificial loading conditions, through the use of a
loading buffer and the further in vitro loading of ferritin after protein extrac-
tion have to be taken into account for the evaluation of this approach for
cell culture experiments at physiological conditions, as well as for in vivo
experiments. In the experiments described in 3.2.1 a clear increase in in-
tracellular iron could be detected which was correlated with the used DNA
amount for transfections. However, iron loading was strongly correlated
with cell death, suggesting mishandling of the artificially high iron concen-
trations inside the cell. The verification of the positive effect of nifedipine as
claimed in [Kim et al., 2012] could not be verified if the loading control was
considered. This lays in accordance with other published studies [Macken-
zie et al., 2010]. After the first assessment of DMT1, the focus was shifted
to Zip14. Zip14 has its pH optimum at pH 7.4 in contrast to DMT1 which
has its pH optimum at pH 6.75.

Zip14

For the first time, Zip14 was used in a bioengineering context to load over-
expressed ferritin inside cells and therefore alter their magnetic properties.
Zip14 was trafficked to the cell membrane after transient overexpression.
It was further shown, that intracellular iron could be gradually increased
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through the increase of Zip14 coding DNA used during transfections and
3 mM FAS incubation. However, a pronounced cell death was observed
indicating mishandling of iron and/or an overextension of cellular iron stor-
age. The assessment of hFt and LHFT as iron storage proteins, during
Zip14 and 1 mM FAS incubation, clearly suggested a rescue effect of hFt.
Whereas the rescue effect of LHFT was not as pronounced but still signif-
icant comparing to cells not expressing an iron storage protein. The over-
expression of hFt and LHFT had a positive impact on cell viability under
these conditions, but the total iron loading of cells was with approx. 0.3 pg
iron/cell relatively low and unsuitable for the high concentrations needed
for a magnetic contrast agents. The difference in iron uptake, even though
same amounts of Zip14 DNA were used, could be a result of differences
in HFE interaction with Zip14. It is known that HFE interacts with Zip14
and causes its degradation, resulting in a diminishing NTBI-uptake [Gao
et al., 2009]. The iron uptake could be further increased through the use of
ascorbic acid as reduction agent during incubation with 1 mM FAS, reach-
ing values comparable with 3 mM FAS incubation without ascorbic acid.
Under physiological conditions, most ferrous iron oxidizes and forms low
molecular weight complexes (e.g with citrate). This equilibrium is probably
influenced through ascorbic acid, making ferrous iron more accessible to
Zip14 [Pinilla-Tenas et al., 2011]. Nevertheless, the overexpression of hFT
could not buffer the toxic effect of these high intracellular iron concentra-
tions. This led to the conclusion that iron transport was not the bottleneck
during Zip14-mediated iron import. Mainly because the transport could
be boosted with the addition of ascorbic acid. Additionally, the effect of
ascorbic acid can be enhanced through the use of 2-phosphoascorbate,
which is more stable over time in cell culture media and therefore retains
its reductive capabilities [Frikke-Schmidt & Lykkesfeldt, 2010]. The bot-
tleneck appeared to be the safe handling of the newly introduced iron.
To tackle this problem, higher protein titers of the transiently expressed
proteins were produced through a different transfection protocol. By pro-
ducing more ferritin, the iron toxicity could be controlled while increasing
simultaneously intracellular iron, making a further step towards the prereq-
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uisites of a magnetic contrast agents and actuators.
Through the novel transfection strategy, the amount of cellular iron could
be raised during the incubation with 1 mM FAS loading. It was shown that
overexpressed heavy chain ferritin (hFt) can be effectively loaded using
Zip14, thereby making hFt a more robust and potent MRI gene reporter.
However, the increase in iron loading of hFt did not resemble the increase
in protein detected by Western blotting. This suggests that the loading
of the overexpressed ferritin could be the bottleneck in this experimental
approach. Recently it was reported, that each member of the Poly-r(C)-
binding Protein (PCBP) functions as an iron chaperone and facilitate fer-
ritin loading [Leidgens et al., 2013]. The overexpression of PCBP1 and
PCBP2 -which have been reported to be the most effective ones- was car-
ried out to enable higher iron loading of hFt. There was no clear evidence
for the positive effect of these genes on ferritin loading in the experimental
set-up. On the other hand, it could be shown that the amount of Zip14 en-
coding DNA could be reduced to a third of the total DNA without any neg-
ative effects on MR-contrast enhancement or iron loading. This suggests
that the total amount of Zip14 encoding DNA and probably also the protein
levels are not a limiting factor of iron loading. There are probably regulatory
mechanisms in place which can alter iron transport even if there is CMV-
driven overexpression, for instance, HFE [Gao et al., 2009]. Regulatory
mechanisms also caused the upregulation of endogenous ferritin during
Zip14 mediated iron loading while no hFt was transiently overexpressed.
Nevertheless, elevated MR-contrast from only Zip14 overexpressing cells
is probably a mixture of iron loaded upregulated ferritin and cytotoxicity in-
duced by Fenton chemistry.
Zip14 proved to be an effective iron transporter under physiological con-
ditions in cell culture. The bottleneck appeared the effective loading of
hFt. For further experiments, iron loading kinetics of ferritin should be
taken into account. Even in in vitro loading conditions native ferritin load-
ing can take up to minutes [Chasteen & Harrison, 1999], whereas there
are no studies to my knowledge about ferritin loading kinetics inside cells.
A slower iron loading could lead to the desired high cellular iron concen-
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tration without toxic effects. To test this, stable cell lines overexpressing
different acceptors in combination with Zip14 could be generated for in-
stance using the CRISPR/Cas technology. This would also reduce variabil-
ity during these experiments and make the global readouts (iron assay and
MR-measurements) more precise. If stable cell lines were used, also the
impact of cell density during iron loading could be evaluated. The extent of
cell death could be fluctuating caused by different cellular redox capacities
as a result of cell density dependent cysteine-cystine cycling [Nkabyo et
al., 2002]. Also, the ratio of Zip14 and hFt DNA can be changed, thereby
producing more ferritin and importing less iron during the experiment. This
would not directly solve the problem of inefficient ferritin loading but equip
the cells with a higher iron buffer capacity and probably diminish cell death.
If then, on the other hand, Zip14 is not negatively regulated by HFE, lower
amounts of Zip14 could be sufficient. Additionally, the knowledge gath-
ered about ferrous iron import could be the bases of iron loading of more
suitable iron scaffold proteins like encapsulins [Giessen, 2016].

4.3 Ferritin Transport Pathway

The loading of overexpressed ferritin appeared to be a major obstacle to
the use of the ferrous iron transport pathways for the development of a
biomagnetic contrast agent. A different approach is the delivery of iron
inside ferritin to the desired cells.

4.3.1 Native Ferritin

There are at least three receptors (murine Scara5, murine Tim-2, and hu-
man TfR1) that induce clathrin-coated pit-mediated endocytosis of ferritin
upon its binding [Li et al., 2009, 2010; Chen et al., 2005]. This pathway
can be more efficient than the Tf-dependent iron uptake pathway because
up to 4500 Fe-atoms can be delivered into the cell with one single endo-
cytosis cycle. The endocytosis of ferritin proved to be more efficient than
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the iron uptake over Zip14 since similar amounts of iron inside the cells
were achieved while using approx. a half of the iron concentration for in-
cubation over the same period (eFTH+L≈1450 Fe/protein). Lacking regu-
latory mechanisms of heterologously expressed murine Tim-2 and Scara5
in HEK293T cells could also play a positive role in this approach. Even
for human TfR1, the regulatory mechanisms described in literature affect
only Tf binding e.g. through direct competition and ferritin binding probably
appears at a different side as Tf binding happens [Giannetti & Björkman,
2004; Li et al., 2010]. Another positive aspect of ferritin uptake is the lack
of toxicity. More precisely even proliferation of cells was observed to a
certain extent. HEK293T cells have the inherent ability to take up ferritin
over the endogenously expressed TfR1 which caused a strong increase
of T2-contrast. This effect could be enhanced and genetically controlled
through the overexpression of TfR1, Tim-2 and Scara5. Since the iron de-
livered into cells is encapsulated inside ferritin, which is trafficked to the
lysosomes after endocytosis, the cellular iron homeostasis did not seem
to be massively deflected. Consequently the cells do not have to control
vast amounts of free ferrous iron in the cytosol, which can cause toxic by-
products if not handled appropriately. Ferritin stayed mostly intact in the
lysosomes and inhibition of lysosomal activity through bafilomycin A1 and
chloroquine did not alter the MR-contrast. These experiments can lead to
the conclusion that spatial vicinity or precipitation more than degradation
of the ferritin shell amplifies the total magnetization and causes, therefore,
higher T2-derived MR-contrast.
It was tried to mimic the lysosomal ferritin clustering through the redirec-
tion of overexpressed hFt through the introduction of the peroxisomal tar-
geting signal (PTS2) to the N-terminus of hFT. It is known that during the
translocation into the peroxisome through this leader peptide the native
protein conformation is kept, in contrast, to e.g. mitochondrial transloca-
tion [Dammai & Subramani, 2001]. Even though protein expression could
be verified, iron loading or buffering of Zip14 mediated iron toxicity could
not be detected. A possible explanation could be that ferritin was trafficked
to the peroxisomes before iron loading could occur or that the N-terminal
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modification blocked effective iron loading.
The uptake of ferritin proved to be an enormous step towards high cellu-
lar iron loading, combined with high viability. Furthermore, ferritin can be
used as a nanocage carrying for instance highly magnetic metal cores or
anti-cancerogenic substances and its potential ability to cross the blood-
brain barrier could make it a powerful tool for preclinical studies [Cao et
al., 2014; Crich et al., 2015; Fisher et al., 2007].

4.3.2 Magnetoferrtin

The use of ferrihydrite harboring ferritin as a biomagnetic actuator has
clear physical limits due to the possible size and the magnetization of the
iron core [Meister, 2016]. It is highly unlikely to exert a mechanical force,
strong enough to open mechanosensitive ion channel or to raise the local
temperature for the opening of heat-sensitive ion channels with as single
ferritin particle a local energy converter [Meister, 2016]. Even if these sin-
gle ferritins were carrying cobalt-doped magnetite cores with enhanced
magnetization. The results shown in 3.1 and in 3.2 suggest that iron load-
ing of overexpressed ferritin is challenging and has to be solved before
ferritin can be used as an actuator. It was investigated if the limits of native
ferritin could be overcome with the use of hFTH-Mag as an contrast agent
and energy converter for magnetic interaction.
During receptor-mediated cellular ferritin uptake, an 80-fold lower concen-
tration of hFTH-Mag evoked the same MR-contrast compared to exper-
iments with eFTH+L. This enables possible targeting of single cells or
cell clusters in vivo with this biosynthetic nanocage. This effect could
be further enhanced if hFTH-Mag iron loading were elevated from 3000
Fe-atoms/protein to a published maximum of 7000 Fe-atoms/protein [Cai
et al., 2015]. However, the synthesis procedure with an iron loading of
7000 Fe-atoms/protein resulted in a lower yield and requires more opti-
mization. Even though the superparamagnetic behavior of the synthesized
magnetite core could be determined, the strong contrast increase caused
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by the use of hFTH-Mag was unexpected. It is known that clustering of
T2-contrast agents -like ferritin- has an amplifying effect in comparison
to a non-clustered state of the same T2-contrast agents [Bennett et al.,
2008; Shapiro et al., 2009]. Through the use of hFTH-Mag, the contrast-
enhancing effect of lysosomal ferritin entrapment was further evaluated. In
experiments, in which a batch of hFTH-Mag was used that exhibited only a
1.8-fold increase of the relaxivity compared to eFTH+L in solution, a clus-
tering effect through the lysosomes could be determined since the ratio
increased to 13.32 after cellular uptake. If there were no enhancing effect,
the ratios should remain the same or similar, because both contrast agents
experience the same difference in the environment due to their uptake into
the cells. A different affinity in the binding of eFTH+L and hFTH-Mag to
Tim-2 could interfere with this reasoning, but increasing MR-contrast with
increasing ferritin concentration of both variants, suggested a linear non-
saturating range and thereby the complete uptake of the incubated ferritin.
These results lead to the conclusion of a positive effect of lysosomal en-
trapment on T2-derived MR-contrast. To test this hypothesis, further a
release of ferritin form extracted lysosomes was conducted through the
use of detergent. This would have allowed a comparison between lyso-
somally entrapped ferritin and the same concentration of disperse ferritin
which underwent the same biochemical cellular pathways. However MR-
measurements of these samples did not result in new insights, because
detergent treatment of the samples resulted in a T1-contrast enhancement,
probably through increased interaction between exposed lipids and water
protons. Additionally, the release of ferritin can be stimulated in further
experiments through the use of endosomal/lysosomal escape peptides [Li
et al., 2015; Nakase et al., 2010]. These peptides e.g. GALA or aurein 1.2
could be fused N-terminally to the precursor protein for hFTH-Mag. If a
signal decrease in MRI correlated with a relocation of fluorescently labeled
ferritin from the lysosomes to the cytosol, the enhancement of lysosomal
entrapment would be further underlined.
The biggest difference between eFTH+L and hFTH-Mag is the possibil-
ity of magnetic interaction. Cells overexpressing TfR1 and Tim-2 could
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be magnetically sorted after the uptake of hFTH-Mag, whereas these cells
could not be sorted in significant amounts during the incubation with
eFTH+L. Sorting efficiencies of approx. 30% in both cases is a combi-
nation of multiple factors. The theoretical size of the magnetite core (7-8
nm) only allows for superparamagnetic behavior and limits, therefore, the
magnetic susceptibility. Secondly, the protein expression of Tim-2 under-
lies the limits of transient transfection, namely limitations in effectiveness
and efficiency. A combination of these effects can result in seemingly low
efficiency, during cellular analysis of the experimental outcome. On the
other hand, the same effects also lower the actual experimental impact
if the analysis methods take the whole cell population into account e.g.,
during MRI and iron assays. Stable cell lines, derived from single clones,
would account for these methodological shortcomings.
Another form of magnetic interaction is heat-induced cell death via mag-
netic hyperthermia. This application is not as accurate as the control over
ion channels as reported earlier, but physically more plausible [Stanley et
al., 2016; Wheeler et al., 2016; Meister, 2016]. For cell ablation exper-
iments, cell death was observed only if cells are overexpressing Tim-2,
loaded with hFTH-Mag and experienced RF-treatment. The diminishing of
the magnetic flux density from 18-20 mT to 1.8-2.0 mT resulted in the ab-
sence of observed cell death. It was recently reported that cobalt-doped
magnetite nanoparticle could induce cell death solely after targeting the
cell membrane and during RF-treatment with 17 kA/m and 183 kHz for
30 min [Fantechi et al., 2014]. The described cobalt-doping resulted in a
strongly enhanced magnetic anisotropy and could, therefore, account for
direct heat damage of the cell membrane and its proteins. Approaches,
closer to ours, were used when lysosomally targeted magnetic nanoparti-
cles, with a size comparable to the hFTH-Mag magnetite core (9 nm and
10 nm), caused lysosomal leakage and apoptotic cell death [Sanchez et
al., 2014; Domenech et al., 2013]. It is well accepted that lysosomal mem-
brane permeabilization actively contributes to apoptotic signaling path-
ways through the release of proteolytic lysosomal enzymes into the cy-
tosol [Guicciardi et al., 2004]. In these studies, lysosomal leakage was
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shown through the relocalization of fluorescently labeled nanoparticles
from lysosomes to the cytosol and increased ROS production [Sanchez
et al., 2014; Domenech et al., 2013]. As a further proof of lysosomal leak-
age, cell death could be abolished through the use of E64d, an inhibitor of
cysteine proteases such as lysosomal cathepsins [Sanchez et al., 2014].
These approaches are similar to the approach with hFTH-Mag, however,
the amplitude of the alternating magnetic field reached values of approx.
40 mT with a frequency of 275 kHz and 233 kHz, respectively [Sanchez
et al., 2014; Domenech et al., 2013]. While our experimental setup only
allowed for approx. 20 mT and 318 kHz without unspecific heating of the
coil and the surrounding. Another big difference is the hydrodynamic diam-
eter of the nanoparticles in use in our system. The mean hydrodynamic
diameters of the particles used in the studies from Sanchez et al. and
Domenech et al. were reaching values between 40 nm and 61 nm with
large variations due to functionalization. The use of ferritin as a defined
nanocage addresses these shortcomings and results in a very narrow size
distribution of the magnetic core and the hydrodynamic size of approx.
12 nm. The 3 nm protein shell could increase the magnetic interactions
between the magnetite cores, compared to the large distances between
the functionalized magnetic particles used in studies mentioned. Also, a
partial degradation of ferritin through lysosomal enzymes could cause the
exposure of the magnetite cores and enable further magnetic interaction.
Even though the phenomena of magnetic hyperthermia induced cell death
caused by SPOIs in the size range of the ferritin core is reported repeat-
edly, the mechanism is still not understood. It is standing to reason that
heat generation causes lysosomal leakage, however, a temperature rise
was never reported, probably due to its very local appearance and the re-
sulting difficulties in the determination. A temperature rise could explain a
membrane leakage since for instance drug release from magnetic particle-
loaded liposomes can be controlled through RF-treatment [Amstad et al.,
2011]. The lipid phase transition can cause higher permeability in lipo-
somes, but it appears more plausible that in mammalian membranes pro-
tein denaturation accounts for the difference in membrane stability if tem-
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perature rise as little as 40-42°C [Lepock, 1982, 2003]. Overall, it can be
assumed that lysosomally trafficked hFTH-Mag caused lysosomal leakage
during RF-treatment, which then caused cell death. The close vicinity of a
vast amount of hFTH-Mag and/or the partial precipitation of hFTH-Mag in
the lysosomes could be a possible explanation of this effect.

4.3.3 Ferritin as an Contrast Agent for OA and THG Mi-
croscopy

The introduction of metal-protein interfaces in cells caused an alternation
of optical properties. The uptake of both ferritin variants during Tim-2 over-
expression resulted in a genetically controlled increase of absorbance and
enabled, therefore, optoacounstic imaging. This makes iron-loaded fer-
ritin a suitable label for optoacoustic microscopy. However, the subcellular
clustering of large amounts of ferritin inside the lysosomes has probably
an enhancing effect on the optoacoustic signal. If the sensibility of the
method could be further improved, ferritin iron loading dynamics could be
studied through this method. This would be especially interesting in com-
bination with the Zip14-mediated iron loading of overexpressed hFT, dis-
cussed in 4.2. Furthermore, it was possible to evoke ferritin derived THG
signal. Since ferritin was targeted to the lysosomes, the total size of the
THG interface reached about 1µm which is comparable to the focal size
of the laser and therefore ideal for THG. The difference in refractive in-
dex, which is the leading cause of THG, was either evoked through the big
amount of protein densely packed in the lysosome or through the metallic
interface introduced via iron-loaded ferritin [Weigelin et al., 2016]. With-
out further modification, it was possible to use iron-loaded ferritin (eFTH+L
and hFTH-Mag) as an constrast agent for two non-invasive imaging tech-
niques, namely OA and THG.
Due to the ability of specific energy deposition in ferritin, selective cell ab-
lation on OA signal evoking cells could be carried out. Therefore the laser
power was increased to a threshold on which OA signal-evoking cell suffer
thermal destruction whereas non-OA-evoking cell did not absorb enough
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energy for the same phenomena to be observed. Cell ablation was shown
with the absence of OA-signal in combination with vanished ferritin and
cell membrane evoked THG signal. However, cells lacking OA contrast
before the ablation, still showed normal morphology in THG after the abla-
tion power was applied and were therefore not damaged.
The use of both ferritin variants as contrast agents for non-invasive opti-
cal imaging and actuators underlines the use of the genetic control over
the ferritin uptake pathways for bioengineering purposes. For further stud-
ies, OA and THG could be used for the detection of hemosiderin during
hemochromatosis or neurodegenerative diseases, in which lysosomal im-
pairment causes ferritin agglomeration in lysosomes [?Zecca et al., 2004;
Barnham et al., 2004; Greenough et al., 2013].

4.4 Bioengineering of Contrast Agents and Ac-

tuators

The terms bioengineering, cell engineering, and synthetic biology have
very broad definitions, big overlaps and are mostly dependent on the ed-
ucational background of the researchers. The concept of modularity and
standardization that adapts logical operators is a key factor in the bioengi-
neering branch of synthetic biology [Schwille, 2011]. In this thesis, the
term bioengineering was used for the genetic alteration of cellular systems
to function as an contrast agents and actuators for defined purposes. One
of the big differences between classical engineering and bioengineering
lies in the tools that are used. Whereas classical engineering uses tools
that are designed from scratch for a certain purpose, bioengineers usually
use tools designed by evolution and adapt them for their use [Schwille,
2011]. These tools are usually proteins. Since there is a profound knowl-
edge about a vast amount of proteins, bioengineers pick described char-
acteristics and use them for their purposes. The biggest difficulties are
hidden in exactly this approach. Since some, but not all characteristics of
the proteins are known, a bioengineer usually works with tools that have
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the desired attributes, but at the same time, there is an introduction of un-
known factors to the systems. Furthermore, the cellular systems are not
as defined as systems in classical engineering and harbor many known
and unknown regulatory abilities of variable efficiency.
During this project, the deflection of iron homeostasis was achieved only
under extreme conditions like CMV-driven transient protein expression and
the provision of big amounts of iron. Even under these conditions, en-
dogenous regulatory mechanisms were able to interfere severely with the
newly introduced approaches. This happened for instance through en-
dogenous upregulation of ferritin and the abolishment of TfR1 induced iron
uptake. Additionally, the interference with a highly regulated cellular pro-
cess caused severe toxic effects whereas its anticipation and solution re-
quires not only the knowledge of them, but probably also a systems biology
approach to overcome these hurdles. Another possible solution to over-
come regulatory mechanisms would be the design of orthogonal systems
which interfere at only one point with the system of interest. A technology
which uses the principle of orthogonality with great success is optogenet-
ics. The use of optogenetic tools enables the sensing of unknown stimuli
for the cells and evoke ion influx that resembles cellular stimulation or inhi-
bition. This can be seen as the crossing of these two systems [Deisseroth,
2011].
Orthogonality is also one potential power of magnetogenetics. Additionally,
magnetic fields do not suffer tissue attenuation and are therefore not lim-
ited in penetration depth [Pankhurst et al., 2003]. However, the interaction
with magnetic field requires magnetic particles in one form or another, and
the only element suitable as a building block is iron if a genetic approach
is desired. The engineering of endogenous cellular iron homeostasis suf-
fers from the lack of orthogonality. However, it provides more accessible
tools than complete orthologue tools which inherently often deal with dif-
ferent iron redox chemistry [Yadav, 2010]. Magnetic contrast agents can
already be used for several non-invasive imaging techniques as shown in
3.3.2 and 3.3.3, but still lack a translation to cellular actuation besides hy-
perthermic cell ablation (3.3.2) [Sanchez et al., 2014; Domenech et al.,
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2013]. The translation of magnetic interaction to more precise interac-
tion methods was addressed in earlier studies through the use of TRPV1
a heat-sensitive ion channel, and TRPV4 a mechanosensitive ion chan-
nel [Stanley et al., 2016; Wheeler et al., 2016]. With single native ferritins
being the energy converters, these approaches seem physically not plau-
sible, but could be rather artifacts of non-desired stimuli, e.g., change in
ionic strength, pH change or unspecific heating [Meister, 2016; Chao,
2003; Ahern et al., 2005].
The limitations of non-orthogonal approaches in bioengineering can be il-
lustrated through the use of the Tf-dependent iron uptake pathways and
the ferrous iron uptake pathway described in this thesis. After the intro-
duction of proteins or protein mechanisms that lack endogenous effective
regulation and the use of hFTH-Mag, which harbors a non-accessible iron
form, these limitations could be overcome and an contrast agent and ac-
tuator for multimodal non-invasive imaging and actuation was developed.
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Chemicals

Table 2: Chemicals

Chemical Manufacturer Order number
10x Tris/Glycine/SDS Bio-Rad 1610732
16 % Formaldehyd Solution (w/v) Thermo Fisher

Scientific
28908

"3-(2-Pyridyl)-5,6-diphenyl-1,2,4-
triazine-p,p-disulfonic acid
monosodium salt hydrate
(Ferrozine)"

Sigma-Aldrich 160601

3,3-Diaminobenzidine
tetrahydrochloride hydrate

Sigma-Aldrich 32750

Ammonium acetate Sigma-Aldrich A1542
Ammonium iron(II) sulfate
hexahydrate

Sigma-Aldrich 1.03792

Ampicilin Sigma-Aldrich A5354
apo-Transferrin human Sigma-Aldrich T2036
cOmplete™, EDTA-free Protease
Inhibitor Cocktail

Roche 11873580001

Coomassie Brilliant Blue R-250 Bio-Rad 161-0436
Ferric citrate Sigma-Aldrich F3388
Geneticin Sigma-Aldrich 4727878001
Ferritin from equine spleen Sigma-Aldrich F4503
HEPES Carl Roth HN77.3
Hoechst 33342 Solution Thermo Fisher

Scientific
62249
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Hydrochloric acid Sigma-Aldrich H1758
Hydrogen peroxide solution Sigma-Aldrich H1009
Hygromycin B Sigma-Aldrich H0654
IPTG Sigma-Aldrich I6758
Kanamycin Sigma-Aldrich K0129
L-Ascorbic acid Sigma-Aldrich A5960
Mini-PROTEAN® TGX™ Precast
Gels

Bio-Rad 4561041

M-PER™ Mammalian Protein
Extraction Reagent

Thermo Fisher
Scientific

78501

Native Sample Buffer Bio-Rad 161-0738
Neocuproine Sigma-Aldrich N1501
Nitric acid Sigma-Aldrich 364576
Non-fat Milk Carl Roth T145.2
Poly-L-lysine solution Sigma-Aldrich P8920
Potassium hexacyanoferrate(III) Sigma-Aldrich 208019
Potassium permanganate Sigma-Aldrich 60459
Protease Inhibitor Cocktail Sigma-Aldrich P8340
Roti®garose (Agarose) Carl Roth 3810
Sample Buffer, Laemmli 2×
Concentrate

Sigma-Aldrich S3401

Sodium chloride Carl Roth 962.1
Sodium citrate Sigma-Aldrich 1613859
Sodium hydroxide Sigma-Aldrich 757527
Transferrin human Sigma-Aldrich T3705
TRIS Hydrochlorid Carl Roth 9090.2
Triton™ X-100 Sigma-Aldrich X100
Trypan Blue Solution, 0.4% Thermo Fisher

Scientific
15250061
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Molecular Biological and Analytical Kits and

Reagents

Table 3: Molecular biological and analytical kits and reagents

Kit/Reagent Manufacturer Order nummer
Alexa Fluor® 488 NHS Ester
(Succinimidyl Ester)

Thermo Fisher
Scientific

A20000

Anti-Ferritin Heavy Chain antibody abcam ab65080
Anti-Mouse IgG Sigma-Aldrich A9044
Anti-Rabbit IgG abcam ab6721
Aqua-Poly/Mount Polyscience,

Inc.
18606

Cytotoxicity Detection Kit (LDH) ROCHE 11644793001
ECL Prime Western Blotting
detection reagent

Amersham RPN2232

Immun-Blot® PVDF Membrane Bio-Rad 1620177
Lysosome Isolation Kit Sigma-Aldrich LYSISO1-1KT
Monoclonal ANTI-FLAG® M2
antibody

Sigma-Aldrich F3165

NEBuilder® HiFi DNA Assembly
Master Mix

NEB E2621L

One Shot® TOP10 Chemically
Competent

Thermo Fisher
Scientific

C404006

PCR Master Mix (2X) Genaxxon M3014.0100
Pierce™ BCA Protein Assay Kit Thermo Fisher

Scientific
23225

Q5® High-Fidelity 2X Master Mix NEB M0492S
QIAGEN Plasmid Plus Maxi Kit Qiagen 12963
QIAprep Spin Miniprep Kit Qiagen 27104
SuperBlock™ (TBS) Blocking
Buffer

Thermo Fisher
Scientific

37537
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Hardware

Table 4: Hardware

Hardware Manufacturer Order nummer
Countess II FL Automated Cell
Counter

Thermo Fisher
Scientific

AMQAF1000

10 ml Pipet Greiner-Bio one 607 107
25 ml Pipet Greiner-Bio one 760 180
50 ml Pipet Greiner-Bio one 768 180
ÄKTA pure 25 Thermo Fisher

Scientific
29018226

Bruker BioSpec 94/20USR, 9.4 T Bruker
Corning® Costar® center well
culture dish

Corning CLS3260

COUNTING CHAMBER (C-Chip) biochrom P DHC-N01
Dialysis membrane Spectra/Por® -
MWCO 300 000

Carl Roth 8977

Dounce tissue grinder set Sigma-Aldrich D9938
Eppendorf Research® plus 3-pack Eppendorf 3120000909
EVOS FL Auto Cell Imaging
System

Thermo Fisher
Scientific

AMAFD1000

FUSION-FX7 SPECTRA Vilber VILB151115461
Greiner CELLSTAR® dish 10 cm Greiner-Bio one P7612
Leica SP5 Leica
Macs MS Columns Miltenyi Biotec 130-042-201
Mastercycler Gradient Eppendorf 6321000019
Mini-PROTEAN® Tetra Vertical
Electrophoresis Cell

Bio-Rad 1658004

minispin; Rotor: F-45-12-11 Eppendorf 5452000018
Multipette® E3 Eppendorf 4987000010
Nunc™ 384-Well Optical Bottom
Plates

Thermo Fisher
Scientific

142761

Nunc™ Coded Cryobank Vial
Systems

Thermo Fisher
Scientific

374088

OctoMACS™ Separator Miltenyi Biotec 130-042-108
PIPETBOY Integra

Biosciences
613-4437
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Poly-L-Lysine Coated Glass
Coverslips (12 mm Round)

BD Biosciences 354085

RES 400 1H 112/072 Quad TR AD Bruker

S20-Seven Easy Mettler Toledo 51302803
Sartorius Basic Sartorius BA 210 S

SpectraMax M5 moleculardevices

Superdex 200 Increase 10/300 GL GE Healthcare 28990944
TitroLine 7000 SI Analytics TL 7000-M2/20
Tru Heat 3010 generator Trumpf-

Hüttinger

Varifuge 3.0 R; Rotor: 8074 Heraeus 26049

Antibiotics

Table 5: Antibiotica concentrations

Antibiotic Final concentration
Ampicilin 100 µ/ml
G418 700 µg/ml
Kanamycin 50 µg/ml
Hygromycin B 50 µ/ml
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Cell Culture Item

Table 6: Cell culture items

Item Manufacturer Order nummer
Accutase Thermo Fisher

Scientific
AT104

Advanced DMEM Thermo Fisher
Scientific

12491023

Ampicillin Sigma-Aldrich A5354
Fetal Bovine Serum Thermo Fisher

Scientific
10082139

G418 Solution Sigma-Aldrich G418-RO
Gluta-Max Thermo Fisher

Scientific
35050061

Kanamycin solution Sigma-Aldrich K0254
Lipofectamine® 3000 Thermo Fisher

Scientific
L3000001

Penicillin-Streptomycin Thermo Fisher
Scientific

10378016

Synth-a-Freeze Thermo Fisher
Scientific

A1254201

Xfect™ Transfection Reagent Takara 631317

124



Appendix 125

Primer

Table 7: Primer

Construct forward (5’-3’) reverse (5’-3’)
TfR1 into pcDNA3 GCG CGC GAA TTC

ATG ATG GAT CAA
GCT AGA TC

GCG CGC CTC GAG
TTA AAA CTC ATT

GTC AAT GT
PCBP amplification GAA TTC GCC GCC

ACC ATG
CTC GAG TCA GCT

GCT CC
Fusion of P2A to
Zip14 (1)

TGA AAC AGG CCG
GCG ACG TGG AAG
AGA AC CCT GGC
CCT ATG AAG AGA

CTG CAC CCT

TCA CTT GTC GTC
GTC GTC C

Fusion of P2A to
Zip14 (2)

GGC AGC GGC GCC
ACC AAC TTC AGC
CTG CTG AAA CAG

GCC GGC GAC

TCA CTT GTC GTC
GTC GTC C

P2A Zip14 into
pcDNA-hFT (1)

GAC AGT GAT AAT
GAA AGC GGC AGC
GGC GCC ACC AAC

TCG AGG CTG ATC
AGC TCA CTT GTC
GTC GTC GTC CTT

GTA GTC
P2A Zip14 into
pcDNA3-hFt (2)

GCT GAT CAG CCT
CGA CTG

GCT TTC ATT ATC
ACT GTC TCC

P2A Zip14 into
pcDNA3-LHFT (1)

AGC GAC AAC GAG
AGC GGC AGC GGC

GCC ACC AAC

CTA TAG AAT AGG
GCC CTC ACT TGT
CGT CGT CGT CCT

TGT AGT C
P2A Zip14 into
pDNA3-LHFT (2)

GGG CCC TAT TCT
ATA GTG TC

GCT CTC GTT GTC
GCT GTC

P2A fusion to TfR1
(1)

TGA AAC AGG CCG
GCG ACG TGG AAG
AGA ACC CTG GCC
CTA TGA TGG ATC
AAG CTA GAT CAG

TTA AAA CTC ATT
GTC AAT GTC CCA

AAC

P2A fusion to TfR1
(2)

GTC GCC GGC CTG
TTT CAG CAG GCT
GAA GTT GGT GGC

GCC GCT GCC

GGC AGC GGC GCC
ACC AAC TTC AGC
CTG CTG AAA CAG

GCC GGC GAC
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P2A TfR1 into
pcDNA3-hFt (1)

GAC AGT GAT AAT
GAA AGC GGC AGC
GGC GCC ACC AAC

TCG AGG CTG ATC
AGC TTA AAA CTC
ATT GTC AAT GTC
CCA AAC GTC ACC

AG
P2A TfR1 into
pcDNA3-hFt (2)

GCT GAT CAG CCT
CGA CTG

GCT TTC ATT ATC
ACT GTC TCC

P2A TfR into
pcDNA3-LHFT (1)

AGC GAC AAC GAG
AGC GGC AGC GGC

GCC ACC AAC

CTA TAG AAT AGG
GCC CTT AAA ACT
CAT TGT CAA TGT
CCC AAA CGT CAC

CAG
P2A TfR into
pcDNA3-LHFT (2)

GGG CCC TAT TCT
ATA GTG TC

GCT CTC GTT GTC
GCT GTC

QC pcDNA-
LHFTP2AZip14

GGC AGC GGC GCC
ACC AAC

GCT CTC GTT GTC
GCT GTC GCC

QC pcDNA3-
hFTP2PZip14

GGC AGC GGC GCC
ACC AAC

GCT TTC ATT ATC
ACT GTC TCC CAG

GGT G
PTS2 into
pcDNA3-hFT

CCG GCC GAT CCG
GCT GGA TGC CGC
AGG CCG CGC CTT
GCA TGA CGA CCG

CGT CCA CC

ACC CCT CAG GTG
GCC CAG CAC TAC
CTG CAG CCT CTG
CAT AAG CTT GGG

TCT CCC TAT AGT G
hFT into pET151 (1) GGA ATT GAT CCC

TTC ACC ATG ACG
ACC GCG TCC ACC

ATC TGA GCT CGC
CCT TTT AGC TTT
CAT TAT CAC TGT

CTC
hFT into pET151 (2) AAG GGC GAG CTC

AGA TCC G
GGT GAA GGG ATC

AAT TCC CTG
QC hFT w/o His-tag ATT GAT CCC TTC

ACC ATG ACG ACC G
CAT ATG TAT ATC
TCC TTC TTA AAG

TTA AAC
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Geometrical RF-coil Drawing

Figure 18: Schematic depiction of RF-coil

Magnetic Flux Density Simulation

The numerical magnetic flux density simulation was carried out by Jens-
Uwe Mohring from the Trumpf-Huettinger GmbH with the comsol simula-
tion software.
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Figure 19: Magnetic flux densitiy simulation. (A) Magntic flux density distri-
bution at 462 A and 319 kHz in xy plane at z=0. The plate geometry used
for the experiments is depicted. (B) Magnetic flux density in z direction.
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Ferritin Localization

Figure 20: Ferritin localization. (A) MR-measurements of lysosomal frac-
tions with and without ferritin loading after Tim-2 expression. (B) Cytosolic
localization of overexpressed hFt.

hFTH-Mag Size Exclusion Chromatography

Figure 21: Size exclusion chromatography of hFTH-Mag. Absorption at a
wavelenght of 280 nm is correlated with protein absorption. Absorption at
a wavelenght of 410 nm is correlated with iron absorption.
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