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Abstract

Cellular signalling has been the source of a multitude of unanswered questions re-
garding its activation, underlying mechanisms, and role in disease outbreak and
development. However, these questions can only be answered with reliable and pre-
cise methods to control the related signalling pathways. With this intention, various
techniques have been developed during the past decades to manipulate and control
selected pathways through external stimuli. One promising technique in this reper-
toire is magnetogenetics, which utilises magnetic nanoparticles (MNP) and external
magnetic fields to remotely activate, redistribute, or heat selected components of
signalling pathways.

This work used and developed a semisynthetic MNP platform based on the human
iron storage protein ferritin, commonly referred to as Magnetoferritin (MFt). MFt
consists of two distinct compartments: a protein nanocage and a synthetic, magnetic
iron oxide core. It was shown in the past that the performance of the magnetic core
during magnetogenetic actuation was unsatisfactory due to weak responses. Also,
while being an effective shield against environmental conditions, the protein shell’s
functionality and targeting capabilities are limited. Thus, both of MFt’s components
were engineered in this work to maximise the overall effectiveness of the MNP.

On the one hand, the magnetic properties of the core were enhanced by introduc-
ing 7% of cobalt to the iron oxide core with the goal of increasing the magnetic
anisotropy. Even at these comparatively low doping levels, the core’s magnetic
properties increased drastically — namely, its blocking temperature, coercivity, and,
most notably, heat dissipation via magnetic hyperthermia in an alternating mag-
netic field. The adjustments of these properties led to a fivefold increase in effective
heat dissipation compared to undoped MFt. While cobalt doping of MFt increased
its heat dissipation significantly, similar MNPs with larger magnetic cores exhib-

ited enhanced response and thermal effectiveness under identical conditions. Hence,



doping of MFt’s core qualifies the nanoagent as a mild heat mediator. However, its
heating capabilities are limited.

On the other hand, the protein shell of MFt was genetically modified to be both fluo-
rescent and specifically targetable to selected proteins. This selectivity was achieved
by fusing a minimal binding domain of Protein A from Staphylococcus aureus to the
surface of MFt. Protein A is capable of coupling to the constant part of antibodies.
Hence, decorating MFt with an antibody of choice was achieved easily. Thus, the
functionalised MFt could bind to the antibody’s original target. With this approach,
it was possible to bind the death receptor CD95, induce cluster formation, and sub-
sequently apoptosis.

The modifications applied to the components of the nanoagent MFt in this work en-
hanced its performance and applicability in cellular contexts while maintaining high
biocompatibility, owing to the passivating character of MFt’s protein cage. Even
in the presence of cobalt in MFt’s core, biocompatibility was high, and usability in
cell experiments was not impeded. Compared to synthetic iron oxide MNPs with a
dextran shell, MFt was more readily taken up by cells. Also, the mobility of MFt
in the cytosol was significantly higher during magnetic redistribution for up to 5h
after incubation.

Conclusively, MFt’s increased heat dissipation, its biocompatibility, as well as the
possibility to target any protein via antibody-mediated coupling make it a potent

MNP for the investigation of signalling pathways in the context of magnetogenetics.
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Chapter 1

Introduction

I.1  Outline of this Dissertation

Cells are the most astonishing multi-taskers on Earth. They breathe, digest, talk to
their neighbours, and replicate — sometimes all at the same time. The need to han-
dle all of this simultaneously forced life to develop precise pathways, sophisticated
structures, and intricate iterative cycles in order to stay on top of everything con-
stantly. The management of this herculean task is fulfilled to a large extent by intra-
and intercellular signalling pathways that evolved to react to incoming molecules as
well as physical factors.

However, with that immense amount of tasks bombarding a single cell in shortest
time frames, it cannot be excluded that, occasionally, errors occur. While some er-
rors are negligible, others can lead to malfunctions and potentially serious disease.!
To this day, knowledge about many pathways is limited. The reasons for this lack of
knowledge are multifaceted. While observing samples on a cellular level is possible
with basic light microscopy, known for hundreds of years,? signalling pathways take
place on a subcellular level. Therefore, shining light on these pathways becomes
much more complicated.

First, the signalling components — such as proteins, hormones, or other molecules
— are much smaller than the resolution limit of common light microscopes. Hence,
techniques need to be applied to overcome conventional limits of detection. Second,
cellular molecules are in a dynamic state, constantly changing local concentrations,
conformations, and activation states. In order to observe signalling pathways and

their key participants, it is, therefore, crucial to first manage to control them.



Chapter I. Introduction

Over the past decades, diverse techniques have been developed that allow for not
only observation of molecules on a subcellular level but also seizing control over their
activation states, spatial distribution, and temporal dynamics. One groundbreaking
invention in this regard was the development of optogenetics. Here, light-sensitive
ion channels from retinal cells were expressed in neuronal cells to make them suscep-
tible to light stimuli.®> With this strategy, it was now possible to remotely activate
selected signalling pathways in the blink of an eye using a light stimulus. The in-
terplay of optogenetics and the widely established fluorescence microscopy was a
dream come true for many life scientists — it was now possible to dig into exactly
those questions that have remained unanswered for a long time: How is cellular
signalling triggered? What are the thresholds for activation of certain pathways? Is
it possible to manipulate pathways to prevent malfunction and disease?

Unfortunately, optogenetics came with various downsides. The low penetration
depth of visible light in biological tissue rendered in vivo measurements of deep
tissue impossible. Although this was overcome by implanting optical fibres into e.g.
the brain of animals,* experiments became cumbersome, highly invasive, expensive,
and ethically questionable. Furthermore, photodamage after the prolonged expo-
sition, off-target stimulation, and side effects caused by the equipment — such as
heating or infections — could impair experimental results. Lastly, genetic modifica-
tions of target organisms were required to express light-sensitive receptors in the

cells of interest.

The quest to find ways to overcome these limitations led to the development of
magnetogenetics. Here, magnetic fields are used to trigger cellular signalling instead
of light stimuli. In contrast to light, magnetic fields can penetrate deep into tissue
without the invasive and risky implantation of (light) delivery systems. Also, biolog-
ical tissue is less susceptible to magnetic fields — side effects are therefore strongly
reduced. Furthermore, it is possible to generate much larger magnetic fields and
stimulate whole areas or even organisms using magnetogenetics. Lastly, magneto-
genetic techniques could be used therapeutically since actuation can be achieved
without genetic modifications to the target organism. Instead, to allow magneto-
genetics to unfold its potential, magnetic nanoparticles (MNP) are an elemental
component as a mediator between the applied magnetic field and the research tar-

get. Various efforts have been made in the past decade to design advanced MNPs




I.1. Outline of this Dissertation

and tailor their properties exactly to experimental needs.

In this work, the human iron storage protein ferritin is used as a template for mag-
netogenetical applications. For this purpose, ferritin is engineered and filled with
a magnetic core, which resulted in the semisynthetic magnetic nanoagent Magneto-
ferritin. This dissertation will present and discuss results that were obtained in the

course of this journey.

In the beginning, Chapter II will introduce basic concepts related to this work.
Section II.1 summarises the varieties of magnetism, with special regard to the mag-
netism of nanoscopic materials. In Section II.2, cellular signalling in general and
pathways related to this work will be addressed. Finally, Section I1.3 connects the
ideas of biotechnology, nanotechnology, and magnetism that gave rise to magneto-
genetics. Additionally, particular attention is given to ferritin and Magnetoferritin
as the main protagonists of this story.

The main part is split into two sections, containing two manuscripts each. First,
Chapter III discusses the creation, customisation, and physical and biological charac-
terisation of the ferritin nanoagent. Publication I implements previously established
methods for fabrication of Magnetoferritin and compares its performance to fully
synthetic nanoparticles. To extend the applicability of the ferritin nanoagent, Pub-
lication II presents a hybrid, multifunctional ferritin. This construct can be used
to target cancer-related membrane receptors specifically, induce the formation of
receptor clusters, and, hence, even induce cellular reactions such as apoptosis.
Next, Chapter IV deals with the characterisation, modification, and actuation of the
magnetic core of ferritin. In Publication III, a setup for heating magnetic nanoparti-
cles via alternating magnetic fields is presented, successfully established, and tested
on several MNPs. This setup is applied in Publication IV — here, Magnetoferritin’s
iron oxide core is doped with transition metals to customise its magnetic properties.
Besides thorough characterisation of the affected magnetic properties, Magnetofer-
ritin’s heating capabilities are assessed using the setup built for Publication III.
Ultimately, Chapter V will summarise all results concerning magnetogenetics. The
significance of the designed ferritin nanoagent will be discussed, as well as its po-

tential for magnetogenetic applications.
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1.2 Scientific Output

1.2.1 Articles

My main research project dealt with the development of a versatile magnetic nanopar-
ticle for probing and investigating cellular signalling. Furthermore, 1 utilised and
developed analytical techniques for nanoparticle characterisation in the course of my
work. Based on this matter, three peer-reviewed journal articles and one manuscript

were published that are enclosed in this dissertation in Chapter III and IV.

Article Magnetic Nanoprobes for Spatio-Mechanical Manipulation in Single Cells
Iuliia P. Novoselova® , Andreas Neusch*, Julia-Sarita Brand, Marius Otten,
Mohammad Reza Safari, Nina Bartels, Matthias Karg, Michael Farle, Ulf
Wiedwald, and Cornelia Monzel
* These authors contributed equally.

Nanomaterials (2021) | Volume 11 | Issue 9
https://doi.org/10.3390/nano11092267

Article An efficient magnetothermal actuation setup for fast heating/cooling cycles
or long-term induction heating of different magnetic nanoparticle classes
Daniel A. Kuckla, Julia-Sarita Brand, Bastian Czech, Amirarsalan Asharion,
Jan V. Jittner, Iuliia P. Novoselova, Andreas Neusch, Philipp Hagemann,
Mathias Getzlaff, and Cornelia Monzel
Journal of Physics D: Applied Physics (2023) | Volume 56 | Issue 50
https://doi.org/10.1088/1361-6463/actb8f

Article Semisynthetic Ferritin-based Nanoparticles with High Magnetic Anisotropy
for Spatial Magnetic Manipulation and Inductive Heating
Andreas Neusch, Ulf Wiedwald, Iuliia P. Novoselova, Daniel A. Kuckla, Niko-
laos Tetos, Sarah Sadik, Philipp Hagemann, Michael Farle, and Cornelia
Monzel
Nanoscale (2024) | Volume 16 | Issue 32
https://doi.org/10.1039/d4nr01652a



https://doi.org/10.3390/nano11092267
https://doi.org/10.1088/1361-6463/acfb8f
https://doi.org/10.1039/d4nr01652a

[.2. Scientific Output

Manuscript Semisynthetic Ferritin Nanocages for Flexible, Site-specific Targeting,
Cluster-formation and Activation of Membrane Receptors
Andreas Neusch, Christina Siepe, Liesa Zitzke, Alexandra C. Fux, and Cor-
nelia Monzel
bioRziv (2024) | Preprint (not peer-reviewed)
https://doi.org/10.1101/2024.11.01.621585

Furthermore, I was able to contribute techniques and methodology I learned during

my main work to the following publications:

Article Mobile and Immobile Obstacles in Supported Lipid Bilayer Systems and
Their Effect on Lipid Mobility
Luisa Coen, Daniel A. Kuckla, Andreas Neusch, and Cornelia Monzel
Colloids Interfaces (2024) | Volume 8 | Issue 54
https://doi.org/10.3390/colloids8050054
Here, I supervised and supported production of fluorescent proteins and de-

termination of their molecular brightness.

Article Heterogeneity of Lipopolysaccharide as Source of Variability in Bioassays
and LPS-Binding Proteins as Remedy
Alexandra C. Fux, Cristiane Casonato Melo, Sara Michelini, Benjamin J.
Swartzwelter, Andreas Neusch, Paola Italiani, and Martin Himly
International Journal of Molecular Sciences (2023) | Volume 24 | Issue 9
https://doi.org/10.3390/ijms24098395

For this publication, I contributed to the creation of figures and proof-reading.



https://doi.org/10.1101/2024.11.01.621585
https://doi.org/10.3390/colloids8050054
https://doi.org/10.3390/ijms24098395
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1.2.2 Presentations

Apart from the aforementioned articles and manuscripts, my work was presented

and shared with the public on the following occasions:

Poster WEH Foundation | Nanobiotechnology for Cell Interfaces
March 2021 | virtual
Andreas Neusch, Julia-Sarita Brand, Marius Otten, Daniel A. Kuckla, Tuliia

P. Novoselova, Matthias Karg, and Cornelia Monzel

Magnetic Manipulation Strategies Towards Cell Signaling Studies

Poster German Physical Society | Annual Meeting
September 2021 | virtual
Andreas Neusch, Iuliia P. Novoselova, Julia-Sarita Brand, Marius Otten,
Matthias Karg, Michael Farle, Ulf Wiedwald, and Cornelia Monzel
Bio-inspired Magnetic Nanoprobes for Subcellular Manipulation Studies in Sin-
gle Cells

Talk German Physical Society | Annual Meeting
September 2022 | Regensburg, Germany
Andreas Neusch, Iuliia P, Novoselova, Nikolaos Tetos, Michael Farle, Ulf Wied-

wald, and Cornelia Monzel

A Semisynthetic Superparamagnetic Nanoprobe for Protein Targeting and Ma-

nipulation

Talk German Physical Society | Annual Meeting
March 2023 | Dresden, Germany
Andreas Neusch, Iuliia P. Novoselova, Liesa Zitzke, Sarah Sadik, Michael Farle,
Ulf Wiedwald, and Cornelia Monzel
Bio-inspired Magnetic Nanoprobes For Subcellular Manipulation Studies in

Single Cells

Poster European Chemical Society | Chemistry Congress
July 2024 | Dublin, Ireland
Andreas Neusch, Ulf Wiedwald, Daniel A. Kuckla, and Cornelia Monzel
Semisynthetic Ferritin-based Nanoparticles with High Magnetic Anisotropy for

Spatial Magnetic Manipulation and Inductive Heating




Chapter 11

Fundamentals

II.1 Magnetism

I1.1.1 History of Magnetism

For thousands of years, magnetism has attracted humanity. Ever since the first dis-
covery of then called lodestones, its strange, almost magical power fascinated anyone
who got his hands on something magnetic. The curiosity’s name originated in an-
cient Greece. The first mentions of the term magnet date back to the 5" century
B.C. Onomacritus was the first to mention mdgnes lithos, stones from Magnesia,
a town in today’s Turkey. Apparently, the Greeks discovered one of Earth’s many
natural deposits of lodestone there. Although interesting, no practical use could be
made of magnetism and magnetic stones. This changed around 1000 A.C. when
Chinese seafarers were the first to harness the powers of magnetism by designing
the first compass — one of many revolutionary applications to come.’

However, at this time, the phenomena behind magnetism were still hardly under-
stood, and it would take hundreds of years until this knowledge would be brought
to light. Around 1800, Denis Poisson introduced the idea of magnetic fields, equiv-
alent to electric fields. However, magnetic charges only appear in pairs of opposite
polarity. Starting from 1820, Hans Christian Orsted, André-Marie Ampere, Michael
Faraday, and Pierre-Simon Laplace steadily established the connection between mag-
netism and electricity, which culminated in the formulation of Maxwell’s equations
in 1864. From then on, the coexistence and dependence of electric and magnetic

fields were commonly accepted, and the term electromagnetism was established.
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Chapter II. Fundamentals

The connection between electrons and magnetism that was established in the 19!
century was fundamental for further progress. With this knowledge, it became
possible to use electrical currents to create magnetic fields and precisely control
their properties. This crucial step was achieved by the invention of electromagnets,
which opened up new technological applications, such as magnetic resonance imag-
ing (MRI), mass spectrometry, or — in combination with superconducting materials
at ultra-low temperatures — the generation of magnetic fields of extreme strength
for levitation, particle accelerators, or fusion reactors.>%

Nowadays, magnetism plays a major role in our society. Vital technologies such as
fridge magnets and bag clasps would not be part of our life. The same applies to
electric cars, TVs, computers, and electricity in general. All of this would not have
been possible without humankind’s advancements — that all started with someone’s

curiosity towards these strange stones that attract metal.

I1.1.2 Fundamentals of Magnetism

The link between electrical currents and magnetism was a fundamental step towards
a broader understanding of magnetic behaviour in matter. Based on this, electrons
were a major suspect for further investigations of the magnetic force. In fact, mag-
netism is caused by the motion of electrons around their own axis and around their
atomic nucleus.” These two types of motion can be translated into a spin magnetic
dipole moment (us) and an orbital magnetic dipole moment (o). While pg is an
intrinsic property of the electron and can either be positive or negative, .., can be
influenced by factors in the surroundings of the electron and atom.® Combining s,
and .- of all electrons of an atom and all atoms of a material gives rise to the mag-
netic moment m of this material and determines the type of magnetic behaviour,
the material will have.5

Empirically, it was discovered that atoms with unpaired electrons in their electron
shell exhibit a magnetic moment. This holds true for 79 of the 103 stable chemi-
cal elements as long they are in their isolated atomic state. However, once those
atoms form inter-atomic bonds, only a handful retain an effective magnetic moment.

Among them are oxygen, iron, cobalt, and some rare metals.”




I1.1. Magnetism

Excursion 1: H-M Diagrams

For visualisation of magnetic behaviour of any material H-M curves are

commonly used, recorded via wibrating sample magnetometers (VSM) or
superconducting quantum interference devices (SQUID).

Figure I1.1.1 depicts the acquisition of an H-M curve for an undefined ex-
emplary material. The measurement is performed at a constant temperature
since results are highly temperature-dependent. Here, absolute values of H
and M are used instead of vectorial fields to provide a clearer view of the
magnetisation response. The curve records changes in M while the material
is exposed to a sweeping external magnetic field H (see Figure I1.1.1B). (1)
Initially, the material is unmagnetised. (2) The external field is switched
on and steadily increases in one direction; M follows. At a preset maximal
strength, H will decrease again. (3) After reducing H to 0, the material
is demagnetised, and H is reversed. (4) The field increases in the opposite
direction, magnetising the material accordingly as internal magnetic dipoles
realign. The cycle completes by decreasing and switching off H to return to
(1).

The shape of the H-M curve enables the determination of a material’s
magnetic behaviour. Care must be taken with the unit of M — some
applications use the magnetic moment (unit: A m?), while others normalise

M to the material’s mass or iron content (unit: Am?g™').

A B

= 17 1 . 2 f /< 3 /
L

\ / Time
3‘ 4 -H 4

Figure I.1.1: Schematic recording of an H-M curve. (A) Curves of an exemplary material.
The four graphs are snapshots of several points during the measurement. Numbers corre-
spond to those in B. (B) Sweeping of the external magnetic field H during the measurement.

As implied, magnetic materials interact with their environment via magnetic fields,
which are comparable to electric fields. However, there is one major difference —
while there are electric monopoles creating electric fields, there are only magnetic

dipoles.
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Generally, there are two distinct types of magnetic fields: H and B fields. B fields
are the manifestation of ’everyday magnetism’ since they describe the magnetic flux
density around both permanently magnetised materials and current-carrying con-
ductors. On the other hand, the magnetic field strength H is independent of material
properties and describes magnetic fields from external sources such as electric cur-
rents. The units used to describe magnetic fields have changed frequently over the
last years, but now, H fields are usually quantified in A m™!, while Tesla (T) is used
for B fields.

If a material with magnetic properties is subjected to an external magnetic field H ,

its internal magnetic moments will align with the external field and give rise to the
B field:

B = po(H + M), (I1.1.1)

with the permeability of the vacuum jq (equals to &~ 47t- 107" N A~2) and the mag-
netisation of the material M. The magnetisation is the net magnetic dipole
moment in a volume V.!2 Hence, it is correlated to the alignment of single magnetic
dipole moments within the material.

The interplay of internal magnetisation and external magnetic fields defines whether
a material is 'magnetic’ or not (see also Excursion 1). These interactions condense in
another important magnetic characteristic: the dimensionless magnetic susceptibility
Xx. It is a quantity for how strongly a magnetic material will adjust its magnetisa-
tion M to the externally applied magnetic field H.!® Generally, magnetisation M,

susceptibility x and external field H are connected via
M = xH. (11.1.2)

Depending on the characteristics of a magnetic material, it can be categorised into
three groups: dia-, para-, and ordered magnetism. These characterisations will be
described in Section 11.1.2.1 and 11.1.2.2.

11.1.2.1 Dia- and Paramagnetism

Diamagnetism In a diamagnetic material, the magnetic dipole moments ps and

ltorh, are balancing each other out, leading to a net magnetisation of 0 — the material

10
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Diamagnet

M
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Figure I1.1.2: Schematic depiction of a diamagnetic material in the absence and presence of an
external magnetic field H. The net magnetisation of the material opposes the external field,

repelling the material. The H-M curve shows that the net magnetisation of the material opposes
the H field and is relatively weak. This holds true for weak magnetic fields.

therefore is 'non-magnetic’. However, if an external magnetic field of decent strength
is applied to the diamagnet, changes in the orbital motion of the electrons can
occur.>” This induces weak fields that are opposing the external H field. Hence,
the diamagnet is pushed out of the field (see Figure I1.1.2). The susceptibility y (as
introduced in Equation I1.1.2) is in the order of —1076.1

A majority of everyday materials is diamagnetic. They consist only of non-magnetic
atoms, and the induced fields are very weak in comparison to the other forms of
magnetism. The magnetisation of a diamagnet will always be opposing the external

field that is applied (see also Figure I1.1.2).

Paramagnetism Similar to a diamagnet, paramagnetic materials have a net mag-
netisation of 0. However, due to unpaired electrons in the material, it is made up
of single, randomly oriented magnetic moments. By application of an external field,
these singular moments align with the field, increasing the net magnetisation M
in the process (see Figure 11.1.3). Hence, M is linearly dependent on the strength
of the external field on weaker applied fields (see H-M graph in Figure 11.1.3)."7 A
paramagnet’s susceptibility y is small, but positive in the range of 107° to 1073.13

As soon as the external field is switched off, the single magnetic moments lose their

coupled orientation, and the net magnetisation drops back to 0. According to the

11
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Paramagnet

Figure I1.1.3: Schematic depiction of a paramagnetic material in the absence and presence of an
external magnetic field H. For weak external fields, the magnetisation M of the material aligns
with an external field H.

M

Langevin model, thermal energy exceeds the energy barrier that keeps the magnetic
moment in an ordered orientation.'> The presence of an external field raises this

energy barrier and allows the paramagnet to sustain its magnetisation.!?

I1.1.2.2 Ordered Magnetism

Materials that are able to sustain their net magnetisation even in the absence of an
external magnetic field are summarised under the broader term of ordered or strong
magnetic materials — accordingly, dia- and paramagnetism can also be referred to as
weak magnets. For strong magnetic materials, the temperature plays an important
role since magnetic moments within the material can only become ordered below
a specific critical transition temperature. Above this temperature, thermal energy
prevents the single magnetic moments from remaining in line. This phenomenon will
be described in more detail in the context of superparamagnetism in Section 11.1.3.1.
Namely, the ordered magnetic classifications are ferro-, antiferro-, and ferrimagnets

(see Figure 11.1.4) that will be described in the following paragraphs.

Ferromagnetism A ferromagnet is the incarnation of an everyday magnet. Fer-
romagnets can maintain their magnetisation even in the absence of an external field.
Hence, it is possible to magnetise the material to create a permanent magnet (see

Figure I1.1.4). Usually, ferromagnets exhibit the strongest forms of magnetism, espe-

12
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Ferromagnet Antiferromagnet Ferrimagnet
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Figure I1.1.4: Schematic depiction of ferro-, ferri-, and antiferromagnetic materials. At the bottom,
typical H-M curves for each material are shown. As depicted here, saturation magnetisations
of both ferri- and antiferromagnets are significantly smaller than that of ferromagnets (see also
Figure 11.1.7).7

cially in comparison to the temporarily induced fields in weak magnetic materials.®
Ferromagnetism is usually observed in transition metals such as iron, cobalt, and
nickel, as well as some lanthanoids and alloys of these metals.”'% It is caused by
a quantum physical effect called exzchange coupling. Through this effect, electron
spins of neighbouring atoms interact with each other, leading to a stable alignment
of magnetic moments across the material.®

As described in the previous chapter, magnets can only uphold their magnetisation
below a specific critical temperature — in the case of ferromagnets, this tempera-
ture is also called Curie temperature Tc. Heating a ferromagnet above T leads to
demagnetisation due to thermal agitation of the magnetic dipole moments in the
material. In this state, the material will behave like a paramagnet. Only after cool-
ing below T, the ferromagnet can be remagnetised.’

In ferromagnets, x is highly dependent on various parameters such as temperature
and material. While it follows paramagnetic behaviour above T¢, x becomes non-
linear below 7. However, it can be noted that y in ferromagnets is many magnitudes

larger than that of paramagnets because of the strong exchange interactions.'3
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Excursion 2: Magnetic Domains

On the atomic scale, ordered magnetic materials are made up of crystals. An

ideal material would consist of only one crystal with a perfect crystal lattice
that has one uniform magnetic moment. However, due to imperfections in
the lattice, single magnetic moments cannot align perfectly across one bulk
magnet. Energetically, it is favourable for the material to form areas in which
single magnetic moments are aligned in parallel, giving rise to the sum of
the magnetisations M. These areas are referred to as Weiss domains or
magnetic domains (see left image in Figure I1.1.5). Magnetic moments of
multiple domains are not necessarily aligned and can potentially cancel each
other out. Upon exposition to an external field, in-line domains grow at
the expense of out-of-line domains through the orientation of single magnetic
dipole moments in line with the external field. This leads to an increase of

the net magnetisation.'4

—

H =0

a]
]

Figure I1.1.5: Depiction of the magnetic domains, also known as Weiss domains, of an
ordered magnetic material. Upon application of an increasing external magnetic field H ,
in-line domains grow at the expense of out-of-line domains, increasing the material’s net
magnetisation.

Antiferromagnetism Some compounds, such as elemental manganese (Mn), have
comparably high magnetic moments due to their atomic structure. Although such
substances theoretically could exhibit a very high net magnetisation, the interatomic
structure can disturb this expectation. Taking Mn as an example, due to negative
exchange interactions between atoms, their magnetic moments align anti-parallel to
each other (see Figure I1.1.4). This then leads to the formation of two sub-lattices,
cancelling out the magnetic fields of each other and, thus, to an effective magneti-

sation of 0 in pure Mn."!4
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This anti-parallel orientation of the two sub-lattices can only be sustained below a
material-specific temperature — for Mn, this is 100 K.'> At elevated temperatures,
the magnetic moments of this antiferromagnet are thermally agitated, and hence,
the material behaves similarly to a paramagnet. The temperature of this transition
is referred to as the Néel temperature Ty of an antiferromagnet. Consequently, at
Tx the material leaves the paramagnetic, randomly oriented state (for 7' > Ty) and
enters the antiferromagnetic, ordered state (for T < Ty).

Above Ty, x follows the Curie-Weiss law:

C

X:m;

(11.1.3)

where C' is the material-specific Curie constant and ©p the Debye temperature.'6

Below Ty, the antiferromagnetic ordering increases and, hence, the material’s sus-

ceptibility decreases.!316

Ferrimagnetism Elaborating on the idea of antiferromagnets consequently leads
to a material in which two opposing sublattices are present but not equally strong.
Thus, the net magnetisation of the material is not cancelled out fully. This situation
occurs in ferrimagnets. Macroscopically, ferrimagnets behave similarly to ferromag-
nets while below the transition temperature T;. On a microscopic scale, however,
they are closer to antiferromagnets: two (or potentially more) distinct species with
different magnetic dipole moments form magnetic domains that are usually opposed
to neighbouring domains (for details on magnetic domains see Excursion 2).57 The
susceptibility is large — comparable to ferromagnets — as long the material is below
Te 13
One prominent example of a ferrimagnetic material is the iron oxide magnetite
(Fe3Oy4 or — more precisely — Fe*"FejT0,). It crystallises in an inverse spinel struc-
ture. The iron atoms are located in either octahedral (six nearest neighbours) or
tetrahedral (four nearest neighbours) lattice sites (see Figure I1.1.6). The Fe®* ions
populate both octahedral and tetrahedral sites, while the Fe?" ions are only present
in tetrahedral sites. The ratio of this distribution is 1:1:1 (Fel! :Fe?* :Fe?!).
Within this structure, the magnetic moments of the two iron ions in the octahe-
dral and tetrahedral sites interact with each other. In magnetite, the interactions

between Felt and Fel!

oo are antiferromagnetic and cancel each other out, hamper-

ing the net magnetic moment. Hence, magnetite would be antiferromagnetic if not
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Figure I1.1.6: Crystal structure for magnetite (FezOy4), with oxygen atoms (02_) and iron atoms
(Fe®T and Fe®T) that are on octahedral or tetrahedral positions.

for the remaining Fe*™ ions. Due to their orientation and magnetic moment, the
material is classified as ferrimagnetic.!”

Magnetoferritin, the main subject of this dissertation, was shown to contain iron
oxide cores made of magnetite.'® Therefore, magnetite plays a key role in this work.
Ferritin, Magnetoferritin and the role of magnetite within will be introduced in

more detail in Section 11.3.2.4.

11.1.2.3 Magnetic Hysteresis

As described in the previous chapters, ferro- and ferrimagnetic materials are able to
uphold a magnetisation in the absence of an external H field. The effect that these
materials sustain magnetisation is defined by the lack of the ability to return to the
initial, unmagnetised state. This effect is referred to as magnetic hysteresis.

As described in Excursion 1, H-M curves are a helpful tool in order to visualise
and characterise magnetic properties of ordered magnetic materials (see also Fig-
ure I1.1.4). An exemplary curve for a ferro- or ferrimagnet is shown in Figure 11.1.7.
Starting at the initial, non-magnetised state, the H field is applied (dotted, central
curve). This causes the single magnetic dipole moments to gradually align with
the external field. In this course, M increases up until the point where all mag-
netic domains are aligned parallel to each other — the saturation magnetisation Mg

is reached. From there, H is decreased again until it reaches 0 and is technically
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Figure I1.1.7: Typical hysteresis curve of a ferri- or ferromagnet below T¢. The dotted line in the
centre My shows the initial magnetisation curve that starts with the material not being magnetised.
Additionaly shown are the saturation magnetisation Mg, the remanent magnetisation My and the
coercive field Hc. Due to their characteristic shape, these curves are commonly referred to as
hysteresis loops. For more details on how these curves are gathered, see Excursion 1.

turned off. Here, the hysteresis leads to the remanent magnetisation Mg, the actual
magnetisation the material can retain. Through the sweeping of the external field,
it switches direction at this point. The material is demagnetised when the H field
reaches the coercive field Hc, which forces enough magnetic domains to reorient and
cancel each other out for M to reach 0 again. From here on, the material will reach
the opposites of Mg, Mg, and Hc. The continuous sweeping of the external field
produces a characteristic loop, the so-called hysteresis loop.>°

Magnetic hysteresis is a phenomenon that is highly dependent on temperature. As
mentioned earlier, elevated temperatures can introduce enough thermal energy into
the material that the energy barrier from magnetic exchange interactions of dipole
moments can be exceeded, leading to a loss of magnetic orientation through the
shrinkage and, eventually, the disappearance of magnetic domains. Thus, while still
being present, magnetic moments are not able to stably sustain their orientation
and align randomly, cancelling out each other. Hence, Mg decreases with increasing

temperature, until it reaches 0 at T4

II.1.3 Nanomagnetism

It was shown in Excursion 2 that ferri- and ferromagnetic materials are made up of
finite magnetic domains, where all singular magnetic dipole moments are aligned in

parallel. What happens, though, if the analysed material is small enough so that
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Figure II.1.8: Size dependencies of magnetic behaviour in nanoparticles. (A) Dependency of co-
ercivity Hg on particle radius r. Below a material-specific critical size 7cit, MNPs will become
single domain particles but retain their magnetic moment. Only at even smaller sizes they will
become superparamagnetic.'® (B) Energy E of an MNP in dependency of the orientation of its
magnetic moment 6. Considering that the magnetic anisotropy of the particle is uniaxial, there
are two energetic minima at opposite orientations to the magnetic moment. The energy barrier
AFE.e prevents the orientation from flipping and decreases with the particle size. Once the ther-
mal energy Finerm is sufficient to surpass AFEy,.g, orientation flips will occur.!® In this context,
particles can either be blocked and behave like a ferromagnet (blue particles, Eherm < AEmag) OF
in their superparamagnetic state (red particles, Eherm > AEmag).

only one magnetic domain can fit into its volume?
This question guides us to the phenomenon of superparamagnetism, which will be

discussed in the next chapter.

I1.1.3.1 Superparamagnetism

Superparamagnetism is a magnetic state that occurs in ferro- or ferrimagnetic ma-
terials if their size is reduced greatly (see Figure 11.1.8). Below the critical size 7t
— for example 15nm for iron?® — particles of the material contain only one magnetic
domain with an uniaxial magnetic anisotropy (see Figure I1.1.8 A). At this point, the
energy F of the particle will exhibit two minima for the two opposing magnetisation
orientations (see Figure I1.1.8 B). An energy barrier AE,,,, prevents the magnetisa-
tion from flipping directions. Thus, the particle will act as a ferro- or ferrimagnet
and retain its magnetisation.

AFE,,; depends on the particle size and will decrease with it. If the particle becomes
smaller than the superparamagnetic limit, AE,,,, will be surpassed — for example,

by thermal fluctuations, which will be discussed later in this chapter.!® Here, the
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Figure I1.1.9: Schematic depiction of superparamagnetic nanoparticles in solution in the absence
and presence of an external magnetic field H. The presence of the H field leads to rapid ag-
glomeration of the particles. The H-M curve demonstrates the quick reaching of the saturation
magnetisation and lack of remanence after magnetisation.

particle’s magnetisation will lose its stability and start to fluctuate. This leads to a
disordered, seemingly non-magnetic state, represented by the coercivity He being 0

(see Figure I1.1.8A). The strong resemblance to paramagnetism in this state served
as the origin for the term superparamagnetism. Due to the strict size restrictions,
superparamagnetism is only observed in MNPs.1?

However, when exposed to an external magnetic field, superparamagnets behave
profoundly differently than their namesake. First, their magnetic dipole moment
is extremely frail since it is basically isolated. External fields of lowest intensities
are enough for a superparamagnet to reach Mg (see Figure 11.1.9). Secondly, once
a superparamagnet is sufficiently magnetised — i.e. its magnetic dipole moment
oriented in line with the external field — it will reach a quasi-ferromagnetic state,
where magnetic interactions lead to attractive forces between single magnetic do-
mains. Hence, the superparamagnetic MNPs agglomerate and are pulled towards
the source of the H field. Additionally, due to the instability of the magnetic dipole
moment, superparamagnets lose their magnetisation immediately in the absence of
an external field — My is 0. Therefore, superparamagnetic MNPs do not exhibit
magnetic particle-particle interactions or agglomerate without being magnetically
stimulated.” 0
As implied, temperature again plays a major role in the occurrence of this magnetic
classification. A superparamagnetic system is governed by two distinct energies.

On the one hand, the frequency of flips of the magnetic moment and the system’s
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dynamics are determined by the thermal energy Eiperm:

Etherm = kBT7 (1114)

with the Boltzmann constant kg and the temperature of the system 7. On the other

hand, the energy barrier that opposes these flips and therefore stabilises the system
is defined as AFE,,a,:

AFEag = KV, (IL.1.5)

with the volume of the particle V' and the constant for the anisotropy of the particle
Ko (see Figure 11.1.8).2° Hence, as Eierm €xceeds AFE g, the system enters the
superparamagnetic state. The temperature at which this transition takes place is
the blocking temperature Tg. This can be interpreted as the equivalent to T¢ in
ferro- or ferrimagnets in the means, that the magnetic material transitions into a
dynamic, unstable, (super)paramagnetic state, caused by thermal energy (see also
Section I1.1.2.2). While the superparamagnet is in this dynamic state, thermal fluc-
tuations lead to random flips of the magnetic dipole and prevent the ensemble of
MNPs from aligning their magnetic moments.

Equation II.1.5 also demonstrates the dependency of Ty on the particle size: the
larger an MNP, the higher the energy barrier AE,,,, will become. Thus, more
thermal energy — meaning a higher temperature — is necessary to enter the super-
paramagnetic state (see also Figure I11.1.8 B).

While T' is below Tg, the aforementioned random flips of the magnetic dipole mo-
ments come to a halt and are, figuratively, frozen in place. In this blocked state, an
MNP will behave comparably to a ferromagnet — the thermal energy is not sufficient
anymore for magnetic dipole moments to flip spontaneously. Therefore, the material
displays hysteresis, demonstrated by the non-zero Mg and Hc.

Another critical factor for observing superparamagnetism is the time scale at which
the system is analysed. The time 7 that magnetic dipole moments in MNPs need

for flipping is defined by the Néel-Brown relation:?°

AEy,
T:Toe:cp(Eh g) : (I1.1.6)
therm

Here, 1y is a material-specific time, also referred to as attempt frequency, and repre-

sents the frequency with which a system will attempt to switch its magnetic moment.
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However, the actual transition will nevertheless depend on the energy barrier in the
exponent. Generally, 75 has a value between 107 and 10~8s71. AE e and Eiperm
are defined in Equation II.1.4 and II.1.5 respectively. 7 is the relaxation time of
the particle’s magnetic moment, also called Néel relaxation time. When measuring
superparamagnetic materials, it is important to keep the relaxation time in mind,
since the experimental parameters, e.g. the frequency in a VSM (see also Excur-
sion 1), determines the magnetic state that will be observed. If 7 is shorter than
the experimental time scales, the system will be in its superparamagnetic state.
Otherwise, the system will be blocked since the magnetic moment lags behind the
measurement parameters and, therefore, appears stable. The temperature at which
both 7 and the measurement time are equal is another definition for 7%.2°

Conclusively, superparamagnetism occurs only under specific conditions. The bulk
material needs to be ferro- or ferrimagnetic, with its size reduced to a certain crit-
ical size at which single-domain MNPs are formed. Plus, the temperature must be
above the blocking temperature Ty, and the measurement’s observation time should

be longer than the MNP’s Néel relaxation time 7.%%°

11.1.3.2 Magnetic Hyperthermia

In general, an astonishing aspect of superparamagnetism and MNPs is their ability
to translate the energy from magnetic fields into thermal energy. This is achieved via
magnetic displacement that induces magnetic hyperthermia.” This heat dissipation
can only be triggered when superparamagnetic MNPs are subjected to an alternating
magnetic field (AMF), with frequencies in the radio frequency (RF) range.*

The energy difference AU that is introduced into the MNP system by the AMF is

related to the area within its hysteresis curve:
AU = —MO%MCZH. (I1.1.7)

Rephrasing the magnetisation M with Equation II.1.2 and expanding x to its com-

plex variant xy = x’ — ix” results in an expression for the dissipated power P.

*Radio frequencies are usually between 30 kHz and 300 MHz. However, frequencies needed for
magnetic hyperthermia are particle-dependent and can differ greatly with particles of different size,
shape, or material.
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P = -AU = porx"(f)fH, (IL1.8)

where f is the cyclic frequency of the external field and x” is the out-of-phase compo-
nent of x, which is dependent on f.2! Hence, the dissipated heat reaches a maximum
when the particle resonates with the AMF. As an example, magnetite MNPs can
dissipate between 85 W g~! and up to ~150 W g~ !, depending on the particle size
and the frequency of the applied AMF .22

I1.1.3.3 Current Advances in Nanomagnetism

Besides the biophysical research on magnetogenetics — that will be discussed in great
detail in Section I1.3.3 —, other research fields use the magnetism of nanoscale ma-
terials. As a result of this, synthesis routes and applications for novel materials and
the phenomena behind them are of high interest.

Besides the widely applied MNPs based on ferrites (FesOs, Fe3Qy), researchers are
always looking to overcome existing limits. Iron carbides, such as FeCjz or Fe;C,,
are explored as a base material for magnetic nanostructures. These compounds are
more stable against heat and chemicals than ferrites and can exhibit higher satu-
ration magnetisations — with maximal values up to 50 % above that of magnetite
nanoparticles.?2?

Another recently debated subject is two-dimensional magnetism. This phenomenon
occurs in atomically thin layers of material with suitable magnetic attributes. The
most prominent property of these materials is the long-ranged magnetic interaction.
In contrast to bulk magnets, where the three-dimensionality of the grain boundaries
disrupt magnetic interactions over long ranges, the two-dimensional 'monolayer of
magnetic moments’ can exhibit ordered magnetism, such as ferro- or antiferromag-
netism, over longer ranges. They are interesting for their sustainable generation of
magnetic materials and might be used for data storage and quantum computing.26-2%
Furthermore, skyrmions are of major interest in current research for innovative tech-
niques to store data. Skyrmions are highly complex alignments of magnetic spins
inside a material that give rise to a swirling magnetisation structure with sizes com-
parable to nanoparticles. These spin alignments are surprisingly stable, even have

particle-like properties and can be trapped inside confined spaces.?? Due to their
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extremely small size, stability, and the fact that they can be manipulated with less
energy than conventional magnetic domains on hard drives, they are a promising

concept for future data storage devices.?°

II.2 Cellular Signalling

What electrons are to magnetism, cellular signalling is to organisms. In order to re-
act and adapt to internal signals, environmental changes, or stimuli in general, cells
have developed complex signalling pathways. One key element of these pathways
are membrane-bound receptors, that transmit information from the environment
to the cell. With this vital role at the interface between a cell and its surround-
ings, malfunctions of receptors and, hence, signalling can have severe consequences.

3334 Parkinson’s,® and diabetes® are just a few

Cancer,?' 33 Alzheimer’s discase,
examples for diseases that are closely related to defective signalling.

The following chapters outline signalling pathways that are relevant to this work.

I1.2.1 Iron Homeostasis

Iron (Fe) serves as an important trace element in most living organisms. Thanks to
its ability to easily accept and donate electrons, it is majorly involved in many ele-
mental processes of life, such as oxygen transport as a crucial component of heme,?”
DNA synthesis, N, fixation, and photosynthesis.?® However, the native element Fe’
is neither available nor suitable for these applications. Hence, life adapted to iron
in its ferrous (Fe®") or ferric (Fe*") state. In general, ferrous iron is more soluble
than its oxidised counterpart and, therefore, readily available for the host. If not
controlled, iron can be highly toxic. In the presence of hydrogen perozide (H5Os),
a common byproduct of a cell’s life cycle,® ferrous iron can undergo Fenton’s reac-

tion:40.41

Fe*™ + HyO, + HY — Fe?* + H,O + HO® (I1.2.1)

One product of this reaction is HO®, a reactive oxygen species (ROS) that is highly
reactive and thus toxic for organisms.*? Therefore, maintaining iron homeostasis

precisely is crucial for proliferation and survival.®”
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Transferrin Receptor 1 In order to allow efficient iron uptake into cells in the hu-
man body, the circulating protein transferrin (Tf) is produced and secreted mainly
by hepatocytes inside the liver. Tf can bind up to two ferric iron atoms in the
plasma. The excess secretion of Tf allows for safe delivery of iron to points where it
is needed. Thus, the coupling of ferric iron to Tf suppresses the formation of ROS.?®
Cell internalisation of diferric Tf is mediated by the membrane-bound transferrin
receptor family (TfR). The most abundant member of the TR family is TfR1, also
known as cluster of differentiation 71 (CDT71), which is expressed at low levels in
most human cells.*® Expression of TfR1, and thus uptake into the cell, is regulated
by intracellular iron levels. Elevated expression levels of TfR1 have been assigned
to highly proliferating cells (such as epidermal cells) and cells with high needs for
iron, such as placental trophoblasts that supply the fetus with blood.** Due to their
high demand, TfR1 is also over-expressed on various cancerous cells and has even
been identified as a universal marker for cancer cells.4>46

Apart from Tf, TfR1 was also shown to bind the iron storage protein ferritin and to
internalise it. This uptake is achieved by clathrin-mediated endocytosis, which de-
livers ferritin into endosomes and lysosomes.*” The protein ferritin will be discussed

in more detail in Section 11.3.2.4.

11.2.2 Apoptosis — Programmed Cell Death

Just as iron homeostasis maintains health and proliferation in the different life cy-
cles of a single cell, cell death is essential to ensure the well-being of multicellular
organisms. While various forms of injury- or disease-related cell death processes
exist (such as necrosis or pyroptosis), apoptosis is the most natural form. Apoptosis
is a genetically programmed cellular suicide that is meant to regulate the number
of cells and remove excess or old cells.*® As apoptotic cells undergo an intentional
process, the dying mechanism is highly structured. It leads to the partitioning of
cells into vesicles enclosed by parts of the cell’s plasma membrane. This formation of
protrusions is also referred to as blebbing. The formed vesicles prevent intracellular,
potentially harmful material from affecting surrounding cells and instead ready this
cellular waste for the digestive machinery.4’

As described, programmed cell death is an essential process in multicellular organ-
isms. Hence, malfunctions in the fine-tuning of apoptosis can lead to severe disease.

While overshooting apoptosis is, for example, linked to neurodegenerative diseases
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Excursion 3: Cell Surface Receptors

The basic structure of an enzyme-
linked receptor is shown in Fig-
ure I1.2.1. The ligand binds to its
receptor at the extracellular domain
with high specificity and activates
it.  Once the receptor is activated,
the intracellular domain will initiate

signalling.

Figure I1.2.1: Exemplary structure of an
enzyme-linked membrane receptor, with the
ligand-binding extracellular domain, the
transmembrane domain and the enzymatic in-
tracellular domain that initiates signal trans-
duction.

\.

Cells receive messages and information from the outside using cell surface re-
ceptors. Most of these membrane-bound proteins are activated upon coupling
to extracellular molecules, referred to as ligands. Receptors can be activated
either passively by recognition of diffusing molecules or actively by signal
transduction from membrane proteins on effector cells.

Depending on their functionality, membrane receptors can be categorised into
three groups: (1) ion channel linked receptors are mainly employed by neu-
rons, (2) G protein-coupled receptors activate further membrane-bound re-
ceptors using a mediator protein, and (3) enzyme linked receptors are either
enzymatically active or activate an enzyme upon ligand coupling.’® Receptors

utilised in this work are part of group 3.
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such as Alzheimer’s or Parkinson’s,’!

proliferation, tumours, and, thus, cancer.

insufficient apoptosis can lead to excessive cell
52

Death Receptor — Cluster of Differentiation 95 The activation of apoptosis

is mediated by members of the family of tumour necrosis factor receptors (TNF-R).
Signalling is majorly transduced by the TNF-R cluster of differentiation 95 (CD95,
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also known as Fas or Apo-1). The receptor comprises two distinct domains: (1) the
extracellular domain contains three cysteine-rich domains (CRD) that are responsi-
ble for ligand binding and (2) the intracellular domain which initiates the apoptotic
signal and is thus also called death domain (DD).* CD95 without its death domain
was shown to lack the ability to induce apoptosis.®

Naturally, CD95 is activated by cytotoxic T lymphocytes (killer cells) that express
the trimeric CD95 ligand (CD95L).%° Apart from its transmembrane receptor for-
mat, the extracellular domain of human CD95L can also be cleaved from the mem-
brane and induce apoptosis as soluble CD95L.>* It must be noted that the exact
mechanism of CD95-mediated cell signalling is under debate to this date.?355757
However, the common denominator is the formation of an oligomeric structure of
multiple CD95 receptors triggered by CD95L. Only through this accumulation can

apoptosis eventually be triggered.

I1.3 Nanotechnology

In the late 1950s, the American physicist Richard Feynman held a talk that would
initiate a whole new field of research. In his lecture, he stated that there is plenty
of room at the bottom, meaning there is great potential in materials at small scales
by manipulating single atoms and molecules.’® This inspirational talk is nowadays
regarded as the start signal of a new area of research: nanotechnology. The term
is derived from the Greek word ndnos, meaning dwarf. The prefix nano- was first
introduced as the billionth (107?) of a unit and further found its way into descrip-
tions of all sorts of very little things.?

The fundamental idea of nanotechnology — that Feynman also addressed — is the
drastic size reduction of conventional technology to manipulations at molecular or
even atomic scales. Nanotechnology can, therefore, be seen as the link between bulk
materials and single atoms and molecules. The size reduction frees an immense
amount of space and opens new applications and properties of materials that are
not comparable to their bulk variants.

Nanotechnology describes the application of materials that are within the nanoscale
(<100nm) in at least one dimension. This includes coated surfaces (so-called two-
dimensional nanomaterials), nanorods or -tubes (one-dimensional), or nanoparticles

(zero-dimensional).%°
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The differences between nanomaterials and their bulky relatives are caused by sev-
eral effects that come with the immense shrinkage of the material. This work is
focused on zero-dimensional nanoparticles (NPs). Hence, the following chapters will

concentrate on their properties and behaviours.

I1.3.1 Nanoparticles

Due to the small number of atoms in a single NP, the ratio between surface and bulk
atoms strongly shifts towards surface atoms. Consequently, dispersed NPs have a
significantly higher volume-to-mass ratio than bulk materials. Additionally, more
atoms are available for interactions with the environment. At the same time, sur-
face atoms have fewer direct neighbours, leading to lower binding energy of single
atoms to their corresponding NP. In summary, this highly increases the reactivity
of nanoscale materials to the point where agglomeration can be more favourable for
NPs than staying dispersed. Through agglomeration, NPs can reduce the number
of high-energy surface atoms.%!

As indicated, NPs are most commonly dispersed in (aqueous) solutions. The stabil-
ity of such a colloidal solution can be described by the Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory. This theory combines several descriptions of particle
interactions that occur when two particles are dispersed in a solvent. In general, the
stability of a colloidal solution depends on the combined interaction energy between

two particles Vir:
VT = VA + VR + Vs, (1131)

with the attractive forces between single particles Vj, the repulsive forces caused
by the electrical bilayer around the particle Vg (see Excursion 4), and the energy
related to the specific solvent Vs. Since Vi and Vi are not only much stronger than
Vs but also reach significantly further, V5 is commonly neglected in considerations
of the colloidal stability.%?

Attractive forces are mainly caused be van der Waals interactions and depend,
among others, on the particles’ structure. For two identical particles, Vs can be

described as:
A

a=—15p

(I1.3.2)
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Figure 11.3.1: Interaction energy E between two colloidal particles depending on their distance d.
The combined total energy Vr consists of the repulsive forces Vi and the attractive forces Va. The
energy barrier AE prevents the particles from agglomerating.

with the particle radius r, distance D, and the Hamaker constant A, a material
and solvent-dependent constant specific for van der Waals interactions. As shown in
Equation I1.3.2, V, falls off rapidly with increasing distance with ﬁ but is highly
attractive at short distances. Accordingly, Vg can be related to:

VRocr (2 e ®, (I1.3.3)

with the ¢ potential (see Excursion 4), that mainly drives Vg due to electrostatic
repulsion of the solvation shell’s electric bilayer.

The linear DLVO theory assumes that Vy and Vi are additive, leading to the de-
scription of the interaction energy between two particles Vr in Equation I1.3.1. The
interaction energy, together with its components V) and Vg, is displayed in Fig-
ure I1.3.1.

If two colloidal particles are at an infinite distance, no attractive or repulsive forces
are acting on them. Upon approach, Vg will dominate the interaction and the en-
ergy barrier AFE prevents the particles from agglomerating — the colloidal solution
is stable.

However, if the particles’ energy exceeds AFE, Vi will cause agglomeration and can

lead to particle sedimentation. Factors that can influence the tendency of colloidal
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systems to agglomerate are e.g. (1) the temperature, since increasing the thermal

energy kg7 will allow the particles to pass AFE, (2) alterations to the ionic strength

or pH of the system can lower Vg and, consequently, AE or (3) magnetic forces

between the particles that strengthen Vj and thus also lower AE.53

Excursion 4: ( Potential

A helpful indicator of the colloidal stability of NPs is the ( potential (see
Figure 11.3.2). In the demonstrated example, a negatively charged NP in
solution will attract positively charged ionic species (salt ions, H3O", etc.)
that form a dense, positively charged layer — the Stern layer. The potential
at the edge of this layer is the Stern potential. Beyond this edge, the negative
surface charge of the NP is shielded by the Stern layer, which will, in turn,
attract counterions. Hence, in the outer plane, anionic species (Cl  ions,
OH ", etc.) will accumulate. At a certain distance from the NP surface,
attractive forces will become too weak for the ions to be attracted to the NP.
Instead, they will start to slip away from the surroundings of the NP and
lose all interactions with it. At this point, the slipping plane is reached. The
potential that remains at the edge of the slipping plane is the ( potential; the
diameter of NP with the slipping plane is called hydrodynamic diameter Dy.

Generally, the ¢ potential of NPs lies
within —100 to 100mV. The higher
the absolute value of the potential, the

stronger the repulsive forces between

single NPs, leading to higher colloidal =
stability.5* -

Figure I1.3.2: Schematic description of the ¢
potential of a negatively charged nanoparti-
cle (blue). Through interaction with anions
(red) and cations (green), it will exhibit sur-
face, Stern and ( potential at different dis-
tances from its surface.

Potential

Distance
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Another method for altering interparticle interactions is the addition of polymers to
the particles’ surface. Polymers can either introduce attractive or repulsive forces.%
One commonly used polymer is polyethylene glycol (PEG), a polyether with the
general chemical formula of H-(O-CHy;—CH;),,—~OH. Due to the introduced hy-
droxy and ether groups, PEG not only increases a particle’s solubility in water, but
it also significantly increases repulsive forces between particles. It can thus serve as

an effective tool to improve the colloidal stability of an NP solution.5¢

I1.3.2 Nanobiotechnology

For millennia, biology and medical research relied on observations in the macroscale.
However, with the invention of the first microscope at the end of the 16" century by
Zacharias and Hans Janssen,? it steadily became apparent that life’s building blocks
are working on much smaller scales. The discovery of cells led to the discovery
of cell compartments and, finally, to the first description of proteins, membranes,
and DNA — all of which are structures with sizes of several nanometres.®” Hence,
while Feynman dreamed about creating artificial cells rather than studying them,®®
nanotechnology was destined all along to be merged into biological research and
technology.

Molecular biology has applied nanomaterials for decades in the form of proteins
and other biomolecules, but with the rise of nanotechnology, new fields of research
opened up: (1) the application of nanomaterials, such as nanoparticles, to investigate
biological processes and better understand them and (2) the transfer of knowledge
about nature’s strategies to create novel, bio-inspired nanomaterials and -machines.
This work is settled at the interface between those two disciplines — it applies
semisynthetic, bio-inspired ferritin nanoparticles as a toolkit for investigations on
cellular, nanoscopic mechanisms. The critical components of the employed nanoma-

terials will thus be introduced in the following chapters.

I1.3.2.1 Green Fluorescent Protein GFP

The history of the green fluorescent protein (GFP) can easily be regarded as the
most important story of (nano)biotechnology. The basis for its development is pro-
teins from fluorescent animals that have been known and described for thousands of

years. The first breakthroughs unravelling the molecular mechanisms behind GFP’s
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Figure 11.3.3: Characteristic barrel-like tertiary structure (see Excursion 5) of GFP from front
and top. Within the central a helix (dark green), the amino acids serine, tyrosine, and glycine at
positions 65, 66, and 67, respectively, form GFP’s chromophore, an aromatic hydrocarbon molecule

(grey).™

fluorescence were made in the 1960s.% The modern usage of GFP started with the
first isolation of the complete gfp gene from the jellyfish Aequorea victoria in 1992.9°
GFP was able to conquer molecular biology and become an indispensable tool be-
cause of its simplicity. By genetic engineering, a technique that was established
in the early 1980s,” it was now possible to use GFP to make another protein flu-
orescent. This was achieved by genetically fusing gfp to the target protein and,
subsequently, expressing this fusion construct in a target organism (for more details
on genetic engineering, see also Excursion 7). The development of this technique rev-
olutionised life sciences by allowing real-time observations of proteins in living cells
via fluorescence microscopy without the need for preliminary — potentially harmful
— labelling.

GFP’s functionality is closely related to its structure (see also Excursion 5). While
most proteins fold into amorphous, indistinguishable shapes at first glance, the struc-
ture of GFP is both perfectly adapted to its purpose and unique. The protein forms a
characteristic barrel out of 5 sheets that covers the central « helix (see Figure I1.3.3).
The top and bottom are sealed with additional short peptide sequences, shielding
the centre from environmental influences such as solvents. During the folding reac-
tion of GFP, three amino acids in the central « helix (serine, tyrosine, and glycine)

rearrange covalently to give rise to GFP’s core: the chromophore, an aromatic hydro-
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carbon. Without this chromophore, GFP is not fluorescent, but the chromophore is
also not fluorescent without the protein shield. Thus, correct folding into the exact
structure is of utmost importance for GFP.™ This all gives rise to a fluorophore that
absorbs light with peaks at 395 and 475nm and emits light at a peak of 507 nm."™
Natural GFP was an astonishing subject at the time; however, scientific demands
quickly outgrew its capabilities. The molecular brightness of the fluorophore was too

dim, photostability was too low, and the two absorption peaks were inconvenient,

Excursion 5: General Structure of Proteins

The basic building unit of proteins is amino acids, of which humans use 21.
The structure of a protein is fundamentally connected to its functionality.
Thus, the slightest structural deviation can have severe consequences on the
protein and its host.

The primary structure is defined by the sequence of amino acids of a
protein and forms its backbone. Depending on the last atoms of the
exposed amino group, the two ends of the backbone are referred to as
N-terminus or C-terminus. Interactions between amino acids — such as
hydrogen bonds — form the secondary structure. Generally, it consists
of ahelices or fBsheets. In the tertiary structure, additional interactions
give rise to the protein’s final structure. Polymeric proteins — such as fer-

ritin — are combinations of multiple subunits that form a quaternary structure.

As indicated, mutations — Pri o
rimary amino acids -

additions, deletions, or re- /L — ij[ ff:fff( ,,i,L —
placements — of a protein’s &/ '
Y,

primary structure can have Ss—(—(—C—=——m,
decisive consequences on =

its functionality. Struc- uﬁé‘;z B sheet

tural changes can be ben- “7 Secondary
eficial and enhance the “fo*}'ﬂlr_ %,

protein’s performance, but t&(_‘é{"{'{‘%’% - A
they can also cause it to Tertiary : WQuaternary
lose funCtionahty or even Figure 11.3.4: The four dimensions of a protein’s
become harmful.” structure.
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mainly since the absorbance at ~475 nm was weaker than the second peak at 395 nm.
Plus, wild-type GFP tends to form dimers and is lowly expressed in higher eukary-
otes.™

In 1994, mutation studies addressed these issues that resulted in a more stable and
brighter variant of GFP that only displayed one absorption peak at 475nm.” To
increase expression efficiencies, the codons of gfp were optimised to match higher
eukaryotes. All these modifications resulted in the variant named enhanced GFP
(EGFP).™ In EGFP, the chromophore’s serine at position 65 was replaced by thre-
onine and phenylalanine at position 64 was replaced by leucine. Implementation
of these mutations promoted the formation of the chromophore and, thus, accom-
plished the improvements mentioned above.™

Unfortunately, EGFP still tended to form dimers. This issue was attacked in 2002
by another point mutation that suppressed the coupling of two GFP monomers by
replacing the hydrophobic alanine at position 206 with a positively charged lysine.
This prevented hydrophobic interactions and, consequently, the formation of dimeric
GFP. The resulting variant was named monomeric EGFP (mEGFP).”

The history of GFP culminated in 2008 when the Nobel Prize for Chemistry was
awarded for the development and optimisation of this first scientifically used flu-
orescent protein.”® Multiple fluorescent proteins of different colours emerged from
the work with GFP. Some were derived directly from GFP by specific mutations,™
while others — such as the red fluorophore mCherry®® — were found in different or-
ganisms. Despite their different colours and origins, all fluorescent proteins share
the barrel-like structure that is the hallmark of GFP.

I1.3.2.2 Immunoglobulins

Whenever a potentially harmful invader (a pathogen) enters a human — or more
generally, a vertebrate —, its immune system wields powerful defence mechanisms
that are able to adapt to almost everything, be it bacteria, viruses, fungi, parasites,
or other pathogens.®! During an invasion, the adaptive immune system is responding
to the attacker by producing immunoglobulins, also known as antibodies (Ab). An
Ab is designed to specifically bind to a certain molecular pattern on the pathogen,
the so-called antibody generator (antigen). Upon contact with the pathogen, Abs
will cover the invader (opsonisation), block its interactions with the host, and pin

it down until it can be destroyed by killer cells. The immense flexibility of Abs is
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achieved via a process called somatic hypermutation in which antibody genes are
spliced and rearranged. Different combinations during this process give rise to at
least 10! unique antibodies per organism.5?

Thinking of antibodies brings their characteristic, widely known Y shape to mind.
This structure, however, only represents one subclass of human antibodies: the
immunoglobulin G (IgG). Other subclasses are IgA, IgD, IgE, and IgM, but IgG is
the most abundant variant. Additionally, IgGs are commonly used for scientific and
medical applications.

The structure of an IgG is shown in Figure I1.3.5. Its backbone consists of two
identical heavy chains (HC, ~50kDa) that are connected at a central hinge region

via disulfide bridges. This backbone is referred to as the fragment crystallisable (Fc)

Excursion 6: Dissociation Constant Kp

In biotechnology, many binding processes between two species, A and B, are
non-covalent, leading to both forward and reverse coupling reactions happen-
ing simultaneously:

zA+yB = A,B, (I1.3.4)

Under this condition, an equilibrium will form in which reaction rates for
forward and reverse reactions will be balanced, leading to a net reaction rate
of 0. In this equilibrium, the dissociation constant (Kp) can be determined
to quantify the binding properties between A and B. Assuming monovalent
binding, where x = y = 1 — as it is often used for binding of e.g. antibody to

antigen or receptor to ligand — the Kp value can be determined by:

Kp =

(11.3.5)

where [A] represents the concentration of A in equilibrium ([B] and [AB]
accordingly). The Kp value also corresponds to the concentration of A at
which 50 % of A is bound to B at excess concentrations of B.®3 Hence, the
smaller the Kp, the more of AB will form in equilibrium and the stronger the
bonding between A and B. Indeed, it has been shown that Kp, is related to the
physical binding strength between A and B.®* For antibody-antigen bonding,
Kp values typically lie in the range of 107° to 1070 M. 83
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Figure II.3.5: Structure of an IgG antibody, with its typical Y shape. The antibody consists of
two identical heavy chains (HC, for visibility coloured in green and purple) and two identical light
chains (LC, grey). The two fragment antigen binding (Fab) regions (one HC and one LC) form one
antigen-binding domain each, whereas the fragment crystallisable (Fc) region (two HCs) serves as
the antibody’s backbone.

region. At the top part, the two HCs are connected to one light chain each (LC,

~25kDa), creating two fragment antigen binding (Fab) regions.®

The axisymmetrical form of an antibody equips it with two separate antigen-binding
domains. At the same time, the region around the hinge at the IgG’s centre is highly
flexible and can unfold to some extent to allow rotation of the binding domains.
Thus, one IgG can bind two closely located antigens. This ’double binding’ has two
advantages. First, it enables the IgGs to interlink multiple pathogens and, there-
fore, immobilise them efficiently. Secondly, bonding between a multivalent binder
(the antibody) and its target (two antigens on e.g. one bacterium) is entropically
stabilised. This so-called avidity effect significantly increases the binding strengths
of antibodies to their targets.

The connection between an antibody and its antigen is governed by non-covalent
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Figure 11.3.6: Two isolated B domains of Protein A (red) binding to the heavy chain (HC) of an
IgG in its Fc region. Due to the symmetrical structure of IgGs, one B domain can bind to one HC
each. The complete structure of an IgG is shown in Figure I1.3.5.

bondings. Namely, these are ionic or hydrophobic interactions, van der Waals forces,
or hydrogen bonds.%?

Besides medical applications, modern life sciences cannot imagine research without
Abs. Due to their flexibility, Abs, in general, and IgGs, in particular, are com-
monly applied in all sorts of experiments for mediating the targeting of functional
molecules, such as fluorescent dyes, to molecules of interest. Generally, Abs are used

to locate or identify targets and can even be used within living cells and organisms.%?

11.3.2.3 Protein A

Section I1.3.2.2 described the beneficial binding properties of human antibodies and
their impact on biotechnology. However, while Fab domains easily and strongly bind
to their specific target, how is it possible to use antibodies to deliver e.g. NPs to a
specific destination?

For this, it would be necessary to couple the Ab to the surface of the NP while
leaving the Fab region free. This would basically 'turn around’ the Ab’s initial
purpose. Luckily — or, depending on the perspective, unfortunately —, Nature has yet
again developed a molecule that is capable of doing exactly that: grab an antibody
at its rear, turn it around, and prevent it from fulfilling its original purpose. This
molecule is Protein A (SpA) from Staphylococcus aureus.

SpA is found either anchored to the membrane of S. aureus or secreted in its soluble
form. The protein is specifically binding to the Fc region of various types of Abs.85 87

By doing so, SpA can deactivate Abs and thus circumvent parts of the host’s immune
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Excursion 7: Plasmids for Genetic Engineering

The powerhouse of genetic engineering is plasmids (or vectors), short, circular

DNA strands that carry the genetic code of a protein of interest. In order
to express foreign proteins in a cell or organism, plasmids containing the
specific gene need to be transferred into the host. Here, according to the
central dogma of molecular biology, the DNA will be transcribed to RNA
and ultimately to the protein of interest. Generally, the transfer of plasmids
into a bacterium or yeast is referred to as transformation, while genetically
altering eukaryotic cells is named transfection.

Plasmids need to be equipped with specific sequences to ensure functionality.
The expression of a fusion construct, e.g. to label a protein with GFP (see
Section I1.3.2.1), can be achieved by binding both genes directly next to each
other at the specific location in the plasmid (see Figure 11.3.7). Depending
on the positioning, the labelling protein will either be added N-terminally or

C-terminally (see also Excursion 5).%8

Figure I1.3.7: Basic scheme of a plasmid. The

arrows indicate the reading direction. The M
gene of interest (insert) is cloned between

two restriction sites downstream of (after’) 4 /

. : . : & Restriction
the promoter. Upon induction with a suit- g e
able molecule, the promoter will activate tran- g
=2
[a W)

—

scription and, thus, protein expression. An
additional reporter gene (such as resistance
against specific antibiotics) can help to select
transformed cells. The origin of replication
(ORI) is necessary for replication of the plas-

mid but is mostly relevant to genetic work
with bacteria. Reporte‘i

\ ORI

system.? The protein consists of five Ab binding domains (A, B, C, D, and E), each
~58 amino acids long.”® Each of these domains is made up of three « helices and is
capable of individually binding to one HC of an Fc region (see Figure 11.3.6).

In order to make SpA more accessible for biotechnology, efforts were made to iso-
late single domains to create a minimised Ab-binding protein.”’%? Based on the B
domain, a modified binding domain was created — the so-called Z domain. With
the introduction of point mutations, the Z domain was designed to be more stable

against various reducing and cleaving agents.”! Its binding properties towards the
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12 n

Figure I1.3.8: Human ferritin in its 24-mer cage form, viewed at one of its six four-fold channels
(centre) with its two subunits light chain ferritin (LCF) and heavy chain ferritin (HCF). The cage
has an outer diameter of 12nm and a diameter of the inner cavity of 8 nm. The position and
orientation of a single subunit are highlighted in green.

Fc of human IgG1, represented by the Kp value (see Excursion 6), were measured
to be ~60nM.% By genetically fusing the respective gene for the Z domain to a

protein, it is possible to enable oriented Ab binding to the proteins surface.?*

I1.3.2.4 Fundamentals of Ferritin

One major protagonist in iron homeostasis (see also Section I1.2.1) is the ferritin
family. Ferritins are a class of proteins that exist in almost all branches of life. All
ferritins share one distinct feature: they are spherical, self-assembling, polymeric
protein complexes or cages. With their cage’s inner cavity, ferritins serve as stor-
age space for excess iron.”” The diameter of the ferritin family ranges from 8 to
12nm %%

Over the last years, human ferritin (Ft) has gained a lot of attention for its simplis-
tic approach to creating multi-functional NPs. Ft cages are made up of two different
subunits. While nowadays, they are commonly referred to as heavy chain ferritin
(HCF) and light chain ferritin (LCF), historically, they have been named after the
organ they were first discovered in — LCF was purified from liver tissue, while HCF
was found in the heart. Coincidentally, LCF (19 kDa) was found to be a bit lighter
than HCF (21kDa), leading to the common reference as light and heavy chain.?

As shown in Figure I1.3.8, LCF and HCF are structurally similar, both forming a
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Exterior )

Interior

Figure I1.3.9: Ferroxidase domain (marked in green) of heavy chain ferritin assembled in a 24-meric
ferritin cage. Fe?" ions (light brown) are oxidised to Fe*™ (dark brown), which in turn sediment
and form ferritin’s core in its interior.

bundle of four a helices. The most profound difference between the two subunits
is a ferroxidase domain located within the « helices of HCF (see Figure 11.3.9).%
Here, ferrous iron is oxidised to ferric iron. Due to the drop in solubility caused
by this oxidation, ferric iron ions will start to sediment within the cage and, hence,
form ferritin’s core. Although HCF is equipped with a ferroxidase domain and core
formation rates are highly increased, cages containing LCF were shown to form both
larger and more homogeneous iron oxide cores.'%

Ferritin’s subunits spontaneously form the 24-meric Ft cage with a diameter of
12nm and an inner cavity of 8nm (see Figure 11.3.8) with enough room for up to
4500 iron atoms.”® Ft cages display a 4-3-2 symmetry and, hence, give rise to eight
3-fold, six 4-fold, and twelve 2-fold channels (see Figure 11.3.8).%> Most prominently,
the hydrophilic 3-fold channels are responsible for the internalisation of Fe**. From
there, the ions are forwarded to the ferroxidase domain in HCF.101:102

Naturally, Ft’s core consists of the ferric oxy-hydroxide ferrihydrite. It needs to be
noted that the exact structure and composition of this compound, which was only

103,104

recently discovered, is still under discussion. However, it was shown to have

para- and superparamagnetic properties in ferritin at temperatures above 12 K.10°
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11.3.3 Magnetogenetics

The relevance of cellular signalling pathways was elucidated in Section I1.2. Also,
it was discussed that these pathways can be fragile, and defects can have severe
consequences for the organism’s health and survival.! To this day, insights into a
myriad of signalling pathways are scarce, and mechanisms are hardly understood.
The lack of appropriate methods for observation and control on sub-cellular levels
mainly accounts for these deficits. However, in order to shed light on these pathways
and their ramifications, precise control over activation and deactivation, concentra-
tion thresholds, and structural deformations is essential. In the last decades, various
techniques have been developed that apply chemistry, light, or other physical stim-
uli to gain control of cellular signalling. One promising method was brought to

attention about two decades ago and will be introduced in the following chapter.

I1.3.3.1 The Origins of Magnetogenetics

As described above, demands for coordinated and effective control over cellular sig-
nalling for both scientific as well as medical purposes were high. Generally, methods
were needed to activate or inhibit specific proteins within pathways and observe the
cell’s reaction. To this end, several diverse techniques emerged that utilised different
principles. Of course, pharmaceuticals have been applied for thousands of years that
are able to affect cell signalling. However, since pharmaceuticals tend to cross-react
in a network as complex as cellular signalling, they are often not the matching tool
for gaining specific control.

The first attempts to precisely control signalling pathways were made by genetic
engineering. Knocking out or artificially overexpressing genes selectively allowed
basic studies of the role of specific proteins participating in a certain pathway.106:107
This methodology was quickly extended by introducing modifications to proteins
of interest to introduce loss-of-function or gain-of-function mutations. This culmi-
nated in the introduction of chemogenetics. Here, receptors are mutated genetically
to implement interactions with small molecules the receptor naturally does not in-
teract with. Essentially, the original ligand of the receptor is replaced with a new,
synthetic molecule (for receptors and ligands, see also Excursion 3).

One example of chemogenetics is the use of receptor activated solely by a syn-

thetic ligand (RASSL) and designer receptors exclusively activated by designer drugs
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108 Tt was shown that mus-

(DREADD) that are popular tools in neuroscience.
carinic receptors could be engineered to only recognise the synthetic, inert molecule
clozapine- N-oxide.'®?

In the early 2000s, another toolset was developed that relies not on chemical ac-
tuators but on light — it was therefore named optogenetics. The major advantage
of this technique is that light, in contrast to chemicals, can be guided meticulously
to its target location. Thus, control over signalling in single cellular compartments
in time scales of milliseconds became possible.!1? Similar to chemogenetics, genetic
modifications to the receptor of interest are necessary. More precisely, opsins, light-
sensitive ion pumps from retinal cells of various animals, have been used to optically
induce ion flux across the cell membrane, e.g. to turn neurons on and off. The
first functional example was given in 2005 with channelrhodopsin from green algae
Chlamydomonas reinhardtii expressed in mammalian neurons. Upon excitation with
blue light (450-490nm), the cation channels opened and, hence, induced neuronal
spikes.? Soon, more channels responding to different colours were opened up with
and for optogenetic applications, including bacteriorhodopsin and halorhodopsin.*'!
After this initiation, the first implementation of optogenetics in living mammals
followed. By operationally laying an optical fibre into the brain of freely moving
mice, both light-induced activation and observation of neurons expressing channel-
rhodopsin were enabled.*

This experiment, however, highlights some of the critical drawbacks of optogenetics:
While specificity and temporal resolution are high, penetration depths are only in
the range of a few millimetres since biological tissue strongly absorbs visible light.!!?
Thus, it is not possible to target deep tissue in vivo, such as deep brain neurons,
without implants holding optical fibres. Aside from ethical concerns, animal stress,
side effects after the operation, and photodamage during irradiation can influence
the experiment’s outcome. Additionally, the organism needs to be genetically mod-
ified so it is able to express the light-sensitive receptors.!3

These downsides eventually promoted the development of another technique to
tackle and overcome the disadvantages of its predecessors. For this, not light but
magnetic fields were applied for the remote activation of cell signalling — magneto-

genetics was born.
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11.3.3.2 Basics of Magnetogenetics

There are two fundamental requirements for the magnetogenetic manipulation of a
cell. On the one hand, a suitable magnetic actuator — most commonly an MNP —
is needed that is able to interact with the target molecule selectively. On the other
hand, an external magnetic field has to be applied that is precisely tailored to the
MNP and the experiment. With these two combined, perturbation of a cellular

system and specific control over a signalling pathway becomes possible.

Magnetic Nanoparticles An MNP should meet a handful of criteria in order to
be suitable for magnetogenetic applications. First and foremost, the particle needs
to be magnetic. Usually, iron-based MNPs are used, such as ferrites (magnetite and
maghemite) with or without doping metals (cobalt, zinc, nickel, etc.).

Hard magnetic NPs (ferro- or ferrimagnets) with high magnetic anisotropy and co-
ercivity (see also Section I1.1.2.2) are commonly used for the mechanical actuation
of receptors (twisting and shearing).''* In general, these NPs need to consist of mul-
tiple magnetic domains and are, thus, larger. On the other hand, small and soft
NPs that form superparamagnets (see Section 11.1.3.1) are applied in redistributing
ensembles of receptors, usually in the cytosol. 11?116

Secondly, MNPs should be monodisperse, meaning uniform in size and structure.
Plus, they should be equipped with identical surface modifications. Due to this
uniformity of particle properties, consistent results can be recorded with the MNPs.
Another requirement for applying MNPs in cellular contexts and in wvivo is bio-
compatibility. Previous studies demonstrated the low toxicity of ferrite NPs when
incubated with human cells at low concentrations (below 0.1pgmL™').!"'7 Also, in-
jection of 40 nm ferrite NPs into mice showed that the MNPs are removed from the
bloodstream within 2h. The MNPs are transported to the liver and spine within
days, where they are degraded with a half-life of 21 days.!'*® Administering ferrite
MNPs into animals only leads to little to no toxic effects.!?

Another desirable aspect of an MNP is its versatility. In order to simplify exper-
imental procedures, the MNP should be easily modifiable, especially regarding its
outer shell, which is responsible for interaction with the environment. By decorating
the MNP with certain surface groups, fast and easy modifications are possible. One

example of this is the usage of click-chemistry to e.g. assemble multiple MNPs on
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the surface of polystyrene beads via triazole bonds.!'* Also, the colloidal stability,
solubility, and biocompatibility of MNPs can be increased via functionalisation with
polymers such as PEG (see also Section 11.3.1).'2° The addition of specific bind-

4 or binding tags'?' — to the MNP surface can

ing proteins — such as antibodies!!
mediate binding to organelles or proteins. Furthermore, a popular approach to cre-
ating MNPs with modifiable shells is using cage-like proteins to trap the magnetic
core. This was done in iron-storage proteins from several organisms.??'?3 The pro-
tein shell of these MNPs can be readily altered and customised to the experimental
needs by genetic modification, for example, to add GFP for straightforward MNP
detection.!16:124

Lastly, apart from modifications of the MNP’s shell, it is also possible to adjust the
properties of the core and, thus, its magnetic properties. Implementing dopants into
the core’s crystal structure can significantly alter saturation magnetisation, blocking

temperature, and magnetic anisotropy.®125

Magnetic Fields The magnetic field applied in magnetogenetic experiments needs
to be well-adjusted to the respective measurement. A major advantage of magnetic
fields in general — and their role in magnetogenetics — is that they are transmittable
through biological tissue with almost no loss.'?¢ It is possible to apply both stable
magnetic fields (direct current, DC) and AMFs (also called AC for alternating cur-
rent) in magnetogenetics.

When the external magnetic field is a DC field with a gradient (Vé), an MNP
with a magnetic dipole moment m subjected to that field will start to move towards
higher field strengths, namely the source of the field (Figure I11.3.10 A). The force

F., exerted on the particle will be:
Foy = (- V) B, (I1.3.6)

given that the magnetic dipole moment of the MNP remains constant in space. For

the MNP to move, it must overcome the hydrodynamic drag force Fy
Fd xXn- DH - Up, (IIB?)

with the viscosity of the medium — for cells, this is the cytosol — n, the hydrody-
namic diameter of the MNP Dy (see also Excursion 4) and the MNP’s drift velocity
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vp.1% These assumptions do not include Brownian motion or other restrictive forces,
such as unspecific interactions with cellular components. Also, if membrane-bound
receptors or intracellular molecules are to be redistributed alongside the MNP, Fy
will increase accordingly. In any way, if F}, < Fy, the particle will be immobile.
Gradient fields are necessary for precisely accumulating MNPs in vitro or pulling on
membrane receptors. These fields can be generated with comparably simple setups,
including small permanent magnets connected to string wire for single-cell studies.
The attached wire directs the magnetic field of the permanent magnet to give rise
to V§.120,121

Homogeneous DC fields will force MNPs to align their magnetic dipole with the ex-
ternal field. If sufficiently close (in the range of several nanometres)'?” this can lead
to dipole-dipole interactions between single MNPs. The particles will then attract
each other (Figure 11.3.10 B). Accordingly, if the DC field is rotating, the magnetic
moments of the MNPs — and the MNPs themselves — are forced to rotate as well.
This motion can exert torque on structures that are linked to the MNPs (see Fig-
ure 11.3.10 C).

Finally, as described in Section I1.1.3.2, the application of an AMF can induce heat
dissipation of MNPs (see Figure 11.3.10 D).

11.3.3.3 Applications of Magnetogenetics

A basic overview of the different applications of magnetogenetics is shown in Fig-

ure 11.3.10 and will be discussed in more detail in the following paragraphs.

Activation of mechano-sensitive receptors As described in the previous para-
graphs, precise harmonisation of MNP and external magnetic field can exert different
forces on cellular targets to induce their activation.

One of the first reports about magnetogenetic activation of an ion channel was
published in 2008.'2° Here, Hughes et al. demonstrated the magnetically induced
activation of TREK-1, a potassium channel mostly expressed in the neuronal system.
Naturally, the ion channel is opened by mechanical forces exerted by fluctuations
of the cellular membrane.!3® Genetic modification of one of TREK-1’s extracellular
loops allowed coupling of MNPs (250 nm) to the channel. The magnetic field was
applied via permanent magnets that were placed close and far from the sample with

a frequency of 0 to 1 Hz. The forces acting on TREK-1 in this setup (up to 40 pN)
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Figure I1.3.10: Schematic overview of magnetogenetic techniques. (A) Applying a DC gradient
field pulls the MNPs towards the source of the field. (B) A stationary and homogeneous DC
field induces dipole-dipole interactions between MNPs and leads to accumulation. (C) By turning
the direction of a homogeneous DC magnetic field, torque can be transferred from MNPs to the
target. (D) An AMF will lead to heat being dissipated by the MNPs, e.g. activating thermo-
sensitive channels.

were sufficient to induce changes in the channel’s activity state.!??

The potential of a static DC field was demonstrated by Cho et al., summarised in
Figure 11.3.11. They created a precisely tuned gradient-free magnetic field that led
to dipole-dipole attractive forces between single MNPs, estimated to be up to 30 fN.
Zinc-doped ferrite MNPs were targeted via antibody-conjugation to death receptor 4
(DR4) on cancer cells. The application of the static magnetic field led to the ac-
cumulation of MNPs and, hence, of DR4. This, in turn, significantly promoted
apoptosis in sample cells. Using this setup, it was possible to induce apoptosis in
zebrafish by targeting intrinsic death receptors.!3!

A similar approach was tested on Frizzled, a membrane receptor participating in

Wnt-associated signalling. Wnt is a secreted ligand involved in various cellular
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Figure I1.3.11: Magnetic nanoparticles are used to target death receptors in cancer cells (top) and
zebrafish (bottom). Applying a homogeneous, gradient-free magnetic field leads to accumulation
and activation of death receptors, inducing apoptosis. Image was taken from Cho et al.'®!' and
reproduced with permission from Springer Nature.

pathways, including proliferation and differentiation of stem cells and osteogenic

132 Control over the Wnt signalling

cells, which are responsible for bone formation.
pathway is expected to lead the path to tissue engineering and regenerative medicine.
Magnetogenetics was applied to this pathway to simplify its activation and circum-
vent the necessity of the complex and expensive production of Wnt proteins.33
MNPs were functionalised with Ab against Frizzled and subjected to cells. Applica-
tion of a DC gradient field with its source located below the examined cells induced

Frizzled cluster formation and subsequent initiation of Wnt signalling. 3133

Further, it was shown that not only specific targeting of proteins can be used for
magnetogenetic approaches. Tay et al. employed MNPs coated with starch to un-
specifically bind to the membrane of primary neuronal cells from rats. After two
weeks of cultivation, the neurons were incubated with the MNPs and subsequently
subjected to magnetic fields. The pulling of the MNPs on the membrane was suf-
ficient to open N-type calcium channels. N-type channels are a subclass of ion
channels that were shown to be especially sensitive to magnetically induced defor-
mation of the membrane. In a long-term study, it was also demonstrated that the
expression of these ion channels increases when neurons are exposed to chronic mag-

netic stimulation. The overexpression of N-type channels was linked to the situation
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Figure I1.3.12: Schematic depiction of magnetic accumulation of proteins inside a living cell by
attachment to small MNPs (sMNP). The attachment to the sMNP is mediated by the highly
specific Halotag. SMNPs are injected into living cells, overexpressing the target protein. A protein
gradient at the cell membrane is created upon approaching a magnetic tip. Image is taken from
Etoc et al.''® and reprinted with permission from the American Chemical Society.

in various neurological diseases. Therefore, the presented technique can serve as a

tool for mimicking conditions during these diseases.'3*

Apart from membrane-associated assays, magnetogenetic control of proteins was also
realised in the cytosol by Etoc et al.''%!2! MNPs were functionalised with an affinity
tag and microinjected into HeLa cells overexpressing the target protein RhoGTPase.
This enzymatically active protein is involved in the formation and organisation of
actin filaments. For this study, it was equipped with the counterpart of the affinity
tag (see Figure 11.3.12). Upon contact of the MNPs and target, both combined
into a nanoplatform that could be moved through the cell using a magnetic tip that
emits a gradient field. Accumulating the nanoplatform at the cell membrane acti-
vated the RhoGTPase and induced the formation of actin filaments and membrane
protrusion.''® In general, this study demonstrated the possibility of inducing local
protein gradients within cells using magnetogenetics.

A combination of various ideas into one approach was created by Seo et al. in
2016.13° They created Zn-doped ferrite particles with a plasmonic gold shell for
magnetic stimulation and imaging, with a total diameter of 50 nm. The magneto-

plasmonic nanoparticles (MPN) were used to target two membrane receptors that
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are involved in cell-cell interactions: Notch and VE-Cadherin. The latter, VE-
Cadherin, contributes to the formation of filaments and, thus, multicellular tissue
and is sensitive to the application of force.!® It was shown that accumulation of
the receptor leads to clustering and, finally, to increased actin recruitment. Notch
signalling is an initiator of various proliferation, physiological, and pathological pro-
cesses. A key component of Notch signalling is the release of its intracellular domain,
which ultimately influences gene expression in the nucleus. Conformational changes
in the receptor promote this release.'” It was demonstrated by Seo et al. that these

changes can be induced by pulling on the extracellular domain using their designed

MPNs. 135

Activation of thermo-sensitive receptors The second major application of
magnetogenetics is the localised generation of heat. As described in Section 11.1.3.2,
MNPs are dissipating heat when exposed to an AMF under suitable conditions.
One of the first applications of this phenomenon was published in 2010 by Huang
et al.'3® The protein of interest in this work was a member of the transient receptor
potential cation channel subfamily V — TRPV1. This ion channel is, among others,
responsible for detecting capsaicin, the 'hot” molecule of chilli. In addition, TRPV1
was shown to be activated by increased temperatures.'®® The thermal activation
threshold of TRPV1 is at approximately 43 °C.!40

Huang et al. functionalised manganese-doped ferrite MNPs with a diameter of
6nm to target the cellular membrane of human kidney cells expressing TRPV1 (see
Figure 11.3.13). Additionally, the MNPs were equipped with a thermo-sensitive
fluorophore that loses fluorescence intensity upon temperature increase (drop by
approximately 25% for AT = 15°C). Hence, temperature changes in the close
proximity of the MNPs could be monitored.

It was shown through fluorescence microscopy that MNPs are exclusively present at
the cellular membrane. Application of an AMF for up to 45s led to local tempera-
ture increases of up to 18 °C at the membrane but not inside the cell. This approach

was also used in neurons to open TRPV1 channels and activate calcium influx.!3®

A similar approach was used by Rosenfeld et al. for the activation of natural TRPV1
in the adrenal cells of rats.'*! However, they waived specific targeting of MNPs and

instead injected them directly into the adrenal gland of living rats. By remote
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TRPV1

Figure 11.3.13: Magnetothermal activation of the TRPV1 cation channel. MNPs are targeted to
the cellular membrane and heated by applying an AMF. Upon temperature increase, the thermo-
sensitive ion channels open and allow influx of Ca*". Image taken from Huang et al'®® and
reproduced with permission from Springer Nature.

magnetic actuation with an AMF, it was again possible to open thermo-sensitive
ion channels. The consecutive uptake of calcium into the cells of the adrenal cortex
after magnetic stimulation increased the secretion of adrenal hormones into the blood
serum. Blood samples obtained from MNP-treated animals displayed significant
differences in hormone levels compared to animals treated with paramagnetic iron
NPs.'4! Imbalances of adrenal hormones are related to psychological diseases such as
depression and post-traumatic stress disorder and are, therefore, a promising target

for future studies.*?

I11.3.4 Ferritin as a Nanoagent

The previous chapters evaluated applications of magnetogenetics, especially regard-
ing the properties of MNPs. As indicated by some examples in the previous chap-
ters, ferritin — as a natural iron storage protein — has interesting intrinsic features
for magnetogenetics. Ferritin’s natural properties and tasks were described in Sec-
tion I1.3.2.4 and go in hand with various advantages for magnetogenetic applications.
It is thus especially promising as a template for the design of a bio-inspired nanoa-
gent.

First, the natural metal scavenging characteristics allow for a relatively easy and
mild synthesis of ferrite NPs. Here, the hydrophilic gradient around ferritin’s 3-fold
channel not only enables quick internalisation of Fe*™ but also of other divalent,
non-native metal ions® such as Co?" 43 Mgt 144 7n?* 145 Pd** but also Au®T.146

Through this, synthesis of not only doped ferrite MNPs but also various iron-free
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constructs inside the ferritin cage can be accomplished.

Another advantage of ferritin’s employment is the size constraint that it imposes on
growing NPs. Hence, created particles are highly monodisperse and nearly identical
in shape and size — consistency in their physical properties and experimental perfor-
mances is therefore high. Plus, MNPs formed within the cage are smaller than 8 nm
and are, thus, usually superparamagnetic. As described in Section I1.1.3.1, super-
paramagnetism goes hand in hand with multiple further benefits for magnetogenetic
applications.

Finally, the protein cage that covers ferritin NPs is a popular reason for using fer-
ritin. Not only is the cage outstandingly stable at high temperatures of more than

148 it also increases water solubility

60°C" and against a multitude of chemicals,
and biocompatibility of NPs and, thus, provides availability for biological systems.
Plus, genetic engineering allows for straightforward modification to equip the cage

116

with tools for detection — fluorescence via GFP (see Section 11.3.2.1)''® — or site-

specific targeting, even in vivo.”®

I1.3.4.1 Synthesis of semisynthetic Magnetoferritin

As mentioned, ferritin forms paramagnetic ferrihydrite cores under natural condi-
tions (see Section I1.3.2.4), which — with some exceptions — are uninteresting for
biotechnological purposes. However, Meldrum et al. were the first to use ferritin
as a template for the synthesis of a truly magnetic protein: Magnetoferritin (MFt)
was born.!?3

With all the advantages described in the previous chapter in mind, it is unsurpris-
ing that ferritin entered the spotlight of research in the early 90s. The first attempt
by Meldrum et al. of creating a semisynthetic ferritin MNP was made with horse
spleen ferritin. To this end, it was first freed from residual ferrihydrite via dialysis at
low pH. Subsequently, the produced empty ferritin (also referred to as apoferritin)
was buffered at pH 8.5 and kept at 60 °C while adding ferrous iron and ambient air
over the course of 200 min. During this reaction, the cages were steadily filled with
magnetic cores with a mean diameter of 6 nm.?3

Due to the narrow size distribution, MFt’s core is an ideal sample for characterising
the magnetic properties of such small ferrite NPs. Firstly, MFt was shown to be

superparamagnetic under ambient conditions.!*® Electron diffraction measurements
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revealed that the material inside MF't is either magnetite or maghemite with high
crystallinity.?>119 The blocking temperature Ty of the MFt cores was determined
to be around 70 K. As comparison, for magnetite MNPs with a diameter of 11 nm
Ty is approximately 120 K.'% Hence, T of MFt lies within expectations since it
decreases with the particle size (as discussed in Section I11.1.3.1). Further, MFt’s
attempt frequency 7y (see Equation I1.1.6) was 10° Hz and hence, comparable to
previous results for similar MNPs (see Section 11.1.3.1).149

The synthesis of ferritin’s magnetic core steadily evolved. Switching to anaero-
bic synthesis made it possible to control oxidation processes more thoroughly. To
start the reaction under these conditions, oxidising agents such as trimethylaminoxid
(C3HoNO)! or hydrogen perozide (HyO3)'? are necessary. The equation for the

formation of magnetite (Fe3O4) using HyO, is given by:
3Fe*™ + HyOy 4 2-HyO — FegOy +6-H* (I1.3.8)

Although at first glance, the formation of magnetite seems to be similar to Fenton’s
reaction (see Equation I1.2.1), the elevated pH level during ferritin’s core synthesis
opposes the formation of ROS and favours Equation I1.3.8.

Due to the steady formation of protons during the reaction, it is necessary to moni-
tor and adjust the pH constantly. The solubility of ferric iron is highly dependent on
pH and reaches a minimum at a pH of approximately 8.5.1°3 Hence, basic milieus are
ideal for sedimentation of Fe3™. Additionally, the removal of HT from the system by
neutralisation with OH™ shifts the equilibrium towards the products and suppresses
the potentially harmful Fenton chemistry.

A major breakthrough in MFt production was achieved by Uchida et al. by isolating
human hcf and cloning it into a prokaryotic expression vector. HCF expressed in
E. coli was still able to self-assemble into a cage. However, this step removed the
necessity to unload the ferritin cage prior to core synthesis. The synthesis reaction
was performed in an oxygen-depleted Ny atmosphere, at 65°C, with ammonium
iron sulfate ((NHy)2Fe(SOy4)) as iron precursor and HoO4 as oxidising agent. After
the reaction, sodium citrate was added to the solution to chelate free iron ions and
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quench the reaction.’”* To this day, this procedure is commonly used for the syn-

thesis of MF't.
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I1.3.4.2 Encapsulation of Nanoparticles with Ferritin

Apart from the uptake of single ions into ferritin’s cage through its 3-fold channels
for subsequent sedimentation, another highly interesting method of loading the cage
with its cargo has been postulated. In 1986, Gerl and Jaenicke demonstrated that
apoferritin can be disassembled at pH values around 2.1%® While this alone would
not help in loading ferritin with cargo, it was also shown that upon raising the pH
back to 7.9 in the presence of stabilising agents, cages started to reassemble.

This observation was first used by Webb et al. by incubating disassembled ferritin
monomers with the pH indicator neutral red during reassembly. The small indicator
molecules were trapped inside the ferritin cage during this process.'®® Unfortunately,
ferritin cannot withstand the strongly acidic conditions during the disassembly with-
out some damage. After reassembly, cages are disrupted and often contain holes.
Hence, reassembly is not fully reversible using this method.'®7

This drawback was tackled by shifting from a pH-dependent disassembly to using
urea at high concentrations of up to 8 M. By stepwise dialysis against urea-free
buffers in the presence of the anti-cancer drug dozorubicin, ferritin cages formed
around the molecules.!®®

This method established the generation of an almost universal nano-carrier system
that was shown to host and deliver both hydrophobic and hydrophilic molecules,

nucleic acids, proteins, and nanoparticles, such as semiconductor quantum dots.*?”

I1.3.4.3 State-of-the-art Applications of Ferritin Nanoagents

As shown in the previous chapters, ferritin has become an essential element of
nanobiotechnology. Nowadays, it is a vital component of diverse scientific advance-

ments.

Targeted drug delivery After the first encapsulation of doxorubicin into fer-
ritin’s cage in 2014,'® ferritin’s self-assembly caught researchers’ attention for all
sorts of medical applications, with ferritin serving as a delivery system. Some exam-
ples are the delivery of photosensitising agents into tumour cells via TfR1 coupling
(see Section I11.2.1),'%0 the delivery of pharmaceuticals such as the anticancer drug

cisplatin,'®! or as a platform for vaccines against various diseases, including rabies,®?

SARS-CoV-2,'%3 and even cancer.'%*
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Diagnostics Another medical application of ferritin is its use in the detection of
diseases. Here, it can be used as a mediator in a sandwich-format detection assay for
phosphorylated p53 proteins secreted in early-stage cancer patients.'® Also, ferritin
is applied as an imaging agent in cancer, carrying graphene quantum dots with

pH-responsive fluorescence.®

Magnetic resonance imaging Ferritin can further be used to develop new con-
trast agents for MRI. Here, it was employed to encapsulate gadolinium complexes to
increase biocompatibility.'®” Also, it served as a helpful size regulator during the syn-
thesis of MNPs with ultrafine iron oxide cores (diameter of ~2nm) as replacement

of commonly used, toxic gadolinium compounds.®®

Further applications Apart from these biomedical applications, ferritin was also
used as a nanoreactor and carrier for palladium NPs for catalysis.!%%17 In the field
of nanoelectric devices, ferritin can create highly ordered titanium arrays using two-
dimensional ferritin matrices as templates — a promising candidate for novel data

storage devices.!™

Magnetogenetics Lastly, as noted earlier, ferritin has become a popular compo-
nent of magnetogenetic appliations. One of the most prominent implementations of
ferritin in this field was done by Wheeler et al. in 2016.1™ While the modifications
that were done to TREK-1 (see Section 11.3.3.3) only enabled binding to MNPs, they
aimed at designing a magnetically sensitive actuator that requires only one combined
component. To this end, they chose the cation channel transient receptor potential
cation channel subfamily V 4 (TRPV4). It was shown previously that TRPV4 can
be opened by exerting pressure on the receptor, leading to an influx of cations.!™
TRPV4 was genetically fused to ferritin to give rise to the construct Magneto2.0
(see Figure 11.3.14).1™ Ferritin was attached to each of the intracellular domains of
the four homomeric subunits of TRPV4 and expressed in cells of interest. Under
these conditions, ferritin stores incoming iron in its natural, paramagnetic form (see
also Section 11.3.2.4). When a magnetic field is applied, the paramagnetic ferritins
will be attracted towards the origin of the field. Plus, the magnetic field could in-
duce dipole-dipole interactions between the ferritins, causing them to attract each

other. Although the exact magnetic mechanisms are not clarified, it was shown that
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Magnetic
Field

Aca2+ -

A% 6

Figure I1.3.14: Magnetogenetic activation of the semisynthetic ion channel Magneto2.0, a fusion
protein of the cation channel TRPV4 and ferritin. (A) Naturally, TRPV4 is activated by bulging
of the cellular membrane that opens the channel to let cations flow in. (B) By fusing ferritin to the
channels, TRPV4 can be forced to open by introducing stretch via the forces acting on the natural,
paramagnetic ferritins in the DC field. Image was taken from Wheeler et al.!”® and reproduced
with permission from Springer Nature.

the forces acting on the four ferritin cages are transmitted to TRPV4, forcing the
central channel to open and allowing cation influx. This was first demonstrated in
human kidney cells as a proof of concept. Additionally, Magneto2.0 was expressed
in neuronal cells of both zebrafish and mice. Subsequent exposure to an external
magnetic field induced behavioural outputs in the genetically modified animals.'™
In accordance with the activation of thermo-sensitive receptors described in Sec-
tion I1.3.3.3, Stanley et al. employed endogenously expressed ferritin to target
TRPV1. Application of an AMF was shown to regulate calcium influx into cells,
similar to the work of Huang et al.'3® This method was then used to lower blood

glucose levels in mice via induced insulin expression.!™

Despite the various applications of ferritin in nanobiotechnology, its usage in mag-
netogenetics has been questioned. The presented results have been contested by
theoretical considerations that demonstrad the physical limits of both magnetic
heat dissipation and the forces transduced on cellular compartments by ferritin to

be various magnitudes below necessary thresholds.!”™ These considerations were re-
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Figure I1.3.15: Structure of Magnetoferritin, with its ferrite core in the central cavity (~8nm,
brown), the ferritin shell (~12nm, blue), and the mEGFP subunits (green).

inforced by the lack of reproducibility of AMF-induced heating of ferritin MNPs.!76
Instead, other mechanisms that induced receptor or channel activation during mag-
netogenetic activation were postulated, which took a wider range of possible spin
configurations within ferritin’s core into account. The theories are described in more
detail in the work of Mladen Barbic.!”” A more practical approach addressed the
possibility that ROS generated at ferritin’s core during AMF stimulation might,
ultimately, be responsible for the magnetogenetic activation of TRPV1.17®

In the wake of this discussion, a recently published work by Duret et al.!™ re-
peated and extended experiments with Magneto2.0. By fine-tuning TRPV4 in the
construct, they ruled out that mechanical processes activate the channel and, thus,
strengthened the claim that dissipated heat is responsible. In this light, they intro-
duced the theory of magnetocaloric heating to the debate. Here, entropy reduction
during the magnetisation of MNPs leads to heat dissipation. Calculations demon-
strated that heating through magnetocaloric effects can, indeed, be sufficient for
neuronal activation via TRPV4. Interestingly, this effect works in both directions —
upon demagnetisation, entropy increases and heat will be taken up by the MNPs.
Hence, the magnetocaloric hypothesis would enable the cooling of the surround-
ings of MNPs, an effect that previously suggested relaxation losses in AMF's cannot
achieve. This theoretical model was put into use by activating the cold-responsive
ion channel transient receptor potential cation channel subfamily melastatin § in a

construct similar to Magneto2.0. Although the magnetocaloric hypothesis would
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provide an explanation for outcomes of previous studies and, additionally, open up
a whole new area of applications, further work is needed to fully understand the

thermal effects at ferritin’s surface.'™

In the context of this work, a semisynthetic MFt was used. The ferritin cage consists
only of HCF subunits, each equipped with an N-terminal mEGFP. Thus, MFt can be
reliably tracked using fluorescence microscopy or other optical methods. This MFt
construct, its original plasmid, and the protocol for the magnetic core synthesis
were initially established by Lifle et al. for spatio-temporal control over intracellular
proteins and even organelles. To this end, MFt was injected directly into the cytosol
and redistributed using a DC gradient field emitted by a magnetic tip. With this
setup, it was possible to redistribute cytosolic MFt within seconds and create local

concentration gradients.!!6
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II.4 Aim of this Dissertation

My dissertation focused on advancing magnetogenetical methods to manipulate cel-
lular signalling pathways with external magnetic fields. Since MNPs are a funda-
mental component of magnetogenetics, demands for versatile MNPs with customised
magnetic properties are high. As noted, magnetogenetics is intended as a tool to
study living cells in both in vitro and in vivo settings. As a result, MNPs should be
compatible with biological systems and flexibly applicable to easily adapt to chang-
ing experimental parameters.

With this in mind, I utilised and advanced a previously established MNP platform
based on the iron storage protein ferritin. This cage-like protein is synthetically
filled with a magnetic core to give rise to the semisynthetic Magnetoferritin. The
protein cage surrounding this MNP’s core effectively shields and introduces stealth-
like properties against immunological and intracellular defence systems.

In its natural form, ferritin exhibits no unspecific interactions, but specifically, it
couples only to its inherent receptors. Thus, the first part of this work focused on
expanding ferritin’s range of targets. To this end, I once again took advantage of
ferritin’s protein shell. I used genetic engineering to modify it to specifically bind
to selected targets from a broad spectrum of proteins within or on a cell.
Furthermore, in the second part, I investigated the magnetic properties of the ferritin
nanoagent. Generally, Magnetoferritin’s magnetism is defined by the composition,
crystallinity, and size of its core. Modifications to this core, hence, directly influence
the magnetic performance of the ferritin MNPs. Therefore, I aimed at customising
the magnetic properties of Magnetoferritin by altering its core.

These two modifications — the broadened range of targets and enhanced magnetic
properties — should result in an ideal MNP that can be readily applied in all sorts
of magnetogenetic applications.

Apart from optimising and generating ferritin MNPs, their characterisation has been
a significant part of my work. To this end, I — on the one hand — utilised standard
methods for MNP examination and — on the other hand — aimed at repurposing
existing techniques to eventually analyse MNP morphology, composition, and bio-

logical and magnetic behaviour.
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Abstract: Magnetic nanoparticles (MNPs) are widely known as valuable agents for biomedical
applications. Recently, MNPs were further suggested to be used for a remote and non-invasive
manipulation, where their spatial redistribution or force response in a magnetic field provides a fine-
tunable stimulus to a cell. Here, we investigated the properties of two different MNPs and assessed
their suitability for spatio-mechanical manipulations: semisynthetic magnetoferritin nanoparticles
and fully synthetic ‘nanoflower’-shaped iron oxide nanoparticles. As well as confirming their
monodispersity in terms of structure, surface potential, and magnetic response, we monitored
the MNP performance in a living cell environment using fluorescence microscopy and asserted
their biocompatibility. We then demonstrated facilitated spatial redistribution of magnetoferritin
compared to ‘nanoflower’-NPs after microinjection, and a higher magnetic force response of these
NPs compared to magnetoferritin inside a cell. Our remote manipulation assays present these
tailored magnetic materials as suitable agents for applications in magnetogenetics, biomedicine, or
nanomaterial research.

Keywords: iron oxide nanoparticles; magnetoferritin; magnetogenetics; remote particle manipulation

1. Introduction

Functional magnetic nanoscale particles (MNPs) are widely employed in biotechnol-
ogy and nanomedicine to study fundamental biological processes as well as to develop
enhanced diagnostic and treatment strategies, the most prominent examples being smart
drug delivery, contrast enhancement in imaging, magnetic separation of molecules, mag-
netic particle hyperthermia [1], regenerative medicine concepts [2], and a combination
of diagnostics and therapy [3]. In addition, for subcellular applications in fundamental
studies, their manipulation via magnetic tweezers demonstrated benefit in the study of
organelles, proteins, and biomolecules within the cell environment [4,5].

Iron oxide nanoparticles (NPs) are one of the most popular compounds for biomag-
netics studies due to their versatile applicability and biocompatibility [6-9]. Interest in
iron oxide NPs rises because they can be synthesized in various shapes, sizes, and in
large amounts (e.g., via thermal decomposition or laser target evaporation) enabling cost-
effective production. Previous studies demonstrated successful NP delivery into living
tissues, their spatial manipulation by external magnetic fields [10,11], as well as their
controlled heating [12]. Recent studies, however, indicate that these nanoprobes need to
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reconcile a variety of demands which are difficult to achieve simultaneously [1,13]. First,
NPs need to be biocompatible. Second, they need to be sufficiently monodisperse in terms
of size, surface charge, and functional motifs in order to respond similarly to an external
magnetic stimulus (DC or AC field). Finally, they need to be functionalized to specifically
target particular biological sites as well as to make the particle chemically inert. Here, we
characterize a new class of ‘nanoflower’-shaped multicore iron oxide NPs, called synomag,
and discuss possible applications.

Semisynthetic particles are another new class of NPs which can be tailored to meet
the listed demands. Highly successful examples are NPs made of proteins belonging to
ferritins, a group of proteins which naturally store iron in an organism to maintain its iron
homeostasis [14,15]. For example, human ferritin (Ft) is a globular protein cage of this
family, consisting of 24 subunits, 12 heavy and 12 light chains. Interestingly, the heavy-
chain-ferritin (HCF) subunit exhibits ferroxidase activity [15,16] which can be exploited
in Fenton-like reactions to synthesize a magnetic crystal into the cage. Previously, it was
shown that a superparamagnetic iron oxide core can be grown within the cage [17]. This is
particularly beneficial for subcellular applications where particle chain formation due to
magnetic dipole-dipole interactions should be prevented. Moreover, due to their unique
protein structure, these NP templates are biocompatible by nature and exhibit a well-
defined size with a strict upper size limit along with shape uniformity [18]. In addition,
the protein cage can serve as a scaffold for bio-orthogonal tagging, and, via genetically
encodable tags, precise control over the tag number is achieved. Such genetically modified
human ferritin, henceforth termed ‘magnetoferritin’ (MFt), is the second MNP presented
in this work.

If an MNP exhibits the desired superparamagnetic, biofunctional, and biocompatible
properties, it is imperative to evaluate the MNP in conjunction with an applied magnetic
field. Any spatial, mechanical, or thermal stimulus to be transferred to a biological entity
of interest will heavily depend on both the NP magnetic responses and the externally
applied field. For example, for localized MNP heating, the dissipated heat is proportional
to the AC susceptibility of the NP and the square of the magnetizing field [19]. In case
of force applications, the product of the NP’s magnetic moment and the magnetic field
gradient have to be known. The localized heat or applied force may then be used to
switch molecular activity states and to eventually influence a cellular function. Such a
remote and finely tunable magnetic manipulation approach is commonly referred to as
Magnetogenetics. Several recent studies demonstrate how these stimuli (heat, force, or
spatial redistribution) enable active probing of fundamental cell signaling functions, such
as action potential formation in neuronal cells [20], cell signaling for differentiation or
migration [11,21], or tumorigenesis [22]. Hence, Magnetogenetics can provide a rich toolkit
to study fundamental processes in individual cells. An overview of intriguing biological
and medical questions is reviewed in Monzel et al. [23] and Pankhurst et al. [19], along
with information about the required magnetic fields and gradients.

Here, we first characterized two new classes of MNPs: semisynthetic single core mag-
netoferritin (MFt) and multicore synomag MNPs. We then assessed their biocompatibility
and uptake by cells. Finally, two different modes of MNP—cell transfer (microinjection and
incubation) were applied. A magnetic tip for microscale MNP manipulation was char-
acterized and used to subject MNPs to a magnetic attraction force for spatio-mechanical
manipulation.

2. Materials and Methods

Ferritin Cage Expression and Purification: monomeric enhanced green fluorescent
protein (mEGFP)-tagged heavy chain ferritin (HCF) plasmid (mEGFP::HCF) was a kind
gift from the Coppey/Hajj Lab at Laboratoire Physico-Chimie, Institut Curie, Paris, France
and Piehler Lab at University Osnabriick, Germany. For site-specific targeting of proteins,
mEGFP was fused to the N-terminus of HCF containing 6 amino acids as linker by cassette
cloning as described before [21]. For bacterial expression of mEGFP::HCF in E.coli BL21-
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CodonPlus (DE3)-RIPL Competent Cells (Agilent Technologies, Santa Clara, CA, USA), the
cDNA of the fusion protein was cloned in pET21a (Merck KGaA, Darmstadt, Germany).
For preparative overexpression, the E. coli BL21 were transformed with the plasmid and
the culture was grown from a single colony in 2xYT medium at 37 °C up to an ODgqg of 0.6
to 0.8. Plasmid expression was induced with 1 mM IPTG (Sigma-Aldrich, St. Louis, MO,
USA), and the culture was grown further at 16 °C overnight. Harvested cells were washed
in Phosphate Buffered Saline (PBS) and finally resuspended in HEPES-1 buffer (50 mM
HEPES, 150 mM NaCl, pH 8.0). The obtained cell suspension was treated with Protease
Inhibitor Cocktail and PMSF to protect the protein from degradation during the following
cell disruption via a homogenizer (M110P Microfluidizer, Microfluidics, Westwood, MA,
USA). After centrifugation, the supernatant containing mEGFP::HCF was purified by heat
shock (70 °C, 15 min). Subsequently, mEGFP-tagged ferritin particles were cleaned up
using ammonium sulfate precipitation, first at 200 g/L, then at 300 g/L, to precipitate
proteins of different solubility than the desired protein. After the last step, the pellet
containing ferritin was resuspended and dialyzed overnight in HEPES-2 buffer (20 mM
HEPES, 100 mM NaCl, pH 8.0). The resulting sample was loaded onto a size exclusion
column (HiPrep 16/60 Sephacryl 5400 High Resolution, GE Healthcare, Chicago, IL, USA)
equilibrated with filtered (0.2 um) and degassed HEPES-2 buffer. All chromatography
steps were performed in an FPLC system (Akta Explorer, GE Healthcare, Chicago, IL, USA).
We used 12% sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE)
to confirm the purity of the final product as well as the effectiveness of each individual
purification step (Figure S1) [24].

Coupling of methoxy-PEG2000-NHS: methoxy-(polyethylene glycol)-N- hydroxysuc-
cinimid (Molecular Weight (MW): 2000 Da) was purchased from Sigma-Aldrich (St. Louis,
MO, USA). Methoxy-PEG2000-NHS (30 uL of 100 mM in dry DMSO) was added to 100 puL
mEGFP::HCF (10 uM) in HEPES-2 buffer. The reaction mixture was incubated for 2 h at
room temperature on a rotator. PEGylated mEGFP-tagged ferritin was purified with PD10
desalting columns (GE Healthcare) equilibrated with HEPES-2 buffer. The integrity and
physicochemical properties of PEGylated mEGFP::HCF were examined by SDS-PAGE. The
protein concentration was determined by UV-Vis absorption spectroscopy (NanoDrop 2000,
Thermo Fisher Scientific Inc., Waltham, MA, USA).

Iron Oxide Core Synthesis in Ferritin Cages: purified PEGylated ferritin cages were
used to synthesize a magnetite core inside the cage using 1 mg/mL protein concentration
diluted in 25 mL of 100 mM NaCl (Sigma-Aldrich, St.Louis, MO, USA). A solution of
30 mM ammonium iron(Il) sulfate hexahydrate (Sigma-Aldrich, St.Louis, MO, USA) was
used as an iron source and added to the reaction vessel at a constant rate of 211 uL./min, at
an excess of about 5000 Fe atoms per ferritin cage. Hydrogen peroxide H,O; of 5 mM was
simultaneously syringe-pumped into the vessel at the same rate. During the synthesis, the
reaction vessel was kept at 65 °C under positive N, pressure and the pH was maintained
dynamically at 8.5 with 100 mM NaOH by an automatic titrator (Titration Excellence
T5, Mettler-Toledo, Columbus, OH, USA). During the oxidation process, the green-toned
solution became evenly yellow-brown. Once magnetic loading was done, 200 uL of 300 mM
sodium citrate was added to chelate any free iron. Synthesized MNPs were treated by
centrifugation at 19,000 x g for 30 min at 4 °C and 0.2 pm PTEFE filtering to remove potential
iron oxide aggregates formed outside of the cages. The final product was stored at —80 °C
to prevent protein degradation till further experiments were performed.

Synomag NPs: ‘nanoflower’-shaped iron oxide particles were commercially available
from micromod GmbH (Rostock, Germany). Since some of the NPs exhibited free amine
groups on their surface, coupling of PEG2000-COOH was performed to generate a passiva-
tion surface according to the protocol given above (‘Coupling of methoxy-PEG2000-NHS’).

Transmission electron microscopy (TEM): ferritin cages in buffer solution were
dropped onto Formvar coated nickel grids (200 mesh, S162N-100, Plano GmbH, Wet-
zlar, Germany) and left to sediment for 1 min. Solution remaining on the grid was removed
between each step using filter paper. After sedimentation, the sample was negatively
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stained twice for 3 to 5 s and 30 s by subsequently placing the grid onto two separate drops
of 2% uranyl acetate. The remaining solution was removed and the grid was left to air dry.

Imaging was performed on a Jeol JEM-2100Plus (Akishima, Tokyo, Japan), operating
in bright field mode at an acceleration voltage of 80 kV. The average size, obtained by
statistical analysis using Fiji [25], was 275-347 NPs for synomag, stained ferritin shells, and
unstained magnetic cores in ferritin NPs, respectively.

Dynamic light scattering (DLS) and electrophoretic light scattering (ELS): measure-
ments were carried out on Zetasizer Nano ZS (Malvern Panalytical Ltd., Malvern, UK)
equipped with a He-Ne laser working at a wavelength of 633 nm. Data was recorded using
a detection angle of 173°. For DLS, 5 subsequent measurements containing 50 sub-runs
were taken (each sub-run duration was 10 s). Reported hydrodynamic diameters Dy refer
to the peak value of the log-normal fit applied to the DLS number distributions. For ELS,
stabilizing buffers showed a conductivity of about 10-15 mS/cm (measured conductiv-
ity of deionized water is below 0.1 mS/cm); thus, measurements were carried out at a
reduced voltage of 40 V to protect measuring cell electrodes from deterioration. Reported
results represent averages from 10 measurements; 30 sub-runs each along with standard
deviations.

Magnetometry: buffers from the samples were diluted to reduce the amount of salts.
Liquid samples were dried using a rotational evaporator. Dried powders (~10 mg) were
compacted into synthetic sample holders for vibrating sample magnetometry (VSM) in
a PPMS DynaCool system (Quantum Design GmbH, Darmstadt, Germany). The mag-
netic response was measured up to 4 T at 5-300 K, and zero-field-cooling/field-warming
sequences (ZFC/FW) were recorded at 5 mT.

Cell Handling: HeLa wild type cells (ATCC® CCL-2™, ATCC, Manassas, VA, USA)
were cultivated at 37 °C, 5% CO, in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% fetal calf serum (FCS) and 1% PenStrep; all from Thermo Fisher Scientific.
Cell splitting trypsin-based standard protocol was carried out once the cells density reached
about 70% confluency. For experiments, cells were passaged no higher than passage 30.

Cell Viability Assay: to assess possible negative effects of MNPs on cell viability, a
standard CellTiter-Blue (CTB) Assay from Promega (Fitchburg, WI, USA) was carried out
for both empty ferritin cages and synomag samples. This assay is based on the conversion of
resazurin to resorufin by living cells. This reduction causes a shift in the dye’s fluorescence.
In a 96-well plate, about 25,000 cells were seeded per well and grown in the incubator
(37 °C; 5% CO,) overnight. Afterwards, cells were incubated with increasing amounts
of MNPs. Untreated cells and cells incubated only with the MNP-containing medium
served as positive control. Incubation with MNPs was carried out for 24 h. As negative
control, untreated cells were exposed to 0.1% Triton 30 min before CTB addition. After
incubation, cells were washed with DPBS and incubated for 4 h in a mixture of DMEM and
CTB (9:1). The emission of the supernatant at 590 nm was measured (excitation: 560 nm) in
a plate reader (infinite M200 Pro, TECAN, Miannedorf, Switzerland). The obtained signal
was linearly proportional to the number of living cells inside the sample. CTB results
were evaluated from 3 biological replicates. For each replicate, fluorescence intensity was
determined from five separate measurements; each averaged over 25 flashes.

Imaging, nanoparticle incubation and microinjection; image analysis: for imaging
and manipulation, HeLa wild type (WT) cells were plated on sterilized glass coverslips
in 35 mM cell-culture dishes at about 50% confluency. Prior to experiments, cells were
washed with a PBS buffer and re-incubated in preheated Leibovitz medium (L15, Thermo
Fisher Scientific, Waltham, MA, USA), supplemented with 10% fetal calf serum (FCS) and
1% PenStrep (Thermo Fisher Scientific, Waltham, MA, USA). Imaging was performed
in a heating chamber preheated to 37 °C and placed on an inverted microscope (IX83
from Olympus, Shinjuku, Tokyo, Japan) equipped with a 60x oil-objective with N.A.
1.25 and phase contrast Ph3. For fluorescent optical MNPs detection and microinjection,
cells were seeded to adhere in 8-well rectangular chambers equipped with a glass bottom
(Sarstedt, Niimbrecht, Germany) overnight in an incubator at 37 °C, 5% CO,. MNPs were
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centrifuged (19,000 g for 10 min) and filtered through PTFE filters with 0.2 pm cutoff
(Filtropur S 0.2, Sarstedt, Niimbrecht, Germany). After this cleaning routine, cells were
incubated for either 6 or 24 h with MNP concentrations of 0.1-1.0 mg/mL. Directly before
microscope imaging, cells were washed with preheated PBS and immediately incubated
in L15 medium supplemented with FCS and PenStrep as before. MNPs were injected
into cells using a micro manipulation system (InjectMan 4 and FemtoJet 4i, Eppendorf,
Hamburg, Germany) with microinjection capillaries (Femtotip II, inner diameter of 500 nm,
Eppendorf, Hamburg, Germany). For injection, a concentration of 3 mg/mL for each MNP
system was used and capillary pressures were set to a pressure difference between the
needle tip and the environment of 10 to 20 hPa. The range of image intensities was adjusted
manually to optimize visualization of MNPs localizations at the sites of interest.

The MNP uptake and temporal change inside the cells were analyzed using an in-
house developed analysis routine written in Matlab (R2019b, The Mathworks Inc., Natick,
MA, USA) and Image] (version 1.49v, U. S. National Institutes of Health, Bethesda, MD,
USA). For their detection, phase contrast and fluorescence image recordings were used.
Cells borders were detected using a canny edge detection algorithm. If necessary, cell bor-
ders were corrected manually. Single cells were then numbered, and cellular fluorescence
intensity was attributed to each corresponding cell. The intensity by area was determined
by the quotient of fluorescence intensity over cell area for each cell.

Magnetic Tip Configuration: the magnetic tip was constructed from two magnets
(cube: NdFeB, side length 5 mM, gold-plated, product number W-05-G; cuboid: NdFeB,
10 x 4 x 1.2 mM, gold-plated, product number: Q-10-4-1.2-G; both from supermagnete.de
by Webcraft GmbH, Gottmadingen, Germany), with a 0.4 mM diameter polished steel wire
(product number 1416, from Roslau Stahldraht, Réslau, Germany) attached to it. During
the remote manipulation experiments, the magnetic tip was brought to the HeLa WT cell
edge at a moderate distance of 10-20 um for 10-15 min and removed thereafter.

Simulations of the magnetic tip stray field distribution were performed using COM-
SOL Multiphysics® software (COMSOL Inc., Stockholm, Sweden) with an AC/DC electro-
magnetics module. The magnetization curve of a neodymium magnet was implemented
into the COMSOL library as material reference. According to the mentioned tip wire
material, spring steel was chosen as material reference for the tip wire. This data was used
to simulate the field distribution of the magnetic tip in the configuration used for remote
manipulation experiments.

3. Results and Discussion

Magnetoferritins (MFts) and synomag are two structurally and bio-functionally com-
plementary particles, which were chosen to test their suitability for the manipulation
of biological functions inside cells. In case of MFts, the ferritin protein cages served as
templates, which were further tailored to feature cytosolic stealth properties as well as to
fluoresce for microscopic observation. To this end, we used a bacterial expression vector of
the heavy chain subunit of the ferritin protein (HCF) with an mEGFP genetically fused to
it. Note that the mEGFP was pointing away from the ferritin surface, as any encapsulation
of the fluorescent molecules inside the cage structure was sterically inhibited. In order
to render ferritin cages chemically inert and mobile within the living cell environment,
a polyethylene glycol (PEG) coupling to its surface with 2 kDa PEG was performed as
previously described [21]. The PEGylation was suggested to not only result in cytosolic
stealth properties but also to improve cage stability during the magnetic core synthesis at
65 °C [18].

We synthesized a pure magnetic iron oxide core into the functionalized cage by taking
advantage of the intrinsic ferroxidase activity of the heavy chain ferritin subunit in a Fenton-
like reaction. For details of the MFt synthesis, refer to the Materials and Methods section
of this work as well as Lisse et al. [21]. On the other hand, the fully synthetic core-shell
MNPs, synomag, were used. These consist of iron oxide cores embedded into a dextran
shell, forming an inhomogeneous sphere-like morphology [26]. Due to their production via
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co-precipitation, synomag are produced at much higher quantities than MFt, albeit with
a larger variety in size. Thus, in subsequent steps, their size distribution was narrowed
via separation in high gradient magnetic fields. Synomag are commercially available with
amine-reactive surface groups for covalent coupling of a biofunctional molecule such as
carboxyl-polyethylene glycol (COOH-PEG). While synomag MNPs previously proved to
be highly suitable for magnetic hyperthermia [27] and magnetic particle imaging [28,29],
they are probed herein with regard to their force and spatial manipulation capability.

3.1. MNP Characterization

To characterize both MNPs, we performed structural and morphological analyses of
MFt and synomag particles; the schematic representations are shown in Figure 1a partially
created using the CCP4mg Molecular-Graphics Software [30]. Dynamic light scattering
(DLS) was used to determine the hydrodynamic particle size and polydispersity. The data
of both particles showed a narrow, monomodal size distribution (Figure 1b) from which
the effective hydrodynamic diameter Dy was extracted. The peak value of the number
distribution revealed a Dy of 39 £ 3 nm and 39 £ 2 nm for MFt and synomag, respectively.
Moreover, from the DLS measurement, a polydispersity index (PDI) of 0.11 (MFt) and
0.17 (PEGylated synomag) was derived. Overall, both particles showed appropriate and

comparable size homogeneity. Such size monodispersity is important to enable a robust
determination of particle properties.

(a)  Magnetoferritin Synomag (b) 1.0 T N
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Figure 1. (a) Morphology sketches for magnetoferritin (MFt, parts created with permission of [30]) and synomag nanoparti-
cles (NPs). (b) Number distribution for MFt (green) and PEGylated synomag (yellow) obtained by dynamic light scattering.
Transmission electron microscopy images of (c) synomag, (d) MFt protein cages stained with uranyl acetate, and (e) MFt

cores unstained. PEG = polyethylene glycol, mEGFP = monomeric enhanced green fluorescent protein, Dy = hydrodynamic
diameter, N = number of evaluated NPs.

It is also essential for any bio-technological or bio-medical application, since the MNPs’
response to a magnetic stimulus should be similar. The effective hydrodynamic diameter of
<50 nm is suitable for subcellular applications, since cytoplasmic non-specific interactions
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between a nanoprobe and the proteins/fibers in the cytoplasm dramatically increase above
50 nm, as previously reported [31-33].

Transmission electron microscopy (TEM) images in Figure 1c—e were recorded to
determine particle sizes and morphologies. TEM images of synomag MNPs (Figure 1c)
confirmed the ‘nanoflower’-like structure of the NPs with irregular surface texture. MFt
protein cages were visualized using uranyl acetate (Figure 1d) and showed the predicted
uniform spherical structure. Note that mEGFP and PEG on the cage surface were likely to
give rise to the increase in roughness of the outer cage. Magnetic cores, after their synthesis
into MFts, were depicted in the unstained TEM sample (Figure 1le). Each TEM image was
supplemented with a histogram of MNP size and the number of counted MNPs. The
average diameter of synomag was 34 & 8 nm, whereas dried MFt cores and cages were
5+ 1nm and 16 + 2 nm, respectively (Table 1).

Table 1. Physical parameters for MFt and PEGylated synomag: polydispersity index (PdI) from
dynamic light scattering (DLS), Dtgy solid NP diameter from transmission electron microscopy
(TEM), Dy hydrodynamic diameter from DLS, and (-potential from electrophoretic light scattering
(ELS). MFt was stabilized in HEPES-2 buffer, synomag in PBS (pH 7.4). Additional data can be found
in Tables S1 and S2, Supplementary Information.

Sample PdI Dy, nm Dtgm, nm C-Potential, mV
PEGylated Cages: 16 £2
magnetoferritin 0.11 4 0.01 39+3 Cores: 5+ 1 —37
PEGylated 017 +0.03 39+2 34+8 —20
Synomag

In the case of MFt, the sizes compared well with the protein crystalline structure, with
a cage inner diameter of 8 nm and an outer diameter of 12 nm [34]. Based on structural
considerations, mEGFP and PEG were predicted to add ~3 nm to the surface thickness [21].
Hence, the theoretically expected outer diameter of 18 nm compares well with our TEM
results [35]. A comparison with the hydrodynamic diameters showed that synomag
exhibited an 8.3 nm smaller diameter than its hydrodynamic diameter, which may be well
explained by a ~4 nm hydrodynamic shell around the NPs [26]. MFt cages turned out
to be about two times smaller than the hydrodynamic diameter. This discrepancy may
have arisen from the additional hydrodynamic drag the PEG shell causes, whereby the
size is overestimated during the DLS measurement, as previously reported [36]. Other
potential explanations are the presence of larger iron oxide cores which form outside
of the protein cages during the core synthesis step, or from remaining particle—particle
interactions wherever the PEG passivation was insufficient to suppress all non-specific
interactions.

Finally, differences between the solid size and the size in the solution were expected
from theoretical considerations, since the hydrodynamic size determination assumes dif-
fusion of an ideal sphere, as reported before [37-39]. Subsequently, electrophoretic light
scattering (ELS) measurements were performed to determine the NP surface potential;
the so-called C-potential. For synomag and MFt, the (-potential distribution exhibited a
monomodal peak, confirming their surface homogeneity (data not shown) [39]. For both
NPs, the ¢-potential turned out to be weakly negative: —3.7 mV for MFt and —2.0 mV
for synomag (Table 1). While both of these (-potential values deviate only slightly from
zero, their negative charge may support colloidal stability, cellular uptake, and cytoplas-
mic stealth properties, given the negative charge of many membrane and intracellular
molecules [40,41]. Colloidal stability of synomag NPs was qualitatively assessed over the
duration of 1 month (Figure S2). In addition, NPs of weak negative -potential between —2
to —15 mV were recently shown to exhibit high intracellular mobility [32,42].

A major challenge in realizing a remote and efficient manipulation of MNPs in the cell
environment is to adjust the NPs” magnetic properties, such as their magnetization and
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magnetic anisotropy, to the external magnetic fields. To characterize the magnetic response
of the herein presented NPs, conventional magnetic field- and temperature-dependent
vibrating sample magnetometry (VSM) were conducted. Figure 2a,b shows magnetization
curves for MFt and synomag. At T = 300 K, both samples exhibited superparamagnetic
behavior and saturation magnetizations of 42 Am?/kg (MFt) and 69 Am? /kg (synomag).
The insets of Figure 2a,b present the low field region. The superparamagnetic behavior is
essential to reduce magnetic dipole-dipole interactions between the particles and hence
their propensity to form chains. Exhibiting this property at physiological temperatures
is further important to enable a manipulation of each particle individually without any
application of torque to the NPs. At T =5 K, both samples exhibited a hysteresis loop
with coercive fields of 31 mT and 8 mT for MFt and synomag, respectively. This is a
typical signature of the ferrimagnetic nature of the respective Fe oxides. The saturation
magnetization at T = 5 K was 56 Am?/kg for MFt and 81 Am?/kg for synomag, which
are both higher than the values at T = 300 K, as expected, but lower than the volume
magnetizations of bulk magnetite (92 Am?/kg) and maghemite (82 Am?/kg) [43].
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Figure 2. Magnetization as function of magnetic field for (a) magnetoferritin and (b) synomag nanoparticles. ZFC/FW for
(c) magnetoferritin and (d) synomag measured in 5 mT. Tg = characteristic blocking temperature, ZFC = zero field cooling,

FW = field warming.

Figure 2c,d shows zero-field-cooling/field-warming (ZFC/FW) experiments. MFt
exhibited a broad maximum centered at 86 K, which indicates the effective blocking
temperature Tp, and an irreversibility point at about 150 K. The MFt ZFC/FW maximum
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at 86 K found in this work is significantly larger than the T reported in [44] (T = 40 K)
and in [45] (Tp = 13 K). This shift in Tg may have resulted from reduced distances and
dipole-dipole interactions between cores in the powdered samples after the drying process.
Here, in order to minimize paramagnetic contributions to the VSM data, the salt in the
medium was strongly diluted, which in turn may have affected protein cage stability. Other
contributions may arise from interactions between cores synthesized outside of the cages.
Since the relation 21-kgTp ~ KV holds [45] for VSM measurements with an averaging
time of 1 s and blocking temperature T, the effective magnetic anisotropy value Keg can
be estimated with the particle volume V. Using the mean particle diameter of 5-6 nm, we
obtained Kt,ﬂ =2-4-10° J/ m3. This value is reasonable for Fe oxide MNPs of small sizes,
exhibiting a large surface to volume ratio. Here, magnetic moments at the surface of an
MNP experience broken symmetry and crystal deterioration leading to a larger surface
anisotropy compared to volumetric magnetite [43,46]. Such increasing effective magnetic
anisotropies are typically observed with reduced MNP sizes [47-49].

For synomag, experimental magnetic field and temperature dependencies of the mag-
netization obtained in this work complement the characterization previously reported
in [27]. We obtained a broad distribution of blocking temperatures with an anticipated cen-
ter slightly above physiological temperature (see Figure 2d). This indicates that synomag
MNPs are designed to effectuate maximal hysteretic losses in radio-frequency alternating
magnetic fields and thus exhibit good heating capabilities for magnetic particle hyperther-
mia [19,27]. Taken together, both MNP systems possessed the key magnetic properties
(superparamagnetism, sufficient magnetic response) necessary to realize a remote manipu-
lation in external magnetic fields.

3.2. MNP Cellular Uptake

Despite protective coatings, iron oxide MNPs are still cautiously applied in nanomedicine
due to potential side effects they could implicate after being injected into living tissue or
cells [1,50]. Here, HeLa WT cells were used with the CellTiter-Blue assay to test the cell
viability of both MNP systems, within the concentration range of 0.1-4.0 mg/mL. MNPs
were transferred into the cells via a standard incubation protocol. As controls, untreated
cells in DMEM and cells treated with MNP buffers were used. As an additional control, cells
were killed by addition of 0.1% Triton-X for 30 min before imaging was started. As shown
in Figure 3, traceable harmful effects for both samples appeared only at concentrations
above 1.0 mg/mL. For ferritin cages (Figure 3a), a small reduction in viability was also
detected in the control measurement with HEPES-2 buffer. Similarly, a viability drop for
synomag only occurred at concentrations above 1.0 mg/mL. Addition of PBS did not affect
the cell viability. In conclusion, both MNPs can be safely brought into the cell environment
at concentrations up to 2.0 mg/mL. Hence, for subsequent particle incubation experiments,
the upper concentration limit was set to 1.0 mg/mL (equals to 6.4 uM for MFt and 18.3 pM
for synomag) to rule out any negative MNP-related effect. Previous studies investigating
the effects of iron oxide NPs on cell viability reported similar results, where multi-core iron
oxide NPs passivated with citrate of up to 5 mM showed little negative effects on cells [51].
Additionally, PEGylation and passivation was reported to reduce cellular damage upon
uptake [52,53], supporting our particle passivation strategy.

In order to characterize the process of particle incubation and uptake further, and in
view of subsequent magnetic manipulation, where an efficient particle delivery into the
cell is desirable, we evaluated the intracellular NP amount via image data analysis of their
fluorescence. NP uptake by HeLa WT cells was monitored at distinct incubation times of 6
and 24 h to probe different long-time temporal effects as well as for concentrations between
0.1-1.0 mg/mL. In this study, PEGylated Ft cages without a magnetic core were used,
since magnetoferritin is freshly produced only in small amounts and since the magnetic
properties are not relevant for this assay. Care was taken to record the cell samples
at identical imaging settings, in order to not bias the detected fluorescence intensities.
Obtained data was evaluated using a custom-written Matlab algorithm. Therein, the
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intensity per pixel inside each cell as a function of NP concentration was extracted and
normalized to the amount of cells found (see Figure 4a for Ft cages and Figure 4d for
synomag MNPs). Ft cages demonstrated a substantially larger cellular uptake compared
to synomag, with an increase of the MNP concentration inside the cell if incubated with
higher MNP concentration. Evaluation of the uptake for different concentrations after 6 h
of incubation showed only a slight increase in the recorded intensity of both particles, even
at the highest concentration of 1 mg/mL (Figure 4d). After 24 h, a higher amount of MNPs
was taken up, and this increased with increasing particle concentration in the medium.
Figure 4b,e show phase contrast images of the cells and Figure 4c,f are the corresponding
fluorescence images indicating the MNP distribution after 24 h of incubation. In Figure 4c,
Ft cages show a cloud-like accumulation around the nucleus. This is a typical signature of
particles which are taken up via the endosomal pathway. Here, after initial encapsulation
within the endosome, the cargo is transported towards the endoplasmic reticulum or
Golgi apparatus, where it is further processed. In contrast, synomag MNPs were more
sparsely distributed, accumulating around the nucleus as well as in spots across the cell (see
Figure 4f). Interestingly, according to Figure 4a,d, Ft NPs were taken up more efficiently
compared to synomag MNPs. This may be attributed to the twofold difference in their
solid diameters. Previous studies already reported a positive effect of a decreasing particle
size on cellular uptake [54]. The slight negative (-potential (see Tables S1 and 52) measured
for both NPs may also enhance particle uptake, since most intracellular proteins and
lipids are negatively charged. The negative surface charge can further protect NPs against
non-specific interactions inside the cell, preventing their entrapment [32]. For our MNPs,
the stealth properties were further enhanced by modifying the NPs surface using PEG as
passivating agent, as previously suggested [38,42,54].

(a) Ferritin Cages (b) Synomag
4.0 mg/ml 4.0 mg/ml
1.0 mg/ml 1.0 mg/ml | +
0.5 mg/ml 0.5 mg/ml | +
0.1 mg/ml | ' I ‘ 0.1 mg/ml | ' ]
Buffer | —] Buffer [ +
DMEM »<l DMEM F +
Triton ! . ‘ . ’ Triton ! . . . . .
0 20 40 60 80 100 0 20 40 60 80 100

Cell Viability (%)

Cell Viability (%)

Figure 3. Cell viability Assay (CellTiter-Blue from Promega) measured after 24 h in HeLa WT cells for (a) ferritin cages and
(b) synomag. Data was normalized to DMEM as positive control with untreated cells. Triton at 0.1% leads to cell death and

was therefore used as negative control. The buffer control determines the effect of plain buffer on cell viability. The highest
volume of MNP solution that was added during MNP addition was used here. Buffers were HEPES-2 for ferritin and PBS
(pH 7.4) for synomag. Error bars represent the standard deviation of five measurements carried out for three biological
replicates per concentration.
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Figure 4. Normalized HeLa WT cellular uptake of (a) ferritin cages and (d) synomag nanoparticles (NH; surface) as function
of concentration. Intensity is given as intensity per pixel inside the cell. Particle systems were transferred into the cells
via incubation for 6 or 24 h. (b,c) Phase contrast image and corresponding fluorescent image with cell outlines recorded
using 470/525 nm filter for ferritin cages. (e f) Phase contrast image and corresponding fluorescent image with cell outlines
recorded using 545/620 nm filter for synomag NPs. Box plots show the distribution of 100-260 cells recorded in each of five

independent measurements per condition.
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3.3. Magnetic Tip Characterization

After successful uptake, we then sought to realize the remote and localized manipula-
tion of MNPs inside cells using a magnetic tip. To this end, first the magnetic tip and the
generated magnetic flux density gradient had to be characterized. The magnetic tip was
set up as a combination of two permanent magnets and a string wire was attached to the
lower magnet (Figure 5a, inset). The string wire was made of spring steel and pulled into a
tip of parabolic-like shape.

) &
o
w

I
o
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Figure 5. Magnetic tip for remote manipulation. Simulated magnetic flux density (a) for a tip wire extending 2, 3, or 4 mM
from the magnet as a function of distance from the tip, and (b) as 2D projection from the top with 2 mM long tip wire. Grey

line in (b) indicates
tip wire. Inset in (a)

the position from where the data in (a)—highlighted by the grey area—was extracted for the 2 mM
shows a sketch of the tip configuration consisting of two magnets (red, blue) and a tip wire of 2 mM

attached to the magnets. (c) Magnetization curves of the tip wire measured at T = 300 K. (d) Magnetic force measured via
nanoparticle attraction to the magnetic tip with 2 mM tip wire. The line texture resulted from the tracked particles.
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To characterize the magnetic flux density generated by the magnetic tip, 3D finite
element modeling as well as an in vitro calibration assay were performed. In case of finite
element modeling, the magnetic flux density was simulated for 2, 3, and 4 mM lengths of
the tip wire and plotted against the distance from the tip (see Figure 5a). Unsurprisingly,
the 2 mM long tip exhibited the highest magnetic flux densities at small distances that were
critical for remote manipulation. Moreover, the strong dependency of the absolute magnetic
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flux density values indicates how important an accurate choice of wire length is. The grey
area in Figure 5a corresponds to the grey line in Figure 5b, where the simulated magnetic
flux density around the magnetic tip is shown as 2D projection from the top. Figure 5¢
depicts the magnetization curve of the tip material with a saturation magnetization of
19.2 Am?/kg and a coercive field of 1.2 mT. Figure 5d shows the result of an in vitro assay,
which was introduced to measure the magnetic force generated by the magnetic tip over
100 um distance. This is the relevant scale for particle manipulation experiments in single
cells.

To realize this assay, precise positioning of the tip inside the sample was achieved
using an InjectMan 4 micromanipulator, where the three spatial axes as well as the angle of
the magnetic tip could be adjusted with 20 nm spatial precision. The tip was positioned
in a mixture of 85% glycerin and 15% distilled water, to mimic intracellular viscosity
conditions. As magnetic nanoparticle probes, Nanomag-D with 250 nm hydrodynamic
diameter (micromod GmbH, Rostock, Germany) were used. These enabled individual
detection and reliable tracking with phase contrast microscopy. MNPs within the glycerin-
water mixture were attracted toward the tip, and the trajectories of several 100 particles
were recorded. Thereafter, the Fiji plugin, TrackMate, and self-written routines were used
to trace the particle trajectories and to calculate the velocity vectors along the particle
trajectory [55]. Using Stokes’ law,

Fiag = 67171 R0, 1)

the magnetic force generated by the tip was calculated, which typically lay within the range
of 10-100 fN. Here, 7 is the dynamic viscosity of the medium as determined in [32], R is the
MNP radius, and v is the velocity of MNPs extracted from the single-particle trajectories.

3.4. MNP Manipulation in Cells

Having established the above prerequisites for the magnetic manipulation approach,
we probed MNP transfer into HeLa WT cells and their subsequent intracellular mobility
via two approaches: MNP injection using a microneedle (Figure 6) and MNP incubation
(Figure 7).

In both cases, MNP localization was recorded via fluorescence microscopy in the
presence of the magnetic tip for about 30 min followed by recordings in the magnetic tip’s
absence. Fluorescence intensity distribution inside a single cell was monitored and plotted
as a function of time for regions within the magnetic tip’s sphere of action. The mean
intensity I for this region as a function of time was fitted by an exponential fit function to
obtain the characteristic accumulation 7, and relaxation T, times:

Lpee = —A-e” e +C (2)

and
Loy = Ae T +C (3)

where A is a fit parameter reflecting the intensity plateau of the exponential function on long
time scales, B represents the temporal off-set of the starting point of attraction/relaxation,
C stands for the intensity offset, and T4 and 7, are characteristic accumulation and
relaxation times, respectively.

Injection was performed using a microinjector (FemtoJet 4i) in combination with a mi-
cromanipulator (InjectMan 4). For particle delivery, a microinjection capillary (Femtotip II)
with an inner diameter of 500 nm was used. Dispersed particles should effortlessly pass
through this capillary, underlining the importance of using a highly homogeneous and
non-reactive MNP sample. MFt with PEGylated surface was readily injected. Synomag
with a NH; coating was tested initially, but experienced aggregation inside the injection
needle, which irreversibly blocked it. Since surface passivated MNPs are expected to exhibit
reduced particle-particle interactions and to be less prone to aggregation, the PEGylation
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(b) 0 min

(c) 20 min

(e)

tip near the cell

protocol for MFt was also conducted for synomag NPs. The effective hydrodynamic diame-
ter after PEGylation changed from 42 + 1 to 39 & 2 (Table S2, Supplementary Information)
and was hence similar to the one of MFt (Figure 1). This PEG passivation indeed facilitated
synomag microinjection.

Injected MFts (see Figure 6a—d) were instantaneously homogeneously distributed
after microinjection into the cell. It was possible to both attract and accumulate particles
using a magnetic tip. Once the magnetic tip was removed, MFts returned to the initial
homogeneous distribution within minutes. Figure 6e shows the relatively fast kinetics
with a characteristic accumulation time 7, of 2.2 £ 0.1 min and a relaxation time 7, of
3.1 £ 0.1 min. Very similar values were reported in a previous study, where PEGylated core-
shell maghemite—silica particles with diameters of about 40 nm were accumulated within
Tacc Of ~1 min, whereas the relaxation times 7,,; were ~10 min with a large distribution
between 2 and 35 min [31].

Synomag

(h) 20 min (1) 30 min

(k)

tip near the cell
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Figure 6. Spatial manipulation of (a—d) magnetoferritin and (f-i) synomag nanoparticles dispersed inside cytoplasm of

living HeLa WT cells after

microinjection recorded over 40 min. Scale bars are 50 um. (e,j) show corresponding mean

intensities over time with fit functions to characterize nanoparticle accumulation near the magnetic tip (green box in (a,f))

and relaxation after tip removal. Distance between magnetic tip and analyzed region was (MFt) 6 pm or (synomag) 75 pm,

respectively. (k) illustrates the experimental setup for microinjection.
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Figure 7. Spatial manipulation of (a-e) magnetoferritin and (f-j) synomag nanoparticles transferred by cellular uptake.
MNPs were possibly localized on the outer membrane or within cellular vesicles of single HeLa WT cells after 5 and 24 h
incubation, respectively. Scale bars are 50 um. (e,j) show corresponding mean intensity over time along with the fit to
characterize accumulation time near the magnetic tip (green box in (a,f)) and relaxation time after the tip removal. Distance

between magnetic tip and analyzed region (green box in (a,f)) was (MFt) 10 um or (synomag) 30 um, respectively.

In contrast, obtaining a homogeneous particle distribution after synomag injection
appeared to be more difficult than with MFt. An example of microinjection of PEGylated
synomag into HeLa WT is given in Figure 6f-i. Synomag MNPs exhibited heterogeneous
particle distribution inside cells and, despite the PEG passivation, were still prone to
entrapment in the cytoplasm. Nevertheless, in some cases, MNPs could be attracted via
the magnetic tip. After magnetic tip removal, the relaxation dynamics were recorded
and exhibited significant loss in mobility for synomag compared to MFt. Attraction and
relaxation times for the case shown in Figure 6 increased to T4 = 5.1 £ 0.1 min and
Trel = 7.7 £ 0.2 min. Here, in contrast to magnetoferritin, particles did not fully redisperse
but accumulated at a slightly different position inside the cell. Intriguingly, synomag
attraction towards the magnetic tip could be monitored for distances up to 100 um. This
can be attributed to the higher saturation magnetization and magnetic moment (Figure 2b),
corresponding to higher forces of synomag compared to MFt. Thus, higher forces can
develop and attract particles across the cell over large distances, despite increasing non-
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specific interactions. Qualitatively, successful particle attraction was observed in around
10% of the analyzed cells, of which 50% exhibited a relaxation of particle distributions after
tip removal.

In the case of magnetic manipulation after particle incubation, we considered the re-
sults of our particle uptake study as presented in Figure 4. Choosing incubation conditions
of 0.5 mg/mL of MFt in the extracellular medium over 24 h led to the expected high particle
uptake. However, MFts could not be attracted by a magnetic tip, not even over distances
less than 10 pm. Most probably this was due to increasing intracellular interactions and
particle recognition by the cell’s autophagy machinery on long time scales. Therefore,
shorter incubation times of 1, 2, 3, 4, and 5 h with 0.5 mg/mL of MFt in the extracellular
medium were tested. Cells were washed and, upon observation under the microscope,
those cells exhibiting sufficient MFt signal were monitored for 1 h while approaching and
removing a magnetic tip.

Figure 7a—d shows a cell after incubation with MFt for 5 h. Here, prior to magnetic
manipulation, MFts were evenly distributed across the cell. Magnetic particles were
attracted with a characteristic time of T,¢. = 0.56 & 0.04 min and redistribution in absence
of the magnetic tip occurred with a characteristic time of 7., = 0.53 & 0.03 min. These
values are distinctively smaller than values from injection studies. Changes in the attraction
kinetics may, in general, also be attributed to variable distances between the magnetic tip
and the MNPs, since the magnetic attraction force scales proportional to 1/ r2, where r is
the distance. However, in this case, both attraction and relaxation dynamics evolved on
fast timescales, suggesting that MFts did not enter the highly viscous cytoplasm of the
cell. Instead, after the short incubation time used, MFts may be attached on the outer side
of the cell plasma membrane, wherefore particles could be more easily attracted towards
the tip. In conclusion, manipulation of MFts after incubation was difficult to realize as,
in most of the cases, MFt remained immobile. Thus, magnetic forces in the N range will
only attract the MNPs when the applied force surpasses any intracellular interaction. Note
that for longer measurement times the magnetic tip became increasingly fluorescent due
to freely moving MFt particles in the extracellular medium. These were present despite
several washing steps prior to imaging. While this was disturbing during imaging, the
MNP attraction by the tip provided evidence that the particles were still magnetic after
24 h incubation (see Figure 7c).

In Figure 7f-j, an example of incubation and manipulation of PEGylated synomag
is shown. In contrast to MFt, synomag manipulation was possible even after 24 h of
incubation. The cell shown in Figure 7f was incubated with a concentration of 0.5 mg/mL
for 24 h, washed, and then analyzed under the microscope. Although being mostly located
around the nucleus, PEGylated synomag MNPs were still attracted by the magnetic tip.
The accumulation time T, amounted to 21.8 £ 0.3 min, and was significantly higher than
for MFt and synomag after MNP injection. As discussed in the context of Figure 4, this
may be attributed to an entrapment of synomag inside cellular vesicles during particle
uptake. In line with this interpretation, no intensity relaxation and particle redistribution
after magnetic tip removal was observed (Figure 7j). Instead, similarly to Figure 7c, the
magnetic tip gradually accumulated remaining MNPs from the extracellular medium
and showed a fluorescent signal, confirming their magnetic response even after 24 h of
incubation. However, as a result of this attraction, a distinct drop of intensity was observed
upon tip removal, after which intensities remained constant (see Figure 7j). Accordingly,
the fit for the relaxation time determination in this case became obsolete. Based on the
aforementioned results concerning synomag, we hence conclude that higher magnetic
forces exerted by PEGylated synomag—in contrast to MFt—can exceed the non-specific
interaction forces. The particles, as well as any coupled molecule, may then be pulled across
the cell. Such pulling may also affect the cytoskeletal organization in those cases, where
MNPs encapsulated in endosomes would couple to cytoskeletal filaments. The measured
attraction/relaxation kinetics are sufficiently slow to allow for some spatial relocalization.
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Staining of intracellular filaments and their monitoring during manipulation may be of
interest for further studies on cell cytoskeletal mechanics.

In both approaches, we cannot rule out that biodegradation would affect the suc-
cess rate of our magnetic manipulation approach. However, successful manipulation
experiments show that magnetically responding particles and the fluorescence signal are
colocalized during attraction toward the magnetic tip. In addition, in a previous study [21],
one of the authors showed how surface PEGylation on magnetoferritin helps to elude
intracellular xenorecognition and biodegradation. To clarify the intracellular state of MNP
integrity, further assays need to be developed.

The possibility to manipulate MNPs after incubation and uptake by cells is of particu-
lar interest, since MNP incubation affects multiple cells simultaneously and is considered a
multicellular approach. Understanding MNP incubation and uptake is further useful in
magnetic cell sorting studies, as suggested by Massner et al. [45]. In addition, the possibility
to transfer localized forces to the cell is important whenever mechanical forces influence
a cellular process. For example, Tseng et al. showed that the cell orientation during
cell division is susceptible to MNP-mediated force application [56], and Seo et al. [11]
demonstrated how mechanosensitive receptors on the cell surface influence cell expression.
Here, MNP attraction was realized over distances as far as 100 um, applying forces in
the fN regime. An upscaling to larger manipulation distances might be achieved with a
different magnetic manipulation setup, where similar magnetic field gradients (~10* T/m)
at larger distances (~mm) are generated. In this case, an in vivo manipulation can also be
envisaged. In this work, we have provided a proof of principle, under which conditions a
spatial relocalization or a force stimulus can be applied. This may be further used for the
manipulation of intracellular cell organization as well as for the stimulation of single cell
signaling.

4. Conclusions

In this work, we compared two new classes of MNPs: semisynthetic single core mag-
netoferritin (MFt) and multicore synomag MNPs, in view of future magnetic manipulation
studies in single cells. Both particles fulfilled the prerequisite of size monodispersity and
high biocompatibility up to MNP concentrations of 2 mg/mL. Efficient intracellular transfer
of MNPs was realized by simple MNP incubation, which is advantageous for nanomedicine
applications compared to other transfer methods. We attributed higher transfer efficiencies
in MFts compared to synomag to the smaller size and the slightly more negative (-potential.
The difference in magnetic core size further gave rise to varying forces in in vitro experi-
ments, with the larger magnetic moments of synomag developing higher magnetic force
responses than MFts. These MNP characteristics were ultimately tested in two subcellular
manipulation approaches: (1) particle microinjection, where free particle motion in the
cell cytoplasm and reversible particle redistribution via a magnetic tip was realized. In
this first approach, MFts exhibited higher mobility and reversible attraction-relaxation
kinetics compared to synomag NPs. The second manipulation approach was based on (2)
particle incubation and uptake by cells. In this second approach, most NPs accumulated
at cell organelles and exhibited reduced mobility. Magnetic field gradients probed the
NP mechanical force response, which successfully led to synomag attraction across the
cell, whereas MFts remained immobile. Hence, MFts are more suitable for non-invasive
spatial manipulation approaches in cells, whereas synomag are well utilized to mediate
nanoscale forces. The experimental assays described and the values reported for MNPs
provide benchmarks for future magnetic manipulation experiments, whenever a spatial or
mechanical manipulation of a biological process is envisaged.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/nano11092267/s1, Figure S1: SDS-PAGE analysis of purification steps of ferritin shells; Table
S1: Hydrodynamic size, polydispersity index and (-potential for subsequent steps of magnetoferritin
synthesis; Table S2: Hydrodynamic size, polydispersity index and (-potential for synomag nanopar-
ticles with three surface modifications. Figure S2: Qualitative assessment of the colloidal stability for
synomag nanoparticles over time from 1 min up to 1 month.
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Ferritin Purification

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE, 12%) carried out to confirm ferritin
quality after each purification step can be seen in Figure S1. A standard Coomassie blue staining protocol was used.
Theoretical molecular weight (MW) for mEGFP::HCF monomer is 48.7 kDa. This expected band is clearly observed in
all loaded gel pockets indicating the presence of the desired mEGFP::HCF. Bright green color of the solution further
confirms the correct expression of the complex containing mEGFP. Sephacryl 5400 16/60 size exclusion column (SEC)
equilibrated in buffer (20mM HEPES pH 8.0, 100 mM NaCl, pH 8.0) was used for the final purification step.

MW @ () (© (@) ()
(kDa)

&1_
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J—

Figure S1. SDS-PAGE analysis of purification steps of ferritin shells. (a) directly after disrupting E.coli walls, (b) after heat
denaturation at 70°C, (c) after 30% ammonium sulfate precipitation, (d) after 70% ammonium precipitation, (e) final prod-
uct before loading on a size exclusion column (SEC).
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Nanoparticles modification

Table S1. Hydrodynamic size Du, polydispersity index (PdI), and (-potential for subsequent steps of magnetoferritin
synthesis. Concentration c is presented after the filtering step (0.2 um cut-off, PTFE). Stabilizing buffer (20 mM HEPES,
100 mM NaCl, pH 8.0) was used for all listed measurements. Conductivity of the medium was at 11 mS/cm for all samples
while it was 0.1 mS/cm for milliQ water.

Sample Du, nm PdI C-Potential, mV

Non-PEGylated Ferritin
Cages 153+1.0 0.25+0.00 -4.8+0.7
¢=0.5 mg/ml

PEGylated
Ferritin Cages 20.5+3.5 0.21+0.01 -35+0.7
c¢=1.0 mg/ml

PEGylated
Magnetoferritin 39.1+£25 0.11+0.01 -3.7+1.2
c¢=0.7 mg/ml
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Table S2. Hydrodynamic size Du, polydispersity index (PdI), and (-potential for synomag nanoparticles with three dif-
ferent surface modifications. Concentration prior to filtering (0.2 um cut-off, PTFE) was 1.0 mg/ml. Stabilizing buffer PBS
(pH 7.4) was used for all listed measurements. Deviations from the (-potential are ascribed to the unpronounced phase
plot prohibiting improvements of the final result disregarding the sub-runs increase.

Synomag Dx, nm PdI C-Potential, mV
plain 48.1+1.5 0.11+0.01 -3.8+0.6
NH: 419+0.5 0.05+0.01 -12+1.2

NHz2 - PEGz000 39.1+2.0 0.17 +0.03 -2.0+23
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Synomag colloidal stability
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Figure S2. Qualitative assessment of the colloidal stability for synomag nanoparticles over time from 1 min up to 1 month.
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ABSTRACT

Homopolymerization and cluster formation of cellular membrane receptors (MR) is closely related
to their signaling activity. However, underlying mechanisms and effects of clustering are often
hardly understood. This lack of knowledge is due to the lack of suitable tools which enable to

specifically target and activate distinct MRs, without causing side-effects. In this study, we
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designed a fluorescent semisynthetic nanoparticle (NP) based on the iron-storage protein ferritin
and S. aureus Protein A, that is readily equipped with a variety of antibodies with Kp values below
5 nM. Specificity of the NP antigen recognition was evaluated in cell experiments with cells
expressing Transferrin Receptor 1 or the death receptor CD95, both of which displayed rapid
cluster formation upon contact with the NP. Lastly, it was possible to induce apoptosis solely by

induced clustering of CD95 via our engineered NP.

MAIN TEXT

Living cells are constantly facing multitudes of incoming information through all sorts of
extracellular molecules. In order to process these signals effectively, intricate signaling pathways
have developed around membrane receptors (MR) that are specifically recognizing distinct
extracellular molecules, so called ligands.! To this date, more than 1350 MRs were identified in
the human proteome.? Upon ligand recognition, MRs initiate signaling pathways, that can involve
complex, multilayered chemical cascades that ultimately trigger a cellular reaction. Malfunction

of signaling pathways was shown to be closely related to various diseases.>®

Signaling pathways are often initiated by homopolymerization of MRs. In this context, the role of
supramolecular structures and spatial arrangements of receptors involved in signaling has been
highlighted in several studies.”~'? However, the exact mechanisms behind the formation of these
clusters and the subsequent signaling are largely unknown. This might partly be because of the
lack of molecular tools that can trigger distinct MRs specifically, without affecting the cell through
off-target effects.**>* Among the recent approaches to induce MR clustering, photoactivatable
reagents,'>® magnetogenetics,}’~'° and optogenetics,?®?* constitute powerful tools to locally

control the protein activity of cells and to learn about the signal initiation mechanism. However,
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these approaches often require genetic modifications of the proteins of interest and the application

of sophisticated stimuli.

Among all known MRs, the tumor necrosis receptor family (TNF-R) is considered one of the best
known. It is responsible for cell proliferation, survival, immune homeostasis, and the programmed
cell death, apoptosis.**?2 Cluster of differentiation 95 (CD95) is one death receptor of the TNF-R
family, that is able to trigger apoptosis upon binding to its ligand CD95L.?% Prior to initiation of
apoptosis, some CD95 may form small oligomers*? and lipid rafts containing CD95 were shown
to promote receptor clustering. After ligand binding CD95 oligomerizes at least to dimers and
trimers at characteristic distances and initiates the subsequent apoptosis signal.?*2” However, it
was also shown that pre-ligand assembly domains (PLADs) are promoting dimerization and signal
initiation in TNF-Rs in the absence of ligand.?® While excessive apoptosis has been linked to
diseases such as Alzheimer’s and Parkinson’s, insufficient apoptosis can lead to excessive cell
growth and, thus, cancer.?>*° Therefore, tools that are able to specifically trigger and control cell

death, are of high medical interest.

Another membrane receptor that is connected to cancer is Transferrin Receptor-1 (TfR1). TfR1 is
responsible for cellular iron uptake and iron homeostasis in general, by binding and internalizing
the iron transporter Transferrin.3! Furthermore, TfR1 has been found to be overexpressed in cancer

cells, making it a suitable marker for tumor cells.®

Here, we designed a nanoparticle (NP) platform, that is able to site-specifically target membrane-
bound receptors. We focused on receptors that were shown to be overexpressed in cancer cells.
After receptor targeting, our NP is designed to induce receptor clustering and, if applicable, MR

activation.
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One highly promising approach for efficient targeting is the ferritin family, an ubiquitous class of
iron-storage proteins. Present in nearly all forms of life, ferritins feature a spherical, hollow protein
cage that is highly conserved and serves as storage for iron ions.®3 For scientific application, the
most commonly used member is human ferritin, with a diameter of 12 nm, while its inner cavity
is 8 nm in size.* Here, the protein cage consists of 24 subunits of an arbitrary combination of
either L chain ferritin (LCF) or H chain ferritin (HCF),*®3" named after the locations where the
subunits were first isolated from: liver and heart.®® Coincidentally, LCF (19 kDa) is also slightly
lighter than HCF (21 kDa), thus the two subunits are often referred to as light and heavy chain.
The main difference between the two subunits is HCF’s ferroxidase domain, that oxidizes toxic

ferrous iron to insoluble, harmless ferric iron.%®

There are several advantages of applying ferritin as a platform for MR targeting. As a protein, it
can fairly easily be modified through genetic engineering. To this end, its 24-mer cage can be
equipped with different tags, in order to create a multi-functional nanoparticle (NP). Due to
ferritins human origin, it has low immunogenicity and is, in contrast to many synthetic NPs,
biodegradable. Plus, ferritin was shown to be a natural ligand to TfR1.° More specifically, the

coupling is mediated by HCF.*! Upon binding, TfR1 initiates endocytosis of both itself and ferritin.
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Figure 1. (A) Schematic display of the generation of ferritin nanoagents. Two constructs were genetically engineered: His6-
mMEGFP-HCF and protA-HCF (see Figure S3 and S4). Plasmid DNA was expressed in E. coli and subsequently purified to obtain
both forms, GFP-Ft and the hybrid protA-Ft. (B) Structure of an 1gG antibody. (C) Basic principle of protA-Ft activation via
antibody coupling. Activated protA-Ft is able to specifically couple to the antibody’s target.

In this study, we focused on the development of an NP platform for specific targeting. One feasible
approach is to use antibodies as targeting mediators (see Figure 1). Immunglobulin G (I1gG) is the
most common antibody (Ab) and consists of two light and two heavy chains that combine to form
the characteristic Y-shape with a molecular mass of ~ 150 kDa (see Figure 1B).*?#® The specific
binding site is formed between a heavy and a light chain at the outer edge of the protein, the so-
called fragment antigen-binding (Fab) region. The constant region consists of two heavy chains
that form the fragment crystallizable (Fc) region, that serves as a backbone to stabilize the

structure.** In order to allow the antibody to retain its antigen-binding capabilities after coupling
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to an NP, it is crucial to connect the two via the Fc region. This leaves the target binding sites free
of steric hindrance and, hence, functional. One way to establish such an oriented connection is
through Protein A (SpA) from the bacterium Staphylococcus aureus.”® This 42 kDa protein
consists, among others, of five domains of about 58 amino acids each that form one antibody
binding domain.*® One of these domains, the B-domain, was isolated and modified to give rise to
the Z-domain (from here on named protA) that is capable of binding antibodies on its own with a
Ko value of 20 nM.#"8 Genetically fusing this domain to ferritin allows direct coupling of IgG to
the protein’s surface via incubation (see Figure 1C). This flexible approach enables a quick and
straightforward creation of highly specific NPs, with the only constraint being the need for a

compatible antibody.*°

In addition, guiding NPs to their target is as important as detecting and observing them. To this
end, we chose to attach a fluorescent probe in the form of monomeric enhanced green fluorescent
protein (MEGFP) to our NPs.*%5! Using genetic engineering, two ferritin-based constructs were
created: (1) mEGFP coupled to HCF (see Figure S3),°2 and (2) protA coupled to HCF (see
Figure S4). Through the nature of ferritin’s self-assembling properties, we produced both a control
cage consisting only of mEGFP-HCF (hereafter GFP-Ft) and a hybrid cage combining both
constructs, resulting in a mEGFP-protA-ferritin cage (hereafter protA-Ft, see also Figure 1A). This
hybrid form is easily trackable via its fluorescent subunits and can also be easily equipped with a

matching antibody to direct it to any specific target on — or even in — a cell (see Figure 1C)
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Figure 2. Characterization of ferritin NPs. (A) and (B) show TEM images of GFP-Ft and protA-Ft with an inlet showing an
enlarged single cage. (C) SDS-PAGE of both constructs. The first lane shows a protein standard ladder with components of known
size (shown in kDa). Background of the image was subtracted using a sliding paraboloid with a radius of 50 pixels. (D) Size
distribution of NPs from TEM images. (E) DLS data showing the number distribution of the size of both NP constructs.

The two ferritin constructs were expressed in the E. coli strain BL21-CodonPlus (DE3)-RIPL and

purified using IMAC. In order to analyze the particles’ physical properties, they were analyzed
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using transmission electron microscopy (TEM), dynamic light scattering (DLS) and sodium
dodecylsulphate polyacrylamide-gel electrophoresis (SDS-PAGE) (see Figure 2 and Table 1).
Most notably, all three methods demonstrated the high purity and monodispersity of the ferritin
samples. Molecular weights of the monomers matched our expectations. TEM and DLS data
revealed cage structures consistent with previously reported (recombinant) ferritins.>%* The
observed size difference between TEM and DLS is explained by the experimental setup: while
TEM captures the dry protein shell, DLS measures particle properties in solution, hence also
including the particle’s hydration shell. Consequently, this leads to a larger detected particle size,
namely the hydrodynamic diameter Dn. Furthermore, all data suggests that no significant changes
in both cage size as well as cage morphology were introduced by the shift from homo- to
heteropolymeric ferritin. The successful creation of heteropolymeric ferritin is evident from the

two bands that appeared in SDS-PAGE, representing GFP-HCF and protA-HCF (see Figure 2C).

Table 1. Composition and properties of ferritin constructs used in this study. Since the exact composition of protA-Ft is unkown,
the molecular weight can only be estimated. (MW: molecular weight, Drem: diameter obtained from TEM imaging, Dw:
hydrodynamic diameter and Pdl: Polydispersity index, both from DLS)

Name Monomer MW (kDa) Dtem (nm) | Du (nm) Pdli

Monomer | Cage

GFP-Ft | His6-mEGFP-HCF 49.8 11947 | 146+27 | 16.1+0.2 | 0.13+£0.01

His6-mEGFP-HCF 49.8
protA-Ft ~900 144+£12 | 154+11 | 0.11+£0.04
protA-HCF 28.5

The two ferritin constructs were further characterized by spectroscopically measuring the degree
of labeling (DoL.), a measure for the number of fluorescent species coupled to a NP. The DoL of

ferritin and mEGFP can be calculated using Beer-Lambert’s law®®
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_ €488,GFP Aygs

Dol )
€280t (A280 — Aagg * CFgrp)

with the absorbance A, the molar extinction coefficient &, both at the specified wavelength and the

correction factor CFerp that is given by

CFono — Azg0,Grp
GFP = 7

A4-88,GFP

The DoL for GFP-Ft was measured to be 11.2 + 0.5 GFP/Ft (see Figure S1). While these values
strongly deviate from theoretically possible values of up to 24 GFP/Ft, they give an insight into
the surface functionalization of our ferritin constructs. It seems, that despite consisting of 24 GFP-
labeled HCF subunits, only about 50% of the GFP subunits are indeed actively fluorescent.
Explanations for the decreased activity states include (1) steric hindrance on ferritin’s limited
surface area, that disturbs GFP structure and hence hampers its activity, (2) post-translational
cleavage between the two fused subunits HCF and GFP, (3) HOMO-FRET events that influence
absolute absorbance values or (4) intrinsic folding and activity deficits when expressing GFP
homologues in E. coli.®® Nonetheless, a distinct difference was detectable between GFP-Ft and
protA-Ft with a DoL of 3.0 + 0.0 GFP/Ft (see Figure S1). This difference can be seen as an
indication that the composition of the heteropolymeric protA-Ft is roughly 1 to 3 (GFP-HCF to
protA-HCF). This estimation is supported by SDS-PAGE that shows a ratio of GFP-HCF to protA-
HCF of roughly 1 to 2. It seems therefore, that the hybrid protA-Ft cage consists to a notable excess

of protA-HCF, giving rise to more than twelve antibody-binding sites.

After the initial characterization, we assessed whether the natural binding capabilities of ferritin
towards TfR1 are constrained. In order to precisely monitor coupling and changes of cells coming

in contact with protA-Ft, we used a microshower system to incubate single cells with protA-Ft
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(see Figure 3A). A solution of protA-Ft was loaded into a microcapillary and then placed several
pum above the cell of choice while maintaining a constant outflow. This created a stable cloud of

ferritin NPs around the cell, similar to localized, cell-specific incubation in NP-loaded media.

A Microshower Binding C e
- s -
R
3 1
| T | L
0 A
Cytosol Tle ==
noTR1 | TfR1
TfR1  protA-Ft D
E after shower
5
o
_‘?0.5
<
E before shower
"o 05 1

Pixel Intensity TfR1

Figure 3. Targeting of TfR1 using protA-Ft. (A) Schematic experimental setup. Cos7 cells were showered with a microcapillary
filled with protA-Ft for 15 min. Binding to cells occurs on cells that are overexpressing TfR1. (B) Microscopy data of exemplary
cell before and after protA-Ft microshower. Shown are phase contrast image, red channel (TfR1 — pHuji, contrast enhancement of
1 %), and green channel (ferritin, mMEGFP). (C) Intensity increase Al in protA-Ft’s fluorescence channel after microshower for
15 min in wild type cells (‘no TfR1’) and cells overexpressing TfR1 (‘TfR1’). A one-way ANOVA was performed to test for

differences between groups (*** = p < 0.001). (D) Scatter plot of pixel values from TfR1 channel vs. protA-Ft channel, both
normalized.

In contrast to wild type cells, protA-Ft clearly bound to the membrane of TfR1-overexpressing
cells after a microshower of 15 min (see Figure 3B). Fluorescence intensity in ferritin’s green
channel significantly increased by a mean of 46 + 16 % when showering cells with TfR1, while
intensities in wild type cells hardly changed by 2 =+ 5 % (Figure 3C). Note that due to the nature of

epifluorescent microscopy, intensity values include out-of-focus. Hence, pixel values represent —

98




II1.2. Publication II — Preprint

to some extent — Z-scans across the cell and are therefore brighter towards its thicker center, where

the nucleus and endoplasmic reticulum (ER) are located.

Direct comparison of pixel values of the red (pHuji on TfR1) and green (MEGFP on protA-Ft)
channels showed that after the microshower, a linear dependency of the two emerged, while a
priori, those two variables were basically independent (see Figure 3D). We have deliberately not
applied Pearson’s Correlation to our microscopic data to avoid misinterpretation due to
background signal and cellular autofluorescence in the green channel, but this pixel-wise
comparison nonetheless demonstrates high colocalization of TfR1 and protA-Ft. Therefore, we
can conclude that despite our implemented modifications, the natural binding capabilities between
TfR1 and ferritin are still present. On the other hand, we saw that further modification to the ferritin
cage, namely the passivation using polyethylene glycol (PEG), disturb binding to TfR1 and
suppresses the correlated intensity increase (data not shown). It is therefore advisable to find an

ideal state of modification to not hamper ferritins binding behavior.

After the initial characterizations and testing, we proceeded towards the application of protA-Ft as
a targeting hybrid NP. To activate protA-Fts targeting capabilities, antibodies are conjugated to
the protA domains on the NPs surface. For characterization of this coupling, a fluorescence-linked
immunosorbent assay (FLISA) was performed.®” Here, target antibody was immobilized on the
wells of a 96-well plate, followed by incubation with protA-Ft. After washing off any excess
protein, the fluorescence of protA-Ft remaining inside each well could be measured to evaluate the
binding capabilities between protA-Ft and the target antibody. In order to demonstrate the
versatility of our hybrid ferritin construct, we characterized the binding of various control
antibodies: human IgG1, murine IlgG2a and a fluorescently labeled IgG1-APC antibody. As shown

in Figure S2, protA-Ft bound to all examined antibodies with Kp values in the range from 1.6 to
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3.7 nM. This even undercuts previously reported Kp values for the minimalized protA from
S. aureus by almost one magnitude.*® This decrease can be explained by the avidity effect: protA
binds to the antibody’s heavy chain in its Fc region. Since antibodies in general consist of two
heavy chains (see also Figure 1), there are two potential binding sites for protA.>® Our hybrid
protA-Ft cage is equipped with multiple protA subunits. Thus, the antibody is not only bound to
one binding site but chelated by two subunits. This in turn entropically strengthens the bond
between ferritin and antibody. We observed bonding between protA-Ft and each of the tested
antibodies, regardless of species or antibody labels. In contrast, no binding was observed when
testing GFP-Ft under the same conditions (data not shown). We can therefore safely assume that
the hybrid protA-Ft can be equipped with any IgG as long as the antibody has sufficient affinity

towards SpA.*°
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Figure 4. Targeting of CD95 using protA-Ft in combination with aCD95 antibody. (4) Schematic experimental setup. Cos7 cells
were incubated with aCD95 for 15 min and subsequently showered with a microcapillary filled with protA-Ft for 15 min. Binding
to cells occurs on cells that are overexpressing CD95 and only in the presence of the antibody. (B) Microscopy data of exemplary
antibody-treated cell before and after protA-Ft microshower. Shown are phase contrast image, red channel (CD95 — mCherry, far-
red channel (aCD95 — APC), and green channel (Ferritin — mEGFP). (C) Intensity increase in protA-Ft’s fluorescence channel
after microshower for 15 min in wild type cells (no CD95) and TfR1-overexpressing cells (CD95) with and without previous
antibody-treatment (Ab, no Ab). A one-way ANOVA was performed to test for differences between groups (*** = p < 0.001). (D)

Scatter plot of pixel values from CD95 channel vs. protA-Ft channel.
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We demonstrated the performance of the activated hybrid protA-Ft by targeting the extracellular
domain of the death receptor CD95. Here, protA-Ft’s binding capabilities only come in to play in
the presence of an aCD95 antibody (see Figure 4A). Thus, prior to the microshower with protA-
Ft, cells were incubated with respective antibody for 15 min. Afterwards, a microshower as
described previously (Figure 3A) was applied for 15 min. While no binding was observed in cells
not treated with antibody, a slight increase occurred when showering antibody-treated wild type
cells with protA-Ft. This minimal increase might be caused by the intrinsic presence of natural

CD95 receptor on the cell’s membrane.

However, treatment of CD95-overexpressing cells with antibody followed by protA-Ft led to a
significantly larger rise of signal by 46 + 12 % (see Figure 4B and C). Hence, it becomes apparent,
that protA-Ft binding to CD95 is indeed enabled by the antibody. This is also confirmed by
comparing pixel values of protA-Ft and CD95 (Figure 4D). As seen for the binding of protA-Ft to
TfR1, the two intensities are linearly dependent and thus strongly co-localized. As for TfR1
experiments, no binding was observed with PEGylated protA-Ft, regardless of presence or absence

of antibody (data not shown).
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Figure 5. Exemplary Cos7 cells over-expressing (A) TfR1 (red), and (B) overexpressing CD95 (red) and treated with «CD95
antibody. Images were taken before or at denoted timepoints after a 15 min microshower with protA-Ft (green). Solid arrows are
pointing to formed clusters. Dotted arrows indicate movement of protA-Ft and the respective receptor towards the cell nucleus. All
scale bars are 10 um. (C) CTB Viability assay of HeLa cells overexpressing CD95 (‘CD95”) or with CD95 being knocked out (‘no
CD95’). Cells were incubated overnight with or without «CD95 antibody and with or without protA-Ft or GFP-Ft. CD95L served
as negative control, that triggers apoptosis upon contact with CD95. A one-way ANOVA was performed to test for differences
between groups (ns = not significant, *** = p < 0.001).

The key points of this work are the specific targeting of MRs and, if applicable, the subsequent
activation, namely of CD95, by incubation with protA-Ft. It was shown in Figure 3 and Figure 4
that protA-Ft is able to specifically target both its natural receptors, demonstrated by the exemplary
receptor TfR1, as well as other MRs through antibody-mediated binding. Figure 5 shows two
examples for cells over-expressing TfR1 or CD95 respectively, before and at certain timepoints

after microshower with protA-Ft. In TfR1 cells, the presence of protA-Ft leads to rapid formation
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of clusters of TfR1, illustrated by the transition of homogenous fluorescence signal to a granular
image directly after the shower. Within 2 h, these clusters grow and steadily move towards the

cell’s nucleus.

A similar behavior was observed on CD95 cells: immediately after protA-Ft initiation, clusters
appeared in both the CD95 and protA-Ft channels. Rapidly after the microshower, a ring of CD95
and protA-Ft formed in the periphery of the cell that moved towards the nucleus within 1 h. Due
to the highly synchronized and directed movement, it seems that endocytotic vesicles containing

both protA-Ft as well as CD95 are being transported towards the center of the cell.

Probing of CD95 activation via protA-Ft incubation was performed using a cell viability assay. To
this end, two cell lines were used — a knockout cell line without CD95 and a cell line stably
overexpressing CD95. Both cell lines were incubated with different combinations of CD95-
specific Ab, protA-Ft, GFP-Ft or no Ft. As a positive control, CD95L which induces apoptosis in
the presence of CD95, was added to the cells. As shown in Figure 5B only the combination of
CD95, protA-Ft and the CD95-specific Ab was able to induce apoptosis. Cell survival rates under
these conditions dropped to 35 * 13 %, while all other conditions remained at survival rates within
the margin of error of the negative control. In the positive control with CD95L in the presence of
CD95, 1.4 +0.5 % of all cells survived. This demonstrates, that only through the clustering of

CD95 using our engineered protA-Ft, apoptosis can be initiated.

In this comprehensive study we assessed the potential of ferritin as a targetable NP. Due to its
protein nature, stability and biocompatibility, ferritin serves as an excellent targeting system. By

creating hybrid ferritin cages, multifunctionality can be readily introduced to the NP without the
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need for downstream chemical modifications. We demonstrated this by fusing mEGFP- and protA-
labeled subunits that combined the capabilities of both modifications into one cage. The
implementation of protA, a minimal binding model of the antibody-binding SpA, gave rise to a
targeting system that can be easily adapted to experimental needs by simple means of incubation
with antibodies. We demonstrated its targeting capabilities by targeting our hybrid protA-Ft to
both TfR1 overexpressing cells via natural binding of ferritin and to CD95 via antibody-mediated
binding, two receptors that are connected to cancer. Through both targeting routes, protA-Ft
induced cluster formation of the targeted receptor. The intensive accumulation of CD95 through

protA-Ft was enough to exceed cellular thresholds and ultimately induce apoptosis.

Conclusively, our manufactured hybrid protein cages are an easily operatable, highly flexible
nanosystem for site-specific cellular targeting. Combination of this system with methods for
loading small molecules into ferritin, such as anti-cancer drugs,**-* could create a potent carrier
for targeted drug delivery.5? Our cellular studies gave indications, that protA-Ft was internalized
by the targeted cells, a useful property for drug delivery.®® Furthermore, by implementation of a
magnetic core into the hybrid ferritin cage, a versatile tool for spatial manipulation and
accumulation of MRs in living cells can be created.?”**-5464 Such a tool would have the potential
to explore previously unknown mechanisms underlying the signaling pathways of membrane

receptors.
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HCF subunits fused to mEGFP; protA-HCF — protA subunit fused to HCF; TEM — Transmission
Electron Microscopy; DLS — Dynamic Light Scattering; SDS-PAGE - Sodiumdodecly Sulphate-
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MATERIALS AND METHODS

Bacterial transformation and genetic engineering

As described in the main text, one ferritin cage consists of 24 subunits. For this study, cages
only comprised of modified heavy chain ferritin (HCF; PDB code: 2FHA) subunits. Through
genetic engineering two constructs were prepared: HCF with an N-terminal mEGFP (as a
generous gift from the Coppey/Haji laboratory at the Laboratoire Physico-Chimie, Institut
Curie, Paris, France and the Piehler laboratory at the University of Osnabriick, Germany),
denoted GFP-HCF (see Figure S3) and HCF with an N-terminal protA (see Figure S4), a
minimal binding domain of Protein A from S. aureus,® denoted protA-HCF. Additionally,
GFP-HCF was equipped with a His-tag at its N terminus. cDNA of GFP-HCF was inserted into
the vector pET21a (reporter gene: ampR), protA-HCF was inserted into pET24a (reporter gene:
kanR).

Homopolymeric Ferritin

In order to produce Ferritin cages consisting of only one subunit, E. coli from the strain BL21-
CodonPlus (DE3)-RIPL (Agilent, Santa Clara, CA, USA), were transformed with one of the
two HCF constructs as described previously.*

Heteropolymeric Ferritin

A two-step bacterial transformation was performed to create a hybrid ferritin cage consisting of
both GFP-HCF and protA-HCF. In the first step, bacteria were transformed as previously
established.* After transformation, bacteria were plated on LB-agar plates containing the
respective antibiotic and incubated at 37 °C overnight. The next day, a single colony was picked
and transferred into 5 ml of LB containing 1 g/l of glucose for an overnight culture. Afterwards,
500 ul of the overnight culture were used to inoculate 50 ml of LB medium without antibiotics.
The culture was grown up to an ODsoo of 0.4 to 0.5. Bacteria were then transferred into a
centrifuge tube, chilled on ice for 15 min, and then centrifuged at 4 °C and 4,000 g for 10 min.
The cell pellet was resuspended in ice-cold resuspension buffer (100 mM CacCl.). After another
15 min on ice, bacteria were again centrifuged at 4 °C and 4,000 g for 10 min and collected in
2 ml of competence buffer (100 mM CaCly, 15 % v/v glycerol). As referenced earlier, the
subsequent transformation was performed with 50 pl of these competent bacteria.* With this
method, bacteria were first transformed with GFP-HCF and then, after rendering the
transformed bacteria competent, with protA-HCF, to express both subunits simultaneously and
produce hybrid ferritin cages.

Protein expression and purification

Production of protein and the subsequent purification were performed as referenced earlier.*
Owing to the incorporated His-tag in both ferritin constructs, after heat denaturation of
unwanted proteins and the subsequent centrifugation, the protein solution was purified using
immobilized metal affinity chromatography (IMAC) in an NGC system (Bio-Rad, Hercules,
CA, USA). The system - together with a Ni?* activated HisTrap HP column (Cytiva,
Marlborough, MA, USA) — was flushed with binding buffer BB (20 mM HEPES, 100 mM
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NaCl, 20 mM imidazole, pH 8.0, filtered through 0.2 um mesh, degassed) and elution buffer
EB (20 mM HEPES, 100 mM NaCl, 300 mM imidazole, pH 8.0, filtered through 0.2 um mesh,
degassed) followed by another flush with BB. In preparation for IMAC, 20 mM imidazole was
added to the sample solution. The sample was then loaded onto the column and washed with
BB, to remove unspecifically bound protein. The target protein was eluted by applying an
elution gradient from 0 to 100 % of EB over 10 column volumes (CV). Eluate was collected
with a fraction size of 3 ml. Fractions containing the target protein were combined,
reconcentrated, washed with HEPES buffer (20 mM HEPES, 100 mM NacCl, pH 8.0, filtered
through 0.2 um mesh, degassed), and aliquoted for further needs.

Transmission electron microscopy (TEM)

For TEM analysis, samples were diluted to 0.05 mg/ml and a droplet of 7 ul was placed on a
Ni grid with Formvar coating (S162N, PLANO GmbH, Wetzlar, Germany). Proteins were left
to sediment for 1 min and then removed from the grid using filter paper. The grid was then
dipped for 3 s into a droplet of uranyl acetate solution (2 %), dried with filter paper and placed
on top of a second drop of uranyl acetate. After 30 s, the grid was removed from the drop, dried
using filter paper, and left to dry for 15 min.

Samples were imaged using a Jeol JEM-2100Plus (Akishima, Tokyo, Japan) at an acceleration
voltage of 80 kV. Images were analyzed using Gatan Micrograph Suite (Gatan Inc., Pleasanton,
CA, USA) and Matlab 2023a (Mathworks, Natick, MA, USA).

Fluorescence linked immunosorbent assay (FLISA)

The binding behavior between the ferritin constructs and target antibodies was assessed using
FLISA. For this, 50 pl of antibody solution (1 pg/ml) were added into the wells of a 96-well
plate (half area, black, medium binding, REF 675076, Greiner Bio-One, Kremsmudinster,
Austria) and incubated for 1 h at room temperature. The analyzed antibodies were a human
IgG1 control antibody (REA Control Antibody, human IgG1, pure, 130-129-977, Miltenyi
Biotec, Bergisch Gladbach, Germany), a murine 1gG2a (Art. No. 130-106-546, Miltenyi
Biotec), and an APC-labeled human IgG1 (Art. No. 130-113-446, Miltenyi Biotec). Wells were
then filled to their maximum by adding 130 pl of blocking buffer (20 MM HEPES, 100 mM
NaCl, pH 8.0, 2 % (w/v) BSA) and incubated overnight at 4 °C. The next day, serial dilutions
of ferritin samples were prepared freshly. Afterwards, wells were emptied and washed three
times with 180 ul of HEPES-T (20 mM HEPES, 100 mM NaCl, pH 8.0, 0.05% (v/v)
Tween20). After the last washing step, it is highly important to remove all traces of liquid from
each well. Then, 50 pl of the ferritin constructs’ dilution series were added to each
corresponding well and incubated at room temperature for 1 h in the dark. Wells were then
washed again three times and afterwards filled with 50 ul of HEPES buffer (20 mM HEPES,
100 mM NacCl, pH 8.0).

The FLISA was analyzed using a Tecan Infinite M Plex (Tecan Group, Ménnedorf,
Switzerland) in fluorescence mode (Excitation: 488 nm | Emission: 540 nm). The obtained data
was analyzed using Matlab. Normalized data was fitted using four-parameter logistic
regression:
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A-D

x\B "’
1+(3)
with the plateau at infinite concentration A, the asymptote at zero concentration D, the slope
parameter B and the point of inflection — or Kp value — C. The fit was forced to stay within the

Interval of 0 to 1, since the data sets were background subtracted and normalized to the positive
control (ferritin incubated directly in the well).

I(x) =D+

Dynamic light scattering (DLS)

DLS measurements were performed using a Zetasizer Nano ZS (Malvern Panalytical Ltd,
Malvern, UK). Prior to measurement, all samples were centrifuged at 10,000 g for 10 min and
only the supernatant was analyzed. 20 pl of sample solution at a concentration between 0.1 and
1.0 mg/ml was placed into a Ultra-Micro-cuvette, placed in the Zetasizer, and left to equilibrate
to 25°C for 3 min. The sample was analyzed in five measurement cycles, each containing 15
runs of 10 s. The delay between each measurement cycle was 1 min. The measurement angle
was set to 173° backscatter. The obtained data was analyzed according to the number
distribution in order to realistically weight the measured nanoparticles.

Spectroscopy and degree of labeling

In order to determine the concentration and degree of labeling (DoL; number of fluorophores
per nanoparticle) of our ferritin constructs, spectroscopical analyses were conducted. In this
work, it was determined spectroscopically using a NanoPhotometer NP80 (Implen, Munich,
Germany). The absorbance of samples was measured in the range of 200 to 900 nm and the
mean of 550 to 900 nm was subtracted from each curve as background. As described in the
main text, Lambert-Beer’s law was used for the analysis:

Dol = €488,GFP Aygs
- y
&280,rt (A2g0 — Aagg " CFgrp)

with the following parameters: g, crp = 56,000 M-1cm-1, 550 rr = 462,860 M-1cm-1, A,z
and A,gg as measured absorbances of the sample at wavelength 280 and 488 nm respectively,
and the correction factor CF;rp as the ratio of A,g, over A,gg. This correction factor was
determined from a separately, pure sample of mMEGFP to be 0.54.

SDS-PAGE

Protein samples were mixed in a 1:1 ratio with 2x Laemmli buffer (Cat. No. 42526.01, Serva,
Heidelberg, Germany) denatured for 5 min at 100 °C and centrifuged for 15 min at 4 °C and
15,000 g. The supernatant was loaded onto a self-cast 11% SDS gel and run at 100 V for 90 to
120 min. Afterwards, the gel was washed with water several times and then stained using
Coomassie blue stain (SimplyBlue™ SafeStain, Thermo Fisher Scientific, Waltham, MA,
USA) for 1 h on a horizontal shaker. After staining, the gel was washed with water and
destained for 1 h in water, also shaking. Gels were then imaged using a GelDoc Go Imaging
System (Bio-Rad).
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The images were processed in Fiji.> After background subtraction (rolling ball radius: 50 px,
sliding paraboloid) Fiji’s gel analysis tool was used to plot band intensities. The area under the
peaks was used for estimations of protein contents.

Cell culture and transient transfection

Adherent Cos7 cells, HeLa CD95-Knockout cells, and HelLa overexpressing CD95 were
cultivated at 37 °Cina5 % CO; atmosphere. Cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10 v% fetal calve serum (FCS) and 1 v% PenStrep (all
from Thermo Fisher Scientific). Cos7 cells were seeded onto imaging dishes 24 h before
transfection. Transfection of Cos7 was carried out the day before imaging using the transfection
agent ViaFect (Promega, Madison, Wisconsin, USA) according to the manufacturer’s protocol.
During imaging, cells were kept in Leibovitz's L-15 Medium (L-15) without phenol red. HeLa
cells for CTB assay were seeded in a 96-well plate 24 h before the experiment.

Microscopy and microshower

Images were taken with an inverted epifluorescence microscope (1X83 by Olympus, Shinjuku,
Tokyo, Japan) in combination with a 60x oil objective (N.A.=1.25 PH3, Olympus
UPLFLN60XOIPH/1,25, Olympus). Microshower of protA-Ft was performed using a
microinjection setup, consisting of a micromanipulator (InjectMan 4, Eppendorf, Hamburg,
Germany), a pump system (FemtoJet4i, Eppendorf), and matching microcapillaries
(Femtotip Il, inner diameter of 500 nm, Eppendorf). The loaded ferritin solution was at a
concentration of 1 mg/ml and centrifuged for 10 min at 10,000 g to remove any agglomerates
before loading into the capillary. The pump system’s compensation pressure was adjusted to
sustain a constant flow out of the microcapillary during the microshower. For CD95
experiments, cells were incubated for 15 min with CD95-specific antibody (Art. No. 130-108-
066, Miltenyi Biotec) at a dilution of 1:50 in L-15 medium. Then, cells were washed with
Dulbecco’s Phosphate Buffered Saline PBS (DPBS, Thermo Fisher Scientific) and imaged in
L-15 medium.

CellTiter-blue® viability assay

Apoptosis evaluation was performed using CellTiter®-blue (CTB) assay (Promega, Fitchburg,
WI, USA) according to the manufacturer’s manual and as described previously.® In short, HeLa
CD95-Knockout and HelLa stably overexpressing CD95 were seeded into 96-well plates, with
25,000 cells per well, the day before. Cells were washed with DPBS, once and incubated in
DMEM and the respective mixture of CD95-specific antibody (Miltenyi), protA-Ft, GFP-Ft,
and CD95 ligand (CD95L), all at concentration of 1 pg/ml in DMEM. After 16 h, cells were
washed once and incubated for 3 hiin a 1:10 mix of DMEM and CTB solution. Well plates were
analyzed using Infinite M Plex plate reader (Tecan, Ménnedorf, Switzerland) with 560 nm
excitation and 590 nm emission over 25 flashes and 5 repetitions. Three biological replicates
were analyzed. Data was background subtracted (control well with all cells killed using 0.1%
of Triton X-100 (PanReac AppliChem, Darmstadt, Germany) for 30 min, as 0 % cell viability)
and normalized to the positive control (cells only incubated with DMEM, as 100 % cell
viability).
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SUPPLEMENTARY FIGURES
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Figure S1— Absorption spectra of pure GFP-Ft and protA-Ft for determination of the degree of labeling (DolL). Pure mEGFP was
measured as a reference for the calculation of the correction factor of mEGFP. All spectra are normalized to the absorbance
at 280 nm.
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A

Figure S2 — Results of FLISA with three different antibodies and incubation with protA-Ft in different concentrations. The Kp
was obtained by fitting a 4PL curve (see Materials and Methods) to the data. Data were obtained as three technical replicates.
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Figure S3 — Sequence of His6e—mEGFP-Linker—-HCF
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Figure S4 — Sequence of protA-Linker-HCF
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Abstract

Alternating magnetic fields (AMFs) in the ~100 kHz frequency regime cause magnetic
nanoparticles (MNPs) to dissipate heat to their nanoscale environment. This mechanism is
beneficial for a variety of applications in biomedicine and nanotechnology, such as localized
heating of cancer tissue, actuation of drug release, or inducing conformational changes of
molecules. However, engineering electromagnetic resonant circuits which generate fields to
efficiently heat MNPs over long time scales, remains a challenge. In addition, many applications
require fast heating/cooling cycles over AT = 5 °C-10 °C to switch the sample between
different states. Here, we present a home-built magnetothermal actuation setup maximized in its
efficiency to deliver stable AMFs as well as to enable fast heating/cooling cycles of MNP
samples. The setup satisfies various demands, such as an elaborate cooling system to control
heating of the circuit components as well as of the sample due to inductive losses. Fast cycles of
remote sample heating/cooling (up to 15 °C min~!) as well as long-term induction heating
were monitored via contact-free thermal image recording at sub-mm resolution. Next to
characterizing the improved hyperthermia setup, we demonstrate its applicability to heat
different types of MNPs: ‘nanoflower’-shaped multicore iron oxide nanoparticles, core shell
magnetite MNPs, as well as magnetosomes from magnetotactic bacteria (Magnetospirillum
gryphiswaldense). MNPs are directly compared in their structure, surface charge, magnetic
properties as well as heating response. Our work provides practical guidelines for AMF
engineering and the monitoring of MNP heating for biomedical or nano-/biotechnological
applications.
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1. Introduction

Magnetic nanoparticles (MNPs) have been utilized in a vari-
ety of approaches to control material properties or biological
functions in a defined manner [1-6]. Of particular interest is
their remote, inductive heating by the application of alternat-
ing magnetic fields (AMFs). Thus, a contact-free generation
of nanoscale hotspots with high temperature control is real-
ized. Hitherto, this approach has been employed across a range
of biomaterial applications including cancer hyperthermia
[7-10], spatially controlled drug release [11-15], the con-
trol of cell functions [16—18], as well as the creation of heat
responsive material [17, 19, 20]. However, the MNP heating
response highly depends on the AMF generating setup and a
thorough description of it exists only in few cases [21-23].
Moreover, to maximize the heating performance and range
of applications, further optimization with regard to its imple-
mentation is needed [24]. For example, (i) to expand AMF
applications to heterogeneous MNP distributions and to mon-
itor their local effect requires recording of spatially resolved
temperature data. (ii) For nanotechnological or cell biological
applications, the generation of higher and stable magnetic
field amplitudes (=40 mT) over long time scales is important.
Here, small MNPs (<50 nm) need to be used, which natur-
ally exhibit a lower magnetic response. (iii) Precise temperat-
ure variations, e.g. in the form of oscillations, are very useful
to change the state of heat-sensitive matter. E.g. biomolecules
can be switched between their active and inactive state and
biological membranes can change from a phase separated to
a homogenously mixed state. Towards realizing these applic-
ations in addition to characterizing the classical homogeneous
MNP samples, this work presents solutions to advance the
hyperthermia setup.

The generation of heat at the MNP site requires sufficient
magnetization of the MNP by magnetic field amplitudes of
typically H ~ 10kA m~! [16, 18]. The magnetic moment then
couples to the AMF and follows the orientation of the external
field (in phase or with a certain phase lag), the latter exhibiting
frequencies of typically 100 kHz—1 MHz. The relative orient-
ation of the magnetic moment and the external field give rise
to an effective hysteresis loop [25], whose area is proportional
to the heat produced by the MNPs. The dissipated power Py
in form of heat is calculated according to

Py o<fy§H(f) aB, )

where f'is the AMF frequency, H the external magnetic field
amplitude and B the magnetic flux density generated by the
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MNP. In case of superparamagnetic particles, which lack an
apparent hysteresis loop and hence resemble ‘paramagnetic’
particles within a certain temperature range, the generated heat
can be calculated from the linear-response theory [26]

P = porfx " (H()’, @
where x ’’ is the imaginary part of the AC magnetic suscept-
ibility, a measure of how much the material becomes magnet-
ized, and Py, f, H as before. Of note, x (f) "isa particle inher-
ent property and H (f) is defined by the hyperthermia setup,
with both depending on the AMF frequency. The lack of an
apparent hysteresis loop for superparamagnetic particles is a
result of the fact, that the magnetic moment is not blocked but
can oscillate due to thermal fluctuations. Here, after an ini-
tial magnetization pulse, a relaxation of the orientation of the
magnetic moment is observed. Two different processes con-
tribute to this relaxation mechanisms, the Néel and Brownian
relaxation. Néel relaxation describes the reorientation of the
magnetic moment relative to the particle due to thermal fluctu-
ations, whereas Brownian relaxation occurs due to interactions
of the particle with the surrounding medium (figure 1(a)). The
in our case faster Néel relaxation then dominates the effect-
ive relaxation time of the particle’s magnetic moment. The
effective relaxation time is directly reflected in the alternat-
ing current magnetic susceptibility (AC-susceptibility), x, and
its imaginary part x '’ has to be maximized, to maximize Py.
Overall, the strong dependence of Py on f, H(f) and x (f)"’
suggests a critical examination and adjustment of the AMF
setup and MNP properties for optimal performance.

To design an efficient hyperthermia setup, one needs to
overcome severe constraints, primarily arising from the sub-
stantial power dissipated as Joule heating. The resistive losses
in the material not only impede the long-time stability of the
AMF setup, but also cause substantial side effects, such as
immediate heating of the sample and the surrounding. Also,
additional input power may be required to reach target mag-
netic flux densities.

So far, different magnetic hyperthermia setups were con-
structed, generating magnetic fields of several 10 mT at fre-
quencies around 100 kHz within an electromagnetic gap of
few mm in size [21-23]. These works reported substantial
improvements with regard to the choice of the electromagnet
core and the generation of higher magnetic flux densities [23],
the capability of life cell imaging during magnetic stimulation
[18], or the realization of gap sizes up to 11 mm [21]. Yet,
reconciling these partly countervailing demands in one setup
remains a challenge. In particular, setups exhibiting long-time
stability of the AMF at high magnetic flux densities as well as
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Figure 1. (a) Scheme of characteristic time scales of the AMF, the magnetization relaxation mechanisms of MNPs (Néel and Brownian
relaxation) and the observed heating. (b) Scheme of the magnet setup with color coded components. (c) Sketch of samples for bulk
measurements and microscopy measurements. The black wire model indicates the magnetic core around the samples. Typical sample
volumes of 200 pl (bulk) and 50 p1 (microscopable) are shown in orange. Thermography images show the difference in steady-state

temperature of Synomag® (5 mg ml™") versus water sample for each sample type. Note, that the temperatures of the microscopable sample
are underestimated due to the plastic sealing on top of the channel. Scale bar 5 mm. (d) Thermography image of the magnet while running.
The core position is indicated in blue, the sample position in red. The inset is a zoomed view of the sample area. Scale bar 5 mm. (e) Fast

heating/cooling cycles of Synomag® (5 mg ml~") and water measured with the setup presented in this work. Errors are shown as shaded

areas around the data.

efficient, repetitive heating-cooling cycles are lacking. These
would be desirable for a variety of applications in material
science, such as the switching of thermo-sensitive molecules
[12,27, 28], or the triggering of biological signaling processes
via temperature responsive proteins [16—18]. Another desir-
able aspect is the availability of a hyperthermia setup which is
effective in terms of costs and technological equipment.
Here, we present a home-built hyperthermia setup address-
ing the aforementioned needs to demonstrate long-term sta-
bility of gap magnetic flux densities in the 45-50 mT regime
over 30 min. Our work provides practical guidelines for AMF
engineering to sufficiently magnetize MNPs. We demonstrate
long-term measurements of MNP heating up to steady state
temperatures at 70 °C as well as fast MNP heating/cool-
ing cycles with temperature gradients up to 15 °C min~!.
With this setup we demonstrate optimized heat generation
from three types of (superpara-)MNPs: next to ‘nanoflower’-
like magnetite MNPs (so called Synomag®), we probe bion-
ized nanoferrite core shell particles (so called BNF) as well
as magnetosomes. Synomag® and BNF were readily avail-
able from micromod (micromod Partikel-technologie, GmbH,
Rostock, Germany), whereas Magnetosomes are formed by

the magnetotactic bacteria species Magnetospirillum gryph-
iswaldense through biomineralization and were isolated there-
after (see methods). Figures 1(b)—(e) provide an overview of
the setup and measurement procedure with direct temperature
mapping at sub-mm resolution.

2. Methods

2.1. MNPs

Synomag® 70 and BNF 100 were purchased from micro-
mod. Magnetosomes were isolated from the bacteria species
M. gryphiswaldense. Magnetosomes are single-domain MNP.
In bacteria, they are encapsulated by a protein shell that pre-
vents agglomeration and aligns the MNP in chains. Bacteria
were cultivated in complex medium (15 mM potassium lact-
ate, 10 mM sodium nitrate, 0.7 mM monopotassium phos-
phate, 0.6 mM magnesium sulfate, 3 g 1-! peptone, 0.1 g 17!
yeast extract, 0.15 mM iron(IIl) citrate, 20 mM HEPES (pH
7.0)) for 39 h at 28 °C without shaking and without air
exchange. Cultures were fed with supplementary medium
(0.75 M potassium lactate, 1 M sodium nitrate, 37 mM
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monopotassium phosphate, 30 mM magnesium sulfate, 5 mM
iron(Ill) citrate) after 24, 30, 33, 36, and 39 h. Afterwards,
bacteria were collected by centrifugation at 4000 g for 7 min
and resuspended in HEPES buffer (0.2 M, pH 7.0). Bacteria
were lysed with an ultrasonic sonotrode (UP 200S, Hielscher
Ultrasonics GmbH, Teltow, Germany) at 30 W for 120 min in
an ice bath, to isolate but maintain the magnetosome chains.
After lysis, magnetosome chains were collected and washed
with a neodymium magnet and resuspended in HEPES buffer
(0.2 M, pH 7.0). In some cases, the magnetosome cores were
extracted from the chains, wherefore the encapsulating protein
shells were denatured at 90 °C for 5 h in a water bath.

2.2. MNP sample preparation

For transmission-electron-microscopy (TEM) imaging of
Synomag® and BNF particles the stock solution was diluted
to a concentration of 0.125 mg ml~! in phosphate buffered
saline. Afterwards the sample was sonicated in an ultrasonic
bath for 10 min and filtered through a syringe filter (Filtropur
S, membrane: polyethersulfone, filtration area: 6.2 cm?, pore
size: 0.2 pum, sarsted AG & Co. KG, Niimbrecht, Germany).
7 pl of the prepared samples were dropped onto a formvar-
ni-grid and sedimented for 2 min. The remaining solution
was removed using filter paper and the grids were left to
dry on air. Images were taken with a Jeol JEM-2100plus
(Akishima, Tokyo, Japan) in brightfield mode at 80 kV accel-
eration voltage. Isolated magnetosomes were diluted 1:20
before transferring a single droplet onto a carbon-cu-grid. The
solution was left to sediment for 1 min, then removed using
filter paper and the grid was left to dry on air. Images were
taken using a Zeiss EM902 (Carl Zeiss Microscopy GmbH,
Jena, Germany) at an acceleration voltage of 80 kV. Average
particle diameters were determined using FIJI [29].

For dynamic light scattering (DLS) measurements mag-
netosomes, Synomag® and BNF particles were diluted with
HEPES buffer (0.2 M, pH 7.0) to a concentration of
0.2 mg ml~! (magnetosomes) or 1 mg ml~' (Synomag® and
BNF particles). Please note that for Synomag® and BNF the
concentration is given for particles while for magnetosomes
the iron concentration is given throughout this work. All solu-
tions were filtered through a 200 nm polytetrafluoroethylene
filter (514-0068, VWR, Radnor, USA). The DLS measure-
ments were performed with a Zetasizer Nano ZS (Malvern
Panalytical, Malvern, UK). Prior to the measurement, a wait-
ing time of 100 s served to balance the temperature (25 °C).
For each sample 5 runs with 15 sub-runs (10 s) were recorded.
A break of 100 s was taken between runs. Hydrodynamic dia-
meters of particles were calculated from the mean size of the
number distribution and averaged over 5 runs. The error is the
standard deviation.

For (-potential measurement the sample was identically
prepared as for DLS measurements. Since the particles were
kept in buffer the ‘monomodal mode’ was used. Five runs with
15 sub-runs (10 s) were used per sample. Between the runs the
lag time was 50 s. The (-potential was averaged over all runs
and mean and standard deviation values are reported.
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For hyperthermia measurements, MNPs dissolved in water
or buffer at the indicated concentration were used.

2.3. Thermography measurements

Thermography measurements were performed using a
VarioCam HD (Infratec GmbH, Dresden, Germany) with an
IR 1,0/30 JENOPTIK objective (Supplied by Infratec GmbH,
Dresden, Germany). A distance of 40 cm was kept from the
magnet to prevent damaging the camera resulting in a ~300
pixel measurement area of 5 x 10 um? for the sample. Over
this area, the sample temperature was averaged. The typical
pixel size was ~300 x 300 zm?. A measurement cycle con-
sisted of 1 image before applying the field, 90 images of
heating period and 90 images of cooling period taken at a
framerate of 0.1 Hz. For each sample the measurement was
repeated >3 times.

2.4. Data analysis and evaluation

Images were evaluated using the IRBIS3 plus software
(Infratec GmbH, Dresden, Germany). The temporal behavior
of the sample temperature was extracted accounting for the
sample emission coefficient of 0.95 in comparison to a black-
body, which was calibrated beforehand from the emission of
a sample with known temperature. The reflected temperat-
ure was identified with the room temperature. The room tem-
perature exhibited only slight fluctuations by £0.3 °C dur-
ing the measurement and was considered to have negligible
influence on the sample temperature. The heating and cooling
kinetics were fitted with self-written routines in Matlab (The
Mathworks Inc., Natick, MA, USA, Version: R2020b) using
the least squares method Isqcurvefit. The mean fit parameters
and respective error were calculated from each sample.

3. Implementation of an advanced AMF setup

3.1. General setup and resistive losses

The electric circuit is based on a series resonance circuit which
enables the reuse of energy stored in the magnetic field that
otherwise would need to be provided by the power supply.
The general circuit design was reported before [23], where the
setup consists of a function generator, an amplifier, a shunt
resistor, a transformer, and an RLC series resonance circuit
(figure 2(a)). To operate efficiently, the driving frequency is
set to the circuit’s resonant frequency where the impedance is
at its minimum.

The main cause of energy dissipation in the resonance
circuit are resistive losses resulting in heating of the elec-
trical components, even when highly optimized material is
used. This heat radiation causes elevated, gradually chan-
ging temperatures in the sample environment, thus prevent-
ing any measurement of small temperature changes. In order
to prevent such effects and to limit the magnet temperat-
ure to ~1 °C above room temperature, specialized circuit
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Figure 2. (a) Diagram of the resonance circuit with measured inductance and capacitance values for the electromagnet and whole array of
50 capacitors, respectively. Parts where the Litz and stranded wire are used, are marked in red and green, respectively. (b) Temporal
evolution of the magnetic flux density measured in the center of the gap. The measured change amounts to less than 10%. (c) Magnetic flux
density, B, as function of the peak-to-peak-voltage, x, measured at the capacitor array. The magnetic flux density follows the linear relation
B(x) = (33.78 £0.49) mT/V- x+ (0.33 + 0.37) mT (d) measured resonance behavior of the capacitor peak-to-peak-voltage (black). From
a Lorentzian function fit (red) the resonance frequency and quality factor are determined. (e) Rendered sketches of wire types used.
Stranded wire consisting of 510 individual wire strands (orange) and outer insulation (light gray). Litz wire consisting of 3 bundles of 54
individually insulated wire strands (orange). Outer insulation (pink), insulation of individual wires (dark red). (f) Frequency dependent
change of ohmic resistance of the different wires. (g) Frequency dependent coupling factor of a transformer consisting of a N87 core with
winding ratios 25:5 (solid lines) and 5:25 (dashed lines). Coupling factors of Litz wire (red) and stranded wire (green) alone in comparison
to the combination of stranded and Litz wire (25:5 solid blue line and 5:25 dashed blue line). The latter is used in this work. For all diagrams
where applicable the errors are depicted as shaded areas around the data.

components minimizing eddy currents or proximity effects
together with an elaborate cooling system need to be used.

3.2. Optimized circuit components and characterization

The central component of the AMF setup is the electromag-
net which consists of a ferrite core and a wire coil around it
(N = 22 turns). As core material MnZn-based SIFERRIT N87
(Tokyo denkikagaku kogyo (TDK), Tokyo, Japan) is chosen, a
soft ferrimagnetic ceramic minimizing eddy currents, although
losses from hysteresis occur. It exhibits a low power loss (e.g.
120 kW m~2 at 100 mT for 100 kHz frequencies around room
temperature [30] compared to other optimized ferrites, such
as 3F3 ferroxcube with 170 kW m~3 at identical conditions
[31]). A downside of using the ferrite is the comparably low
thermal conductivity (e.g. 1-5 W m~! K~! compared to iron

74 W m~! K~ at room temperature [32]). Due to the higher
magnetic flux density inside the core in combination with the
poor thermal conductivity, active cooling is needed to keep
the core and surrounding wires from substantially heating
up (see section 3.3). The toroidal magnet exhibits a gap of
10 mm x 20 mm x 10 mm (w xh xI), which enables mount-
ing of different in vitro samples (e.g. fitted microscopy slides,
vials or microfluidic channels) without direct contact between
the sample container and magnet (figure 1(c)). These dimen-
sions were also chosen to keep the flux leakage at minimum.
The same ferrite core without gap is used for the transformer,
which transmits the source signal to the resonance circuit by
inductive coupling.

It is interesting to estimate the conditions at which a par-
ticular magnetic flux density at the center of the electromag-
net’s gap is reached. In case of a toroidal core, which channels
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the AMF into a small gap (as in this work), it is given by
[23]

Hym =, 3)

where H, is the amplitude of the magnetic field generated
inside the gap, N is the number of turns, / is the peak
current, and w is the width of the gap. For an anticipated
H, ~ 36 kA m~! resulting in a flux density of B = 45 mT
with N = 22 turns, this approximation shows that substantial
currents of / ~ 17 A are needed. Of note, since this approxima-
tion is invalid for gap sizes > 1 mm, where leakage flux plays
a role, even higher currents will be needed to reach the yield
H,. In fact, when measuring magnetic flux densities >45 mT
at the center of the electromagnet’s gap (figure 2(b)), a sinus-
oidal feed signal of 300 m Vpp was applied to the circuit.
This signal was generated by a function generator (Agilent
33220A, Agilent Technologies, Santa Clara CA, USA) and
amplified by (53.0 £ 1.5) dB using a 1020L radio frequency
power amplifier (Electronics and Innovations Ltd, Rochester
NY, USA). An input signal of this magnitude at resonance fre-
quency gives rise to a peak-to-peak voltage of (1478 £ 2) V,,
at the capacitor array (figure 2(c)) and a calculated current of
(444 +£0.2) A.

Next to reaching the desired magnetic flux densities in the
gap, an important aspect of a reliable AMF stimulus is the tem-
poral stability of the magnetic field in the center of the gap. For
the described setup a magnetic flux density of (48 & 1) mT was
maintained over 20 min and showed less than 10% deviation
over the time range of 30 min (figure 2(b)). Such field stabil-
ity is important, as it enables the recording of heating/cooling
kinetics up to the point where a steady-state is reached.

Depending on the input voltage, the capacitor in the res-
onance circuit can be subject to high voltages in the kV
regime (figure 2(c)) and steep voltage rises on the order of
4 -10%V s~!.To account for these demands, high end film
capacitors (FKP1 0.1 uF, WIMA, Mannheim, Germany) are
used. To distribute the voltage among the capacitors in each
branch and to divide the current among the different branches,
an array of five parallel branches each containing ten capacit-
ors in series, was implemented. Although similar setups can
be realized using mica capacitors, the film capacitors are pre-
ferred as they allow for a better distribution of dissipated power
and can operate free of any additional cooling. Another benefit
is the option to alter the overall capacitance and hence the res-
onance frequency by selectively removing or adding capacit-
ors. Important is the linear relation between the input voltage
and measured magnetic flux density in the gap of the elec-
tromagnet (figure 2(c)). This behavior is favorable since it
provides scalability of the AMF during experiments. Given
these values, it is important to note, that the generation of
higher voltages imposes a risk for the experimenter, where-
fore additional safety measures as well as shielding and insula-
tion of the setup needs to be installed. In addition, these values
show, that the resonance circuit is unmatched in its efficiency
to provide a high apparent power of P = U(w;)-I = 65 kW.
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The resonance circuit components (figure 2) were measured
with a four-port measurement using an E4990A-030 imped-
ance analyzer (Keysight Technologies, Inc., Santa Rosa, CA,
USA). The measured capacitance for the capacitance array
amounted to (51.2 £ 0.3) nF, while the measured inductance
for the magnet was (55.89 £ 0.09) pH. This led to a cal-
culated resonance frequency of 94.26 kHz. These measure-
ments provide a good estimate of the component properties,
although their value in the circuit may differ during operation
due to the heating of the setup. To determine the resonance fre-
quency experimentally, a resonance curve was measured. To
this end, the capacitor voltage U(w) at different angular fre-
quencies w = 27f was recorded and fitted with the theoretical
relation

Uin
Ulw) = Lc : @)

(e —w?)’ + (W)

where Uj, is the input voltage, R is the ohmic resistance, L is
the inductance, and C is the capacitance. The resonance fre-
quency derived from the fit function was (93.54 = 0.01) kHz
(figure 2(d)), which is 0.51 kHz lower than the theoretical
value. Experimentally, the magnetic field in the electromag-
net’s gap turned out to be slightly higher at 93.75 kHz, a value
in between the initial theoretical and experimental value. For
this reason, this latter optimal frequency was used. From the fit
function also the quality-factor Q was determined, defined as

R
T Aw Af

Q

(&)

where f; is the resonance frequency and Afis the bandwidth at
l/ﬂ of the maximum voltage U(w) amounting to (3.3 +0.2)
kHz. This resulted in a quality-factor of Q = (29 £ 2). While
this high quality-factor signifies an efficient, underdamped
operation of the circuit, it limits the accessible bandwidth of
the signal amplification at the same time. To still enable flex-
ible adjustments of the frequency range, interchangeable capa-
citors can be used.

To handle the currents mentioned above, special wires are
required. The central wire forming the coil to generate the
magnetic field is a special Litz wire (New England Wire
Technologies, Lisbon NH, USA). The Litz wire consists of 3
bundles of 54 wire strands of American wire gauge 38, cor-
responding to a 50.5 pm radius (figure 2(e)). It is designed to
minimize the influence of the frequency dependent skin effect,
which signifies the current density distribution in a conductor,
exponentially decreasing from the edge towards the center.
A mitigation of the skin effect is achieved by adapting the
size of individually insulated wires to the skin depth J, the
depth below the conductor surface at which the current dens-
ity has fallen to its 1/e value [33]. § amounts to ~213 pm at the
93 kHz resonance frequency used in this work. Another aspect
of optimization is the proximity effect, where a change in the
current density in one conductor arises due to AC-currents
in a nearby conductor. The proximity effect is diminished by
‘braiding’ the wire strands to distribute the position of each
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individual strand throughout the wire. The Litz wire was used
in parts of the secondary circuit of the setup, where high cur-
rents develop. A different, stranded wire consisting of 510 cop-
per strands (LIFY 1.00/2.6; supplied by Biirklin GmbH & Co.
KG, Oberhaching, Germany) was used in regions of the cir-
cuit where lower currents develop, i.e. the primary circuit of
the setup and the capacitance array in the secondary circuit.
Here, the necessity of using the Litz wire was reduced and
combining these wires helps to lower the cost of the whole
setup. To compare the performance of both wires, the wire
impedance was measured and the corresponding ohmic res-
istance calculated, the main cause of wire heating. The ohmic
resistance over a 50—150 kHz frequency regime showed a con-
tinuous resistance increase from 65 to 90 mS2 for the stranded
wire, while the resistance of the Litz wire changed only from
48 to 52 m? (figure 2(f)). In addition, the coupling factor of
the transformer for each wire was determined, using a trans-
formation ratio of 25:5 measured in forward and backward dir-
ection (figure 2(g), solid and dashed lines respectively). Both
wires exhibited a high coupling of >98% with almost negli-
gible frequency dependence in the 50-150 kHz regime. With
98.8%, the inductive coupling of the Litz wire is marginally
higher compared to the stranded wire, with 98.5%. Moreover,
to ensure a homogeneous exposure of the sample to AMFs, the
flux density value within the gap volume was measured with
a hall probe in <1 cm steps (figure 3).

3.3. Mitigating heat dissipation by active cooling

To mitigate the heat dissipation by the system, a water-cooling
system was developed. To this end, 3D printed housings for the
electromagnet and the transformer core were designed with a
3D-computer aided design software and fabricated out of 3D
resin (Gray Resin, Formlabs, Somerville, MA, USA). To limit
the temperature rise, water of 5 °C temperature was provided
by a thermostat and was constantly circulated through the
cooling housings. By limiting the magnet temperature around
ambient temperatures throughout the measurement, we min-
imized the influence of the magnet temperature on the sample
heating. Moreover, cooling of the electromagnet, the trans-
former core, and the 0.5 Q) shunt resistor, decreases the strain
on these components and increases their temporal stability and
lifetimes. An image of the magnet generating 45 mT magnetic
flux densities in the gap can be seen in (figure 1(d)).

4. Evaluation of three MNP classes

4.1. Characterization of MNP physical properties

To determine the suitability of different MNPs for hyper-
thermic heating, we first characterized the three MNP classes
used in terms of their physical core size, their hydrodynamic
size, their charge, as well as their AC susceptibility (figure 4).
TEM images revealed a nanoflower shape of Synomag®
MNP, consisting of a quasi-spherical morphology combined
with a rough surface due to the nanocrystalline substructure
embedded in a dextran matrix. BNF cores exhibited paral-
lelepiped shapes, also encapsulated in a dextran shell. In case

Figure 3. Magnetic flux density in the electromagnet gap.

(a) Scheme of the used coordinate system and color scale of
magnetic flux density. (b)—(d) Measured magnetic flux density
shown in different planes. In (d) the x-axis is stretched for visibility
reasons.

of magnetosomes, a cuboctahedral shape surrounded by a
bio-membrane layer was found, in line with previous reports
[34]. Particle size analysis of TEM images revealed a physical
diameter of (32 + 4) nm for Synomag®. The magnetic cores of
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Figure 4. Characterization of different MNP classes (from top to bottom): Synomag®, BNF, and magnetosomes. (a) Sketch of the different
MNPs and their composition: Synomag®—nanoﬂower multicore; BNF—core shell particles with dextran shell; magnetosomes—magnetic
core with bio-membrane layer. Sketches indicate MNP sizes as determined by TEM measurements. (b) TEM images of MNPs at different
magnification and inset with size distribution. (c) Dynamic-light-scattering measurement yields the number distribution of MNP sizes. Here,

the hydrodynamic size is measured. In addition, the values of (-potential measurements are provided. (d) Real and imaginary part of the

AC-susceptibility. Note the different y-axes.

BNF comprise several crystallites of magnetic iron oxide hav-
ing a nominal diameter of 92 + 19 nm. Both are comparable
with previously reported sizes [35, 36]. Magnetosomes pre-
served within chains exhibited an average diameter of (39 4= 7)
nm, not accounting for the protein rich membrane, which
naturally surrounds the magnetosomes regulating the crystal
maturation [37]. The hydrodynamic size was measured with
DLS and the (-potential was determined with a Zetasizer.
In case of Synomag®, the hydrodynamic diameter from the
number distribution was (46.8 4+ 0.6) nm (smaller than the
intensity distribution based hydrodynamic size of (64.0 + 0.4)
nm); poly-dispersity-index (PDI) (0.048 + 0.006) and the (-
potential was slightly negative (—1.8 £ 0.9) mV. In case
of BNF, the hydrodynamic size by number distribution was
(103 =+ 2) nm (smaller than the intensity distribution based
hydrodynamic size of (132 + 2) nm); PDI (0.04 & 0.01) and
the (-potential was slightly negative with (—0.8 = 0.4) mV.
The hydrodynamic sizes of Synomag® and BNF are larger
than the size of the MNPs determined by TEM and can be
explained by the surrounding dextran shell which is not visible
in TEM as well as the layer of solvent molecules surrounding
the particle. In case of magnetosomes, DLS measurements of
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preserved chains indicated a polydisperse sample and could
only be performed after filtering the sample with a 200 nm
cutoff filter. The hydrodynamic size amounted to (23 + 9)
nm (significantly smaller than the intensity distribution based
hydrodynamic size of (202 £ 35) nm; PDI (0.295 + 0.004).
Please note that the PDI is calculated based on the intensity
distribution and not the number distribution shown in figure 4).
The small number distribution value compared to TEM meas-
urements may arise from the additional filtering step. The
(-potential was substantially negative with (=31 £ 2) mV
(figure 4(c)). The negative surface potential determined for all
MNPs is beneficial for their long-term stability as well as for
their biocompatibility. For example, a negative (-potential was
shown to prevent unspecific interactions and MNP mobility
inside cells [38, 39].

AC susceptibility measurements (figure 4(d)) revealed the
MNP dynamic response of the magnetic moment to an AMF.
The imaginary part of the AC susceptibility corresponds to
the energy 500 of the particle system. An optimal phase lag
between the MNP magnetization and the excitation field for
energy absorption exists at the frequency where the imaginary
part of the AC susceptibility exhibits a maximum, yx .. This
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primary relaxation frequency also indicates the effective relax-
ation time T.¢ according to

1
fmax =
T

eff

6)

which is dominated by the faster of the two, the Néel or the
Brownian relaxation time 7y/g. It is important to note, that
in contrast to single domain crystals, no simple expression for
Tetr exists. Instead 7y p are determined directly from an AC
susceptibility data fit. Since MNPs used in this study did not
exhibit single domain crystals, the AC susceptibility data was
fitted with the extended multicore model. Here, the Brownian
relaxation is given by the Debye model integrated over the
particle size distribution, whereas the cole—cole expression is
used to model the Néel relaxation part [40]:

1 X Ox
T o () 8 9 T oo™
(@)

x(w)ZXoB/

X o, 1s the directed current (DC) susceptibility for particles
that undergo Brownian relaxation, x o, the DC susceptibil-
ity for particles that undergo Néel relaxation, w = 27f is the
angular frequency, ry the hydrodynamic radius of the particles
and « describes the degree of distribution of the Néel relax-
ation times (due to size distribution of the single-domains
and/or magnetic interactions between the single-domains).
The advantage of this model is that the Néel relaxation does
not have to be at higher frequencies than the Brownian relaxa-
tion as in other models and that both time scales may overlap.

For Synomag® particles (measured at 5 mg ml~') the ima-
ginary part of the AC susceptibility exhibited a maximum at
3.8 kHz and a shallow plateau around 100 kHz. The real part
of the AC susceptibility decayed slowly and exhibited a 0.02
value at 100 kHz. At low frequencies compared to the prin-
cipal relaxation frequency at 3.8 kHz, the magnetization fol-
lowed the excitation field. Here, the real part of the suscept-
ibility was at its maximum and the imaginary part close to
zero. At high frequencies compared to 3.8 kHz the real and
the imaginary part decreased slowly, maintaining a signific-
ant phase lag with slow decrease of the magnetization. The
rather broad distribution and slow decrease at higher frequen-
cies reflected the multicore nature of Synomag® and indic-
ated relaxation of internal disordered spins in line with pre-
vious reports [41]. Moreover, it has been speculated that the
phenomenal heating of Synomag® is primarily a result of an
exchange coupling between the cores, which leads to a super-
ferromagnetic magnetization state [42]. In case of BNFs, the
imaginary part of the AC susceptibility x ' exhibited a single
maximum at 0.1 kHz, orders of magnitudes lower compared
to Synomag® MNP, together with a steep drop of the real
part x ’ around this frequency. At high frequencies the mag-
netization vanished quickly. This behavior resembled single-
domain crystals, albeit the magnetization lagged the external
field already at low frequencies. For magnetosomes the real
and imaginary part of the AC-susceptibility decayed in paral-
lel over the whole frequency range with small absolute values

Table 1. Iron concentration, number of particles and effective
relaxation time for particle concentrations of 1 mg ml™".

Synomag® BNF Magnetosomes
cre (mgml™") 0.6 0.6 0.72
Particles [#] 22x10%  6.0x10" 5.7 x 10"
fnax (Hz) 3.8 x 10° 84 NA
N[ @05mT  1.0x107°  65x107° NA
B [s]@05mT 9.6x107° 1.7x107> NA

on the order of 1073, yet sufficiently above the resolution limit
of the volume AC susceptibility of 107>, This data indicates,
that magnetosomes get only barely magnetized by the 0.5 mT
field of the AC susceptometer. Over the whole frequency range
magnetosomes follow the external field only with a substantial
phase lag. With increasing frequency, also the magnetosome
magnetization gets more and more reduced. This indicates that
magnetosomes are in a blocked and not a superparamagnetic
state anymore. Due to the small x (w) values, a determina-
tion of 7y/p was not possible. Table 1 provides an overview
of the analysis of the fit according to equation (7). In case of
Synomag® and BNF particles Néel and Brownian relaxation
times differed by more than an order of magnitude. Néel relax-
ation was the faster and dominating process, thus account-
ing for most of the power dissipation as shown before for
maghemite particles [43]. Yet, it should be noted, that relaxa-
tion times were determined for an excitation field of <0.5 mT
in the AC susceptometer, which is two orders of magnitude
smaller than the excitation field of our home-built magneto-
thermal actuation setup. While 7y,p are often provided in the
zero-field limit, their value and in particular 7v was reported
to be dependent on the magnetic field strength [44].

Based on this study, 7y is expected to become even smal-
ler than reported in table 1, when MNPs are placed in higher
external fields. Another consequence is, that the apparently
small x values will highly underestimate the actual magnet-
ization and heating response obtained in the home-built AMF
setup.

4.2. MNP heat response during heating/cooling cycles

To determine MNP heating responses correctly, samples were
subjected to the AMF until an equilibrium between the heat
generated by the particles and heat dissipated to the surround-
ing was established. Samples evaluated in this work reached
this steady state within <15 min. For this reason, the time
intervals of heating or cooling the sample were set to 15 min,
except for fast cycle measurements. Absolute temperatures
were recorded via thermal imaging at 0.1 Hz. The radiation
emitted from the sample surface in the infrared range was
recorded and converted into absolute temperatures account-
ing for the different opacities of the material in the visible and
infrared spectrum as well as for the reflection and transmis-
sion coefficients of the sample (see methods). Thus, thermal
imaging, in comparison to a thermal probe, offers undisturbed
non-contact measurements of the sample and recording of
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spatially resolved data (e.g. detecting heterogeneities or tem-
perature gradients in the sample). Moreover, thermal imaging
enabled simultaneous monitoring of the sample environment
as well as control over temperature changes of the hyperther-
mia setup during measurements. The measured temporal beha-
vior of the MNP solutions was analyzed by Newton’s law of
cooling, which proposes an exponential change of the temper-
ature over time:

t
Theat (t) =AT |:1 — eXp <_;):| + Tenv (8)
for the heating process and
t—1y
Tcool (t) = ATCXP (7 > + Tenv- (9)
c

For the cooling process, where Ty, is the sample surface tem-
perature for heating and cooling, respectively. AT is the max-
imum temperature change, 7 is the heating constant, f is the
starting time of the cooling process and T¢y,y is the environ-
mental temperature.

The heating kinetics of the three investigated particle
classes and its analysis is shown in figure 5. Figure 5(a) shows
an example measurement of a magnetosome sample and fits of
equations (8) and (9) together with the temperature change of
the magnet side faces as well as the background. As a result of
the elaborate cooling system, the temperature of the magnet is
kept below room temperature in absence of any AMF applica-
tion and can be limited to ~21 °C, which is 1 °C above room
temperature, during AMF application. This is important as the
magnet temperature and emitted radiation affects the sample
temperature. In our case, the near room temperature of the
magnet causes no effect on the maximum steady-state temper-
atures of the sample, while the temperature rise and fall in the
first few minutes during and after AMF application is benefi-
cial to accelerate heating/cooling rates of the sample. As a con-
trol, the background temperature is depicted. The background
temperature remains constant except for a <1 °C variation,
which arises from radiation of the magnet which is reflected
by the surface in the background.

To test the effect of different active cooling of the magnet,
a switch was installed in the cooling setup to enable an imme-
diate exchange of the cooled water for water at ambient tem-
perature (see SI figure 1). The heating kinetics of Synomag®
using (i) constant magnet cooling were compared to the kinet-
ics when (ii) the cooling case around the magnet was flushed
with 20 °C water in absence of the AMF and flushing it with
5 °C water during AMF application, as well as with heating
kinetics (iii) flushing the cooling system with 20 °C water
constantly. This measurement nicely demonstrates the influ-
ence of the magnet temperature on the measured sample value,
since the sample heating rates became lower and the max-
imum reachable sample temperature increased due to addi-
tional immediate heating by the magnet. This data also con-
firmed that our MNP data was free from any direct heating
influence by the hyperthermia setup.

A comparison of the heating kinetics of the three particle
classes is shown in figure 5(b). Intriguingly, the three particle
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classes measured at identical concentration exhibit distinct
heat dissipation kinetics. Magnetosomes reached highest
steady-state temperatures of ~70 °C, whereas Synomag®
and BNF were heated to ~40 °C and ~38 °C, respect-
ively. All samples reached the steady-regime during heat-
ing or cooling within 15 min and the heating rate was with
up to +15 °C min~! highest for magnetosomes, followed
by Synomag® with up to +6.7 °C min~! and BNF with up
to +5 °C min~!. Fastest cooling rates were —15 °C min~!
in case of magnetosomes, up to —10 °C min~! and up to
—6.7 °C min~! in case of Synomag® and BNF, respect-
ively. Each of the heating/cooling kinetics was fitted with
equations (8) and (9) and the parameters T.x = AT+ Tepy
(figure 5(c)) and characteristic time constant 7, . of the heat-
ing/cooling process (figure 5(d)) extracted. Using the initial
slope of the heating curve d7/df,—o, we further determined
the specific absorption rate (SAR), as a measure of the heating
power generated per unit mass

SAR = . Mo 4T

(10)

MMNP dr r:()7

where C = 4.19 J(g:K)~! is the heat capacity of water,
my,o0 = mass of water in sample, and mynp = total mass of
magnetic material (i.e. all elements contributing to the mag-
netic cores) in the sample. SAR values for Synomag®, BNF,
and magnetosomes measured in different samples are shown
in ST figure 2. On average, Synomag® exhibited an SAR of
(170 & 13) W g~!, BNF an SAR of (126 + 10) W g~!, and
magnetosomes an SAR of (307 £21) W g’l.

The maximum steady-state temperatures increased linearly
with sample concentration (figure 5(c)) due to the higher
effective heat capacity of the sample. Magnetosomes were
measured in three different conditions to probe effects of dif-
ferent extraction steps on their heating response. When living
magnetotactic bacteria were exposed to AMFs the maximum
reachable temperature was a factor 1.2-1.5 higher compared
to magnetosome chains extracted from bacteria or when the
chains were disrupted in addition. This behavior is expected as
for the free chains a maximum single strand length, and there-
fore a maximum magnetic moment will be reached. When
protein chains were denatured, interactions between magneto-
somes led to a reduction of the effective magnetization and
hence the maximally reachable steady-state temperature. For
Synomag® and BNF MNPs the maximum reachable temper-
atures are a factor 1.3—1.7 lower than magnetosomes, but still
in a regime suitable for bio-and nanotechnological applica-
tions. In addition, Synomag® and BNF are readily synthes-
ized with identical properties and with the possibility to sys-
tematically alter their properties (e.g. by fluorescent labeling,
material composition). The characteristic heating/cooling time
constant 7y, . exhibited a similar trend as Ty, : magnetosomes
heat/cool fastest (Tye ~ 115-200 s) whereas 7, /. of magneto-
somes with denatured chains (T, ~ 140-230 s), Synomag®
(The ~ 150-250 s), and BNF (1 ~ 200-240 s) were suc-
cessively longer. Time constants were usually shorter than the
water control (Th, ~ 245-270 s).
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Figure 5. Comparison of MNP heating/cooling response. (a) Exemplary measurement of heating/cooling kinetics of magnetosome MNP
sample, background, and magnet. For long-term induction heating the kinetics were recorded until the steady-state was reached. The fits for
heating and cooling (dashed lines) overlay the measured data. (b) Comparison of heating/cooling kinetics of different MNPs at 5 mg mi~!
concentration each. (c) Maximum steady-state temperature of Synomag® and BNF particles as a function of concentration and using
different solvents. Maximum steady-state temperature of magnetosomes as a function of concentration and at different purification stages.
Please note that for Synomag® and BNF the concentration is the particle concentration while for magnetosomes it is the iron concentration.
(d) Sample temperature for standard 5 °C cooling, switched cooling for constant magnet temperature and ambient temperature cooling
water. (e) Three consecutive heating/cooling cycles of magnetosome MNP measured at 3 mg ml~! concentration. (f) Fast heating/cooling
cycles for characteristic target temperature intervals of Synomag® MNP at 5 mg ml~! concentration. (a), (b), (¢) Grey shaded areas indicate
the time the AMF was applied. Kinetics were recorded until the steady-state was reached. In (f) the indication is not possible since the
on-times are slightly different for all samples. For all graphs where applicable the errors are shown as shaded area.
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Table 2. Comparison of the herein reported setup with previous works. EM = electromagnet, C = induction coil (as far as the work and
values were accessible). Note, that in most cases selected parameters (for different measurements) are reported, but gap size, max. B, and
continuous operation time depend on each other. Continuous operation time in this work corresponds to the time where temporal field
stability is guaranteed. For other works typical reported operation times are stated.

EM gap size or C Measured max. B

Continuous operation Microscope

Heat map spatial
resolution,

Reference diameter (mm) within gap (mT) Frequency (kHz ) time (min) mountable Biocompatible i.e. [FOV (mrad)
This work 10 (EM) 48 ~94 20 Yes Yes 0.8
[45] 0.4 (EM) 53 300 >60 Yes No* 1.7
[23] 7.5 (EM) 75 & 20 100 & 500 2 Yes Yes 13
[21] 11 (EM) 19.3 & 4.8 100 & 500 5 No NA NA
[22] 15 (C) 4427.6 149 >10° NA No NA NA
[46] 35(C) 20 ~129 NA Yes Yes NA

*cell measurements were performed, but here the electromagnet is in contact with the medium.

To demonstrate two important measurement settings for
biological and nanotechnological applications, on the one
hand the long-term, repetitive heating/cooling over 1.5 h was
tested (figure 5(e)) and, on the other hand, fast heating/-
cooling cycles for repetitive switching between states with
AT = 10 °C was probed (figure 5(f)). For comparison in both
cases Synomag® MNP at 5 mg ml~! were used. For long-term
measurements, MNPs were heated up to steady-state temper-
atures at 50 °C and cooled to 10 °C starting conditions in three
successive cycles. Heating/cooling time constants remained
constant over the whole measurement and Ty,,x was reduced
only by AT =1 °C per cycle (i.e. every 30 min; in line with
magnetic flux density measurements in figure 2(b)).

For fast heating/cooling cycles Synomag® MNP at
5 mg ml~! were recorded over five cycles over time inter-
vals until a temperature change by AT = 10 °C was reached.
This is a typical temperature interval needed to switch poly-
mers between distinct conformational states (e.g. thermore-
sponsive elastin-like peptides between 15 °C and 35 °C [27],
poly(N-isopropylmethylacrylamide) thermoresponsive hydro-
gel material 35 °C-50 °C [28], or thermal decomposition of a
thermo-sensitive molecule between 20 °C and 80 °C, namely,
azobis [N-(2-carboxyethyl)-2-methylpropion-amidine] [12]).

Since the switching behavior also depends on absolute tem-
peratures, we used different settings of the cooling system to
shift the average temperature between (I) 39 °C, (II) 36 °C,
and (IIT) 24 °C. Heating/cooling rates were fast in the (I)
11 °C min~', (II) 10.6 °C min~', and (IIT) 10.1 °C min~"
regime.

5. Conclusion

In this work we present an advanced hyperthermia setup,
which outcompetes previously available systems by produ-
cing 100 kHz AMFs, which fulfil the partly contradictory
demands for (i) sufficient magnetic field amplitudes (48 mT),
(ii) high temporal stability (=20 min), and (iii) sufficiently
large working volumes (2 cm?) at the same time. Moreover, the
setup is designed to offer spatially resolved heat maps with an
instantaneous field of view resolution of 0.8 mrad and enables
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microscopic observation of MNPs and biological samples for
biomedical/nanotechnological studies (see table 2).

We compare the heating response of three structurally dif-
ferent MNPs, namely nanoflower-like and core shell magnetite
MNPs, as well as magnetosomes. The latter exhibited highest
heating rates and a maximal saturation temperature of 70 °C at
5 mg ml~! concentration. Yet, considering aspects of particle
monodispersity, availability, the possibility of biofunctional-
ization as well as heating response, nanoflower-like MNPs
turn out to be primarily suitable for nanotechnological applic-
ations. The realization of long-time (30 min) field stability
as well as the option to perform fast reversible heating/cool-
ing cycles (with gradients up to +15 °C min~!), of MNPs
with microscopic observation bears high potential of this setup
for biomedical assays as well as for biosensor applications in
nanotechnology.
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Figure S1: Effect of cooling on heating/cooling dynamics
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Figure S1 Showing the heating of Smg/ml Synomag 70 for different cooling settings. Where the
cooling water is either the whole measurement time circulating at the same temperature
(5°C/20°C). The third measurement is done with water at both temperatures where the 20°C water
is used before the measurement to keep the magnet close to ambient temperature. Before the field
is switched on the water is switched to a 5°C water supply. Due to the limited cooling capability of
the cold water reservoir the water temperature is risen above 5 °C resulting in a slightly higher
magnet temperature. Before the field is switched of the water is switched back to the 20°C supply.
The water needs to be switched before the field is switched because and dependent on the tube
length. The slightly higher magnet temperature also leads to a slightly higher sample temperature.
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Figure S2: Specific Absorption Rate (SAR) values
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Figure S2 Determination of Specific Absorption Rate (SAR) using the initial slope method. The heating power
generated per unit mass is calculated for the three different particles according to the following expressions:

SAR = C - ZH20 9T
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where C = 4.19 ]/(g'K) is the heat capacity of water, My, o = mass of water in sample, and myyp = total mass

of magnetic material (i.e. all elements contributing to the magnetic cores) in the sample.

Error Evaluation

The errors for magnetic field strength B, voltages U, impedance Z, phase angle 0, inductances Lg and L, , and temporal
temperature evolutions are given by the instrument’s measurement error.

The accuracy of the coupling factor, k, is calculated by

2 2

Ly 1
A(k) = — T AlLo) | + — A(Ls)
2 _=s — S
212 1 T, 2L, |1 I,

Where Ly is the short circuit inductance, and L, is the open circuit inductance. The description open and short circuit
refer to the secondary side.

For heating/cooling constants, temperature changes A(AT), environmental temperature A(T,,,), resonance Frequency
from fit, environmental temperatures AT,,,, and linear fits the error is given by the 95% confidence intervals of the fit,
by nlparci.m. Calculated by MATLAB (2020b, The MathWorks Inc., Natick, MA, USA)

The error for the maximum temperatures is calculated by
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A(Thax) = v (A(Teny) + ACAT)

The error of the ohmic resistance is calculated by

A(R) = J ((~Z - sin(6)) A®))” + ((cos(0) )A(Z))"

Where Z is the impedance, and 0 is the phase angle.
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The human iron storage protein ferritin represents an appealing template to obtain a semisynthetic mag-
netic nanoparticle (MNP) for spatial manipulation or inductive heating applications on a nanoscale. Ferritin
consists of a protein cage of well-defined size (12 nm), which is genetically modifiable and biocompatible,
and into which a magnetic core is synthesised. Here, we probed the magnetic response and hence the
MNP's suitability for (bio-)nanotechnological or nanomedical applications when the core is doped with
7% cobalt or 7% zinc in comparison with the undoped iron oxide MNP. The samples exhibit almost identi-
cal core and hydrodynamic sizes, along with their tunable magnetic core characteristics as verified by
structural and magnetic characterisation. Cobalt doping significantly increased the MNP's anisotropy and
hence the heating power in comparison with other magnetic cores with potential application as a mild
heat mediator. Spatial magnetic manipulation was performed with MNPs inside droplets, the cell cyto-
plasm, or the cell nucleus, where the MNP surface conjugation with mEGFP and poly(ethylene glycol)
gave rise to excellent intracellular stability and traceability within the complex biological environment. A
magnetic stimulus (smaller than fN forces) results in the quick and reversible redistribution of the MNPs.
The obtained data suggest that semisynthetic ferritin MNPs are highly versatile nanoagents and promising
candidates for theranostic or (bio-)nanotechnological applications.
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combining such nanoparticle-based approaches with a remote
magnetic stimulus is to actively change biomolecular states in

Introduction

{ec)

Over the last few decades, magnetic nanoparticles (MNPs)
have become indispensable tools in nanomedicine for
delivery,"” imaging,®® therapy,””® or combined approaches.
More recently, (bio)nanotechnology-based approaches have
used the specific coupling of MNPs to biomolecules: (1) to
inductively heat them to create nanoscale hot spots®™* (2) to
spatially redistribute molecules,">"* since the spatiotemporal
distribution of molecules plays a key role in biological signal-
ling processes,'*"* or (3) to apply forces to molecules for their
controlled conformational change. The particular advantage of
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a contact-free and controlled manner. This is in contrast to
what is hitherto possible by only observing the system’s
passive response.

The active stimulation provided by cases (1)-(3) is highly
relevant for biomaterial development, subcellular signalling or
biomechanical studies,'®™*® as well as for applying a stimulus
in a whole organism. The aforementioned nanomedical
approaches always aim at an in vivo application. The use of
MNPs in such a biological context, however, requires their bio-
compatibility, to endow them with specific targeting pro-
perties, and a magnetic core which is sufficiently magnetisable
and tuneable with regard to its magnetic anisotropy. In
addition, the overall particle size should be below 100 nm.*’
As a result, partly contradictory demands need to be recon-
ciled, which generally is a difficult task.

Here, we synthesised ferritin-based MNPs, commonly
referred to as magnetoferritin (MFt), which have attracted con-
siderable attention due to their semi-synthetic and multifunc-
tional nature.”'>® We show how MFts meet most of the above-
mentioned demands and scrutinise their suitability for spatial

Nanoscale, 2024, 16, 15113-15127 | 15113
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magnetic manipulation and inductive heating approaches, the
latter also as a response to a recent discussion in the field.””*

MFts are based on the human iron storage protein ferritin,
which forms a well-defined hollow sphere with an internal and
external diameter of 8 nm and 12 nm, respectively.”*** As
such, the protein serves as a template, into which magnetic
nanocrystals of high homogeneity, in terms of their shape and
size, are synthesised. This semi-synthetic design using a
protein shell as a template has several advantages for thera-
nostic or (bio-)nanotechnological applications, which include
excellent solubility and stability in physiological solutions as
well as a low toxicity. Moreover, due to their well-defined,
small size, they remain mobile biological
environments.””*! Furthermore, MFts can be easily modified
by genetic engineering or chemical reactions involving one of
the primary amines, carboxylates or thiols exposed to their
exterior. Thus, fluorescent labels or tags for site-specific target-
ing can be attached.*™* Previously, MFts were shown to
couple to other biomolecules without apparent alteration of
their natural function.’®3*° Finally, ferritin exhibits an excep-
tional stability over a wide range of temperatures (up to
~80 °C) and pH (3-10).

Ferritin is the most abundant iron-storage protein and its
globular, hollow structure is conserved in most organisms. It
is responsible for mediating iron homeostasis and to prevent
oxidative stress.”* Human ferritin forms a 24-mer protein®’
composed of two subunits: heavy chain ferritin (HCF) and
light chain ferritin (LCF).>**® Due to their structural simi-
larities, cages can be formed by any numerical combination of
the two subunits. Although LCF and HCF are almost identical
in structure, only HCF is equipped with a ferroxidase domain
capable of oxidising toxic, soluble Fe(u) to insoluble and less
harmful Fe(ur) upon intake. The oxidised iron atoms sediment
inside the cage and can fill it up to approximately 4500 iron
atoms.*® Naturally occurring ferritin cores are ferrihydrites and
were reported to exhibit paramagnetic or superparamagnetic
properties above 12 K.*°

With regard to the core, a wide choice of inorganic
materials have so far been mineralised inside the ferritin cage,
such as Fe;04,""™** C030,,">"® Mn;0,," CoPt,"® Pd," Ag,*°
Cds,* Cdse,** and ZnSe.” Here, the inner cage diameter of
8 nm naturally confines the core and gives rise to a narrow size
distribution. The synthesised MNPs are generally superpara-
magnetic at ambient or higher temperature, as they exhibit a
magnetocrystalline anisotropy with an energy density that
cannot block the particle’s magnetic dipole moment at an
upper size limit of 8 nm given by the ferritin cage.
Superparamagnetism is particularly advantageous for many
applications, since the nanoparticles do not show significant
particle-particle (magnetic dipole-dipole) interactions. As a
result, they do not form chains or aggregates in suspension
and are more stable over time. On the other hand, the con-
straint to the growth of the inorganic core imposed by the fer-
ritin size represents an important limitation to its magnetic
properties. In particular, the applicability of ferritin for the
hyperthermic heating of malignant cells or for the switching

in various

15114 | Nanoscale, 2024, 16, 1511315127

View Article Online

Nanoscale

of thermally sensitive molecules was recently questioned.>’
Theoretical and experimental studies have indeed demon-
strated that the maximum efficiency of hyperthermic heating
is achieved for magnetite MNPs of 15-18 nm diameter and
that it drops off sharply upon MNP size reduction.'®**~*”

It is hence important to show that the MFts’ properties can
be tuned to maximise their efficiency for hyperthermic heating
and their suitability for spatial magnetic remote manipulation.
Aviable route is to increase the magnetic anisotropy of the in-
organic core, which can be simply realised through the re-
placement of ferrous ions in Fe oxides with dopants.™* A pro-
minent example is cobalt-doped ferrite nanoparticles, whose
magnetocrystalline anisotropy can be up to 20 times larger
than that of the undoped ferrite, retaining a good heat dissipa-
tion property down to a size of about 8 nm.*® Interestingly, the
highest values of magnetic anisotropy in ferritin were pre-
viously obtained using cobalt (Co) doping at a small
percentage.””>® When ferrite nanoparticles were doped with
a small percentage of zinc (Zn), the saturation magnetisation
was shown to increase slightly.®" Additional changes in the
magnetic behaviour of the particles may arise, due to the
inverse spinel structure of Co-doped ferrites (with Co®" ions in
octahedral sites and Fe®" ions equally distributed between
tetrahedral and octahedral sites) and the normal spinel struc-
ture of Zn-doped ferrites (with Zn*" ions in tetrahedral and
Fe®" in octahedral sites).®> On the basis of these findings, MFt
is a highly interesting nanoagent for spatial redistribution
studies in external magnetic fields and has been controver-
sially discussed as a candidate to mediate inductive heating
processes.”?”%

In this work, we probed the characteristics of MFt and doped
the magnetic core to tailor its magnetic properties (i.e., to
increase the magnetic anisotropy energy density or saturation
magnetisation) for these applications. Former studies showed a
strong improvement concerning heat dissipation in hyperther-
mia assays of MFt between no doping and 5% of Co doping,
while 10% led to less heat dissipation.” Accordingly, the
effective anisotropy of y-Fe,O; MNPs reaches a plateau at
doping levels >5% of Co>*.** Hence, we chose to investigate the
effect of doping MFt cores with 7% Co or 7% Zn with respect to
Fe. The manuscript is structured as follows: first, the structural
and magnetic properties of pure and doped MFts were deter-
mined. Thereafter, an example to increase the MFts’ inductive
heating response is presented. The spatial manipulation of
MFts applying magnetic field gradients is then shown for
simple droplets and inside living cells. In the cell cytoplasm
and in the cell nucleus, a repetitive and reversible tuning of
MFts’ spatial distributions was achieved. In cellular environ-
ments, the protein shell of MFts allows the MNPs to remain bio-
compatible despite the presence of Co®’, as demonstrated pre-
viously in the absence and presence of external magnetic
fields.”*" Overall, the comparison of different MFts and their
applications provides important guidelines for their use as bio-
medical or nanotechnological agents as a possible strategy for
improved spatial manipulation and magnetic hyperthermia to
fully exploit the multiple advantages that ferritin MNPs offer.

This journal is © The Royal Society of Chemistry 2024
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Materials and methods
Ferritin purification

A semi-synthetic ferritin nanoprobe was prepared as previously
described.*" In short, the ferritin cage was genetically engineered
so that each subunit of the 24-homomer consisted of the heavy
chain ferritin subunit with mEGFP fused to its N-terminus. The
c¢DNA of this fused subunit was inserted into the pET21a(+)
vector (reporter gene: ampR, see Fig. S1t). The construct was a
generous gift from the Coppey/Hajj laboratory at the Laboratoire
Physico-Chimie, Institut Curie, Paris, France and the Piehler lab-
oratory at the University of Osnabriick, Germany.

The engineered protein was expressed in BL21-CodonPlus
(DE3)-RIPL competent cells (Agilent, Santa Clara, CA, USA).
Bacteria were transformed via heat shock and plated on LB-Agar
containing ampicillin (0.1 pg mL™"). A single colony was chosen
and used to grow a preculture and later the main culture in
2xYT medium (containing 0.1 pg mL™" ampicillin). Bacteria
were grown at 37 °C and 230 rpm in an orbital shaking incuba-
tor up to an ODgo of 0.6 to 0.8. At this point, expression was
induced by the addition of the lac operon activator IPTG (isopro-
pyl p-p-1-thiogalactopyranoside) at a final concentration of
1 mM. Cultures were incubated for 16 h at 16 °C and 160 rpm
in a shaking incubator. Bacteria were then harvested at 8000g
for 10 min, washed in PBS, collected at 19 000g for 5 min and
finally resuspended in HEPES-2 buffer (50 mM HEPES, 150 mM
NaCl, pH 8.0, filtered 0.2 pm). To prevent unwanted protein
degradation, protease inhibitors were added to the bacteria
according to the manufacturer’s advice (cOmplete EDTA-free
protease inhibitor cocktail, Roche, Basel, Switzerland). To that,
0.2 mg mL™" of both DNAse I (Roche) and lysozyme (PanReac
AppliChem, Darmstadt, Germany) were added. Bacteria were
homogenised using a microfluidiser (M110P microfluidizer,
Microfluidics, Westwood, MA, USA). After cell disruption, PMSF
(phenylmethylsulfonyl fluoride, Merck, Darmstadt, Germany)
was added to the solution at a final concentration of 5 mM. The
lysate was then centrifuged for 40 min at 19 000g and 4 °C. The
released proteins were further purified by heat denaturation in
a water bath at 70 °C for 15 min and ammonium sulphate pre-
cipitation at 30% and 70% at 4 °C. After desalting via dialysis
(20 kDa cut-off) against buffer HEPES-1 (20 mM HEPES,
100 mM Nacl, pH 8.0, filtered 0.2 pm), the protein solution was
separated using a size exclusion column (HiPrep Sephacryl
S-400 HR, Cytiva, Marlborough, MA, USA) in a FPLC system
(NGC, Bio-Rad, Hercules, CA, USA). The purified ferritin cages
were then PEGylated using O-[(N-succinimidyl)succinyl-amino-
ethyl]-O-methylpolyethylene glycol 2’000 (Sigma Aldrich,
St Louis, MO, USA) in DMSO at a molar excess of 3500 PEG
units per ferritin cage. The mixture was left to react at room
temperature for 2 h on a rotary shaker and cleaned afterwards
using a PD-10 desalting column (Cytiva).

Magnetic core synthesis

Ferritin was loaded with a magnetic core consisting of ferrihy-
drite including cobalt or zinc as dopants. For the synthesis,
25 mL of PEGylated ferritin was heated to 65 °C in 100 mM

This journal is © The Royal Society of Chemistry 2024
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Table 1 Doping of magnetoferritin prepared from an ammonium iron(i)
sulphate hexahydrate ((NH4),Fe(SO4),-6H,0) precursor for Fe, cobalt(i)
chloride (CoCl,) for Co, and zinc chloride (ZnCl,) for Zn. All precursors
were dissolved in degassed 100 mM NaCl

Molarity of the precursor

Sample Dopant Fe (uM) Dopant (uM) Final %
Pure — 1034 — —

Zn7 Zn 983 52 6.7+1.3
Co7 Co 983 116 4+2.2

NaCl at a ferritin concentration of 50 nM. The pH was kept
constant at 8.5 by the addition of 100 mM NaOH using an
autotitrator ~ (Titration  Excellence T5, Mettler-Toledo,
Columbus, OH, USA). The whole reaction was performed
under a constant stream of N, to suppress unwanted
oxidation.

To produce magnetic cores, both the ferrous precursor
(iron(u) sulphate hexahydrate, Honeywell, Charlotte, NC, USA;
see also Table 1) and H,0, (5.5 mM, Merck) were dissolved in
2 mL of 100 mM NacCl and filtered through a 0.2 pm syringe
filter. These two reagents were then added to the reaction
vessel at a rate of 200 pL min~" over a course of 10 min. In this
setup, the soluble Fe*" diffuses into the core and can be oxi-
dised to the insoluble form in a controlled manner via the
HCF’s ferroxidase centre. The oxidised Fe*" ions sediment
inside the protein cage to form the MFt core, leading to brown
colouration of the solution. In order to dope MFt cores, parts
of the ferrous precursor were replaced with precursors of
either Co*>* (CoCl,, Honeywell) or Zn>* (ZnCl,, Acros Organics,
Waltham, MA, USA; for detailed compositions see Table 1).
This method enabled the implementation of doping ions into
the core structure during its formation.”*

After complete addition of the precursors and upon com-
pletion of the reaction, the reaction was quenched with triso-
dium citrate (Sigma Aldrich) at a final concentration of 2 mM.
The fresh product was centrifuged at 19 000g at 4 °C for 30 min,
then filtered through a 0.2 pm syringe filter and concentrated
using Amicon Ultra centrifugal filters (100 kDa cut-off, Merck).

For further characterisation of the MNPs (X-ray diffraction
and vibrating sample magnetometry), the samples were dia-
lysed against low concentration HEPES buffer (0.2 mM HEPES,
1 mM NaCl, pH 8.0) to reduce the amount of salt and
buffering agent in the sample. The samples were then plunge
frozen in liquid nitrogen and lyophilised. For all other charac-
terisation studies, the samples were kept in HEPES-1.

Transmission electron microscopy

Protein cages and magnetic cores were imaged by trans-
mission electron microscopy (TEM). Cages and cores were
recorded separately, since organic materials such as proteins
are hardly visible by TEM. Protein cages were hence stained
with uranyl acetate, while magnetic cores were recorded
without additional staining.

For TEM measurements, freshly prepared samples of both
ferritin and differently doped magnetoferritin (MFt) were

Nanoscale, 2024, 16, 15113-15127 | 15115
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diluted to 0.05 uM. A droplet was placed on a TEM grid (Ni
grid, Formvar carbon film, Plano GmbH, Wetzlar, Germany)
and left to sediment for 1 min. Excess solution was removed
using filter paper. Unstained samples were left to dry under
ambient conditions. For uranyl acetate staining, the grid was
dipped into a drop of 2% uranyl acetate for 3 s after sample
sedimentation and the remaining liquid was removed using
filter paper. Afterwards, the grid was placed onto a second
drop of 2% uranyl acetate and left for 30 s. Excess solution was
removed using filter paper and the grid was left to dry in air.

Stained images were taken with a JEOL JEM-2100Plus
(Akishima, Tokyo, Japan) with an acceleration voltage of 80 kv.
Unstained bright-field (BF) high-resolution TEM (HRTEM) and
scanning TEM (STEM) images were acquired with a JEOL
2200FS transmission electron microscope at an acceleration
voltage of 200 kV using a 2k x 2k GATAN UltraScan1000XP
CCD camera. The local chemical composition was determined
using EDX in STEM mode with an Oxford windowless 80 mm”
SDD X-MaxN 80 TLE detector with a 0.21 sr solid angle.
HRTEM and EDX data were analysed using Gatan Micrograph
Suite and Oxford’s Aztec software.

X-ray diffraction

X-ray diffraction (XRD) patterns were recorded using a
PANalytical X'Pert PRO diffractometer equipped with a spinner
for powders using Cu-K, radiation and an X’Celerator detector.
The background of the XRD patterns was subtracted and
further data processing was performed using OriginPro. A
50-point moving average smoothing was applied to the diffrac-
tograms. Due to the small step width, the MFt peak width
remained unchanged while the sharp NaCl peaks exhibited
slightly smaller intensities.

Vibrating sample magnetometry

The magnetic properties of all samples were studied using
Vibrating Sample Magnetometry (VSM) with a PPMS DynaCool
system (Quantum Design, San Diego, CA, USA). The measure-
ments were taken on powder samples within the field range of
+9 T at various temperatures ranging from 5 K to 330 K and
normalised to the total sample mass.

Dynamic light scattering and electrophoretic light scattering

For characterisation of the nanoparticles in solution and,
hence, under biological conditions, magnetoferritin was ana-
lysed using dynamic light scattering (DLS) and electrophoretic
light scattering (ELS). Prior to measuring, the samples were
diluted to 1 pM in HEPES-1 buffer (pH 8.0, see the Ferritin
purification section) and filtered through a 0.2 pm filter to
remove agglomerates. All measurements were performed using
a Zetasizer Nano ZS (Malvern Panalytical Ltd, Malvern, UK).
Each sample was characterised by averaging over 75 sub-runs
(5 subsequent runs, each containing 15 sub-runs) with 10 s
measurements per sub-run. A log-normal fit was applied to
the measured number distribution to calculate the hydrodyn-
amic diameter Dy, representing the diameter of a sphere with
the same diffusion properties as the analysed particle.
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ELS measurements were performed at 40 V to account for
the high conductivity of saline buffers and to prevent damage
of the measuring cell’s electrodes. For each sample, 300 sub-
runs (10 subsequent runs, each containing 30 sub-runs) were
recorded.

Alternating magnetic field-induced heating

Magnetic hyperthermia measurements were performed in a
custom-made alternating magnetic field (AMF) setup described
previously.®® In short, 200 uL of magnetoferritin solution was
placed in a single-use cuvette and subjected to an AC magnetic
field (45 mT induction amplitude at 93.75 kHz or 104.5 kHz).
Thermal changes were monitored by recording the solution
surface with a thermal imager (VarioCam HD, InfraTec GmbH,
Dresden, Germany) with an IR 1.0/30 JENOPTIK objective
(InfraTec GmbH). Measurements were performed every 10 s
over a duration of 30 min. The magnetic field was switched on
directly after the first image and switched off after 15 min (91
images). To obtain the sample’s temperature, the average temp-
erature of the sample surface in the cuvette (approximately 5 x
10 mm” or 300 pixels) was determined. The measurement was
repeated three times for all samples. Images were evaluated
using the software IRBIS 3 plus (InfraTec GmbH).

Droplet assay for quantification of magnetic forces

In order to characterise the forces that can be applied to MFt, a
droplet assay on coverslips was performed. In a first step, cover-
slips were coated with a PDMS layer (SYLGARD 184 Silicone
Elastomer Kit, Dow Europe GmbH, Wiesbaden, Germany) to
reduce unspecific binding of MFt to the glass surface. For this,
a 1:10 mixture (curing agent to elastomer by weight) of PDMS
was diluted in twice the amount (by weight) of hexane.®” A cov-
erslip (22 x 22 mm?, thickness: 170 + 5 um) was sonicated in an
ultrasonic bath for 10 min in isopropanol, followed by another
sonication step in ultrapure water. In between treatments, the
coverslip was thoroughly flushed with ultrapure water.
Afterwards, the coverslip was blown dry using pressurised N,.
The coverslip was then mounted onto a spin coater and 100 pL
of the PDMS mixture was placed on top. The spin coater was
run for 150 s at 6000 rpm with an acceleration of 100 rpm s™.
After spin coating, the coverslip was cured at 110 °C for 20 min.

For the droplet assay, MFt was diluted to 0.1 pM in HEPES-1
with 25 V% of glycerol. A droplet of 1 pL was placed onto a
PDMS-coated coverslip and a magnetic tip was brought close to
it. The magnetic tip consisted of two magnets (cube: NdFeB,
side length: 5 mm, gold-plated, product number: W-05-G;
cuboid: NdFeB, 10 x 4 x 1.2 mm?, gold-plated, product number:
Q-10-4-1.2-G; both from supermagnete.de by Webcraft GmbH,
Gottmadingen, Germany) and a steel wire (diameter: 0.4 mm,
product number: 1416, Roslau Stahldraht, Roslau, Germany)
attached to the magnets.** The attraction of the fluorescent MFt
was observed using an inverted epifluorescence microscope
(IX83 by Olympus, Shinjuku, Tokyo, Japan) equipped with a 60x
oil-objective with a numerical aperture N.A. = 1.25 and phase
contrast PH3 (Olympus UPLFLN60XOIPH/1,25, Olympus). Data
analysis was performed using Matlab (R2023a, The Mathworks

This journal is © The Royal Society of Chemistry 2024
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Inc., Natick, MA, USA). A horizontal line scan (thickness: 1 pm)
over the intensity in the fluorescence channel was performed
starting from the position of the magnetic tip. Position 0 was
placed at the edge of the drop with the inside of the drop in the
positive direction. A linear background (y = mx + ¢) was fitted to
intensities at higher positions and subtracted from the line
scan to obtain the final intensity curve.

Spatial magnetic manipulation

For imaging and manipulation, Cos7 cells were plated on steri-
lised glass coverslips in 35 mm cell-culture dishes at about 50%
confluency. Prior to experiments, the cells were washed with PBS
buffer and re-incubated in preheated Leibovitz medium (L15,
Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 10% foetal calf serum (FCS) and 1% PenStrep (Thermo
Fisher Scientific). Imaging was performed in a heating chamber
(TempController 2000-2, PeCon GmbH, Erbach, Germany) set to
37 °C and mounted on an inverted microscope (IX83 from
Olympus) equipped with a 60x oil-objective with N.A. = 1.25 and
phase contrast PH3 (Olympus UPLFLN60XOIPH/1,25, Olympus).
MFts were centrifuged (10 000g for 10 min) and the supernatant
was used. MNPs were injected into the cells using a micromani-
pulation system (InjectMan 4 and FemtoJet 4i, Eppendorf,
Hamburg, Germany) with microinjection capillaries (Femtotip
11, inner diameter of 500 nm, Eppendorf). For injection, MFt
with a concentration of 1 M was used. After microinjection, the
sample was washed with the previously mentioned Leibovitz
medium to remove the remaining MFt in the medium.
Thereafter, a home-built magnetic tip (described in the Droplet
assay for quantification of magnetic forces section and in the
study by Novoselova et al*') was approached to the cell using
InjectMan 4 of the micromanipulation system. Videos of MFt
redistribution in the fluorescence channel were acquired typi-
cally every 10 s over 30-45 min at a 200 ms camera exposure
time (Prime BSI, Photometrics, Tucson, AZ, USA, see also Videos
S1-S37). Phase contrast and fluorescence image recordings were
analysed using in-house developed analysis routines written in
Matlab (R2023a, The Mathworks Inc.) and Image]J (version 1.49v,
U. S. National Institutes of Health, Bethesda, MD, USA).*® A
background subtraction was applied to the fluorescence videos.

Cell viability assay

For evaluation of the toxicity of MFt on the cells, standardised
CellTiter-Blue (CTB) assay from Promega (Fitchburg, WI, USA)
was performed as described previously.** Cos7 cells were seeded
in a 96-well plate (25 000 cells per well) one day in advance. The
next day, they were incubated with varying concentrations of
MFt for 1 h in a mixture of 100 pL of both Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% fetal calf
serum and 1% PenStrep (all from Thermo Fisher Scientific) and
HEPES-1. As the negative control, the cells were treated with
0.1% of Triton X-100 (PanReac AppliChem) for 30 min, and the
positive control was treated only with DMEM. All conditions
were used in triplicate. After incubation, cells were washed and
incubated in 190 pL of a mixture of CTB solution and DMEM
(1 : 9 by volume) for 4 h. Afterwards, 100 pL of each cell super-
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natant was transferred to a fresh well and the plate was analysed
using an Infinite M Plex plate reader (Tecan, Méinnedorf,
Switzerland). Each well was excited at 560 nm and fluorescence
was detected at 590 nm over 25 flashes and 5 repetitions. The
measured intensity is proportional to the number of living cells
inside the corresponding well.

Results and discussion
Synthesis and structural characterisation

A set of three MFts was prepared using a ferritin cage based on
only HCF subunits fused N-terminally to mEGFP. For the mag-
netic core synthesis, either pure Fe** or Fe** doped with a final
doping ratio of 7% (mol mol™) Co*" or doped with 7% (mol
mol™) Zn>" with respect to the total metal amount was used
(see Fig. 1, 2 and Table 1). The dopant molarity used during
the synthesis differed by small percentage (see the Materials
and methods section), but effectively gave rise to the 7%
doping reported here (see also Fig. 3). The biomineralisation
reaction was carried out inside the purified and PEGylated fer-
ritin. The obtained MFts were first characterised by trans-
mission electron microscopy (see Fig. 1 and 2) and dynamic
light scattering to probe the protein and core size, respectively.

The mean diameter of all MFt cages measured with TEM
was 13.9 + 2.2 nm (see Fig. S2t), whereas the mean hydrodyn-
amic diameters of MFts measured with DLS were 36.7 = 1.9 nm
for pure MFt, 44.7 + 3.3 nm for Co*"-doped MFt, and 43.4 +
7.1 nm for Zn>*-doped MFt (Fig. 1 and Table 2). The polydisper-
sity index was <0.17 for all MFts, confirming the expected small
size distribution within the sample (Table 2). The diameter
values are in accordance with previous reports,® where the
TEM size of the protein structure matches the theoretically cal-
culated mEGFP-decorated protein diameter (12 + 2 x 2.3 =
16.6 nm).*® The larger hydrodynamic size in comparison with
the physical size was typically observed after surface PEGylation
and core synthesis, giving rise to an increased hydrophilicity.
This effective hydrodynamic diameter is particularly suitable for
subcellular applications, since cytoplasmic non-specific inter-
actions between a nanoprobe and the proteins/fibres in the
cytoplasm dramatically increase above 50 nm, as previously
reported.”*”° In addition, the measured negative {-potential of
around —5 mV (Table 2) prevents non-specific interactions
within the primarily negatively charged biological environment.

The mean diameter of all cores was 6.3 + 1.8 nm (Fig. 2),
which is in accordance with previously reported values of syn-
thetically loaded ferritin cages.’’ " There were no systematic
differences in size after loading the cages with Fe or together
with Co or Zn as dopants. The reproducibility of the magnetic
core synthesis was evaluated by three separate syntheses
(called runs in the following) and analysed separately, unless
stated otherwise.

The doping levels of Co and Zn were determined by energy
dispersive X-ray spectroscopy in scanning transmission elec-
tron microscopy (EDX-STEM). Fig. 3 shows high-resolution
STEM images in the upper row, along with Fe, Co, and Zn
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Fig.1 (A-D) Schematic overview of MFt production. Apoferritin
(yellow, PDB code: 1FHA), genetically fused to mEGFP (green, PDB
code: 2YOG, created with Avogadro v. 1.2.0°° and blender v.2.93.2,
Blender Foundation, Amsterdam, Netherlands), is expressed in trans-
formed E. coli and then purified by size exclusion chromatography.
Empty cages are filled with their respective metal oxide core (brown)
during magnetic core synthesis. (C and D) Schematic illustration of the
semi-synthetic MFt cage. The three different cores used in this study are
indicated. (E) Transmission electron microscopy image of pure MFt's
protein shell stained with 2% uranyl acetate. (F) Magnified image of (E)
displaying one single ferritin cage. (G) Hydrodynamic diameter obtained
using dynamic light scattering for MFt with three differently doped cores
over three independent synthesis runs.

elemental maps in the middle and lower rows. High-resolution
STEM images appear blurry, due to the organics surrounding
the magnetic cores. Under the focused electron beam, signifi-
cant amounts of amorphous carbon grew, thus limiting the
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Fig. 2 (A-C) Transmission electron microscopy images of magnetofer-

ritin. Images of all doping conditions were taken without staining to
visualise metallic cores. (D) Box plots showing the diameters of cores
from three independent synthesis runs (I, Il and Ill) of all three doping
conditions (each N > 93; mean + SD = 6.3 + 1.8 nm). Mean values are
shown as boxes and median values are shown as horizontal lines.

resolution and acquisition time for the elemental maps of Fe,
Co, and Zn. Nonetheless, individual cores are visible in the
pure MFt samples, while core accumulations yielded larger
EDX signals. The elemental maps in Fig. 3 clearly show the
colocalisation of Co or Zn with Fe. For the quantification of Co
and Zn doping levels with respect to Fe, more than ten EDX
spectra, each over small areas, were measured including about
20-30 magnetic cores. The results of each run are summarised
in the graph in Fig. 3. The desired low doping levels of 6.8 +
1.3 at% for Co and 6.4 + 1.9 at% for Zn relative to the Fe inten-
sity in the EDX spectra were obtained, with error bars indicat-
ing their standard deviation. We are the first to measure this
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Fig. 3 Representative EDX-STEM images of MFt (pure) and doped (Co7
and Zn7) samples and elemental maps of indicated elements Fe, Co, and
Zn (scale bar: 50 nm). The graph shows the dopant concentration rela-
tive to Fe of individual runs I-IIl.

Table 2 Properties of doped MFts. Dy: hydrodynamic diameter and
Pdl: polydispersity index, both obtained from DLS measurements, and ¢-
Potential. For more details see Table S1}

Sample Dy (nm) PdI {-Potential (mV)
Pure 36.7+1.9 0.16 + 0.01 —-5.1+0.7
Co7 44.7 £3.3 0.17 £ 0.02 —4.7+1.1
Zn7 43.4+7.1 0.17 £ 0.01 —4.8+0.8

in the case of MFts and find that the effective dopant molari-
ties of 6.8 (Co) and 6.4 (Zn) are slightly different from the
amount applied during the synthesis (5% for Zn and 11% for
Co). This deviation shows that it is necessary to determine the
exact doping state in the core after the synthesis. All three indi-
vidual runs of Co-doped (from now on called Co7) or Zn-
doped (Zn7) samples contained only cores with doping
elements, excluding the presence of pure iron or cobalt and
zinc oxide. At this point, we can state that Co and Zn doping of
MFt cores is possible and reproducible with a fairly homo-
geneous distribution of dopants from core to core.

To further investigate the crystal structure of MFts, we used
X-ray diffraction. Three individual samples for each dopant
(runs I-III) were pooled to increase the signal intensity. Since
the small size of MFts and the large amount of organic
material gave rise to a background signal, Fig. 4 presents the
X-ray diffractogram using Cu-K, radiation after background
removal and smoothing.

Overall, the diffractograms of pure and doped MFt samples
are similar and consist of two sets of sharp and broader peaks.
The sharp peaks (indicated by asterisks) originate from NaCl
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Fig. 4 X-ray diffraction patterns of magnetoferritin (pure) and doped
(Co7 and Zn7) samples using Cu-K, radiation. Runs |-Ill were pooled.
Sharp peaks indicated by asterisks originate from residual NaCl after
drying. Crystallite sizes obtained from the Scherrer analysis are given on
the left. Sticks in black and red indicate the angles and intensities for
FesO, and MFt powder samples, respectively. Diffractograms are shifted
vertically for better visibility.

crystallising during the drying process. However, more interest-
ing are the broader peaks of the diffractogram of few-nm crys-
tallites, i.e., the pure MFt and Co7- and Zn7-doped samples.
The crystallite sizes of 3-4 nm given in Fig. 3 were evaluated
from the two largest peaks of each diffractogram using
Scherrer’s approach.”” Considering the average core diameter
of 6.3 nm and 3-4 nm crystallite sizes, it is estimated that each
MFt consists of 4-9 crystallites regardless of doping. These
numbers are realistic in light of the number of the HCF crystal-
lisation points in a cage.”” The diffractograms have a close
relationship to those of 6-line ferrihydrite””*
including the often-observed ferrimagnetic magnetite (Fe;0,)
or maghemite (Fe,O3) can be excluded from the peak positions
and relative intensities. For this comparison, powder-like
samples’>”® were assumed and the patterns of standard bulk
cobalt ferrite (PDF-00-0221086), magnetite (PDF-00-019-0629)
and maghemite (PDF-00-039-1346) were used. While different
structures of ferrihydrite have been suggested over the
decades, it is clear from previous studies that defects and rela-
tive site occupancies slightly modify the XRD response.

while ferrites

Magnetic characterisation

The structural characterisation of MFts in terms of their size
and core composition showed a high homogeneity and similar
properties between the three different samples. Any change in
terms of their suitability for spatial manipulation and inductive
heating approaches should thus depend on their magnetic pro-
perties. In Fig. 5A, the zero field-cooling (ZFC) and field-cooling
(FC) magnetisation curves at B = 5 mT are displayed. For direct
comparison of the blocking temperature, all curves are normal-
ised to the FC value at T = 5 K. For clarity, we show only one
curve for the pure MFt and Co7- and Zn7-doped samples as
indicated by the run number while the values given below are
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Fig. 5 Magnetometry results of pure and Co7 and Zn7 doped samples.
The run number behind the doping conditions reflects the individual
sample. Statistics are given in the text. (A) ZFC/FC curves in B = 5 mT. (B)
Hysteresis loops at T = 5 K and (C) superparamagnetic response at T =
300 K. Insets show magnification at the origin in identical units. Voids in
the curves are a technical feature of VSM resetting the sample position
by a touchdown to the end position switch giving no data while the field
is constantly swept.
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accompanied by the statistics of the three independent runs. All
individual runs confirm the trends. It is obvious from Fig. 5A
that both the ZFC/FC maximum and the irreversibility point
shift with doping towards higher temperatures, reflecting an
increased magnetic anisotropy energy density (MAE) at a con-
stant volume given by the MFt nanocompartments (cf. Fig. 2D).
Taking the ZFC maxima as a measure of the blocking tempera-
ture Tp, we obtained 35 + 5 K for pure MFt, 130 + 37 K for Co7
and 74 + 14 K for Zn7. The statistics hereby also reflect the indi-
vidual doping levels achieved (¢f graph in Fig. 3). For pure MFt
in our semisynthetic approach, Ty = 35 K is about 3 times
higher than that usually observed for horse spleen ferritin (75 =
10 K)° likely signalling different crystallisation mechanisms.
While Zn doping doubles Ty as compared to pure MFt, it is
striking that a low Co doping of 7% significantly increases the
blocking temperatures to 130 K and thus the effective MAE K¢
correspondingly; Ty can be translated in K.s for single-domain
nanoparticles using the following equation:

T
In—kpTg = A - kpTs = KegfV.
To

where kg is the Boltzmann constant and V is the particle
volume. The prefactor A = In(z/z,) accounts for the measurement
time (for VSM 1 s) with respect to the inverse of the intrinsic
attempt frequency (typically 107° s). Using a prefactor A of 21
for VSM, K. values are 0.8 x 10° ] m™ for pure MFt, 2.9 x 10° J
m™ for Co7 and 1.6 x 10° ] m™® for Zn7 assuming a constant
volume of V=131 nm®. Such 3.5 times larger Ty is very attractive
for inductive heating since the increased anisotropy may lead to
blocking effects at frequencies of 100 kHz at constant particle
volume and thus to higher heat losses via Néel relaxation pro-
cesses. A rough estimate can be drawn when comparing the pre-
factors Aysm = 21 for VSM and Aj,g = 9 for inductive heating at
100 kHz. Then, we compare Aysy Tp = Aind* Ts,ina and expect a
Tg,ind = 21/9- 130 K ~ 303 K for Co7 in inductive heating experi-
ments. Thus, hysteresis losses can be expected at 100 kHz,
leading to better heating in magnetic hyperthermia. Note that
this estimate assumes a frequency-independent magnetic sus-
ceptibility which is generally not the case.

Furthermore, we discuss the important features: (1) magne-
tisation and (2) coercive field dependence on doping. Fig. 5
presents hysteresis loops at (B) 7= 5 K and (C) T = 300 K. All
curves are normalised to the total mass of the dried sample
powder including the organic shell and residual salts. For the
whole particle, we obtained magnetisations of 7-13 Am* kg™*
in B =9 T and, as expected, the values decrease with increasing
temperature. However, we cannot define the saturation magne-
tisation with regard to the magnetic cores only since the mag-
netic content is not exactly known. Instead, we used Langevin
fitting as discussed below. None of the hysteresis loops
reaches saturation, which points to additional paramagnetic
Fe salts or antiferromagnetic contributions in the MFt MNPs.
Taking the saturation magnetisation of 6 nm Fe;O; MNPs of
45 (30) Am* kg™' at 7 = 5 K (300 K)*’ as an upper limit, we
obtained a ferrimagnetic fraction of at least 20-50 mass% in
the samples. This is also in line with XRD measurements
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showing sharp peaks (large crystallites) of NaCl after drying (cf.
Fig. 4), giving a significant contribution to the total mass.

The coercive fields yoHg at T =5 K are 99 + 29 mT for pure
MFt, 977 + 64 mT for Co7 and 35 + 4 mT for Zn7. These results
follow earlier studies showing magnetic softening and higher
magnetisation for Zn-doped ferrites and strong hardening at
slightly reduced magnetisation for Co-doped ferrites.””””® At
300 K, all MNPs show a superparamagnetic response as
expected. MFts can thus be treated as single domain and
weakly interacting particles following the Néel-Brown model.”®

Finally, the magnetisation of the MNPs can be extracted
from the Langevin fitting of superparamagnetic magnetisation
at T = 300 K. Fig. S3t1 presents the results for pure MFt and
Co7 samples. Here, we used the Langevin function and an
additional linear slope accounting for add-on contributions of
salts and organics and paramagnetic or antiferromagnetic con-
tributions in the samples. For simplicity, we fit the data with a
single parameter in the Langevin function omitting the distri-
bution of the product of magnetisation and volume. The
resulting volume magnetisation values are 2824 + 704 uy per
particle (200 + 50 kA m™) for pure MFt, 2973 + 931 yg per par-
ticle (211 + 66 kA m™") for Co7 and 5620 + 3611 yg per particle
(398 + 255 kA m™") for Zn7. Pure MFt and Co7 yield similar
values which are about 40% of bulk Fe;O, magnetisation at
ambient temperature. For Zn7, the larger value and larger vari-
ation of the fitting results of the three independent runs are
ascribed to the larger number of agglomerates in Zn7 (cf
Fig. 2).

For further use of doped MFt in biomedical applications,
magnetometry suggests that all the generated MNPs exhibit
magnetisation values suitable for spatial manipulation in
external fields. For applications in magnetic hyperthermia,
however, especially the Co-doped MFts appear suitable due to
their enhanced MAE, leading to magnetic blocking close to
ambient temperature. This behaviour is consistent with the
substitution of Co ions for Fe ions, since cobalt is well known
to increase the magneto-crystalline anisotropy and correspond-
ingly the blocking temperature.®>%

Magnetic hyperthermia

The heating capabilities of the MNPs were evaluated by record-
ing their temperature kinetic curves and hyperthermic
efficiency. To this end, the MFts in HEPES-1 buffer solution
were exposed to alternating magnetic fields (AMFs) of 93.75
kHz and 104.5 kHz and B = 45 mT amplitude using a custom-
made hyperthermia setup. Due to extensive cooling and miti-
gation of inductive losses in the electromagnet, this setup
allows for accurate measurements of the MNPs’ dissipated
power. The total particle concentration in the sample was
35 pM, corresponding to 55 mg mL™" and 16% (w/w) of total
metal ions. Fig. 6 and Fig. S4 show the average heating curves
of three repeats for pure, Co7, or Zn7 MFts. From each
measurement, the temperature kinetics of buffer measured
under identical conditions were subtracted, yielding AT. Care
was taken to measure each sample up to the steady-state con-
ditions during the heating and cooling stages (10-15 min after
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Fig. 6 (A) Hyperthermia measurement. Temperature kinetics of pure,
Co7, and Zn7 MFt samples (each 35 pM) during exposure to an alternat-
ing magnetic field (45 mT, 93.75 kHz). Each curve is an average of three
runs. The absolute temperature change AT refers to the temperature
increase above the temperature of pure buffer solution. All MFt and
buffer solution samples were measured in an identical manner. (B)
Specific absorption rate (W g~*) of each run (coloured dot) and average
value (coloured line). (C) Custom-made hyperthermia setup. (D)
Selected thermal image that was taken during the hyperthermia
measurement with the sample (blue box) in the centre of the magnet
gap.

switching the AMF on or off). At 93.75 kHz, the pure MFt
sample exhibits a temperature increase above the buffer refer-
ence up to AT = 3.6 K during exposure to the AMF. The Zn7
sample exhibits a lower temperature increase of AT = 2.5 K
during inductive heating. This lower response, however, is not
significantly different from that of the pure MFt sample given
the +2 K absolute temperature accuracy of the IR-camera.
Single heating curves were highly robust, since repetitions
were near identical and hence did not contribute to the uncer-
tainty (see Fig. 6A, where the coloured envelope indicates the
error arising from repeated measurements). Intriguingly, Co7
samples led to an inductive heating of AT = 8 K after 300 s in
the AMF. Such a significant temperature increase provides evi-
dence that doped MFts can act as heat mediators. At 104.5 kHz
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AMF frequency, all three MFt samples exhibited slightly lower
heating rates compared to those at 93.75 kHz (see Fig. S47).
While the pure MFt sample again heated up to AT = 3 K,
the Zn7 sample showed AT, = 1.2 K and the Co7 sample
showed AT, = 6.1 K. Previous tests using horse spleen ferri-
tin as a reference led to no measurable heating,*® corroborat-
ing our finding that the synthesis of a particular magnetic core
is critical to maximise the heating response.

The trend observed in the calorimetric experiments can be
explained with MFt's magnetic properties. In the linear response
regime, the power losses are described by the specific absorption
rate (SAR). It is proportional to the frequency, f; to the square of
the external magnetic field amplitude, H,, and to the out-of-
phase component of the magnetic susceptibility, y"( f):*°

SAR oc fuoHo’x"(f).

" depends non-linearly on f, increases with the MFt’s magnetic
moment, and reaches a maximum when the Néel relaxation
time 7y (ie., the magnetic moment reversal time above the
energy barrier) matches the period of the alternating magnetic
field. This latter condition is, in our experiments, best satisfied
for the Co7 sample, with increased magnetic anisotropy as com-
pared to that of pure and Zn7 samples.

Since all measurements were performed using identical set-
tings, the slightly lower inductive heating in the case of Co7
and Zn7 at 104.5 kHz could arise from a lower AC suscepti-
bility ", which is directly proportional to the dissipated power.

Our data reveal an overall low inductive heating of MFts,
which manifests itself in the SAR values per mass of total
metal ions (see Fig. 6B). The SAR was evaluated from the
initial slope of the fit to the heating curves amounting to 6.7 +
0.1 W g for pure MFt, 4.8 + 0.2 W g™ " for pure Zn7, and 25.7
+ 0.5 W g~' for Co7. The low inductive heating response and
small SAR values are indeed expected for the MNPs of this
diameter.>"®' SAR values are also low in comparison with the
data reported for larger MNPs in the literature®*** and our
measurements using the same setup,®® typically amounting to
~100 W g~'. However, the heating rate of the Co7 sample is
the maximal value typically achieved for these types of mag-
netic cores measured under similar conditions®® and is prom-
ising to promote or even initiate heat sensitive cellular pro-
cesses in the AMF. Moreover, the changes observed for
different core doping and different frequency settings high-
light that the inductive heating response is dependent on the
experimental design for which here optimised AMF excitation
settings and core compositions are found. Co7 MFts could
hence only act as mild heat mediators when the nanoparticles
are accumulated to high local concentrations (e.g., 35 pM),
resulting in the surrounding buffer solution heated by 2-3
degrees per minute.

Finally, it should be noted that all measurements were per-
formed using external field parameters which fall below the
physiological tolerance threshold.®® Such settings are impor-
tant when biological measurements are envisaged, where
physiologically serviceable power losses are required.
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MFt spatial manipulation

Since cell signalling processes were shown to rely on (i) the
spatiotemporal regulation of molecular distribution*** or (ii)
the application of mechanical forces,'®*® we here provide
examples of how synthesised MFts are useful in this biological
context. In particular, we show how MFts can be redistributed
and accumulated in different intracellular compartments. On
the one hand, this may be exploited for: (i) the coupling of
MFts to signalling proteins and their active spatial redistribu-
tion to understand cell signalling processes and on the other
hand, (ii) localised MFt accumulations may exert gentle forces
to trigger mechanosensitive processes.

To explore the suitability of MFts to respond to an applied
magnetic field gradient, we first redistributed the MFts under
idealised conditions, i.e., using droplets of MFts in a glycerol/
water (25 : 75 V/V) mixture on PDMS-coated glass coverslips. A
home-made magnetic tip consisting of spring steel wire con-
nected to neodymium magnets was moved close to the droplet
(see Fig. 7 and Video S1t). The magnetic tip generated mag-
netic gradients on the order of 10°-10* T m™". To determine
such magnetic flux density gradients over small scales (~um),
several assays have been developed. These include (i) The MNP
attraction in solution using the Stokes equation'”*" or (ii) the
optical magnetometry based on nitrogen vacancy colour
centres in diamond to map the 3D magnetic field of micro-
magnets.” Together with the magnetic moment reported in
the previous section, MFts should hence encounter forces in
the femto-Newton regime. This is too weak to produce clear
ballistic MNP trajectories toward the magnetic tip, and instead
the MNPs show a biased diffusion resulting from the superpo-
sition of Brownian motion with a magnetic drift. When the
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Fig. 7 Droplet assay with differently doped magnetoferritin. (A)
Exemplary assay with pure MFt. The magnetic tip was introduced at
0 min at a distance of 20 pm and left at the designated position for
50 min. (B) In the steady state, a line scan over 1 um (purple line in A)
was used to determine the force F affecting MFt using the displayed fit
function. (C) Forces determined using droplet assay for all doping con-
ditions. (D) Force-distance dependence for different distances d
between the droplet and the magnetic tip using the Co7 MFt sample.
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magnetic tip was positioned at a particular distance d from the
surface of the droplet, MFts were attracted towards the tip and
formed a sharp gradient from the edge towards the centre of
the droplet up to the distance where the attractive magnetic
potential was exceeded by the thermal Brownian motion (see
Fig. 7B). At the steady state, the MNP distribution followed a
Boltzmann distribution and was fitted with an approximate
relationship to determine the applied force F:

I(r) = A-exp (%)

where I is the intensity distribution along the purple line in
Fig. 7A, A is the amplitude, kg is the Boltzmann constant, T is
the temperature, and r is the radial distance from the tip.
Here, it was assumed that the droplet size is sufficiently small
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A  Phase Contrast

norm. Intensity
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to have a constant magnetic force F across the droplet dia-
meter, albeit the magnetic force F decreases as 1/7* for a para-
bolic tip.***° Fig. 7B shows the steady-state MNP distributions
of the pure sample along with the intensity profile fit as an
example. Similar distributions were obtained for the MFt with
the dopant and were fitted accordingly. The forces are Fpyre =
0.49 fN, Fgo7 = 0.61 fN, and Fz,; = 0.54 fN. These data confirm
the mentioned theoretical estimate of fN forces generated by
the current setup. In contrast to the hyperthermia results, no
significant difference in the magnetic response between the
different MFts was observed. This is reasonable, given the
magnetic moments derived from the Langevin fit to the mag-
netisation curves vary only by 5% for MFt and Co7. In
addition, differences in the magnetic field gradient sensitively
depend on the lateral MFt-tip distance, which may vary by a
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Fig. 8 Spatial manipulation of magnetoferritin in cells. (A) Phase contrast image of Cos7 cells and the micromagnetic tip and fluorescence images
of Co7-MFt's spatial redistribution in the cell cytoplasm placing the magnetic tip at different positions. (B) Fluorescence intensity profile along the
pink line in (A) during attraction (2—6 min) and relaxation (8—-12 min). (C) Average fluorescence intensity within the blue spot in (A) over time. The
intensity increases and decreases according to the spatial manipulation mode. (D) Phase contrast image of Cos7 cells and the micromagnetic tip and
fluorescence images of Co7-MFt’s spatial redistribution in the cell nucleus placing the magnetic tip at different positions. (E) Fluorescence intensity
profile along the pink line in (D) during attraction (3—10 min) and relaxation (11-13 min). (F) Average fluorescence intensity within the blue spot in (D)
over time. The intensity profile exhibits the characteristic exponential increase and decrease during attraction and relaxation, respectively. In (B) and
(E), the background intensity profile was subtracted from the data and spatial averaging was performed over a line with a width of 5 pixels.
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few 100 nm between the samples. In order to probe the force
variation with the droplet-tip distance, the steady-state MFt
distribution was further analysed, placing the magnetic tip 20
to 100 pm away from the tip. Interestingly, MFt attraction was
visible over the whole range up to the 100 um droplet-tip dis-
tance. This is an important prerequisite when magnetic
manipulation approaches at a distance, e.g., through a glass
cover slip, are envisaged. At the 100 um distance, a magnetic
force of Fgo; = 0.27 fN was derived. In summary, the MFt
droplet assay confirmed the ability to generate tuneable and
reversible MFt profiles. To further demonstrate the suitability
of MFts to be spatially redistributed within a subcellular com-
partment, we microinjected the Co7 MFts into the cell cyto-
plasm or in the cell nucleus (see Fig. 8 and Videos S2 and
S37). Although microinjection is comparably invasive, with the
intracellular pressure or milieu changes regularly leading to
cell death after injection, it has several advantages over other
transfer methods. Among these advantages are the direct
intake of nanoparticles into cells, wherefore it was used in this
study to monitor the unrestricted motion of nanoparticles in
the cytoplasm. We microinjected MFts into Cos7 cells and con-
secutively approached the same type of magnetic tip as used
for the droplet assay to the cell from different sites. MFts were
quickly attracted in the direction of the magnetic tip and
formed pm size areas of strong MFt accumulation. A steady
state distribution was typically reached after 5 min and the
magnetic tip was removed to show the reversible MFt
diffusion. When MFts were manipulated in the cell cytoplasm
(see Fig. 8A-C), particles were already attracted when the tip
was placed about 70 um away from the cell edge. At short dis-
tances from the cell edge (~10 um), strong MFt accumulations
developed. When the magnetic tip was moved to different sites
of the cell, the MFts were immediately redistributed. MFts
remained mobile and did not form any agglomeration during
the field-assisted manipulation. They fully dispersed in the
cell cytoplasm after removal of the magnetic tip. MFt manipu-
lation in general did not lead to any microscopic deformations
of the cell shape. Yet, in the case of strong MFt accumulation
and attraction over several minutes, after tip removal and MFt
dispersion, a slight increase in the projected fluorescence
intensity at the manipulation site compared to the initial state
was observed. This suggested that an increase in the cyto-
plasmic volume can occur along with a displacement of intra-
cellular structures when high local MFt concentrations are
present.

When MFts were manipulated in the cell nucleus (see
Fig. 8D-F), particles were reversibly attracted inside the
nucleus without observing any intensity change after the
manipulation. Interestingly, the attraction was fully reversible
and MFts remained inside the nucleus without any detectable
escape to the cell cytoplasm.

We further tested the biocompatibility of MFts and found
that cells that were incubated with MFt Co7 for 1 h did not
show any increased mortality in comparison with buffer con-
trols (see Fig. S5AT). Additionally, the cell death, which
occurred only in microinjected cells, was similar between only
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the microinjected cells and cells after magnetic accumulation
of MFts over the course of 6 h (see Fig. S5Bt). Additional cell
death, which was observed on longer time scales (>6 h), could
arise from microinjection late effects, excessive magnetic MFt
accumulation, and a change in sterile or imaging conditions
(since the sample was not covered during imaging for microin-
jection and magnetic manipulation purposes), among others.
While these long-time effects require further investigation, the
Co**-doped MFt, when brought into contact with the cells
alone, suggested a high biocompatibility, in line with previous
studies.>*!

Thus, provided the MFt transfer to the cellular environment
is further improved, the spatial manipulation of MFts can
serve as a method to actively redistribute MFt-coupled mole-
cules for cell signalling studies. It may also be used to apply
gentle mechanical stimuli to intracellular structures depend-
ing on the magnetic field gradient and the magnetic flux
density applied.

Conclusion and outlook

We have demonstrated that ferritin-based magnetic nano-
particles (MFts) offer a versatile platform for spatial magnetic
manipulation approaches, whereas an inductive heating of the
nanoparticles is possible only for optimal alternating magnetic
field settings and mineralised cores of high magnetic an-
isotropy (e.g., Co-doped cores). In particular, we synthesised a
bioengineered ferritin-based magnetic nanoparticle (MNP)
with mEGFP and PEG coupled to its surface. This enabled
tracking of the particle and preventing any unspecific inter-
action of the particle within a synthetic or cellular environ-
ment. Three types of MFts were synthesised with an undoped,
7% Zn- or 7% Co-doped superparamagnetic core with high
size homogeneity of the shell and core. Thus, MFts are addres-
sable one particle at a time and allows the transmission of the
same magnetic stimulus, an important prerequisite for many
bio- and nanotechnological applications.

7% cobalt doping yielded the highest effective magnetic an-
isotropy and significantly improved the hyperthermic heat per-
formance. Here, inductive heating experiments at 93.75 kHz
resulted in a temperature increase of 8 K above a buffer refer-
ence within a few minutes. This provided evidence that Co-
doped MFts can act as mild heat mediators when optimised
magnetic field settings and nanoparticle core properties are
used. 7% zinc doping and the pure mineral core resulted in
superparamagnetism down to <60 K and measurements at
different frequencies only brought about a slight heating
effect. Our rigorous measurements provide new insights into
the recent discussion on whether (or under which conditions)
MFts can act as heat mediators.

Next to probing the MFt applicability for magnetic
hyperthermia, their suitability for spatial manipulation
approaches in a biological context was tested. The performed
experiments nicely showed the applicability of our doped MFts
in solution and in a cellular context.

This journal is © The Royal Society of Chemistry 2024
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Here, all MFts performed very well and were comparable in
terms of their spatial redistribution potential. The MFts were
reversibly attracted in droplets or inside cells approaching a
magnetic tip (i.e., a magnetic field gradient) and attraction
forces were easily modulated by changing the MFt-magnetic
tip distance. In agreement with theoretical calculations, the
analysis of experimentally obtained MNP distributions
revealed that nanoparticles exert mild forces in the fN regime.
The MFts could hence be used to couple molecules to the MFt
surface (i) to spatially redistribute the molecules to create local
signalling hubs, (ii) to switch their (conformational) activity
state, or (iii) to exploit the biological mechano-sensitivity in a
mild force transduction approach. In conclusion, the Co-
doped MFt is an extremely versatile and small functionalised
targeting nanosystem, which offers the best magnetic pro-
perties for a spatial- or force-mediated manipulation of indi-
vidual molecules along with some potential for nanotechnolo-
gical hyperthermia applications.
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Supplementary Figures

DNA sequence:

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAA
CGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCAT
CTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCA
GCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCG
CACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGT
GAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAA
CTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGC
CACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGLCCC
GTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGATC
ACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAG-
GGATCCGGTGCAGAATTC—
ATGACGACCGCGTCCACCTCGCAGGTGCGCCAGAACTACCACCAGGACTCAGAGGCCGCCATCAACCGCCAGA
TCAACCTGGAGCTCTACGCCTCCTACGTTTACCTGTCCATGTCTTACTACTTTGACCGCGATGATGTGGCTTTGA
AGAACTTTGCCAAATACTTTCTTCACCAATCTCATGAGGAGAGGGAACATGCTGAGAAACTGATGAAGCTGCA
GAACCAACGAGGTGGCCGAATCTTCCTTCAGGATATCAAGAAACCAGACTGTGATGACTGGGAGAGCGGGCT
GAATGCAATGGAGTGTGCATTACATTTGGAAAAAAATGTGAATCAGTCACTACTGGAACTGCACAAACTGGCC
ACTGACAAAAATGACCCCCATTTGTGTGACTTCATTGAGACACATTACCTGAATGAGCAGGTGAAAGCCATCAA
AGAATTGGGTGACCACGTGACCAACTTGCGCAAGATGGGAGCGCCCGAATCTGGCTTGGCGGAATATCTCTTT
GACAAGCACACCCTGGGAGACAGTGATAATGAAAGCTAG

Amino acid sequence:

MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPD
HMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYI
MADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAA
GITLGMDELYK-GSGAEF-
MTTASTSQVRQNYHQDSEAAINRQINLELYASYVYLSMSYYFDRDDVALKNFAKYFLHQSHEEREHAEKLMKLQON
QRGGRIFLQDIKKPDCDDWESGLNAMECALHLEKNVNQSLLELHKLATDKNDPHLCDFIETHYLNEQVKAIKELGD
HVTNLRKMGAPESGLAEYLFDKHTLGDSDNES*

Figure S1 — Sequence of mEGFP—Linker—HCF.
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Figure S2 — Sizes of Ferritin cages.

Box plots show diameter of cages of empty Apo-Ferritin and doped Magnetoferritin of different
synthesis runs (1, II, 11). Mean values are shown as blank boxes, median values as horizontal lines (each
N > 41; for all cages: mean + SD = 14.2 + 2.3 nm; for all MFt cages: mean + SD = 13.9 £ 2.2 nm).
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Figure S3 - Langevin Fits.
Measured magnetisation and Langevin fits of pure MFt and Co7 samples. Here, we use the Langevin

function and an additional linear slope accounts for add-on contributions of salts, organics and possible
antiferromagnetic contributions in the samples.
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Figure S4 — Hyperthermia measurement.

(A) Temperature kinetics of Pure, Co7, and Zn7 MFt sample (each 35 uM) during exposure to the
alternating magnetic field (45 mT, 104.5 kHz). Each curve is an average of three runs. The absolute
temperature change AT refers to the temperature increase above the temperature of pure buffer
solution. All MFt and buffer solution samples were measured in an identical manner. (B) Specific
Absorption Rate (W/g) of each run (coloured dot) and average value (coloured line).
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Figure S5 — Cell Viability Assays.

Biocompatibility of MFt Co7 tested in Cos7 cells. (A) CellTiter Blue assay. Cells were incubated with cell
medium (DMEM) as positive control, 0.1 % Triton as negative control and several concentrations of
MFt Co7 in HEPES-1 buffer (0.01 to 1 mg/ml) and with the same volume of HEPES-1 (0 mg/ml). (B) Cos7
cells were only observed ('control'), microinjected with MFt-Co7 at t = 0 h ('injected') or microinjected
and magnetically manipulated for 15 min (‘manipulated'). For the three conditions, 93 %, 78 %, and
75 % respectively of cells survived more than 6 h (360 min) after the beginning of the experiment/after
injection (indicated by the black circle). (C) and (D) are exemplary images of Cos7 cells being (C)
microinjected with MFt Co7 and observed for 420 min and (D) microinjected with MFt Co7, exposed
to a magnetic stimulus after 60 min for 15 min and observed for up to 420 min. Images are taken in
phase contrast (top row) and fluorescence for mEGFP (bottom row), scale bars are 20 um.

166




IV.2. Publication IV

Supplementary Tables

Table S1 — Properties of doped Magnetoferritins.
(Du: hydrodynamic diameter, Pdl: polydispersity index, both obtained from DLS measurements, Z-
Potential obtained from ELS measurements.)

Sample Run Dy (nm) Pdl {-Potential (mV)

1 36.6+1.9 0.16 £ 0.01 -5.6+0.2
Pure 2 36.8+1.9 0.17+£0.01 -54+0.5

3 36.6+2.2 0.16+0.01 -4.4+0.5

1 46.5+2.5 0.16 +0.01 -4.7+0.9
Co7 2 45.1+3.0 0.17+£0.01 -5.1+1.6

3 424+34 0.19+0.01 -4310.5

1 499+53 0.18 +£0.01 -45+0.7
Zn7 2 449 +3.1 0.17+0.01 -5.1+0.9

3 35.5+2.6 0.17+0.01 -4.8+0.8
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Supplementary Videos

Video S1 — Droplet Assay with Pure MFt.

A droplet of undoped MFt was placed on a coverslip coated with PDMS. A magnetic tip consisting of
a neodymium magnet with spring steel tip as described in Novoselova et al.! was placed at a distance
of 20 um to the edge of the droplet and left there for up to 1 h. The attraction of MFt towards the tip
was recorded via the movement of mEGFP.

Video S2 — Spatial Manipulation of MFt Co7 inside a Cell.

The magnetic tip used in Video S1 is approached to a cell in which MFt Co7 was microinjected. The MFt
is reversibly attracted by the magnetic field gradient emerging from the tip. The tip is placed at various
positions around the cell and the particles are attracted by the tip to different sites. Particles diffuse
away after tip removal within a few minutes.

Video S3 - Spatial Manipulation of MFt Co7 inside a Nucleus.

The magnetic tip used in Video S1 is approached to a cell exhibiting MFt Co7 in the cell nucleus. The
MFt is reversibly attracted by the magnetic field gradient emerging from the tip. The tip is successively
placed at three different positions around the cell and particles are attracted by the tip and diffuse
away after tip removal within a few minutes.

1 I. P. Novoselova, A. Neusch, J. S. Brand, M. Otten, M. R. Safari, N. Bartels, M. Karg, M. Farle, U.
Wiedwald and C. Monzel, Nanomaterials, 2021, 11, 1-20.
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Chapter V
Conclusion and Outlook

This work was settled at the interface between biology and physics, aiming to de-
velop a toolkit for investigating cellular signalling pathways via magnetogenetics.
To this end, the human iron storage protein ferritin was utilised and bioengineered
in order to create a potent and versatile MNP for magnetogenetical applications.
Chapter III addressed the biological aspects of this work. In Publication I, we
produced semisynthetic MFt NPs and compared them to commercially available
magnetic multi-core NPs called Synomag®. While both MNPs were shown to pos-
sess basic properties that make them suitable for magnetogenetic applications —
monodispersity, biocompatibility, fluorescence, superparamagnetism —, we could ob-
serve that MFt was more readily taken up by cells during incubation. Initially, we
attributed this increased uptake to MFt’s reduced size and higher ¢ potential. How-
ever, it is more likely that intrinsic TfR1 — a natural ferritin receptor — internalised
MF%t (as described in Section 11.2.1), while to our knowledge, no such pathway exists
for artificial Synomag®. We could show that ferritin uptake was even enhanced in
Publication II by overexpressing TfR1 prior to incubation. The increased presence
of TfR1 on the cell led to a significant accumulation of ferritin at the cell border
and its subsequent internalisation after localised incubation via microshower.

It was possible to spatially redistribute MFt inside cells after internalisation via
both incubation and injection. With the help of a static magnetic gradient field
emitted by a magnetic tip, it was possible to create localised MFt gradients within
several minutes. Attracted MFt redistributed within minutes in the cytosol after
removal of the magnetic tip. In contrast to MFt, artificial Synomag® NPs displayed

significantly lower mobility, and, hence, slower accumulation and dampened redis-
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tribution. This demonstrated the superior properties of MFt over artificial MNPs
in intracellular studies.

MFt’s performance was further tested after the introduction of cobalt-doping in
Publication IV . Here, we could accumulate MFt both in the cytosol as well as in the
cell’s nucleus effectively. Hence, doping had no effect on MFt’s mobility. As a next
step, this technique might be used to mimic local protein concentration gradients
and investigate concentration thresholds that trigger cellular signalling by targeting
MFt to internal molecules and membrane-bound receptors.

However, the targeting routes we used up to this point only allowed us to focus on
TfR1, while other interesting receptors stayed out of our reach. Thus, we aimed
at expanding ferritin’s target versatility in Publication II. To this end, we created
a hybrid ferritin cage that combined established fluorescent subunits with newly
designed subunits equipped with a minimal antibody binding domain of Protein A
(see Section 11.3.2.3). We showed the presence of two distinct subunits in our ferritin
cages by SDS-PAGE and estimated the distribution of the subunits spectroscopi-
cally to be approximately 1 to 3 (fluorescent subunit to Protein A subunit).

To estimate the number of fluorescent subunits on our ferritin NP more precisely,
confocal photobleaching step analysis (cPBSA)® might serve as an orthogonal quan-
tification approach. Here, single ferritin cages are excited by a confocal laser while
emission from the GFP subunits is detected. Bleaching events of single fluorophores
due to photodamage will cause the emitted intensity to decay step by step. The
number of the detected bleaching steps can then be related to the initial number of
GFP subunits on the NP. However, obtaining quantitative data on the ferritin NP
has been — and remained — challenging due to their biological complexity and the
required sub-micrometre precision.

Nevertheless, the presence of Protein A on ferritin’s surface opened the possibility
of easily functionalising ferritin with IgG antibodies. We demonstrated the binding
properties of ferritin to various subtypes of antibodies and determined the Ky value
to be ~3nM, roughly one magnitude below previously reported Kp values for Pro-
tein A (see Publication IT). The strong binding between ferritin and antibody allowed
us to specifically target the death receptor CD95 with ferritin via an aCD95 anti-
body. Incubation with this construct induced cluster formation and, subsequently,
apoptosis. As we demonstrated that ferritin-mediated accumulation is sufficient to

induce apoptosis, the next experimental step would be to utilise antibody-labeled
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MFt and a matching magnetic field to gain insights into mechanisms and thresholds
that are necessary for CD95 to induce apoptosis.

While this dissertation mainly focused on characterising and manipulating single
MNPs and, thus, their interaction with single receptors, the expansion of ferritin’s
versatility might lead to further applications on larger scales. The forces transmit-
ted by single ferritins might be enough to manipulate single receptors, but they
are insufficient for manipulating heavier structures. Therefore, it could be benefi-
cial to couple multiple MFts to one target to apply the combined force of an MFt
ensemble. With this approach, not only organelles but whole cells could be manipu-

lated, for example, to trap circulating tumour cells from the blood of cancer patients.

Apart from the biological modification of ferritin, Chapter IV concentrated on the
magnetic properties of MFt’s core. With Publication 111, we established a setup
for heating MNPs using magnetic hyperthermia. To this end, we tackled the chal-
lenge of generating and sustaining AMF's (~100 kHz) with sufficient field amplitudes
(~50mT). Previously presented setups often failed to maintain these fields for longer
periods due to overheating system components. However, by utilising an elaborate
cooling system, we could sustain AMF's in our setup for up to 20 min.

With this setup at hand, we produced several variants of MFt in Publication IV .
Adding cobalt and zinc during the core synthesis gave rise to MFt constructs doped
with 7% of cobalt or zinc, respectively. The magnetic properties of the iron oxide
core changed drastically by adding dopant metals, as the introduced atoms altered
the core’s crystal structure and e.g. increased magnetic anisotropy. With this dop-
ing procedure, we were able to tune blocking temperature Ty, coercivity H¢, and
specific absorption rates (SAR) during magnetic hyperthermia without affecting
morphological or biological properties.

By probing the MFt samples in an in vitro droplet assay, we could quantify forces
acting on single ferritin cages. Approaching our self-built magnetic tip, we were
able to pull on MFt with ~0.6 fN. Attraction was possible over distances of at least
100 pm, where the attractive force decrease to ~0.3 fN. It is, hence, possible to fine-
tune the forces acting on single MNPs by adjusting the distance between the MNP
and magnetic tip. An effect on the effective force transduction by the presence of
dopants in MFt’s core was not observed.

However, most promisingly, cobalt doped MFt exhibited much higher Tg (~100K
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above undoped MFt) and a significant opening of the hysteresis loop at 5K, rep-
resenting the increased magnetic anisotropy of the crystal. This strongly indicated
the construct’s applicability as a heat mediator in magnetic hyperthermia mea-
surements. Accordingly, cobalt-doped MFt outperformed the other MFt constructs
when exposed to an AMF (93.75 kHz and 45 mT), raising sample temperatures by up
to 8 K above buffer controls. Although we could show that under ideal conditions,
heating rates of MFt can be significantly increased by doping, actual SAR values
(up to 25 W g™!) fall short of Synomag® MNPs with magnetic multicores (up to
170 W g 1). Nevertheless, heat dissipation of our modified MFt is far superior to
natural ferritin and might, therefore, be used to activate heat-sensitive ion channels.
Applying doped MFt could, for example, help clarify the mechanisms behind the
activation of TRPV1 via magnetic hyperthermia, which has been under discussion
recently (see Section 11.3.3.3 and 11.3.4.3).

In final analysis, this work investigated the capabilities of engineered human ferritin
as a magnetic nanoagent. Such nanoagents are a prerequisite for controlling cellular
signalling pathways through magnetogenetical approaches. At the same time, ex-
ploring these pathways counts as one of the most important goals for both medical
and biological research.  Here, I demonstrated that — with the proper modifica-
tions — ferritin can be specifically directed to a selected target and serve as a potent
mediator of both heat as well as forces to induce motion and formation of local
concentration gradients. With these properties, it becomes possible to mimic path-
way conditions that prevent or trigger certain diseases. Ultimately, elucidating and
understanding the related signalling pathways would go miles towards treatments

of a myriad of conditions that are, to this day, considered to be incurable.
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Abbreviations

Ab Antibody
AC Alternating current
AMF Alternating magnetic field

APC Allophycocyanin, a fluorphore
BSA Bovine serum albumine

CD Cluster of differentiation

CDT71 Cluster of differentiation 71, see TfR1

CD95 Cluster of differentiation 95

CD95L Ligand of cluster of differentiation 95

Cos7 Fibroblast-like cell line from monkey kidney tissue
cPBSA Confocal photobleaching step analysis

CRD Cysteine-rich domain

CTB CellTiter-blue® assay

DC Direct current
DD Death domain of cluster of differentiation 95
DLS Dynamic light scattering

DLVO Derjaguin-Landau-Verwey-Overbeek (theory)
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Abbreviations

DNA Deoxyribonucleic acid
DoL Degree of labeling
DR4 Death receptor 4

DREADD Designer receptors exclusively activated by designer drugs

EDTA Ethylenediaminetetraacetic acid
EGFP Enhanced green fluorescent protein

ELS Electrophoretic light scattering

Fab Fragment antigen binding
FBS Fetal bovine serum
Fc Fragment crystallisable

Ft Human ferritin

GFP Green fluorescent protein

HC Heavy chain of an antibody
HCF Heavy chain ferritin

HeLa Immortalised cell line from Henrietta Lacks, a cervical cancer patient
IgG Immunoglobulin G
kDa Kilodalton

LC Light chain of an antibody

LCF Light chain ferritin

MDa Megadalton

mEGFP Monomeric enhanced green fluorescent protein
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Abbreviations

MFt Magnetoferritin
MNP Magnetic nanoparticle
MPN Magnetoplasmonic nanoparticle

MRI Magnetic resonance imaging
NP Nanoparticle

PAGE Polyacrylamide gel electrophoresis
PBS Phosphate-buffered saline

PDB Protein data bank

PEG Polyethylene glycol

protA Minimal functional binding domain of Protein A from S. aureus

RASSL Receptor activated solely by a synthetic ligand
RCSB Research collaboratory for structural bioinformatics
RF Radio frequency

RINA Ribonucleic acid

ROS Reactive oxygen species

SAR Specific absorption rate

SDS Sodium dodecyl sulfate

SI Supporting information

sMNP Small magnetic nanoparticles

SpA Protein A from Staphylococcus aureus
SPR Surface plasmon resonance

SQUID Superconducting quantum interference devices
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Abbreviations

TEA Triethanolamine

TEM Transmission electron microscopy

Tt Transferrin

TfR Family of transferrin receptors

TfR1 Transferrin receptor 1

TNF-R Tumour necrosis factor receptor

TRPMS8 Transient receptor potential cation channel subfamily melastatin 8
TRPV1 Transient receptor potential cation channel subfamily V 1

TRPV4 Transient receptor potential cation channel subfamily V 4

VSM Vibrating sample magnetometer
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This thesis is a revised version of the original document submitted on 7*" November

2024. Changes to the content made during the revision are listed in this chapter. If

applicable, changes are highlighted in bold.

Additionally, corrections to spelling, punctuation, formatting, and minor grammat-

ical errors were made, but are not listed here.
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Page 15
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"...anti-parallel to each other
(Section II.1.2.2)
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(T" > 1N) [...] ordered state
(T < TN).’

'Generally, 79 has a value be-

tween 1072 and 1078s.’

'Depending on the last atom
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"...undefined exemplary material.’
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