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Abstract

During this PhD, two projects were pursued.

Development of a Setup for Magnetic Hyperthermia

Magnetic hyperthermia describes heat dissipation by nanoparticles subjected to al-
ternating magnetic fields. Due to the nanoscale localized heating, this phenomenon
has a high potential for biological and medical applications. These include but are
not limited to localized heating of cancerous tissue, causing conformational changes of
heat sensitive molecules, and targeted drug release. However, the generation of tempo-
rally stable alternating magnetic fields remains a challenge. In this project, a robust,
microscope-mountable setup for generating an alternating magnetic field is developed.
For this purpose, different electrical components are tested to maximize the efficiency.
The resulting setup is capable of maintaining a 100 kHz alternating magnetic field with
an amplitude of 50 mT over a period of 30 min, and offers to apply fast heating-cooling
cycles. An elaborate cooling system is introduced to minimize the effect of parasitic

sample heating.

To test the system, Synomag® 70 particles, Bionized Nano Ferrite particles, and mag-
netosomes from magnetotactic bacteria (Magnetospirillum gryphiswaldense) are char-
acterized in their physical and magnetic properties. The particles are compared regard-
ing their core structure, hydrodynamic radius, surface charge, and alternating-current-
susceptibility. The particles are then used to demonstrate the heating capability of the
hyperthermia setup.

Track Separation in Single Particle Tracking

Intracellular transport is vital for cell division and metabolism. Single particle tracking
is an essential tool for understanding these cellular processes. Today single-particle
tracking can be performed on multiple particles simultaneously. Due to the high
amount of data generated, computer algorithms are used to evaluate the results. In this
project, an algorithm is developed which enables the separation of tracks in segments
with different modes of transportation. This is accomplished via the point density of

the recorded track, as criterion.



To test the developed algorithm, it is applied to tracking data of endosomes captured
on an in-house built tracking setup and evaluated using the tracking algorithm u-Track.
The resulting separation is then compared to the established analysis via mean square

displacement theory, verifying the viability of the developed approach.

vi
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1 Introduction

Thinking about the energy which is critical for our world to function, one might quickly
think of electric energy as power supply to almost every part of the infrastructure. This
sounds reasonable, especially in times when almost every device of our everyday life
operates with electric energy. A much more critical type of energy, which is, in fact,
so important that it defines the habitable zone [1], is thermal energy. Concerning the
vast range of temperatures appearing in nature, the one we can live in is particularly
limited. Even more limited is our body temperature range of 20°C to 44°C at its
maximum and 33 °C to 40°C to the bearable extent without significant reduction of
vital functions [2]. While the strong temperature dependence of human life can be a
problem in extreme environmental temperatures, it also poses an excellent opportunity

for medical treatment.

The best-known examples of thermal treatments are probably the hot-water bag and
the ice pack. While the ice pack, representing cold, is used for short-term treatment
of new injuries, the hot-water bag, representing heat, is used to mitigate physical

afflictions.

The human body itself uses temperature to counter diseases in the form of fever. This
is possible since biological processes are highly temperature dependent. Suppressing
this natural defense mechanism has been linked to prolonging the duration of illnesses
[3, 4] or increasing the mortality rate of patients [5]. There are also indications that
fever can aid the recuperation from cancer [6, 7]. The downside of fever is the strain on
the whole body. To minimize side effects on the surrounding healthy tissue, localized

heat generation at the tumor side is preferable.

To generate heat locally, a commonly used technique is the implantation of heating
devices, either by using implanted electrodes [8, 9] or microwave antennas [10, 11, 12].
Due to the low heat penetration inside the body, the heating devices must be placed
close to the tumor. The techniques are invasive and therefore risk mechanical damage to
the tumor, which can lead to metastasis spread. A noninvasive technique is preferable.
One approach towards noninvasive localized hyperthermia is magnetic hyperthermia.

In magnetic hyperthermia, magnetic nanoparticles are administered to the patient,
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which then accumulate in the tumor. The high penetration of magnetic fields into tissue
enables the remote heating of nanoparticles. In 1957 Gilchrist et al. [13] showed the
treatment of cancerous lymph nodes by remotely stimulating magnetic nanoparticles
with alternating magnetic fields. From this point on, the effectiveness of magnetic
hyperthermia in cancer treatment has been shown numerous times [14, 15, 16, 17, 18,

19].

Aside from the use of magnetic hyperthermia in cancer therapy, there are other appli-
cations of magnetic hyperthermia. Here especially, the extremely high localization of
the heat generated is of interest. Due to their extremely small size of only tens to a
few hundred nanometers, it is possible to attach the particles to individual regions of
the cell and control, for instance, individual ion channels [20, 21, 22]. The influence

has also been shown for other cell functions [21, 23, 24].

A different use case of magnetic nanoparticles than the direct influence of biological
processes is the aid in drug releases. Here the drug delivery system contains magnetic

nanoparticles, which are used to initiate drug release [25, 26, 27].

Beyond the medical applications, there are also other systems where magnetic hyper-
thermia is used, such as the purification of proteins [28], water purification [29, 30],

and the development of heat and pH-sensitive polymers [31].

1.1 QOutline of this Project

This project focuses on the biomedical application of magnetic nanoparticles. It is
aimed to provide a robust magnetic hyperthermia setup that can be used for live
imaging of cells with magnetic nanoparticles under the influence of alternating magnetic
fields.

The second chapter discusses the theoretical basics of electromagnetism, magnetism in
matter, and the general heat generation of magnetic nanoparticles. Afterwards, the

evaluation method applied in this project is introduced.

The third chapter introduces the methods used for the characterization of nanopar-
ticles, namely dynamic light scattering, electrophoretic light scattering, transmission
electron microscopy, and alternating current susceptometry are introduced. The chap-
ter then closes with the introduction of thermal imaging, which is used to measure heat

generation.

The fourth chapter discusses the experimental setup and its ability to generate heat.

At first, several components are tested and characterized towards the applicability in a
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high-power alternating current circuit. The characterized materials are then combined
into a resonant transformer as the basic principle of the setup. To reach the full
potential of the setup and decrease the influence on the sample, a custom water cooling
system is fabricated and fitted to the setup. The setup is then thoroughly characterized

by its electric and magnetic properties.

In the second part of chapter four, three different magnetic nanoparticles are char-
acterized to serve as test systems to determine the usability of the proposed setup

to generate heat by exposing the characterized particles to an alternating magnetic

field.

Finally, the system is tested with the characterized particles towards its usability for
microscopic observation of biological systems. For this purpose, the heat generation,
the influence of parasitic heating by heat radiated from the setup, and the usability of

the setup in combination with a microscope, and microscopable chambers are tested.

In the fifth chapter, the results are discussed, and a conclusion on the usability is

given.

1.2 Contributions and Publications

This project has been conducted in the group for Experimental Medical Physics. As
the research is interdisciplinary, I have collaborated closely with other group members.

Additionally, I have supervised several students during their thesis.

1.2.1 Contribution to this Thesis

A detailed list of contributions to the data shown is given in the following.

e Dr. Philipp Hagemann performed and evaluated dynamic light scattering and
(-sizer measurements on Bionized Nano Ferrite particles and Synomag® 70 par-

ticles.

e Andreas Neusch performed and evaluated transmission electron microscopy mea-

surements on Bionized Nano Ferrite particles and Synomag® 70 particles.

e Bastian Czech cultivated Magnetospirillum gryphiswaldense, provided magne-
tosomes with transmission electron microscopy measurements and properties
thereof. He also assisted with hyperthermia and AC-Susceptibility measurements

on the magnetosomes. This was done in the scope of his master thesis.
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e Julia-Sarita Brand performed the measurements of the coupling factor and as-
sisted during hyperthermia measurements. This was done in the scope of her

bachelor thesis.

e Vinzenz Jiittner performed the spatial measurement of the magnetic field strength

and assisted during hyperthermia measurements.

1.2.2 Publications

The results from this project are submitted for publication:

An efficient magnetothermal actuation setup for fast heating/cooling cycles or long-
term induction heating of different magnetic nanoparticle classes

in Journal of Physics D: Applied Physics.

The authors are: Kuckla, Daniel; Brand, Julia-Sarita; Neusch, Andreas; Czech, Bas-
tian; Juttner, Vinzenz; Asharion, Amirarsalan; Novoselova, Iuliia; Getzlaff, Mathias;

Monzel, Cornelia.
Parts of this work have been published in posters on different occasions.

e Poster at DPG Friihjahrstagung Regensburg 2022: An Efficient Magnetic Hyper-
thermia Setup for Controlled Nanoparticle Heating
Authors: Kuckla, Daniel; Asharion, Amirarsalan; Brand, Julia-Sarita; Jittner,

Vinzenz; Czech, Bastian; Getzlaff, Mathias; Monzel, Cornelia.

e Poster at SKM 2021: Hyperthermia Setup for Efficient Nanoparticle Heating
Authors: Kuckla, Daniel; Asharion, Amirarsalan; Brand, Julia-Sarita; Jittner,

Vinzenz; Monzel, Cornelia.

Parts of this project are also included in supervised bachelor and master theses and

cooperative works.

e Amirarsalan Asharion: Design and Implementation of a Magnetothermal Actua-
tion Setup (Master Thesis)

e Julia-Sarita Brand: A Magnetothermal Actuation Setup for Magnetic Nanopar-
ticle Heating (Bachelor Thesis)

e Bastian Czech: Hyperthermie: Untersuchung von FEisenoxid-Nanopartikeln aus

Magnetospirillum gryphiswaldense Bakterien (Master Thesis, cooperational)



2 Theoretical Background

In this chapter, a short recapitulation of the underlying physical basics of this work
shall be given in order to aid the understanding of this work. Effects that directly
affect the development of the setup are explained in the corresponding section of the
work. The chapter starts with the foundation of electromagnetism, namely the Maxwell
equations and the Lorentz force; it continues with the effect of magnetism in matter,
focusing on the phenomenon of superparamagnetism and the linear response theory.

The chapter closes with a motivation for heating and cooling fit formulas.

2.1 Maxwell and Lorentz equations

The basics of classical electromagnetism are given by a set of five equations. The first
four are the Maxwell equations constituted by James Clerk Maxwell in 1865 [32], albeit
in different forms. Nowadays, two commonly known forms of these equations exist in
the International System of Units (SI). The first is the microscopic or differential form
which reads as [33]

V- E=", (2.1)
€0
V-B=0, (2.2)
. . 9B
V x B = —E and (23)
o - OF
V X B = pje + Hoko o~ (2.4)

These equations describe the dependencies of the electric field E, charge density p,
magnetic flux density B , and the total current density jz with the vacuum permittivity

€9 and the vacuum permeability . The physical statements of these equations are:

e The divergence of the electric displacement field is proportional to the free charge

density, so charges are the source of the electric field. (Equation (2.1))

e There is no divergence of the magnetic field, meaning there is no source of



I  Magnetic-Hyperthermia

the magnetic field. In other words, there are no magnetic monopoles. (Equa-
tion (2.2))

e Every temporal change in the magnetic flux causes a curled electric field. (Equa-
tion (2.3))

e A temporal changing electric field and/or a current cause a curled electric field.

(Equation (2.4))

The second form is the macroscopic or integral form which can be transformed from
the differential form by utilizing Gauss’s theorem and the generalized Stokes theorem
(Appendix A.1). They read as [33]

# B-di=qQ, (2.5)

ov

# B-dA=0, (2.6)
oV

%E-dgz —2 and (2.7)
. . 4P

55 dF=i4 —2 (2.8)

The physical meanings of the integral form are:

e The electric displacement field D through a closed surface A around a Volume V

is caused by the overall charge () inside the Volume. (Equation (2.5))

e The total magnetic flux through a closed surface is equal to zero due to the

non-existence of magnetic monopoles. (Equation (2.6))

e The electric circulation around a surface A along its perimeter s opposes the

temporal change of magnetic flux d®g through the surface. (Equation (2.7))

e The circulation of the magnetic field strength H around a surface equals the tem-
poral change of the electric displacement field and the current density ;through
the surface. (Equation (2.8))

The electric displacement field D and the magnetic field strength H are thereby given
by [33]

—

D= + P and (2.9)

T

=

€0

B
— (2.10)
Ho

with the polarization P and the magnetization M. Polarization and magnetization are

macroscopic material properties that are used to describe the influence of electric and
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magnetic dipole moments of permanent or temporal character. These effects can not
be explained by the microscopic Maxwell equations and classical electromagnetism, as

they are caused by quantum mechanical effects.

The last equation needed is the electromagnetic force or Lorentz force Fl, which is
given by [34, p.89]

Fi—q(E+7xB).

It describes the force acting on a charge ¢ in the presence of an electric field and
the effect a magnetic field has on the charge moving with the velocity ¥ through the

magnetic field.

2.2 Magnetism in Matter

As discussed in section 2.1, magnetization describes the influence of magnetic dipole
moments in matter. These dipole moments can be of permanent or temporal charac-
ter. Permanent dipole moments are a material inherent quantum-mechanical property,
while temporal dipole moments are induced by external magnetic fields. However, the
response to external magnetic fields can be vastly different. The responses can be

categorized using the magnetic permeability

,LLZ:E,

which is the proportionality factor of magnetic flux density and magnetic field strength
and therefore describes the ability of a material’s magnetization to follow an external
magnetic field. p is the permeability of a material, which is the product of the vacuum
permeability po and the relative permeability p,[35]. In the following, the different
magnetic behaviors will be introduced. The same classification can be done with the

magnetic susceptibility, which is given by y = pu, — 1.

Diamagnetism :0<pu<1

A magnetic permeability below one means the magnetic flux density inside a diamag-
netic material is lower than it would be in a vacuum. Therefore the magnetic dipoles
inside the material need to be oriented opposing the external magnetic field strength,
resulting in a net force causing the material to leave the magnetic field. Due to this
force, it is possible to keep diamagnetic materials levitating in sufficiently strong mag-

netic fields. In the case of p = 0, the magnetic field inside the material completely
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vanishes; this is called the Meissner—Ochsenfeld effect [36], a key property of supercon-

ductors.

Paramagnetism : py>1

In this case, the magnetic flux density inside the material is larger than it would be
in a vacuum. This is the case for most materials. Regarding internal dipole behavior,
the dipoles orient themselves with the external magnetic field. This leads to a net
force causing the material to enter an external magnetic field. Although paramagnetic
materials align their magnetic dipoles in the presence of an external magnetic field, they
do not retain their magnetization when the external field vanishes, and the material

does not have an inherent magnetization.

2.2.1 Collective/Ordered Magnetism

Collective or ordered magnetism describes the phenomenon of magnetic moments inside
the material aligning without external magnetic fields. Although only some of these
materials exhibit a natural net magnetization, this type of behavior is colloquially

known as magnetism.

Ferromagnetism : pu>>1

In ferromagnetic materials, the internal dipoles are divided into regions called mag-
netic domains. Inside these domains, the magnetic dipole moments are aligned parallel
(Figure 2.1a) even if no external magnetic field is applied. The cause of this alignment
is not explainable with a classical approach. In the quantum mechanical picture, the
alignment is caused by the exchange interaction, which is no additional type of inter-
action but a coulomb interaction causing the alignment of spins to be energetically

favorable for certain materials.

Since these domains do not need to be aligned with each other, the material does not
need to exhibit an externally measurable magnetic field. In the presence of an external
magnetic field, however, the domains are aligned and increase the magnetic flux density
by up to 1 x 10° [37]. If the external field is removed, the thermal energy at room
temperature is insufficient to break the alignment of the magnetic moments inside a
domain, so an intrinsic magnetization remains. This magnetization is called remanent
magnetization, which will be further explained in Section 2.2.2. If the temperature
increases above the material-dependent Curie-temperature 7T, the thermal energy is
sufficient to break the alignment of the magnetic domains, leading to magnetization

loss. At temperatures higher than T, the material shows paramagnetic behavior.

10
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(a) Ferromagnet (b) Antiferromagnet (c) Ferrimagnet

Figure 2.1: Relative alignment of magnetic moments for different types of ordered
magnetism.

Antiferromagnetism

Antiferromagnetic materials, just like ferromagnets, align their magnetic moments.
The difference is that the lattice of magnetic moments is separated into two groups
which are oriented antiparallel (Figure 2.1b). This leads to a net magnetic moment of
zero. In the presence of an external magnetic field, the magnetic moments are rotated
in line with the external magnetic field. If the moments are fully aligned with the
external magnetic field, there is no longer a difference to a ferromagnetic system. Just
like ferromagnets, the alignment of the magnetic dipole moments can be revoked if the
temperature is increased and the thermal energy is sufficient to overcome the alignment.
In the case of antiferromagnets, this temperature is called Néel temperature Ty. Above

Tx antiferromagnets exhibit paramagnetic behavior.

Ferrimagnetism

Ferrimagnets are antiferromagnets with magnetic dipoles of different magnitudes. This
leads to a net magnetic moment even if neighboring magnetic moments are aligned
antiparallel ( Figure 2.1c). Due to the remaining net magnetic moment of the magnetic
domains, ferrimagnets also exhibit a remanent magnetization. If a ferrimagnet is heated
above T¢, it exhibits paramagnetic behavior. A sketch of the magnetic moments is

shown in Figure 2.1c.

2.2.2 Hysteresis

In general, hysteresis describes a behavior where the state of a system is dependent
not only on momentary external input but also on the system’s previous state. In
magnets, this behavior is a result of the anisotropy of the magnetic crystal. The
anisotropy is caused by the interaction of electron orbitals and the crystallographic
structure. As a result of this interaction, the spins prefer to be aligned along specific
axes, which are defined by the crystallographic structure and are energetically favorable

[38]. The axis along which these orientations are aligned are called easy axes. In the

11
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simplest case, a crystal possesses one easy axis. Therefore the magnetic moment has
two favorable orientations, namely parallel and antiparallel to the easy axis. To switch
the orientation, the magnetic moment needs to be rotated, surpassing energetically
higher orientation states, which creates an energy barrier between the two favorable
orientations. Due to this energy barrier, the orientation of the moment is switched only
if the supplied energy is larger than the energy barrier. As a result, the orientation of
the magnetic moment is dependent not solely on an external magnetic field but also
on the orientation the magnetic moment is in before the external field is applied. The
magnetization which is present inside a material after it is removed from an external

magnetic field is called remanent magnetization M,.

As described in Section 2.2 Ferromagnetism and Ferrimagnetism, these types of mate-
rials exhibit a remanent magnetization. In ideal crystals, the hysteresis is only caused
by anisotropy. In real crystals, however, the hysteresis is increased by a slip-and-stick
type of motion of the domain walls. Domain walls are the transition region between
two neighboring magnetic domains. Depending on the material, the angular difference
of neighboring domains can vary. For a phase change of 180°, there are two different
wall types. The first is the Bloch wall, characterized by a spin rotation around an axis
perpendicular to the magnetic moment orientation and wall plane. The second is the
Néel wall, characterized by a spin rotation around an axis perpendicular to the mag-
netic moment but in the wall plane. If an external magnetic field is applied, the domain
walls are rearranged to form a larger domain hence a larger net magnetic moment. This
process increases the material’s magnetization until all magnetic moments are aligned
in the same direction. If the external magnetic field is removed, the magnet is no longer
in the energetic minimum due to the energy stored in the demagnetizing field. The de-
magnetizing field is the magnetic stray field generated by the material’s magnetization.
In the absence of an external magnetic field (FI = 0), the resulting magnetic field B is
solely caused by the magnetization M (Equation (2.10)). To reduce the energy stored
in the stray field, the magnetization needs to be reduced. Demagnetization is caused
by either splitting or rearrangement of domains or by moving domain walls. However,
domain walls tend to get stuck in lattice defects during this movement. The pinned
domain walls impede the demagnetization, thus increasing the remanent magnetiza-
tion and the hysteresis effect. If the energy available to move the wall is sufficient, the
domain walls tend to slip to the next lattice defect. The magnitude of demagnetization

is dependent on the magnetized material.

In Figure 2.2, an arbitrary magnetic hysteresis curve is depicted. To classify magnetic
materials, three distinctive parameters, extractable from the curve, are of interest: The

saturation magnetization M., which directly influences the maximum achievable flux

12
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Figure 2.2: Exemplary hysteresis curve which indicates remanent magnetization M.,
coercive field strength H. and saturation magnetization M. The initial magnetization
curve (blue) can only be measured in previously non-magnetized materials

density Bpax in the presence of an external magnetic field; the remanent magnetiza-
tion M;, which defines the residual magnetization after removing the magnet from
an external field; and the coercive field H., which is the field needed to demagnetize
the material completely. The ability of a material to retain magnetization is called
magnetic hardness. Materials that retain a high remanent magnetization are called
magnetically hard, while materials that retain close to no remanent magnetization
are called magnetically soft. The desired behavior depends on the use case. While
magnetically hard materials are favorable for data storage on hard drives due to the
unlikeliness of spontaneous demagnetization, magnetically soft materials are favorable
in the case of applications that demand frequent switching of magnetization direction.
Examples of this are transformers or alternating current-driven electromagnets due to
the hysteresis losses. These losses arise from the energy required to change the magne-
tization. The energy is converted to heat and is directly proportional to the area inside

the hysteresis loop Appendix A.1. The energy converted can be calculated using

where Fy is the energy dissipated, pg is the magnetic permeability of the vacuum, M

is the magnetization, and H is the magnetic field strength.

13
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2.2.3 Superparamagnetism

Superparamagnetism is a material property of ferro- and ferrimagnets if the size of the
material is below a material-dependent limit. When reducing the size of a magnet, the
amount of domains is reduced due to material removal. If the magnet size is reduced
sufficiently, the number of domains is reduced to one. In the absence of an external
magnetic field, the orientation is mainly determined by the anisotropy of the crystal.
As described in Section 2.2.2; in the simplest case, a magnetic crystal possesses one easy
axis. In the case of nanoparticles, switching of the energetically favorable orientations
is possible via two relaxation mechanisms. The first is the Brownian relaxation which
describes a change in magnetic moment caused by the rotation of the nanoparticle.
The second is the Néel relaxation mechanism which describes a flip of magnetization
moment along the easy axis of the magnetic crystal. The switching of the orientation
needs to overcome this energy barrier. If the energy barrier is now in the order of
magnitude of the thermal energy, the switching can happen spontaneously. Particles
where the energy needed to switch the magnetization is lower than thermal energy at
room temperature are called superparamagnetic !. If the particle is, however, cooled
further, the thermal energy is reduced, and the magnetic moments are blocked. The
temperature at which the thermal energy is equal to the energy difference is called

blocking temperature Tt and is given by

with the energy barrier AE and the Boltzmann constant kg. The switching of the

magnetic moment happens with the period of

_AE
— kgT
T = Tp€ "B~ ,

where 7y is the attempt time, a material-specific constant [38]. As a result of the

frequent switching of the magnetic moment, the net magnetization M vanishes.

IThe "super" is to note the large magnetic moment of the particles compared to normal paramagnets.
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2 Theoretical Background

2.3 Linear Response Theory

In Section 2.1, the dependence of magnetic field strength, magnetic flux density, and

magnetization is introduced in Equation (2.10). This formula can be rearranged to

= poe A, (2.12)

with the magnetic susceptibility x and the relative permeability u, = (1 + x). This
equation holds true for linear media in temporally stable or slowly changing magnetic
fields. In sinusoidal magnetic fields, the magnetization will also show sinusoidal be-
havior. To be able to describe this behavior, Rosensweig developed the linear response
theory? [39]. While the theory has some flaws, which will be discussed at the end of
the chapter, it represents a simple description to understand the processes causing hys-
teretic heating in single-domain particles. The following explanation follows the work
of Rosensweig. The idea is to describe magnetization as a complex entity. This gives
the possibility to describe the sinusoidal behavior, including a phase shift towards the

external magnetic field. The resulting magnetization can then be written as

M(t) =R (xH(1))
=R (XHoei‘”t)
= Hy (' sin (wt) + x" cos (wt)) , (2.13)

with x = x’ + ix”, w the angular frequency of the external field, and the time ¢. For

an externally applied magnetic field of the form
H(t) = Hycos (wt) = R (Hoe™") . (2.14)
Inserting these formulas into Equation (2.11) leads to

21/ w
AE = QungX”/ sin® (wt) dt,
0

(2.15)

2There are several theories with this name.
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which leads to

27T H2 "
By = M_
w

Due to the sole dependence of Ey on the out-of-phase component, it is also called the
loss component. The power P dissipated is the energy loss per cycle multiplied by the

cycles per second; therefore, it can be calculated by
P = fEq = fuox"H}, (2.16)

where f is the frequency of the external field. As visible in Figure 2.2, the area inside
the hysteresis curve is caused by the remanent magnetization; if there is none, the
hysteresis curve does not enclose any area. However, the phase shift between field
and magnetization causes the loop to open again. Figure 2.3b shows the resulting
hysteresis loops for different frequencies caused by the arbitrary susceptibility shown

in Figure 2.3a. The susceptibility for the plot is given by

1 X0

= 1+ (wt)?

n__ XowWT
1+ (W)

with the relaxation time 7. It is visible that the y is dependent on the frequency and
therefore differs from the material’s susceptibility in the presence of a static magnetic
field. As a result of this, it is also called Alternating Current Susceptibility (ACS). The
vanishing of the hysteresis loop does have different causes for the limits of f — 0 and
f — oco. For close to DC (f — 0) fields, there is no hysteresis loop as the particles can
follow the external field without a phase lag, resulting in a closed hysteresis loop along
the y = x diagonal. For f — oo, the magnetic moments cannot follow the external
magnetic field resulting in no magnetization, which leads to a closed hysteresis loop

along the z-axis.
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Figure 2.3: Exemplary ACS and hysteresis loops according to Rosensweig’s linear
response theory.

As mentioned at the beginning of this chapter, the linear response theory does have
flaws. The most obvious is that it states that the energy dissipated can be increased
endlessly by increasing the external magnetic field. The impossibility of this is evident.
To overcome this, the field dependence of the susceptibility, caused by the dependence

on the relaxation times [40], is implemented by the Langevin equation

1 M

L(§) = coth (£) — € M
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and introduced into Equation (2.16). Where § = ugMqHVy/kgT, Ms = ¢My is the
saturation magnetization with the domain magnetization My and ¢ the volume fraction

of solids. This results in

2nfr

P = muoMHoL (§) fm'

(2.17)
This formula is proportional to HZ for low Hy and a linear dependence for high H,,
causing L (§) to reach saturation. While the ongoing linear dependence of P is Hy is

still impossible, this gives a good representation within the viability of this model.

2.4 Heating and Cooling Formulas

The temperature of an object is mainly influenced by its environment due to the ex-
change of energy, which strives for equilibrium. Therefore the energy of the object
with a higher temperature is transferred to the object with a lower temperature until
both objects have the same temperature. It needs to be remembered that the same

temperature does not mean the same amount of energy as the temperature change
AT =T(0) —T(t) (2.18)
of an object is the quotient of supplied energy @ and the heat capacitance C' [41]
AT(t) = —=, (2.19)

where AT is the temperature difference between the temperature at the beginning of
the measurement 7'(0) and the temperature at a later time point 7'(¢). The energy can
be transferred from one object to another by three mechanisms. The first one is thermal
conduction which describes the direct transfer of energy from one object to another by
lattice vibrations. For electrical conductors the direct transport of thermal energy is
also influenced by the movement of electrons, this effect is called Wiedemann-Franz
law [42] . The second is convection which describes the transfer of heat inside a fluid or
gas by the flow of the fluid or gas caused by thermal differences inside. The third effect

is thermal radiation, which describes energy transfer via electromagnetic radiation.

The change in temperature is described by Newton’s law of cooling [43, p.13], which

states that the temperature change of an object is proportional to the temperature
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difference between the object and its surrounding given by

Q(t) = hAAT (1),

with the heat transfer coefficient h and the heat transfer area A. Equation (2.19)

enables the formula to be rewritten as

OAT  hA
o IOAT
o C

This differential equation can be solved by

AT = AT, e et

With Equation (2.18), this can be rewritten to

hA

T(t) = Tony + ATeE . (2.20)

Here T(0) is substituted with the environmental temperature Ty, which is possible if
the sample is given enough time to reach thermal equilibrium with its environment prior
to the measurement. Therefore the cooling can be described with Equation (2.20); the
heating, however, does show the inverse behavior with a steep increase at the beginning.

The formula can be found via the change in energy, which is
Qeff = Qheat - Qdiss

with the effective energy change Q., the energy change due to heating Qpeas, and
the energy change due to dissipated energy Qass. The steady temperature reached
indicates no net energy change. Therefore the maximum reached dissipated energy

Qdiss’max must be equal to the energy generated by heating Queat, leading to

Qheat = Qdiss,max - hAATmax- (221)

Utilizing the temporal derivative of Equation (2.19) and the equality of the derivative

of temperature and temperature difference, Equation (2.21) can be rewritten as

or ¢C C
a — mATmaX - MAT.
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This differential equation is solved by

AT(t) = ATy + ATpaxe €
= ATma:c (1 - e_t%) )

where the boundary conditions lead to the constant in front of the exponential. The

boundary conditions are
AT(0) =0
and
AT(0) = AT pax-
Just like above, this can be converted using Equation (2.18) to
T(t) = AToa (1 — €76 ) + Toy. (2.22)
Utilizing the fit results, the maximum temperature reached can be calculated by

Tmax - Airmax + Tenv~ (223>
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3 Methods

The aim of this chapter is to introduce the standard methods used in this project rang-
ing from Dynamic Light Scattering (DLS), Electrophoretic Light Scattering (ELS),
Transmission Electron Microscopy (TEM), and Alternating Current Susceptibility
(ACS) measurements which were used for particle characterization, to thermal imaging
for the hyperthermia measurements. The methods will be introduced in the different
sections, and the limitations and problems concerning their use in this work will be

discussed.

3.1 Particle Characterization

For particle characterization, multiple techniques have been used in order to achieve
a comprehensive understanding of the particles. For this purpose, the core radius and
structure, the hydrodynamic size, the (-potential, and the AC-susceptibility have been

determined.

3.1.1 Dynamic Light Scattering

DLS is a technique used to determine the hydrodynamic radius of a particle. The hy-
drodynamic radius, or more precisely, Stokes radius, is the radius of a solid sphere that
would exhibit the same diffusive behavior as the measured particle. The radius does
not necessarily represent the physical radius of the particle, as the diffusive behavior is
influenced by the shape and hydration shell of said particle. The underlying principle
of DLS is the scattering of light. If light is shone on a solution with particles and the
particles are small compared to the wavelength of the incident light, the dominating
effect is Raleigh scattering. It describes the elastic scattering of electromagnetic radi-
ation on particles that are considerably smaller than the wavelength of the scattered
radiation. The intensity of the light being scattered is dependent on the particle size,

as described in
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1+cos? (0) 2m\* (n* — 1\ &
I=l <A> n2y2) (3:1)

with [y being the intensity of the incident light, R being the distance between the
path of the incident photon and a parallel line through the particle center, 6 being the
scattering angle, A being the wavelength of the light, n being the refractive index of the
particle and r being the radius of the particle. The geometric parameters are shown in
Figure 3.1b. Due to the fixed angle of the detector, the intensity is solely dependent on
the particle size. Moving scattering centers result in a temporarily changing intensity
distribution. This is due to a particle’s spatially changing scattering pattern when
moving. The change rate depends on the particle velocity and can be quantified by the
g autocorrelation function. Which is given by [44]

gV (1) = ST (3.2)

g is a measure for the self-similarity of the electric field E of the signal [44]. With a
changing measurement signal, the self-similarity decays. The decay is exponential and
correlated to the motion of the particles; the faster the particles, the faster the decay.

In its simplest form, the diffusion constant can be extracted via
9(q,7) = exp (=I'7), (3-3)
where T is the decay rate which relates to D via [44]
[=K*D (3.4)

with

41tng
K = A” sin (‘;‘) : (3.5)
where ng is the refractive index of the particle solution, A is the laser wavelength, and

a is the detector angle [45, p.15], as depicted in Figure 3.1a.

While this holds true for strictly monodisperse samples, for polydisperse samples, the
autocorrelation function is a superposition of the exponential decays caused by different
monodisperse samples. The method of cumulants is used to determine the distribu-
tion function of decay rates [44]. The system used in this project (Zetasizer, Malvern
Panalytical, Malvern UK) performs the method of cumulants by fitting a polynomial

to the logarithmized g("-correlation function. Outgoing from the linear component,
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Figure 3.1: Schematics for the DLS setup and the geometry of RaYleigh scattering.

the size distribution is extracted using instrument parameters and the viscosity of the
dispersion medium. [46] A different method is to determine the size distribution by
comparing the measured data to a DLS-measurements database to assess the under-
lying size distribution [47]. From Equation (3.1), it is visible that the intensity is
dependent on the particle radius to the power of six, which means that larger particles
contribute more to the reflected intensity. The measured distribution is an intensity
distribution, not giving easily understandable insight into the distribution of particle
sizes. It can be recalculated into a number distribution, as the intensity scattered for
each particle is known by Equation (3.1). The size distribution represents the amount
of particles with a certain size in the solution. The particle radius r used in Equa-
tion (3.1) is only well defined for spherical particles, which in turn indicates that these
measurements for non-spherical particles need to be interpreted with this limitation in
mind. The used system can determine the size of particles in the range of 0.3nm up
to 10 pm [46].

The samples for DLS have been prepared for measurements by diluting the particles
in HEPES? buffer (0.2mol/L, pH 7.0). For magnetosomes, the measurements have
been performed up to a concentration of 0.2mg/mL and for Synomag® 70 , and BNF
up to a concentration of 0.1 mg/mL. The concentration for magnetosomes is given
in terms of iron content, while the concentration for Synomag® 70 and BNF is given
in terms of particles. For further information, refer to Table 4.1. All samples have
been filtered with a 200 nm Polytetrafluoroethylene (PTFE) filter (514-0068, VWR,
Radnor, USA). DLS measurements are performed with a Zetasizer Nano ZS (Malvern

Panalytical, Malvern, UK). The measurement procedure was started with a waiting

34-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
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period of 100 s to allow the sample to reach a fixed measurement temperature of 25 °C.
Afterwards, five measurements with 15 sub-runs were performed. Each sub-run had
a duration of 10s. The hydrodynamic radius was then calculated via the Zetasizer
software from the mean value of the number distribution and averaged over five runs.

The given error is the standard deviation.

3.1.2 Electrophoretic Light Scattering

Charged particles in a colloidal dispersion form a hydration shell of ions present in
the dispersion medium bound by Coulomb forces. The first layer of the dispersion
medium is firmly bound to the surface layer of the dispersed particle, forming a Stern
layer. Combined with a more loosely bound diffuse layer, the Stern layer builds up
an Electric Double Layer (EDL). As a result of the dispersion medium shielding the
particle’s charge, the particle seems to be electrically neutral to the surroundings. If
the particle is moving through the medium, the drag of the surrounding medium causes
the outer part of the diffuse layer to be removed - The so-called slipping plane forms.
The potential at this distance from the particle is called {-potential ( Figure 3.2). To
measure this potential, a Zetasizer is used. It uses Laser Doppler Velocimetry (LDV), a
commonly used technique to determine the speed of particles capable of scattering light.
The Zetasizer uses the Mixed Mode Measurement-Phase Analysis Light Scattering
(3M-PALS), an improved measurement technique compared to standard DLS. Mixed
mode refers to a mixture of Slow Field Reversal (SFR) and Fast Field Reversal (FFR).
SFR is a standard in LDV measurement devices; slow switching enables a steady flow of
dispersion medium due to an effect known as electroosmosis. Electroosmosis describes
the flow of a liquid due to an applied electric field. In contrast, the FFR is a rapid
switching of the applied field, suppressing electroosmosis due to the inertia of the fluid.
FFR gives the opportunity to determine the mean of the velocity of the particle motion
caused by the applied electric field but provides a low resolution on the distribution.
The distribution can be determined with SFR measurement. The distribution mean,
however, is shifted by the electroosmosis. Due to the possibility of measuring under
the influence of electroosmosis, the measurement position can be everywhere in the

cell, which gives rise to robustness concerning the cell placement in the machine.

PALS refers to the signal processing. The frequency shift of the scattered light caused
by moving particles is comparably insensitive to slow-moving particles. However, the
change in phase of the compared frequencies increases steadily even for minimal wave-
length differences and is, therefore, better measurable. With this setup, it is possible

to measure the (-potential for particles in the size range of 3.8 nm to 100 pm [46].
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The samples for (-potential measurement are prepared in the same way as described
in Section 3.1.1. Five runs with 15 sub-runs for 10s each are performed for data
acquisition. The waiting time between runs was 50s. The (-potential is averaged over

all runs. Given as a result are the mean value and the standard deviation.
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Figure 3.2: Schematic of the (-potential comparing the charge distribution around a
charged particle while stationary and while in motion.

3.1.3 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is a technique for electron microscopy that
is based on accelerated electrons surpassing a thin layer of the material in question.
As a result of the wave-particle duality, electrons have a wavelength associated. The

de Broglie wavelength Aqg which can be calculated by

h h
Adp = — =
p

3.6
o (36)

where h is the Planck constant, p is the particle momentum, ~ is the Lorentz factor, m
is the particle mass, and v is the particle velocity [48]. Due to the comparably small

wavelength of electrons in contrast to light, resolutions of up to 45pm are possible,
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dependent on the acceleration voltage [49]. The acceleration voltage is the maximum
potential difference of the electric acceleration field surpassed by the electrons. For the
imaging in this work, acceleration voltages of below 100kV were used. Just like light
in conventional microscopy, the electrons get scattered or absorbed by the sample.
Electrons that leave the sample under the same angle are focused at the same spot
in the back focal plane of the TEM; therefore, it is possible to use an aperture to
block all scattered electrons. Due to this approach, the areas where the electrons
are scattered appear darker in the resulting image. As stated above, it is possible
to image thin layers; the maximum thickness is determined by the atomic number of
the atoms in the sample and the acceleration voltage. The higher/lower the atomic
number /acceleration voltage, the thinner the samples need to be. In biological samples,
the contained elements are typically lighter. To overcome this, staining agents are used
which contain heavy metals. Due to the use of different heavy metals, it is possible
to enhance the contrast of the image, even selectively, when the binding preferences
of heavy metals to biological molecules are known and if they bind with different

specificities at different sites.

The TEM samples are prepared in different ways for Synomag® 70 /BNF and magneto-
somes. For Synomag® 70 and BNF, the stock solution is diluted in Phosphate-buffered
saline (PBS) until a concentration of 0.125mg/mL is reached. The solution is soni-
cated for 10min in an ultrasonic bath (Elmasonic S 60 H, Elma, Singen, Germany)
and filtered using a syringe filter (Filtropur S, membrane: Polyethersulfone, filtration
area 6.2 cm, pore size 200 nm, Sarstedt AG&Co. KG, Nimbrecht Germany). From the
prepared solution, 7L is given onto a Formvar-Ni-Grid and left to sediment for 2 min.
The supernatant is removed with filter paper, and the grids are left to dry on air. The
imaging process is performed with a Joel JEM-2100Plus (Akishima, Tokyo, Japan) in
brightfield mode at an acceleration voltage of 80kV. The magnetosomes are diluted
1:20. A concentration is not determined. The sample is then given onto a Carbon-Cu-
Grid. The sample is left for 1 min to sediment, and the supernatant is removed with
filter paper. The sample is left to dry on air. The imaging process is done with a Zeiss
TEM 902 (Carl Zeiss Microscopy GmbH, Jena, Germany) at an acceleration voltage
of 80kV.

3.1.4 AC Susceptometer

As stated in Section 2.3, the susceptibility of a material is dependent on the fre-
quency of the magnetizing field. To be able to measure the susceptibility, a Dynomag
T™MSusceptometer (RISE Research Institutes of Sweden, Sweden) is used. The working

principle is to measure the sample’s magnetization caused by an applied AMF. The
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sample magnetization is determined with an excitation coil pair, where the response is
measured by a pickup coil pair. To gain information about the AC-magnetization, the
current generated by the magnetic field in a pickup coil with the sample inside is com-
pared to the current generated by a magnetic field in an empty pickup coil. In reality,
the two pickup coils won'’t be identical; therefore, the sample is measured alternating
in both coils. This enables the correction for errors caused by differences of the coils.

A sketch of the setup is shown in Figure 3.3.
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Figure 3.3: Schematic of the AC-Susceptometer setup with a pair of excitation coils
(green), first pair of pickup coils (red), and second pair of pickup coils (blue).

For AC-susceptometer measurements, 200 pL. of the sample solution is given into a
measurement vial. For each sample, one run is performed, which consists of several
individual measurements. The AC-susceptometer software gives the possibility to ex-
tract relaxation times by applying a fit to the measured susceptibility. In the scope of
this work, the so-called extended multi-core model is used. The fit function is given
by

- 1 Xon
X (W) = Xoy / 1+ w73 (TH))f (ru) dry + m, (3.7)

with the AC Susceptibility y, the hydrodynamic radius ryg, the angular frequency w, the
Brownian/Néel Relaxation times 7g/n, the hydrodynamic distribution function f (rg),
the DC susceptibility due to the Brownian/Néel relaxation xq, v and the distribution
degree of the single cores a. « describes a stretched relaxation covering a larger range
in w as described by the Cole-Cole model [50].
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3.2 Thermal Imaging

Temperature measurements of small volumes face the challenge that the sample tem-
perature would be influenced by a temperature probe. To overcome this, the usage
of contact-free measurement techniques is favorable. One approach is to utilize the
thermal radiation emitted by every object with a temperature above 0 K. While ther-
mal radiation is visible to the naked eye for temperatures around 400 °C and above,
the emission of objects at room temperature lies in the infrared spectrum. The sim-
plest approach to measuring thermal radiation is using an infrared thermometer. This
method is simple, and the needed devices are cheap. While for large and homogeneous
sample surfaces, the exact measurement point and the area averaged for the measure-
ment is secondary. For small samples which might exhibit temperature gradients, a
well-defined measurement area and a spatially resolved measurement is needed. A

thermal imager, also known as a thermographic camera, meets these requirements.
The working principle is based on black-body radiation. The emission spectrum of a

black body is described by Planck’s law, which is given by

2hv3 1

ol 1) ="
eksT —

where L is the spectral radiance, h is the Planck constant, v is the frequency of the
electromagnetic radiation, c is the speed of light, kg is the Boltzmann constant, and T
is the absolute temperature of the black body [51]. A black body is an idealized concept
that absorbs all incident radiation indifferent of wavelength and incidence angle [52].
According to Kirchhoff’s law of thermal radiation, perfect absorbance implies “perfect”
emission meaning that the emitted radiation is solely dependent on the temperature

of the emitter. To adapt the concept to real objects, the emissivity € is defined by

_ L(v,6,9,T)

6(”? 57 ¢7T) - LBB(V T) 9

(3.8)
where L(\,9,¢,T) is the spectral radiance of the real object [53]. As visible from
Equation (3.8), the emissivity is a function of temperature 7" and frequency v and the
polar and azimuthal angles 9, ¢. If € is smaller than one but constant for all frequencies,
the radiating body is called gray body, while other objects are called selective emitter
[54]. The emittance of an object is corrected for by the evaluation software. For this
purpose correction areas are used. These define the emission factor for parts of the
image and need to be set manually. Due to the absence of perfect black bodies, and

more importantly due to the fact that even if perfect black bodies exist, most objects
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in question of thermal imaging are no black bodies, the radiation “emitted” from a

surface is a mixture of actually emitted, reflected, and transmitted radiation.

While the most decisive factor influencing an object’s emittance is its material, the
surface structure and the viewing angle also influence the effective emissivity of an
object, similar to the interaction with visible light [54]. Today to adapt the imaging
process and the evaluation towards the spectral properties of certain materials (e.g.
glass) in a way that measurements of the surface as well as of secondary objects behind
the first material are possible under certain preconditions [55]. The samples used in
this work are dispersed or submersed in water to mimic the normal environment inside
a cell. Therefore, the transmitted part of the radiation can be neglected due to the ab-
sorbance of Infrared radiation (IR radiation) in water [54]. Consequently, the measured
radiation is a mixture of emitted and reflected radiation originating from the sample’s
surface. The influence of the reflected radiation is compensated for by the evaluation
software by taking the so-called reflected temperature into account. This temperature
is in good approximation for inside measurements given by the room temperature. A
major benefit of thermal imaging is the ease with which it is possible to monitor the
temperature of a large area. To enable the possibility for a fast first impression of ther-
mal data, the use of false color images is common, where the temperature is correlated
to the image defined by a color bar. This technique, however, also poses the risk of
false interpretation since the appearance is strongly dependent on the used color bar
and the limits chosen. Due to the rather large temperature changes in this work, the
color map range is chosen to cover the temperature range of the image in question.

Therefore, it is of utmost importance to check the color bar for each image.

On the technical side, the detection of thermal radiation is in the case of the used
VarioCAM HD (Infratec, Dresden, Germany) realized with microbolometers. These
detectors measure the electric resistance of a resistor that is heated by incident thermal
radiation. To be able to determine the temperature, the heat capacitance, the initial
temperature, and the thermal connection to its surroundings need to be known. This
approach does not need any cooling at room temperature, although it is at risk of a
slow drift in measured temperature as the temperature of the thermal imager itself
can drift. This drift, however, is corrected by the camera periodically. Due to the
indirect measurement of IR radiation, the microbolometer is also limited in terms of
frame rates as the temperature rise in the detector element is not instantaneous. The
used camera has a detector size of 640 x 480 pixels with an instantaneous field of view
of 0.8 mrad and a total field of view angle of 30° x 23°. In combination with the camera
magnet distance of 40 cm, this gives a resolution of 300 pm per pixel. The object of

interest must be larger than this to be correctly measured. If the object is smaller,
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the corresponding pixel will display a temperature which is a mixture of the targeted

object and the surroundings, which are imaged onto the same pixel.

The samples for thermography imaging are diluted to the concentration given for the
corresponding measurement. A cuvette (Semi-micro cuvette, 67.742, Sarstaed AG&Co.
KG, Niimbrecht, Germany) is filled with 200 uL of the sample. The measurement

process is described in Section 4.3.
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4 Experimental Setup and Results

The aim of this project is to develop an efficient multi-purpose magnetic hyperthermia
setup and to characterize it concerning the electromagnetic properties and the resulting
heating capacity. The latter is done by probing the system with three different MNPs.
In the following, the experimental results will be discussed. At first, the developed
hyperthermia setup will be introduced; afterwards, the used magnetic MNPs will be
characterized. The physical core size and structure of the MNPs are determined via
transmission-electron-microscope images. The hydrodynamic radius is determined via
dynamic-light-scattering measurements. Further, the { potential has been determined
by Zetasizer measurements. For magnetic heating, the before-mentioned alternating-
current-susceptibility Section 2.3 is an important factor and has been examined uti-
lizing an AC-suceptometer. Afterwards, the heating behavior of the particle systems
is compared and evaluated with the formulas introduced in Section 2.4. The parame-
ters extracted from this model will be discussed, regarding the usability for magnetic
hyperthermia, showing that the proposed setup enables well-controlled hyperthermia

measurements up to equilibrium temperatures.

4.1 Experimental Realization of an AMF Setup

In this section, the development of the experimental setup used for the hyperthermia
measurements will be discussed in terms of the requirements and characterization pa-
rameters. The goal for this setup was to generate a magnetic field with a flux density of
40 to 50 mT at around 100 kHz. The operation time of the setup shall be long enough to
reach equilibrium between the supplied energy by hyperthermic heating and dissipated
energy. In order to achieve these goals, special attention was paid to the setup design
and challenges arising from underlying physical phenomena which are specific to the
given use-case of high-frequency electromagnetic apparatuses. Also, the requirements

are discussed with respect to their influences on the design of the setup.
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4.1.1 Basic Principle

The basic principle of the setup is a resonant transformer with a cored electromagnet.
The setup is based on [56], which was refined in the here reported study. In the
following, the reasoning for the setup will be given to enable the understanding of the
chosen setup, also following [56]. There are different construction options to achieve a
magnetic flux density of ~45mT at the sample position. The easiest construction-wise
is a coil wound around the sample. The magnetic field strength inside a coil, where
the length is much larger than the diameter, can be calculated by

= I-N

B = Hofl:—— - é,. (4.1)

With the magnetic field constant o ~ 47 - 107N - A~? | the material constant of the
core material p,, the amount of windings N, the current running through the coil 7,
and the length of the coil L. This setup, however, has to fulfill several constraints, the
first being the particular size and position of the coil. Due to the planned observation
via thermal imaging, the symmetry axis of the coil needs to be aligned with the optical
axis of the setup. Otherwise, the coil would block the view of the sample. To generate a
homogeneous field at the sample position, the coil must be longer along the optical axis
than the sample. Another method to generate a homogeneous field is using a Helmholtz
coil. While this method generates a homogeneous field around the central axis of the
coil pairs, it would require an even larger setup. This is due to the requirement that
the radius of the coils is equal to the distance of the coils. The magnetic field inside

the Helmholtz coil can be calculated using

8 I-N
\/ﬁﬂolﬁr R

with R being the radius of the coils. By comparison of Equation (4.1) and Equa-

B =

.8, (4.2)

tion (4.2), it is clear that the generation of the same flux density at the coil center (and

otherwise identical parameters) would require a ~ 1.4 times higher current.

Another method often used with electromagnets is the use of a core. As stated in
Equation (4.1), the magnetic flux density depends on the core material and its relative
permeability p,. While p, is ~ 1 for air, it can reach much higher values in matter
(Section 2.2.1). Thus, the magnetic flux is substantially increased by the core. To be
able to place the sample in the magnetic field, the simplest method is to use a toroidal

core with a gap in the dimension of the sample. If the gap is small compared to the
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overall length of the toroid, the magnetic field can be approximated using

N -1
B~ it (4.3)

w

where N is the number of turns, [ is the current running through the coil, and w is the
gap width. As stated before, an air coil must be larger than the sample to generate
a reasonably homogeneous field distribution. In contrast, the gap in the magnet core
needs to be only marginally larger than the sample. By comparing formulas 4.1 and
4.3, it is visible that for w < L, the magnetic field inside the gap is larger than in the air
coil. As efficient setups are desirable, the building type used is a toroidal electromagnet

with a gap.

For the generation of the AC-current, a resonant transformer is used as done before
[57]. A resonant transformer is the combination of a transformer and a resonant circuit
on the secondary side of the transformer. Therefore, the current for generating the
AMF is limited by the impedance of the secondary side components. In the case of a
resonant transformer, the secondary side forms a resonant RLC circuit* constituted by
a capacitor C and an inductor L. In the case of the combination of a resonant circuit
and a transformer, the total inductance is a combination of the magnet inductance and
the inductance of the transformer. The resistor R is normally not a component used
in the circuit but appears as the effective internal resistance of the capacitor, inductor,

and the used wire and connections.

A reactance is an electrical component that stores energy rather than dissipating it
as heat. These types of components are capacitors and inductors. By combining an
inductive reactance, and a capacitive reactance, a resonance circuit is formed (Ap-
pendix A.1). The resulting circuit diagram of the used resonant transformer can be

seen in Figure 4.1.

As with every resonant system, an RLC circuit does possess a resonance frequency.
If the excitation frequency matches the resonance frequency, the impedances of the
reactances cancel each other out. In this case, the current running through the system
is only limited by the real part of the impedance, namely the ohmic resistance of the
used components. The needed capacitance to achieve the wanted working frequency for

a given inductance can be calculated utilizing the formula for the resonance frequency

1 1 R?

F=5\1c a2 (4.4)

4R:Resistor, C:Capacitor, L:Inductor While R and C seem to be obvious choices of abbreviations L
is not quite intuitive. It was chosen in honor of Heinrich Friedrich Emil Lenz [58].
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(Appendix A.1), where R, L, and C are the resulting resistance, inductance, and

capacitance of all components in the setup.

(55.8 + 0.09)uH 5.5

~ YY"\
—

Wire Resistance | | Q) Amplified AC-Source

(51.0 = 0.2)nF 0.592

T TTTT
T TTTT
1T TTTT
TTTTT
T TTTT
1T TTTT
1T TTTT
1T TTTT
T TTTT

>

Capacitor Array

Figure 4.1: Schematic of the used electrical setup with the RLC circuit on the left-
hand side with indicated R, L, and C coupled to an amplified AC-source by a 5:25
transformer. The actual composition of the capacitor is shown in the zoom box "Ca-
pacitor Array".

The use of this system also has a safety aspect. The power that needs to be supplied
to the circuit is small compared to the power stored in the circuit. Thus, the danger
posed by the power source in the case of a malfunctioning is reduced compared to
a high-power source. The source signal is firstly generated by a function generator
(Agilent 33220A, Agilent Technologies, Santa Clara CA, USA) and afterwards amplified
by (53.0 + 1.5)dB using a radio frequency power amplifier (1020L, Electronics and
Innovations LTD., Rochester NY, USA).

4.1.2 Ferrite Core

The key component of the AMF generation is the electromagnet, which is constituted
of a toroidal core and a wire wound around it. The core greatly increases the magnetic
flux density following Equation (2.12). A common material for the use as magnet
cores is soft iron, which, while well suited for Directed Current(DC) applications, it
is not readily suitable for high frequency AC applications. The main problem are

eddy-currents which are a direct consequence of Equation (2.3). Eddy-currents are
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circular currents around temporally changing magnetic fields in conducting materials,
like iron, due to the arising electric fields. These currents cause Joule heating of the
core. An engineering method to reduce the loss is to use a layered core which increases

the resistance and therefore reduces the power loss.

A different approach using the same effect is to increase the resistance by changing the
core material. In the frequency range of 100 kHz, ferrites are the best choice [57]. In
the scope of this project, three different suitable toroidal cores have been investigated.
While other core geometries may be more suitable for the application [57], toroidal
cores are readily available and cost-efficient. As a simple method of comparing ferrite
cores, the coupling factor of a transformer has been chosen. This method provides
the opportunity to compare the cores without the need to cut a gap into the core to
measure the generated field. As a measure of the core performance, the coupling factor
k is chosen. It quantifies the amount of flux coupled from the primary coil into the

secondary coil. It can be calculated using

with Lg. the short-circuit inductance and L. the open-circuit inductance. A short-
circuited secondary side represents the maximum load possible, while an open sec-

ondary side yields no load (Appendix A.1).

The effect of the core on the coupling frequency was determined in detail. The results
for different cores with a winding ratio of 25:5 and a stranded wire are shown in
Figure 4.2. It is visible that the coupling factors differ significantly. The maximum
deviation is about 0.8% of the transferred magnetic flux. Since the energy of the
magnetic field energy is quadratically dependent on the flux density, this leads to an
energy loss during the transfer of about 1.6 %. The derivation of the coupling coefficient
for the different directions is deemed to be caused by the different form factors of the
coils. While for the 25-winding coil, the toroidal shape is followed by the winding, thus
aiding the coupling to the core, the five-winding coil is comparably straight. This effect

decreases as the coupling gets better.

35



I Magnetic-Hyperthermia

0.986

oo84f

=2 - -
§ ,,,,,,,,,,,,,,,,,

£ 0.982

=0}

A=

=

Z 098

o [ —

0.978 |- :

| | | | |
50 60 70 80 90 100 110 120 130 140 150
Frequency / kHz

Figure 4.2: Coupling factor k of a transformer with 25:5 windings for different ferrite
cores. N87 (green), 3F3 (red), and 3C90 (blue). The winding ratio is 25:5 for solid
lines and 5:25 for dashed lines. The shaded areas represent the measurement error.

A good coupling factor also indicates low energy loss. Due to the same wire used in
all measurements, the difference in loss is, except for a small deviation due to manual

winding, only caused by the cores.

As a result of the N87 core having the best coupling factor, it was used as a magnet

and transformer core.

4.1.3 Litz wire

While the reduction of dissipated power can be achieved for low frequencies by simply
increasing the cross-sectional area of the used conductor, this hold not true for high
frequencies. This is the case since the current flowing through the conductor is con-
fined to the outer layer by the frequency-dependent skin effect. It originates from the

limited penetration depth ¢ of the electric fields causing the current flow, which can be

2
5=/ ,
Wy o0

calculated using
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with the vacuum permeability 1, the relative permeability pu,, the conductivity o and
the angular frequency of the electric field w [59, p.137]. Due to the confinement to
the outer part of the conductor, the inner part of the conductor does not contribute
greatly to the conductivity. As a result, the material below the penetration depth can

be removed either by using a tube or by decreasing the wire diameter.

The most used conductor in cable production is copper. Figure 4.3 illustrates the
penetration depth of copper. For a frequency of 100 kHz it is ~212pm, which leads
to a usable diameter of ~424 um for a copper conductor. While the conductivity of a
wire adjusted for the penetration depth is not limited by the skin effect, it is limited
by the size of the conductor itself. The DC resistance of a skin effect adjusted cable
with a cross-sectional area of 0.14 mm? wire is 0.099 Q/m compared to the 0.011 Q/m
of a standard 1.5mm? installation cable. This shows that even if the wire is adapted

to the skin effect, its resistance is increased solely due to the reduced diameter.

300
280
260
240
220
200

Penetration depth / pm

180

0.6 0.8 1 1.2 1.4

Frequency / Hz -10°

Figure 4.3: Calculated penetration depth of electric fields into a copper conductor.
The resistivity of copper is 0.0179 Qmm?/m [60]. The unit Qmm?/m is chosen to
emphasize that for the calculation of the resistance, it is not sufficient to divide by the
length of the cable but rather to divide by the cross-sectional area and multiply with
the length of the cable.

To increase the conductivity, multiple individually insulated wires are combined as in
stranded wire, which gives rise to the proximity effect. If a temporal changing current
flows through a conductor, it forms a temporal changing magnetic field around said
conductor. If other conductors are placed around the first conductor, this alternating
magnetic field causes temporally changing electric fields in the surrounding conductors,

which alters the current distribution asymmetrically. If the observed conductor is not
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surrounded symmetrically by other conductors, as is the case at the border of wires,
this causes a smaller effective area of the conductor; hence the effective resistance

increases.

In the scope of this project, two different cables have been investigated for their usability
as windings of the electromagnet. The first wire tested is a stranded wire with 510
individual copper strands with a diameter of (0.050 4 0.005) mm. These strands are

not individually insulated and are parallel oriented (Figure 4.4).

b)

Figure 4.4: Rendered images of the wire composition on the left side. Schematics
illustration with a reduced strand count of the wire alignment inside the different wire
types. a) Left side: rendered image of the Litz wire as used in the setup showing the
three strands of 54 individually insulated wires. The individual insulation is depicted
in burgundy; the outer insulation is depicted in pink. Right side: schematic illustration
of the winding used in the Litz wire. b) Left side: rendered image of the stranded wire
as used in the setup showing 510 wires. The outer insulation is depicted in white.
Right side: schematic of the wire alignment in the stranded wire.

Due to the splitting of a solid wire into separate smaller wires without insulation,
the calculation for the penetration depth is no longer correct. The reason is that the
contact resistance is not infinite; therefore, the current is not confined to the individual
wires. The second cable tested is a specially designed Litz wire, which is optimized for
a frequency range from 50 kHz to 100kHz [61]. The wire is made up of three strands
of 54 individually insulated American Wire Gauge(AWG) 38 wires. The diameter of
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AWG 38 wires is 0.1007 mm, which is well below the penetration depth. The internal
composition of Litz wire is different from the stranded wire as the wires are individually
insulated and are wound around each other. Three strands are then combined into the

final wire.

For both cables, the impedance has been measured with an E44990A impedance an-
alyzer (Keysight Technologies Inc., Santa Rosa, CA, USA). For all impedance mea-
surements, the 4-point probe method in the range of 50 kHz to 150 kHz is used. Since
the impedance of a cable strongly depends on the cable positioning, the cables are
positioned on a circle jig with a diameter of 1m for the measurement. This way, the
cable can be measured in a fixed, restorable position. The resulting data is shown in

Figure 4.5 and Figure 4.6.
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Figure 4.5: Absolute value of the impedance and phase angle of stranded and Litz
wires. The errors are depicted as shaded areas around the measurement values.

In Figure 4.5, the absolute impedance and the phase angle are shown. As expected,
the impedance increases with the frequency. The increase in phase angle indicates
that the inductance increases faster than the ohmic resistance. Although the circu-

lar arrangement does increase the measured inductivity, it should not influence the
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ohmic resistance of the cable. When interpreting the data, it needs to be consid-
ered that the measurement was done with low currents compared to the ones in the
AMF-Setup, which will lead to increased heating of the wire and thus alter the overall
impedance. This being said, the relative comparison of resistivity gives an estimate of
the performance at higher loads, as the wire with higher resistivity will lead to a more
pronounced temperature rise, which in turn will increase the resistivity. The result of
the impedance measurement is shown in Figure 4.5 where no significant difference in
absolute impedance is measurable between the stranded wire and the Litz wire. As ex-
pected, both wires show clear inductive behavior. Figure 4.6 shows the real part of the
impedance for the different wires. For 100 kHz, an increase of ~ 30 % is visible for the
stranded wire. Thus the dissipated power would differ by the same amount. Although
the measurement values are compatible with the errors, the Litz wire is chosen due to

the lower absolute value of the ohmic resistance.
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Figure 4.6: Real part of the wire impedance representing the ohmic resistance. The
errors are depicted as shaded areas around the measurement values.
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4.1.4 Magnet

The magnet used to generate the AMF is built from an N87 ferrite core and 21 turns
of Litz wire. In this chapter, only the electromagnetic properties of the magnet, in the
context of the resonance circuit, are discussed. The cooling properties are discussed in
section 4.1.7, and the magnetic field generated is discussed in section 4.1.9. The core
is equipped with cooling, which will be introduced in Section 4.1.7. The individual
properties of the core and the wire are discussed in Section 4.1.2 and Section 4.1.3,
respectively. In this chapter, the reactive behavior of the magnet is discussed. The
impedance measurement® of the magnet is given in Figure 4.7. The measurement shows
an inductance of (59.45 + 0.31) pH.
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Figure 4.7: Inductance and phase angle for the magnet with an N87 ferrite core and
Litz wire windings. The errors are depicted as shaded areas around the measurement
values.

Phase angle and inductance are shown to be nearly constant over the whole frequency
range (Figure 4.7). Since the imaginary part of the impedance is proportional to the
frequency, the constancy of the phase angle indicates that the Ohmic resistance also

increases linearly. This coincides with the linear increase of the wire resistance as

5The impedance measurements are performed with the same instrument and parameters as the ones
described in Section 4.1.3.
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Figure 4.8: Photographic image of the designed magnet assembly. The blue-coated
core is visible in the middle, mostly covered by black high-temperature silicone used
to establish the seal between the core and light gray cooling case. The used wire is a
Litz wire with fabric insulation in pink.

discussed in Section 4.1.3. The finished electromagnet assembly, as used during the

measurements, can be seen in Figure 4.8.

4.1.5 Capacitor

The counterpart of the electromagnet is the capacitor. Just as for the other compo-
nents, the high frequency combined with the high current set special requirements for
the capacitors. While capacitors can withstand voltages within the kV regime in DC,
this value drops for AC voltages. While there are capacitors that can withstand the re-
quired load, they are comparably expensive and rare. An easier method to achieve the
required performance is to use a capacitor array. But even with a capacitor array, the
use of Radio Frequency (RF) capacitors is difficult since most available RF-capacitors
are Surface Mountable Devices (SMDs). The integration of SMDs into this wire-based
circuits is complicated. This is due to the high current, which circuit boards are not
necessarily designed for. The production of a specialized circuit board would be time-
consuming and resource intensive.

The next problem would be the connection of the circuit board and transfer wires.
The normal method for connecting wires to a circuit board is the use of connectors.
While this is convenient in terms of serviceability, and there are connector systems fit

for the purpose, these are rare, expensive, and often require special tools to be assem-
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bled. As an alternative to SMD capacitors, film capacitors are chosen for the setup.
These are comparably cheap, and while designed to be soldered onto circuit boards,
it is also possible to connect them with wire. This is done by soldering wire directly
to the connection rods. The used capacitors are FKP1 0.1 pF (WIMA, Mannheim,
Germany) and are rated at 6kV for DC currents. As mentioned before, this does drop
for a higher frequency, in this case to 130V and 8 A for 100 kHz [62]. In an array of
5 x 10 capacitors the overall achievable voltage is Igms = 1300kV and a current of
Arms = 40 A, where RMS indicates the Root Mean Square value. This translates to
Peak to Peak (PP) values of Upp = 1838V and Ipp = 57 A. The increased number of
capacitors in an array and the larger dimensions of the capacitors compared to SMDs
also enables more efficient heat dissipation. Figure 4.9 shows a photo of the finished
capacitance array inside the setup. Visible are the 50 capacitors (red blocks) connected
by stranded wires. Here, the use of stranded wire is reasonable as the current is split
between the branches of the capacitor, and the minor advantage of the Litz wire is not

justifiable by the increased effort in terms of price and processing.

Figure 4.9: Photographic image of the capacitance array. Visible are the capacitors
in red and the connections made up of small sections of stranded wire. The size of a
single capacitor is 41.5mm x 35mm x 50 mm (1 X w x h).

Figure 4.10 shows the capacitance and the phase angle as a function of the frequency.
The capacitance array shows a capacitance of (51.2 + 0.3) nF at a frequency of 100 kHz.
The frequency dependence for the measured interval is about 3.2%. The increase in
capacitance, in combination with the slight decrease in the absolute value of the phase
angle, indicates that the Ohmic resistance increases with increasing frequency. This is

in line with the observed change in the resistance of the used cables.
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Figure 4.10: Capacitance and phase angle for the capacitance array. For the
impedance measurement, the 4-point probe method in the range of 50 kHz to 150 kHz
is used. The errors are shown as shaded areas.

4.1.6 Transformer

The primary and secondary parts of the circuit are coupled by a transformer with an
N8T7 core and a winding ratio of 5:1. This serves the purpose of enabling the resonance
in the secondary side of the circuit. If the magnet and the capacitor were connected
directly to a power supply, the maximum current in the resonant circuit would be
limited by the maximum current the power supply can withstand. The winding ratio
has the purpose of increasing the maximum possible current in the secondary side of
the circuit. It is counterintuitive to lower the voltage applied to a resistor to increase
the possible current. This approach is due to the limited power supplied by the power
source. The used amplifier is capable of supplying 200 W if the output voltage is 10 V.
This means the maximum current running through the circuit is 20 A, but in the case of
a load resistance of 0.03 Q, the current running at a voltage of 10V would be ~333 A.
The power dissipated in the resistor would then be ~3.3 kW, which would shut off the
power supply. If the voltage, however, is reduced by a transformer to one-fifth of its
original value, the current is also fifths. Therefore the power dissipated by a 0.03 Q
resistor would be ~133 W at 2V and ~66 A.
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As discussed in Section 4.1.2, the best coupling factor can be reached by utilizing an N87
core. In Section 4.1.3, it is shown that the Litz wire has a lower resistivity compared to
the stranded wire. Therefore the question arises if using a different wire would increase
the coupling further. Figure 4.11 shows the measured coupling factor for Litz and
stranded wire. For each wire combination, there are 25 windings on the primary side
and five on the secondary side. These numbers are a result of the maximum possible

amount of windings fitting on the core without turn overlapping.
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Figure 4.11: Coupling factor comparison for a transformer with an N87 core in com-
bination with different wires. The winding ratio is 25:5 for solid lines and 5:25 for
dashed lines. The colors represent the usage of Litz wire(red), stranded wire (green),
and a mixture of 5 windings of Litz wire and 25 windings of control wire (blue).

As visible, the use of Litz wire increases the coupling factor. While all coupling factors
are well above 98 %, the differences in coupling efficiency for the wires is attributed
to the different construction types of the cables, where the Litz wire, which is, as
mentioned, optimized for the use with alternating currents in the frequency regime of
50kHz to 100 kHz is better suited for electrical field caused by the alternating magnetic
flux inside the core to establish electric currents inside the conductor. As discussed in
Section 4.1.2, there are differences of the coupling factor dependent on the direction of
measurement (winding ratios of 25:5 and 5:25). In this measurement the differences are
increased by the frequency adaption of the used cable on the secondary side, indicating

less efficient coupling to stranded wire.
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Due to the overall good performance in terms of coupling factor, the mixture of 5
windings Litz wire and 25 windings stranded wire is chosen. With this combination,
the Litz wire is used in the secondary high-current part of the resonant circuit, and
stranded wire, which is cheaper, is used in the primary part. Thus the cost of the

circuit is kept low while maintaining a high coupling factor.

4.1.7 Cooling System

In the system, heat is generated by all components but in different amounts. All the
previously discussed components have been tested for efficiency in reducing dissipated
heat. Nevertheless, an efficient cooling system is needed. While for the capacitors,
there is no measurable heat increase, the shunt resistor, the magnet, the transformer,
and the cables are heating up. In the case of the transformer and the magnet, the
heating seems to be caused by the cables in a non-negligible amount, as they exhibit

the highest temperatures.

The simplest way for cooling would be a fan. This method, while simple, is not
applicable to the present system because the airflow inside the safety box would affect
the sample temperature. In previous work, a water-filled hose has been proposed as
a cooling system [56]. The usage of tubes, however, introduces an insulating material
between the cooling water and the core. To overcome this problem, a novel approach
for cooling lines has been tested. To enable the best possible heat transfer between
core and water, 3D-printed cooling shells have been developed which enable the direct®
contact between core material and water. The direct cooling of the wires is not possible
since the cable is not waterproof. This poses the problem that the wire needs to be
wound around the cooling since the inclusion of the cooling into the magnet coil reduces
the effective permeability due to the lowered percentage of the coil being filled with
the ferrite core. To minimize this effect, the cooling needs to be compact in size while
still enabling sufficient flow rates to effectively cool the magnet core. To fulfill these
requirements, a cooling shell covering the outside of the magnet has been developed.
Additionally to the cooling, it also introduces a guiding system for the winding to be

more uniform. The CAD design is shown in Figure 4.12.

6Direct means that the core is only separated from the water by a thin («1mm) coating which is on
the core in delivery condition.
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Figure 4.12: 3D CAD model of the cooling cases. The right side of the schematic
has a cross-section of the case showing the water channels, which are indicated in blue.
The gap width is 1 cm.

A two-part construction is needed since the integration of the magnetic core is not
possible during the production process of the cooling shells. While the basic idea is
simple, the main problem is establishing a watertight connection between the cooling
shells and the core. The obvious choice is a sealant. The limited space around the sam-
ple, in combination with the space needed for the magnet winding, makes establishing
a form-fit impossible. Therefore the sealant also needs to fulfill the requirement of a
material bond. While the obvious choice of glue as a sealant connector combination
seems straightforward, the implementation of this idea poses some difficulties. Here,
the permanent contact with water and the temperature value and gradients reached in
different parts of the magnets are to be mentioned as the supposedly main problems.
The first tested material was a two-component adhesive which proved to be not suit-
able, as the seal was difficult to establish and also was not permanently watertight. The
second tested material was high-temperature silicone (UHU GmbH, Biihl, Germany),
establishing a permanently water-tight bond. A thermographic image taken during the

operation of the magnet can be seen in Figure 4.13.
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Figure 4.13: Exemplary thermographic image of the magnet after heating for 15 min.
Visible are the heated wires in bright yellow. The cooling feed lines are depicted in
black. In between the wires, the core is visible in orange, and the cooling is visible
in purple. Around the setup, the magnet holder can be seen schematically. The poor
visibility of the holder is caused by the small temperature difference between the holder
and the background. Visible are the areas where the spatial proximity of the holder
and cooling lines lower the temperatures of the holder. Please note that the emissivity
of the image is at ¢ = 1. An image covering correction of the emissivity is not possible,
as the emissivity is dependent on multiple factors which are unknown for wide ranges
of the image.

The resulting magnet cooling system limits the temperature to ~1°C above room

temperature as shown in Figure 4.14b.
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(a) Temperature of the magnet at both magnet faces next to the sample.
While the measured values are seemingly compatible with their respective
errors, this is not the case since the depicted errors are the errors for the
absolute temperature. The error for relative deviation in one image is
in the mK regime (too small to be depicted). The relative difference in
temperature is attributed to the different distances of the measured areas
to the last winding of the coil (Figure 4.13).
T

| --- Mean magnet
RS - -- Background

o 20| / "
~ S T T
o / ‘.‘
£ 154 \ :
g ; \
o ; \
= x
= 10§

| I

0 500 1,000 1,500
Time / s

(b) Mean temperature of the magnet faces compared to the background
temperature measured on the bottom of the safety box. The slight devi-

ation in background temperature is caused by the diffuse reflection of the
heated magnet.

Figure 4.14: Measurements for comparing the magnet temperature to the environ-
mental temperature of the measurement room, and for comparing the magnet face
temperatures. The temperature is measured from the top with the thermal imager.

Although the cooling limits the maximum temperature of the magnet, it does not

keep the temperature temporally constant. As visible in Figure 4.13, the holder of
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the magnet gets colder in the direct vicinity of the cooling lines. This behavior is also
expected to be visible for the sample in the gap, meaning that the temperature of the
sample is influenced by the temperature change of the magnet. To be able to take
this effect into account, reference measurements are performed with water, which is
expected to show no heating effect. The results of the measurements are discussed in
Section 4.3.

While this setup has been used for the measurements discussed in Section 4.3, the
cooling has later been altered to be able to keep the magnet temperature within at
(21 £1)°C. To achieve this, the water cooling is equipped with a switching valve
which enables the change of the connected thermostat while in operation. To be able to
switch the thermostats during operation, a custom build switching valve was developed,
including six individual valves. This is necessary since the thermostats constantly
pump water during operation, which the valve needs to accommodate. The six valves
are modified ball valves that enable the simultaneous switching of all six valves to
prevent any switching errors. A schematic illustration of the working principle, as well

as a photograph of the finished assembly, can be seen in Figure 4.15

One of the thermostats supplies cooling water with a set temperature of 8 °C and the
other warm water with a set temperature of 20.5°C. While the basic idea of switching
the connected water basin to the setup is simple, the resulting temperature change
is dependent on many different aspects. Thus the determination of the influences to
their full extent is not purposeful. These influences include, but are not limited to,
the amount of water stored in the water cooling circuit, the amount of water stored in
the thermostat, the cooling power of the thermostat, the temperature difference of the
water basins, and the thermal energy stored in the electrical components. To achieve
a stabilized magnet temperature, the influences of these factors need to be taken into
account. Thus the switching of the cooling needs to happen at different time points
than the switching of the AMF. For the measurements shown in Figure 4.16, the cooling
was switched from warm to cold water 5s before the AMF and from cooling to warming
10s before the AMF. Notable are the erratic temperature changes at the switching of
the cooling and the slow decrease of the magnet temperature during operation. The
slow temporal decrease of the magnet temperature is linked to the temporal change in
cooling water temperature. When the cooling supply is switched, the water which is
in the system is flushed into the other thermostat. For the warm water thermostat,
the compensation of the cool water is simple due to the ease of heating water. In
contrast, the cool water supply needs more time to cool the water back to the set
temperature. Causing a slow decrease in cooling water temperature and, thus, the

magnet temperature. For the erratic changes during the switching, the process itself is
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R N N LN
Cold Water Cryostate Warm Water Cryostate

(a) Schematic of the switching valve. To visualize the function principle, the tem-
perature of the water flowing through the pipes is depicted as light red/blue in the
background of the pipes. Red background indicates water of 20.5 °C, blue indicates
water with a temperature of 8 °C, and gray is dependent on the operational state.
The solid lines indicate the paths of water flow for cold water (blue lines) and warm
water being supplied (red lines) to the setup.

(b) Photographic image of the switching valve. Please note that the ball valves used
in the assembly have been modified, so the handle does not indicate the switching
direction correctly.

Figure 4.15: Schematic illustration and photo of the switching valve apparatus de-
veloped to stabilize the magnet temperature.
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the cause, as the switching introduces a mixture of warm and cold water, which does

not perfectly match the momentary cooling requirements of the system.
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Figure 4.16: Temperature of the magnet stabilized with interchangeable cooling water
reservoirs. Depicted are three separate measurements in blue, red, and green with
errors as shaded areas. The measurements are almost identical. In the background,
the temporal temperature changes of the magnet face temperature, with constant 5°C
cooling installed, are shown in gray, with the error as shaded area.

4.1.8 Microscope

The visual observation of processes is a key concept in science. To be able to observe

cells during the operation of the AMF, a microscope was fitted to the setup. The

microscope is fitted to be able to adapt the microscope to the hyperthermia use case

as much as possible. Traditional microscopes are, like most appliances, made of metal
and nowadays incorporate electric components. Metal parts influence the magnetic
field, and electronics are at risk of being destroyed. To reduce the influence of the field,
the magnet holder, as well as an X-Y-table, are entirely manufactured out of plastic.
This leaves the objective as the only component made from metal in the vicinity of
the magnet. The microscope frame is, however, made from metal, as plastic would not
give the required rigidity. Due to the metal in the objective housing, it is favorable
for the objective to exhibit a large working distance. The larger the working distance,
the smaller the magnification. This is due to the relation of numerical aperture and

focal length. The chosen objective has a working distance of 31.1 mm and a design
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magnification of 20x if combined with an imaging lens with a focal length of 200 mm.

A schematic representation of the microscope setup is shown in Figure 4.17.

.E- Magnet with Sample

Objective . 5
1
X ;
| = ®
3 -

Figure 4.17: Schematic of the microscope fitted to the hyperthermia setup. The
components used are: Objective) Plan Apo L 20x (Optosigma, Santa Ana, CA, United
States); 1) Semrock FF436/514/604-DI01(IDEX Health & Science, LLC, Rochester,
New York, USA); 2) Generic lens with focal length of 150 mm; 3) Generic lens with focal
length of 200 mm; 4) BrightLine® Fluorescence Filter 575/25 (IDEX Health & Science,
LLC, Rochester, New York, USA); 5) Generic lens with focal length of 80 mm; 6)
BrightLine® Multiband Filter 457-530-628 (IDEX Health & Science, LLC, Rochester,
New York, USA). The fluorescence lamp used is an INTENSILIGHT C-HGFI (Nikon
Corporation, Tokyo, Japan); The camera used is a DMK 31BUO03 (The Imaging Source
Europe GmbH, Hamburg, Germany).

To determine the effective magnification of the setup, a stage micrometer is used. This
amounts to a magnification of 4.92 + 0.24. The image can be seen in Figure 4.18b.
During this project, the camera used (DMK 31BU03) was not designed to be used for
fluorescence imaging. Nevertheless the fluorescence image of a standard cell sample
(FluoCellsTM#Z, invitrogen, Thermo Fisher Scientific, Waltham, Massachusetts, USA)
shows cell fluorescence at a wavelength of 628 nm (Figure 4.18a) proving that the
established setup is capable of performing fluorescence microscopy of samples placed
inside the magnet. Since the standard cell sample does not fit inside the magnet gap,

the magnet has been removed for this measurement. The rest of the setup has not been
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altered. The sample is placed at the same position a sample would be placed inside

the magnet gap.

| ‘WWHM-

(a) Fluorescence image of a standard (b) Bright field image of a stage microme-
cell sample (FluoCellsTM #2, invitrogen, ter. In the image, dust particles can be seen;
Thermo Fisher Scientific, Waltham, Mas- this is due to the limited accessibility, which
sachusetts, USA). The excitation wave- prohibits frequent cleaning.

length is (575.0 +12.5)nm. Detected is

fluorescence with a wavelength of 457 nm,

530nm, and 628 nm. Mainly visible are

actin filaments, stained with Texas Red -

X Phalloidin.

Figure 4.18: The scale of both images is the same. An additional scale bar is not given
since Figure 4.18b is the image of a physical scale bar. The contrast is enhanced For
both images due to better visibility, the original images can be seen in Appendix A.2.

4.1.9 Electrical and Magnetic Characterization

During the assembly process of the circuit are influences that cannot be determined
beforehand, such as environmental influences on the setup and alterations of the com-
ponents due to the assembly and relative positioning. Therefore it is of utmost impor-
tance to determine the resulting characteristics of the completed system. As the basic
principle of the setup is a resonant circuit (cf. Section 4.1.1), the efficiency can be
analyzed by the quality factor. This can be determined utilizing the resonance curve,

from which the quality factor () can be determined via

wmax
Q - A(JJ )

with the angular frequency of the maximum value wy,,, and the 3dB-Bandwidth Aw,

which is where the amplitude is dropped by \% This value is chosen since it is also
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the frequency where the power has dropped by a factor of % Please note that there
are different definitions for the quality factor, which do not necessarily give the same
result [63]. For the resonance curve, the capacitor voltage U. has been measured as a

function of the excitation frequency w. Therefore the curve can be fitted with

(4.5)

LC\/ ——wQ (w%f’

with the excitation voltage U,, the capacitance C, the inductance L, the ohmic resis-

tance R and the angular frequency w (Appendix A.1).

I : : : : \ 7
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Figure 4.19: Resonance curve of the AMF setup. Calculated from the measured
voltage at one capacitor of the array. For better visibility, the errors are not depicted.

For the measurement of the resonance curve, the voltage has been measured at one
capacitor due to the maximum measurement capability of the oscilloscope (TDS 2002C,
Tektronix, Beaverton, OR, USA) used to determine the peak-to-peak voltage. The

overall voltage of the capacitance array U, has than been calculated via

C&I‘I‘

Uarr = Umeas C )
meas

with the measured voltage Upeas, the array capacitance Cl,., and the capacitance of
the measured capacitor Cleas. The resulting data with the curve fitted is shown in

Figure 4.19. Based on the fitted data, the resonance frequency can be calculated using
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Equation (4.4), which amounts to (93 540 & 10) Hz. The bandwidth is (3.2 £ 0.1) kHz.
This yields a quality factor of 28 £+ 1. As visible from Equation (4.4), the resonance fre-
quency is dependent on the inductance and capacitance’. Hence it can be increased /de-
creased by decreasing/increasing one of these values. Since lowering the inductance
would imply a reconstruction of the magnet, increasing the resonance frequency is only
feasible by decreasing the capacitance. For the opposite change in frequency, it is
possible to increase the inductance by adding a second magnet to the circuit. This,
however, would split the energy available for field generation between the magnets.

Consequently, it is also preferable to change the capacitance in this case.

From the resonance curve, it is visible that the highest measured peak-to-peak voltage
is Uy, = (1473 £20)V. This voltage gives rise to a current of /I = (44.4+0.2) A.
For the cables and the magnet, the maximum current is mostly determined by the
corresponding temperature rise due to Joule heating; these values are unknown and,
therefore, would need to be determined by destructive testing, which is not performed
due to the single setup available. In contrast to the unknown destruction limit for
the cables, the capacitor has a nominal maximum voltage which leads to the failure
of the component. For the capacitor array, the nominal voltage is Upp = 1838V
and a nominal current of Ipp = 57 A. Since these nominal values are higher than
the observed voltages, a linear dependence of magnetic field strength and capacitor
voltage is expected. The method chosen to examine if the components are within their
operational range is to determine the dependence of magnetic field and voltage. This
choice was made since the magnetic field is directly dependent on the current; therefore,

it should be directly dependent on the capacitor voltage.

"The dependence on the resistance is not used for adjustment as it is tried to keep it as low as
possible at all times due to ohmic losses.
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Figure 4.20: Correlation of magnetic field and capacitor voltage showing a linear
relation which indicates the load applied to the components does not cause unfavor-
able effects. The linear fit, shown as red dashed line, follows B(U) = (0.03378 +
0.00049)mT/V - U + (0.33 + 0.37)mT. The small jumps at ~ 800V and ~ 1200V are
due to switching of the measurement range of the oscilloscope. For better visibility,
the errors are not depicted.

As visible in Figure 4.20, the magnetic field shows a linear dependence on the voltage.

As stated in Section 4.1.7, the temperature is not constant over the operation time of
the setup. In Figure 4.14a, it is visible that the temperature rises within the first four
minutes. The change in temperature is a possible cause for a change in the magnetic
flux density, which, therefore, should be monitored, but measuring the magnetic flux
density for more than a few seconds would destroy the Tesla meter. To be able to
measure for an elongated period of time, the Tesla meter probe is removed from the
AMF and inserted into the magnetic field using a rail system. The resulting data is
shown in Figure 4.21. It is visible that, at first, there is a rise in magnetic flux density;
the maximum is reached below 4min. For the measurement time of 15 minutes, the
magnetic flux density changes within a range of less than 2%. For times larger than
15 min, the magnetic flux density changes within the margin of 10%. The decay of
magnetic flux density for times larger than half an hour could not be traced back to
any source. This is because the system is only fully assembled in the operational state,
and there is no option for testing the individual components singled out from the setup.

As the decay starts at times larger than the hyperthermia measurement time, it does
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not have any influence on the measurement.
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Figure 4.21: Temporal development of the magnetic field. For the typical hyperther-
mia measurement time of 15 minutes, the magnetic field is changing within 10 % of its
maximum value, while measurements for the hyperthermia measurement duration are
within an interval of below 5%. Errors are not shown due to better visibility.

While the temporal resolution is only important for long-term measurements, the spa-
tial variations of the magnetic field influence the measurement from the beginning.

The measured spatial distribution is shown in Figure 4.22.
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Figure 4.22: Spatial distribution of magnetic flux density in the magnet gap. On the
top left, a schematic shows the orientation of the coordinate system in the magnet gap.
The field strength is shown interpolated along different cross-sectional planes.

In the spatial plots, it is visible that the magnetic flux density varies in the gap. First
of all, it is visible that the magnetic flux density is higher closer to the core faces, which
is clear since the stray flux is minimal directly at the core. The magnetic flux density

is larger at the inside of the core, which is also explainable by the stray flux, which is

larger than at the outside of the gap.
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4.2 Magnetic Nanoparticle Characterization

In the scope of this work, three magnetic nanoparticle systems are investigated. The
particles used thereby differ in composition, size, and origin. All of the used particle
systems consist of a core and a surrounding shell. For the synthetic particle systems
Synomag and Bionized Nano Ferrite(BNF) (micromod Partikeltechnologie GmbH,
Rostock, Germany), the core is composed of maghemite and magnetite, respectively.
The shell is made from dextran for both of these particles. The third used particle is
produced by the bacteria species Magnetospirillum gryphiswaldense, which belongs to
the group of magnetotactic bacteria. Magnetotactic bacteria are defined by the ability
to produce magnetic particles. These particles are called magnetosomes and consist of
a magnetite core with a bio-membrane shell. The bacterium uses the particles to align
itself with the earth’s magnetic field. To achieve this, the bacteria connect multiple
magnetosomes to a chain-like structure. The influence of the chain structures on the

heating process will also be investigated.

4.2.1 Physical Properties

As discussed in Section 2.2, the magnetic behavior of nanoparticles is mainly defined
by the core with only minor influences of the shell, which, in turn, is the main cause of
nonmagnetic interactions of the particles. To determine the physical properties of the
core, transmission-electron-microscope images have been recorded, giving insight into
the cores’ size, form, and internal structure. To determine the properties of the shell,
dynamic-light-scattering and Zetasizer measurements have been performed, which give

information about the outside charge and the hydrodynamic radius of the particles.

Core structure and size

Synomag® 70 particles are nanoflower core-shell particles [64], which means that the
core resembles a blossom-, flower- or tree-like shape in electron microscopy images. The
corresponding TEM images show substructure in the quasi-spherical morphology of the
individual particles (Figure 4.23a). Due to the nanoflower substructure, the particle
core is not an individual solid core but rather a structure with multiple segments [65]. A
possible core structure 3D drawing is shown in Figure 4.23b. Outgoing from the TEM
images, the core diameter has been determined to be d = (32 +4)nm. The dextran
shell which surrounds the core could not be imaged by the TEM due to insufficient

contrast, even when contrast agents are used (Section 3.1.3).
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100 nm

(a) TEM image of Synomag® 70 . (b) Ilustrative representation of
Synomag® 70 . The core structure shown
does not necessarily resemble the actual core
structure.

(c) TEM image of BNF 100. (d) Ilustrative representation of BNF 100.

—
100 nm

(e) TEM image of magnetosomes. (f) IHlustrative representation of
magnetosomes.

Figure 4.23: a) TEM image of Synomag® 70 particles. The nanoflower substructure
is visible as the granular substructure in the core. The shell could not be imaged.
b) Mlustrative representation of Synomag® 70 where the nanoflower substructure is
indicated. ¢) TEM image of BNF 100. Visible is the cluster structure where several solid
cores are connected. d) Illustrative representation of BNF particles where the parallel
piped core structure is shown, as well as the agglomeration in clusters of multiple
cores. e) TEM image of magnetosomes chains. The tendency to build chains is visible.
In the inset, the cubooctahedral shape is visible. f) Illustrative representation of a
magnetosome showing the cubooctahedral shape. For all illustrative representations,
the core is shown in orange, while the shell is depicted in green/blue/gray.
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BNF particles are cluster-type particles [66]. This means the particle does not possess
a single core but is a structure of multiple cores. In contrast to Synomag® 70 particles,
however, the cores are more separated and connected by the dextran matrix they are
embedded in. As visible in Figure 4.23c, the particles do not resemble a spherical
shape. Due to the shape, the definition of a radius is not straightforward. Hence a
measure for the size of an effective diameter deg is introduced, which gives the diameter
of a circle that has the same projection area as the BNF imaged. Using this measure,
the effective radius has been determined to be deg = (92 + 19)nm. The individual
cores were previously determined to exhibit a parallelepiped shape as indicated in
Figure 4.23d [67].

The magnetosomes are single-core particles with a biomembrane covering the core. In
Figure 4.23e, the individual cores, as well as the chains formed by the bacteria, are
visible. Of special note is that the chains are not connected in a web-like structure
in the bacteria, as seen in Figure 4.23e; these connections are formed after extracting
the chains. The inset shows a magnified image of the cores where the cubooctahe-
dral shape is visible, which is also illustrated in Figure 4.23f. For magnetosomes, the
individual cores could be measured by TEM analysis, exhibiting d = (39 £+ 7) nm diam-
eter. The size histograms for BNF particles (Figure 4.24b) and Synomag® 70 particles
(Figure 4.24a) show monomodal distributions while the distribution for magnetosomes
(Figure 4.24c) has bimodal character. This is attributed to the fact that BNF and
Synomag® 70 are synthetically produced particles where the synthesis process is final-
ized. In contrast, magnetotactic bacteria are disrupted during the production process
in order to extract the magnetosomes. The bimodal distribution indicates that there

are multiple stages where the growing process is slowed or comes to a temporary stop.
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Figure 4.24: Core size distributions of the investigated nanoparticles, determined
from TEM images.

Hydrodynamic Radius and (-Potential

The hydrodynamic radius, in combination with the (-potential, are important proper-
ties of the nanoparticle with regard to the interaction with the surrounding. While the
chemical surface groups are the determining factor for chemical bindings, the hydrody-
namic radius is important for the diffusion properties. The (-potential is a measure for
the affinity of a particle to form a coulomb bond with a particle of opposing charge and,
more importantly, for the aversion to agglomerate with particles of the same charge.

As described in Section 3.1.1, there are number and intensity distributions from DLS
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measurements to determine the hydrodynamic radius. The resulting data is shown in
Figure 4.25. For all particles, it is visible that the intensity distribution indicates higher
values than the number distribution, which is easily understandable due to the depen-
dency of the scattered intensity on the diameter to the power of six (Equation (3.1)).
For most applications, the intensity number distribution is of interest as it represents
the actual size distribution. For Synomag® 70 the number-based average diameter is
dny = (46.8 & 0.6) nm which is substantially smaller than the intensity-based value of
dy = (64.0 £ 0.4) nm. For BNF the number distribution diameter dy = (103 £ 2) nm
which is again substantially smaller than the intensity based-value of dy = (132 £ 2) nm.
Magnetosomes exhibit a number-based mean diameter of dxy = (23 £ 9) nm which is
only ~ 11% of the intensity-based diameter of dy = (202 £ 35) nm. When comparing
the intensity distributions of the particles shown in Figure 4.25 for Synomag® 70 (Fig-
ure 4.25a), and BNF (Figure 4.25¢), the distribution resembles a normal distribution.
The distributions resemble the shape of a normal distribution on a linear x-scale, while
the plot is on a log x-scale. The intensity distribution for magnetosomes exhibits a
tail towards lower diameters. This indicates that the sample is not mono-disperse,
which is underpinned by the measured polydispersity index of the samples. At the
same time, it is close to zero for Synomag® 70 and BNF with values of 0.048 + 0.006
and 0.04 £ 0.01, respectively, the value for magnetosomes is larger at 0.295 4 0.004.
The higher poly-dispersity index also indicates a broader distribution that accounts
for the biological origin of the particles. Due to the high polydispersity of the sample,
the evaluation method, DLS, is not well suited for the sample; therefore, the resulting

diameters need to be treated with caution.
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Figure 4.25: DLS intensity and number distributions for the investigated particles.
For the magnetosome measurements, diameters larger than 1000 nm are not shown due

to the negligible amount.
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The (-potential of the particles is ¢ = (—=1.8 £0.9)mV for Synomag® 70 and ¢ =
(—0.8 £ 0.4) mV for BNF nanoparticles which is both comparably close to the isoelec-
tric point. For magnetosomes in contrast the (-potential is ( = (=31 £2)mV. The
considerably negative (-potential is beneficial for the biocompatibility of the magneto-
some particles as it was shown to decrease unspecific interactions inside cells [68, 69].
Please note that the (-potential and the hydrodynamic diameter are dependent on the
surrounding media, its pH value, and the concentration. Therefore the results here are

valid only for the dispersion media described in Section 3.1.1 and Section 3.1.2.

4.2.2 Magnetic Properties

All properties discussed until now are common for all types of nanoparticles. In this
chapter, the unique feature of the used particles, namely the magnetic behavior, will

be discussed.

AC-Susceptibility

As described in Section 2.3, the power dissipated by superparamagnetic nanoparti-
cles can be calculated using the linear response theory by utilizing the out-of-phase/
imaginary component of the AC-susceptibility. For the used particles, the response to
alternating magnetic fields has been determined using a Dynomag AC-Susceptometer
(RISE, Sweden).

For Synomag® 70 (Figure 4.26), the magnetization starts off mostly in phase as the
imaginary part of the AC-Susceptibility is at its minimum, and the real part is at its
maximum. The imaginary part exhibits a maximum at 3.8 kHz before and after the
course is strictly monotonic. The real part, in contrast, is strictly monotonic falling.
The comparably broad peak of the imaginary part and the slow decrease of the real part
is a result of the multiple core parts and indicate the relaxation of internal disordered
spins [70]. As described in Section 3.1.4, the Néel and Brownian relaxation times have
been extracted from these data via Equation (3.7) and amount to 7v = 1.0 x 107%s

and 75 = 9.6 x 107°s.

In the case of BNF particles, the imaginary part exhibits a maximum at 84 Hz, three
orders of magnitude lower than Synomag® 70 . The real part of the magnetization
decreases quickly; starting from a frequency-wise low maximum, the magnetization
vanishes quickly towards higher frequencies (Figure 4.26). This behavior is similar to
single domain particles, although the magnetization is phase lagging compared to the

external field already at lower frequencies. The relaxation times extracted from the
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fits, performed by the Dynomag software, are 7 = 6.5 x 107 %s and 75 = 1.7 x 107 3.
For both particles, the Néel relaxation times are lower, thus dominating the relaxation

processes. This behavior was already shown for maghemite particles [71].
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Figure 4.26: AC-susceptibility measurements of the used nanoparticle systems mea-
sured with the Dynomag System. Displayed is the real (Re) and imaginary (Im) part.
The corresponding fits performed by the susceptometer are shown as dashed lines
Please note the different amount of frequency points taken due to technical reasons.

Magnetosomes behave vastly differently as the real and imaginary both decrease strictly
monotonic with absolute values in the order of 102 for the lower end of measured
frequencies, which with increasing frequency lowers to negative values. While the
measurement values at lower-end frequencies are two orders of magnitudes above the
susceptometer resolution limit of 107°, they vanish towards higher frequencies. The

low values indicate that magnetosomes are not substantially magnetized by the 0.5 mT
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the susceptometer. The decrease, however, indicates that the magnetosomes are in
a blocked state. A determination of the relaxation times was not possible because
the field magnitude of the susceptometer is small compared to the field amplitude in
the hyperthermia setup. Thus it should be noted that it has been reported that the
relaxation times are dependent on the field strength [40], although Néel and Brownian

relaxation times are often determined in the zero field limit.

Table 4.1 summarizes all measurement results, supplemented with data about iron
concentration and particle number from the data sheets [65, 66]. By comparing the
TEM diameter with the hydrodynamic diameter of the particle, it can be observed
that the hydrodynamic diameter is larger for Synomag® 70 and BNF but smaller for
magnetosomes. This larger hydrodynamic diameter is expected due to the hydration
shell. The smaller diameter for the magnetosomes is explained by the preparation
process of the sample, where an additional filtering step is introduced, causing mostly
small particles to be in the solution. The filtering effect of magnetosome cores which are
still smaller than the filter size but are apparently missing in the DLS measurement,
is attributed to the increased likelihood of chain formation for particles with larger

magnetic moments. The build chains are then also removed from the sample.
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Parameter Synomag® 70 BNF Magnetosomes
drgm / nm 32+4 92+ 19 397
dx / nm 46.8 £0.6 103 £ 2 23+9

d; / nm 64.0 £ 0.4 132+ 2 202 £35
PDI 0.048 £ 0.006 | 0.04 £0.01 | 0.295 +£ 0.004
(-Potential / mV | —1.8+0.9 —-0.8+04 —31+2
Jmax / Hz 3.8 x 103 84 NA

™ /s 1.0 x 107 6.5 x 1076 NA

T8 /8 9.6 x 107° 1.7 x 1073 NA

Cre / mg/ml 0.6 0.6 0.72
particles / # 2.2 x 102 6.0 x 101 5.7 x 101

Table 4.1: Summary of the particle characterization results. Iron concentration and
a number of particles are given for a concentration of 1mg/ml. For Synomag®70
and BNF, the iron concentration and particle number are taken from the data sheets
[65, 66]. The Néel and Brownian relaxation times are measured at 0.5mT using the
Dynomag.

69



I  Magnetic-Hyperthermia

4.3 Magnetic Hyperthermia Results

In this chapter, the response of the characterized particle systems to being subjected
to an alternating magnetic field will be evaluated regarding the heat generated by the
particles in solution. By thermal imaging (Section 3.2), the surface temperature of the
particle solution sample and the bulk heating properties of the systems are determined.
The surface temperature evolution is monitored with a thermal imager (Infratec, Dres-
den, Germany) which images the whole electromagnet every 10s. Outgoing from the
thermal image, the mean temperature of the sample’s upper surface is determined uti-
lizing the Irbis3 software (Infratec, Dresden, Germany). The results will be described,
utilizing the heating and cooling functions introduced in Section 2.4. The temporal
evolution of the sample temperature is of major interest for the hyperthermia appli-
cation. Figure 4.27a shows an exemplary image of a magnetosome sample shortly
before the AMF is switched off. The yellow surrounding areas depict measurement
areas. The blue areas are called correction areas, where the ambient temperature and
the emission coefficient can be set. The corresponding extracted values are shown in
Figure 4.27b. The sample measurement area represents the pixels that are averaged to
obtain the sample measurement value. The background temperature does not deter-
mine a reference for the case where no sample is present. Still, rather it represents the
room temperature with slight influences by the reflected radiation of the setup. This
measurement is performed to be able to monitor the room temperature during the
whole measurement, as drastic changes would influence the measurements. The mag-
net’s temperature is measured to determine if the AMF is working during the whole
measurement period, as variations of the AMF directly influence the magnet temper-
ature. The magnet temperature is measured between the windings far away from the
sample itself. Thus, it is not usable for the determination of the temperature in the

vicinity of the magnet.
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|Backgound

(a) Examplary image of the magnet with measurement areas indicated. The cor-
rection areas for the epsilon values are indicated in blue, the measurement areas are
indicated in yellow. For visibility reasons, the line width has been increased.

ID mean/°C  min/°C max/°C o ¢  Pixel Area

Sample 66.03 57.45 70.99 341 0.95 198
Background 18.88 18.65 19.30  0.64 0.94 1685

Magnet 28.50 25.47 36.95 245 0.94 55

(b) Measurement results from the image shown in a). The values set by the exper-
imentalist are bold, with set emission coeflicient € and standard deviation o of the
temperatures measured in the corresponding area.

Figure 4.27: Exemplary image of a heated magnet with measurement results and set
values. The measurement shown is performed with magnetosomes. The particles were
measured at 93.75 kHz.

In Figure 4.28, the temporal temperature evolution is shown for the same measure-
ment shown in Figure 4.27a. The shaded areas show the maximum and minimum
temperatures. While the background exhibits close to no temperature spread, the
sample and the magnet show a considerable standard deviation. For the magnet, this
is understandable; as the measurement area is situated between the windings of the

coil, the temperature is increased in the direct vicinity of the wire. As the magnet
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temperature is only used for control of the operational status, this does not need any
further investigation. For the sample, however, the spatial temperature distribution
is an insight-granting feature. Figure 4.29 shows the spatial temperature spread for
the sample measurement at three different times from shortly before switching off the
AMEF up to two minutes later. Figure 4.29a, which is shortly before switching the AMF,
shows a clear hot spot towards the back of the magnet’s gap. This does coincide with
the increase in magnetic field strength towards the back of the magnet’s gap. In the di-
rection of the sample edges, the measured temperatures drop. While this is attributed
to the colder surrounding of the sample, it contrasts with the increasing magnetic field
strength towards the magnet faces. Another possible influence that needs to be kept

in mind is the angular dependence of the IR emission. This cannot be determined at

the edges of the sample due to the formation of menisci at the edges.
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Figure 4.28: Example measurement from the measurement shown in Figure 4.27b.
The areas with reduced opacity represent the minimum and maximum values for each
measurement area. The shown data is recorded with a magnetosome sample. The

particles were measured at 93.75 kHz

Figure 4.29b and Figure 4.29¢ show the spatial temperature 1 min and 2 min after the

AMF is switched off. It is visible that the hotspot vanishes, and the temperature

of the sample becomes more uniform with time while the edges remain colder. It is
important to notice that the temperature scales are not the same for all images. The
lowest value of Figure 4.29a is higher than the highest temperature of Figure 4.29b (the

same holds true for Figure 4.29b and Figure 4.29c). The different scales are chosen
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because, with a uniform colormap, temperature differences would not be visible. This
is especially important as the false impression that the outer part of the sample is
getting hotter could arise. From these observations, the important aspect that the
temperature cannot be deemed to be consistent for the whole sample can be taken.
The temperature differences are similar to the differences in field strength shown in
Figure 4.22. While the temperature differences do not necessarily align perfectly, this
can be caused by the field dependence of the relaxation process and the corresponding

change in dissipated heat.

°C °C °C

Il 3 §EFE 3 §FE =

60 65 70 46 48 50 52 34 36 38 40

y/px
y/px
y/px

z/px /px /px
(a) Shortly before switch- (b) 1min after switching of (¢) 2min after switching of
ing off the AMF. the AMF. the AMF.

Figure 4.29: Temporal evolution of the spatial heat distribution at three different
times, showing the cooling process. Please note the different color maps for each plot.
The particles were measured at 93.75 kHz.

A major drawback of the spatial temperature differences, in combination with the un-
certainty of the sample placement, is the difficulty in determining the sample area. As

the sample starts with a temperature close to the ambient temperature, the repeatable
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positioning of the sample area is not possible. To overcome this problem, the sample
area is determined at the moment when the sample is at its maximum temperature.
However, due to the unclear borders of the sample, combined with the not perfectly
repeatable placement of the sample, the determination of the borders introduces a bias.
Automation of this process is due to the ongoing development of the setup, however not
purposeful, as it would introduce restrictions. Therefore the sample area is determined
manually for every measurement by selecting a considerably homogeneous area as the
measurement area. This criterion was chosen as the temperature change at the border
of the sample is attributed to interaction with the sample environment and changes in

the emissivity, as mentioned before.

The exemplary data shown in Figure 4.28 in combination with the spatial data shown in
Figure 4.29 is clear proof that the heating of the sample is not caused by the magnet, as
the magnet is constantly below the sample temperature and the hot spot of the sample
is in its center. This is especially remarkable as the magnet temperature is measured
not at the gap faces but between the windings where the temperatures are even higher
than at the faces (Section 4.3.6).

In this section multiple comparisons of measurements concerning different parameters
are done. Due to the measurements being performed during the ongoing development
of the setup, the measurement frequency varies. Therefore the measurements from one
subsection are not necessarily comparable to measurements from another subsection.

The frequency of the measurements is given in the caption of the data figures.
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4.3.1 Magnetic Field Dependence of the Sample

Temperature

Since the magnetic field strength is adjustable as discussed in Section 4.1.9, this poses
the possibility of changing the temperature. This is even then the case if the concen-
tration cannot be changed, as is the case in biological samples after incubation or with
samples where the heating is influenced by other aspects which have not been known

before the experiment.
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Figure 4.30: Maximum temperature field dependence. Values are calculated using
the fit for heating and cooling (Equation (2.23)). Both data sets show linear behavior
as indicated by the corresponding fits depicted as dashed lines in the same color as the
data points. The particles were measured at 98.10 kHz

Figure 4.30 shows how the maximum measured temperature depends on the magnetic
field strength. The temperature data is extracted as described in Section 2.4. It is
visible that the maximum temperature can be described by a linear dependence on the
magnetic field strength in the determined range. While it is possible to extrapolate
this behavior to a certain degree, it must be clear that the dependence is limited.
The maximum extent of this range is from room temperature up to ~ 100°C. In
this maximal possible range, the lower limit is due to the impossibility of cooling via
magnetic hyperthermia, and the upper limit is given by the energy needed to boil the

water. The actual limit of the linear regression is lower, at least for bulk samples, as
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the evaporation of water will extract an increased amount of energy from the sample.

The linear dependence observed shows that the magnetic fields applied to the sample

are high enough to cause the saturation of Equation (2.17).

4.3.2 Concentration Dependence of the Sample Temperature

In this section, the dependence of concentration and reached sample temperature will
be investigated. The measurement results of the relation of dissipated power and

particle concentration ¢ of Synomag® 70 are shown in Figure 4.31.
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(a) Calculated maximum temperature from the fit data for heating and cooling
curves (Equation (2.23)). The linear dependence on the concentration is fitted
with overheating and cooling points combined and depicted as a dotted black line.

Slope/ °Cml/mg Vertical intercept / °C

3.37£0.35 216 £ 1.1

(b) Fit parameters from the linear fits with fit errors

Figure 4.31: Maximum temperature concentration dependence. Values are calcu-
lated using the fit for heating and cooling (Equation (2.23)). The linear fit is done to
both datasets combined and shown as a dotted line. The particles were measured at
98.10 kHz.
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For the considered measuring range the temperature follows 7" = (3.37 = 0.35) °C ml/mg-
¢+ (21.6 £1.1)°C. The concentration of 5mg/ml represents the stock solution; the
rest of the samples are diluted in PBS (Phosphate-buffered saline). In Figure 4.31, the
heating/cooling results are displayed in red/blue. Here it is evident that the results
are compatible with each other. Therefore the fit takes all points into account. The
temperature range accessible with concentrations from 1mg/ml to 5mg/ml leads to
temperatures from about 25°C to 40°C which covers the physiological temperature
range for humans. While the linear dependence allows for easy adjustment of the
achievable temperature, the linear dependence indicates that the setup is not limited
in terms of power supplied to the particles by the AMF within the tested concentra-
tion range. Please note that the dependence of concentration and temperature will
deviate from the linear model for larger concentrations as the temperature reaches
saturation. However, this is not relevant for biomedical experiments as the saturation

with nano-particles does not pose a reasonable approach.
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4.3.3 Solvent Dependence of the Sample Temperature

Heat generation in a cellular environment is of major interest in the usability of
magnetic-nano particles for magnetic hyperthermia in biomedical experiments. To
gain insight into the heating behavior, Synomag® 70 have been measured in cell lysate

and compared to measurements in PBS buffer.

& olr | |--- PBS
Lysate
45 - :
40 | % |
357 /T/// h

30 | % .

Maximum calculated temperature /

Concentration / mg/ml

(a) Calculated maximum temperature from the fit data for heating and cooling
curves (Equation (2.23)). Dependent on the solvent and particle concentration.
Data from cooling curves is depicted as diamond, data from heating curves is de-
picted as squares.

Slope/°Cml/mg Vertical intercept / °C
Water 3.37£0.35 216 £1.2

Lysate 4.67 £ 0.56 20.7+1.9
(b) Fit parameters from the linear fit with fit errors.

Figure 4.32: Maximum temperature solvent dependence. Values are calculated using
the fit for heating and cooling (Equation (2.23)). The linear fit is done to heating
and cooling datasets combined and shown as a dotted black line. The particles were
measured at 98.60 kHz.

The results shown in Figure 4.32 show a slight difference in heating for particles in
cell lysate and PBS. It is also visible that the linear dependence on concentration is

still present. The results of this measurement are important for use in biomedical
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applications as it underlines that the temperature reached inside tissue can depend
on the surrounding solvent. Furthermore, it indicates that the heating response of

particles is only comparable if the particles are dissolved in the same solvent.

4.3.4 Particle Dependence of the Sample Temperature

The determining factor for the heating is the used nano-particle. In Figure 4.33, the

concentration dependence is measured for Synomag® 70 , BNF and magnetosomes.
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(a) Calculated maximum temperature from the fit data for heating and cooling
curves (Equation (2.23)) dependent on the particle.

slope/°Cml/mg vertical intercept / °C

Synomag 3.37+0.35 21.6 £1.2
BNF 2.70 £0.47 2294+1.6
Magnetosomes 10.14 £ 0.65 18.1£22

(b) Fit parameters from the linear fits with fit errors

Figure 4.33: Maximum temperature solvent dependence. Values are calculated using
the fit for heating and cooling (Equation (2.23)). The linear fit is done to both datasets
combined and shown as a dotted black line. The particles were measured at 98.10 kHz
for Synomag® 70 , 91.80kHz for BNF, and 93.75 kHz for magnetosomes.

It is visible that the maximum temperatures reached, and therefore the energy dissi-
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pated is very similar for Synomag® 70 and BNF. For this interpretation, one needs to
consider the fact that the magnetosome concentration is given for the iron content while
the concentration for Synomag® 70 and BNF are given for the total particle concentra-
tion. The iron concentration for Synomag® 70 and BNF is 60 % of the particle concen-
tration. This results in (5.62 & 0.59) °C mg/ml + (21.6 £ 1.2) °C for Synomag® 70 and
(4.50 £ 0.79) °Cmg/ml+ (21.6 + 1.2) °C for BNF, which is both still considerably lower
than the (10.14 £ 0.65) °Cmg/ml + (18.1 & 2.2) °C for magnetosomes. The use of two
different methods to determine the iron concentration is a result of the different han-
dling of the particles. A further limitation to the interpretability is the difference in
measurement frequencies. The underlying observation, that different particles show
different heating behavior, however is unaffected, as the frequency influence is linear as
given by eq. (2.16). The influence of the susceptibility is negligible as the measurement
shows a flat slope in the region of 100kHz (fig. 4.26). The magnetic field has the same

amplitude in all measurements.
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4.3.5 Conformation Dependence of the Sample Temperature

While Synomag® 70 and BNF exist only in one conformation, magnetosomes exist in

multiple conformations during the production process. To investigate the influence,

the conformation has on the heating behavior, the magnetosomes have been investi-

gated at different stages of the extraction process. The first investigated state is the

magnetosome chains in intact bacteria. The second stat is the magnetosome chains

extracted. The third state is denatured magnetosomes. This means that the outer

biomembrane is removed from the particles.
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Calculated maximum temperature from the fit data for heating and cooling

curves (Equation (2.23)), dependent on the conformation.

Slope/°Cml/mg Vertical intercept / °C

Magnetosomes 10.14 £ 0.65 18.14+2.1
Denaturated Magnetosomes 6.50 + 0.83 23.4+28
Bacteria 13.44+2.3 23.1+3.3

(b) Fit parameters from the linear fit with fit errors.

Figure 4.34: Maximum temperature conformation dependence. Values are calculated
using the fit for heating and cooling (Equation (2.23)). The linear fit is done for each

dataset

individually. The particles were measured at 93.75 kHz.

81



I  Magnetic-Hyperthermia

In Figure 4.34, the temperature depending on the magnetosome conformation and iron
concentration is given. It is evident that the earlier the stage of the magnetosome
extraction, the higher the heating capacity. This is potentially caused by the increased
magnetic moment, which originates from the magnetosomes aligning in chains. While
for magnetosome chains and individual magnetosomes, the concentration can be cho-
sen, the concentration of the bacteria samples is limited in its adjustable range. As a re-
sult, it is only possible to measure the bacteria sample for concentrations of 1.78 mg/ml
0.89 mg/ml, where the latter is diluted from the first.

4.3.6 Cooling Influences of the Sample Temperature

As discussed in Section 4.1.7, the ambient temperature is a crucial factor in the heating
process. Since it is not possible to run the hyperthermia setup without cooling, without
risking damage to the setup, 5°C cooling water has been used for all measurements,
which have been presented up to this point. Since the needed cooling capacity of the
magnet changes during the measurement, the constant cooling water temperature leads
to a change in the ambient temperature of the sample. However, the model used to
describe the heating process is unsuitable to accommodate a changing ambient tem-
perature; therefore, it does not represent the heating and cooling constants correctly.
As the time constants are mainly influenced by the slope of the data, it is attempted
to stabilize the temperature of the magnet faces. To achieve this challenging goal, a

purpose build switch has been implemented as described in Section 4.1.7.

The resulting change in magnet face temperature has been shown in Figure 4.16 for
continuous 5°C cooling and for switched cooling. Switched means that the cooling
water temperature is at 5°C while the AMF is in operation and at 20°C while the
AMF is not in operation. The use of 20°C water is required because of the water
inside the cooling lines, which would provide cooling, even if not actively exchanged,
due to the heat capacity of water. While the features of the magnet face temperature

are shown in Section 4.1.7, the resulting sample temperatures are discussed here.
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Figure 4.35: Temperature reached in a pure water sample for different cooling setups.
Standard cooling is continuous cooling with 5°C water, switched cooling is 5 °C during
AMEF operation and 20 °C otherwise. The shaded area represents the error.

In Figure 4.35, the sample temperature for a pure water sample is shown. The tem-
perature for the standard cooling shows a change of ~ 11°C; in contrast, the sample
temperature shows a change of only ~ 2°C for the switched cooling. The slight change
during the AMF period is in agreement with the change of the magnet face temperature

during a measurement cycle.

The effectiveness of the switched cooling approach is verified by comparing the temporal
temperature evolution to measurements with constant cooling water temperatures of
5°C and 20°C. The maximum temperature reached during the application of the AMF
is in accordance with the temperature reached in the standard cooling measurements,
while the start-end temperatures are in line with the temperatures for an uncooled
magnet. Uncooled, in this case, means that the cooling water supplied is at room
temperature (20 °C), as the total lack of cooling poses the risk of damaging the setup.
However, cooling with room temperature water does not give rise to any temperature
difference to an uncooled magnet in the absence of an AMF while limiting the magnet

temperature to nondestructive levels. The results are shown in Figure 4.36.
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(a) Temperature evolution for Synomag® 70 particles at 5mg/ml, for different types
of cooling water supply.

TH / S TC / S
Standard Cooling (126.9£1.8)s (170.0 £2.6)s
Switched Cooling (127.3 £ 1.3)s (161.2 +£1.2)s

20°C Cooling (134.8 £2.7)s (177.4+3.4)s

(b) Heating and cooling time constants extracted from fitting Equation (2.20) and
Equation (2.22).

Figure 4.36: Temperature reached in a Synomag® 70 sample at a concentration of
5mg/ml for different cooling setups. Standard cooling is continuous cooling with 5°C
water, switched cooling is 5°C during AMF operation and 20°C otherwise. 20°C
cooling is constant at the given temperature. The shaded area represents the error.
The particles were measured at 93.75 kHz.

From Figure 4.36a, it is visible that the resulting heating and cooling curves will have
a different heating constant 7 for each curve. This is due to the different temperature
changes in the same time span. Figure 4.36b contains the heating and cooling constants

for the curves depicted in Figure 4.36a.

One approach to determine more precise heating and cooling constants is the sub-
traction of the magnet influence. This influence is determined by the measurement of
ultra-pure water. In Figure 4.37a, the heating and cooling constants are shown for the

measurements conducted without the subtraction of the ultra-pure water background
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measurement. By comparing these values to the heating and cooling constants with
the influence of the AMF on pure water being subtracted, shown in Figure 4.37b, it is

visible that the constants lower for concentrations of 2 to 5mg/mL.
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(a) Heating/cooling constant 7 for measurements with continuous 5°C water cool-

ing.
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(b) Heating/cooling constant 7 for measurements with continuous 5 °C water cool-
ing, corrected with a water background measurement.

Figure 4.37: Comparison of the heating and cooling constants if a background mea-
surement is subtracted before fitting Equation (2.20) or Equation (2.22). The particles
were measured at 98.10kHz, the water reference is measured at 93.75 kHz.
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The use of background or reference measurements is common practice in all fields of
science and engineering. While it does give the opportunity to measure the heating/-
cooling constants for bulk samples, it does not pose a solution to overcome the sample
temperature changes for biomedical samples as the temperature needs to be kept in
the physiological range to assure that the sample is not influenced by hypothermia.
Another weakness of comparing two different measurements with each other is the ab-
solute temperature accuracy of the camera, which is at +1.5 K. This offset error limits
the resolution for low concentrations. This is a possible cause of the irregular change in
constants for a concentration of 1 mg/mL. The difference in measurement frequencies
does not represent a limitation in the interpretability since the heating of the water

sample is solely caused by the temperature rise of the magnet.

The presented approach of switching the cooling water temperature according to the
cooling need of the system represents the possibility of overcoming the problem of
hypothermia under consideration of biomedical samples. Comparing the heating and
cooling constants for the concentration of 5mg/mL for water subtraction evaluation
(index H/C,W) and for the direct switched cooling (index H/C,S)measurement gives
values of Ty = (127.3 £1.3)s and 7¢g = (161.2 = 1.2) s for the switched cooling and
mw = (123.6 £3.8)s and 7cw = (161.0 £2.2)s. The alignment of the respective
heating/cooling constants shows that the use of the cooling switching system is able

to diminish the influence of the magnet on the sample.
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4.3.7 Fast Heating/Cooling Cycles

One of the biggest advantages of magnetic hyperthermia is the temporal precision with
which the heat generation can be controlled. To study the influence of temperature
changes on biomedical samples, it is favorable to be able to subdue the sample to
reoccurring temperature changes. To be able to do so, the setup needs to be capable

of applying the AMF over a prolonged period of time.
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Figure 4.38: Three consecutive measurement cycles, each reaching thermal equilib-
rium in the heating/cooling period. All measurement cycles consist of 15 min heating
followed by 15min of cooling. The particles were measured at 93.75 kHz.

In Figure 4.38, it is shown that the setup is capable of heating the sample to a steady
state, with multiple cycles back to back. While this is clear evidence of the robustness
of the setup, the slow cycles and the large temperature range do not represent a suitable
use case for biomedical applications due to the aforementioned potential sensitivity of

samples to temperatures outside the physiological range.
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Figure 4.39: Fast heating and cooling cycles of Synomag® 70 particles at 5mg/ml.
Each color represents a cycle covering a different temperature range. The particles
were measured at 93.75 kHz.

In Figure 4.39, faster heating-cooling cycles are shown. The shown curves are measured
for a particle concentration of 5mg/ml Synomag® 70 , and show the wide range of

possible temperatures for fast heating cooling cycles with an amplitude of 10 °C.
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Figure 4.40: Fast heating and cooling cycles of Synomag particles (5mg/ml) com-
pared to water subjected to the same temporal AMF. The particles were measured at
93.75kHz.

In Figure 4.40, the temporal temperature evolution of a 5mg/ml Synomag® 70 sample
in comparison to a water sample is shown. Here it is visible that the temperature
change caused by the inductive heating of the nanoparticles in a fast switching AMF
is ~15°C higher than the heating caused by the magnet.
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4.3.8 Microscopable Samples Containers

All measurements shown until now were performed on bulk nanoparticle samples in
solution. For biomedical samples, it is of major interest to image the behavior of cells
in interaction with magnetic nanoparticles while being subjected to the AMF. For this
purpose, the magnet setup has been fitted with a custom-built microscope setup. To
be able to perform microscopy imaging on a sample, special containers are used. In the
following, the usability of these containers for hyperthermia measurements is investi-
gated. In Figure 4.41, a visual representation of the positioning of the microscope-able

microfluidic channel is given.

Figure 4.41: Rendered image of the positioning of the microscopy slide inside the
electromagnet gap. The width of the gap is 1cm, and the width of the channel inside
the gap is 8 mm.

In Figure 4.42, the temporal temperature evolution of Synomag® 70 and water inside a
microscopable microchannel is shown. Of special note is that the temperature measured
in this case is not the surface temperature of the fluid itself but the upper cover of the
microfluidic channel. Due to the cover between the sample fluid and the camera, the
resulting temperature is not usable to determine the absolute temperature reached in

the sample. Still, a heating effect can be seen.
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Figure 4.42: Temperature evolution of pure water and Synomag® 70 at 5 mg/ml inside
a microscopable microfluidic channel. Measurement errors are shown as shaded areas.
The particles were measured at 93.75 kHz.

Since the microchannels are larger than the magnet gap, the spatial heating distri-
bution is of interest. Due to the microchannel housing covering the sample surface,
the temperature differences are difficult to see in a thermography image. Therefore
Figure 4.43 shows the differences between a channel filled with water and a channel

filled with Synomag® 70 at a concentration of 5mg/ml.
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Figure 4.43: Temperature difference of a microscopy channel filed with water and
filled with Synomag® 70 at a concentration of 5mg/ml. The overall width along the
y-axis is ~ 8 mm. The magnet is right and left of the channel at ~ 55 to ~ 85 pixel.
The particles were measured at 93.75 kHz.

The bright spot at the right side of the image (~pixel 90) is the filling nozzle of
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the channel. The visible correlation of applied AMF and temperature increase in a
microscopable sample proves the possibility of observing samples subjected to an AMF

with the used microscope inside the here inspected channel slides.
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The goal of this project is to develop a versatile, low-cost magnetic hyperthermia
setup that is capable of maintaining a high frequency alternating magnetic field in the
order of tens of millitesla over a extended time interval, which is sufficient to reach
a steady temperature. Additionally, it needs to be possible to mount the setup onto

a microscope, to enable the live imaging of invitro samples being subjected to the

AMF.
As a basis, a resonant transformer is chosen.

Three different core materials have been tested with regard to their coupling factor. All
investigated cores show a coupling factor well above 97 %, with the N87 core exhibiting

the best coupling at 98.5 %, thus limiting energy losses.

In the circuitry, two types of wire are examined. The first is a stranded wire the
second is a specialized Litz wire. It has been shown that while the ohmic resistance is
comparable, the coupling factor is significantly different for the wires, thus leading to

the use of specialized Litz wire in the setup.

The capacitors have been chosen based on ease of use. This approach has led to an
easily adaptable capacitor array that does not need any active cooling while showing

linear behavior in the range of applications.

The heat generated, which would limit the field amplitude as well as the operation time,
is dissipated via a custom water cooling system. This system consists of a 3D-printed
cooling shell for the magnet enabling direct contact of cooling water and magnet core,
thus creating the best possible thermal connection. With its two modes of operation, it
is not only proven to be able to limit the maximum temperature of the magnet to room
temperature during operation. Still, it is also capable of keeping the magnet tempera-
ture constant within the range of (21 £ 1) °C during the whole measurement duration.
The possibility of keeping the setup temperature constant is especially important if
biomedical samples are to be examined, which are sensitive to low temperatures. Due
to the elaborated cooling, it is possible to maintain a magnetic field strength of 48 mT
within a working volume of 2cm? at a frequency in the 100 kHz regime. While it is

comparably easy to achieve magnetic fields of this magnitude, it has been proven that

93



I  Magnetic-Hyperthermia

the proposed setup is capable of maintaining the field over a period longer than the
time it takes the sample temperature to reach a steady state (15min). In addition
to the upper limit of temperature, the possibility of keeping the magnet temperature

constant over the whole measurement time has also been shown.

By comparing the achieved parameters to other recent works, it is visible that the built
setup represents a reasonable base to combine several aspects that have been shown
before. With a frequency of about 100 kHz, our setup is situated at the lower end of
the frequency range of built setups, which is from 100kHz to 500 kHz [57]. Due to the
combination of a resonant transformer and broadband amplifier, the working frequency

can be adjusted by altering the inductance array.

The gap size of 10mm is at the upper end of demonstrated gap sizes ranging from
400 pm [72] to 11 mm [73]. The magnetic field strength of 48 mT can be maintained for
a period of 20min. In Table 5.1 the gap size, magnetic flux density, and operational
time is shown for different setups. By comparing these values, it is evident that there is
often a trade-off between these characterizing parameters. In the scope of this project
each component has been thoroughly tested to maximize the overall efficiency. The
setup has been designed towards the generation of sufficiently strong high frequency
fields for biomedical experiments. As a result the reported setup represents a hightech

solution at the edge of what is feasible.
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10 48 93.75 20 This work
88 100 0.25
75 [57]
30 500 0.5
0.37 ~ 53 300 120 [72]
2
11 ! NA 15 [73]
(15.5)
20 x 15 43.9 149
e NA [74]
(air coil) 27.6 >1000

Table 5.1: Comparison of magnet parameters from different works on magnetic hyper-
thermia. Flux density values in parentheses are values achieved during measurements,
if different from maximum achievable value.
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In the scope of this work, three structurally different nanoparticles have been stud-
ied concerning the usability in hyperthermia. Here, different substructures could be
observed in TEM images, showing nanoflower substructures for Synomag® 70 , paral-
lelepiped shapes for BNF, and cubooctahedral shapes for magnetosomes. For usability
in biomedical applications, especially the Stokes diameter and the surface charge are of
interest. These have been investigated for all of the particles. All diameters found are
comparable with previously reported sizes [67, 75]. For all three particles, the heating

power has been investigated, reaching temperatures of up to 70 °C for magnetosomes.

Aside from being able to heat the sample until a steady state temperature is reached,
the setup also has been proven to be able to subject samples to heating/cooling cycles,
with a period of about 4 min. The ability to produce fast cycles enables the investiga-
tion of interval application of localized heat. Thereby the reached temperature range
can be adjusted using the cooling system. The interval range enables the setup for
the influencing of thermo-responsive peptides [26, 76, 77], and influencing biological
signaling [20, 21, 78].

In summary, the setup developed in this project fulfills the requirements set. It repre-
sents a simple approach to a well-rounded hyperthermia setup, enabling the imaging
of samples subjected to an AMF. In addition, the elaborate cooling system enables
steady operation over prolonged periods of time while keeping the magnet tempera-
ture constant, thus reducing the thermal strain on a sample. The presented properties
show the high potential of the proposed setup to open opportunities in the field of

biomedical assays as well as for biosensor applications in nanotechnology.
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6 Introduction

For most everyday interactions, the individual tracking of objects is inevitable. In mi-
croscopy, however, the individual tracking of nano-scale objects remained an unsolved
challenge until the 1980s. In 1987 gold nanoparticles were used to track cell behavior
[79]. From this starting point, the labeling of nano- to microscale objects became a
powerful approach to trace the behavior of individual objects, and learn about their
(biological) function. Today the most prominent particle labels are fluorescent probes.
These probes are of different origins, like quantum dots [80], synthetic dyes [81], and
fluorescent proteins [82]. Here the discovery of fluorescent proteins is of special no-
tice, as it is possible to encode them into a plasmid, thus making a cell automatically
produce labeled molecules. This is especially important as many dies are toxic to liv-
ing cells. Due to the high amount of specific markers that have been developed, it is
possible to target various biological molecules. These include but are not limited to:
Proteins [83, 84], DNA strands [85] and, mRNA [86]. A problem shared by all these

markers, although to a different extent, is bleaching.

Based on single molecule tracking, numerous advances in biology were made, since this
technique allowed to decipher the spatio-temporal dynamics of numerous subcellular
processes [87]. Two prominent discoveries made by single particle tracking experiments
could only be made with single particle tracking and underline the importance of this
technique. The first is that diffusion inside cells is anomalous [88, 89, 90]. The second
discovery is that processes in cells are nonergodic [91, 92]. This discovery is especially
important as ergodicity is often assumed in statistical physics. Single-molecule tracking
avoids ensemble averaging and thus does not rely on ergodicity. Due to the lack of

ensemble averaging also, spatial information is maintained.

Today the labels and microscopes have been improved to a level where tracking with
sub-nanometer resolution in three dimensions is possible [93]. On the imaging side,
cameras have advanced, enabling frame rates of 100 Hz and above. The evaluation
algorithms have been improved to a point where the simultaneous tracking of multiple
particles is possible [94]. These advances, however, come at the cost of high volumes

of data that need to be saved and evaluated.
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6.1 Outline of this Project

This project focuses on a specific problem that arises if a particle changes its motion
behavior in a track. Here it is of interest to separate the track into the different types
of motion before conducting further analysis. In this work, an approach based on the
visual impression is chosen. For this reason, a parameterization is developed. Based

on this parameterization and simulated reference tracks, the track is separated.

The seventh chapter introduces the theoretical basics of the mean squared displacement

and fluorescence.

The eighth chapter describes the fluorescence setup, which is based on an inverse
fluorescence microscope used for the tracking recordings. Additionally, the tracking

algorithm used is described.

In the ninth chapter, the developed algorithm is discussed. At first, the main script
is introduced. Afterwards, the subroutines are reviewed. The review of subroutines is
done in alphabetical order in order to enable the use as a lexicon. At the end of the
ninth chapter, the algorithm is tested on actual tracking data of endosomes, and the
assignment of motion type is compared to the results from mean square displacement

theory.

In the tenth chapter, the overall performance is discussed.

6.2 Contributions and Publications
This project has been conducted in the group for Experimental Medical Physics. As

the research is interdisciplinary, I have worked in close collaboration with other group

members. Additionally, I have supervised several students during their thesis.

6.2.1 Contributions to this Thesis

e Paolino Salamone has measured the endosome tracks and performed the tracking
using u-Track. Additionally, he provided the script for plotting the tracks color-

coded atop the cell image.

6.2.2 Publications

Parts of this work have been published in posters on different occasions.
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e Poster at DPG Frithjahrstagung Regensburg 2022: Single Molecule Tracking of
Molecular Motors under Different Physiological Conditions
Authors: Lentz, Adrian; Blair, Paulina; Kuckla, Daniel; Hagemann, Philipp;

Monzel, Cornelia.

Parts of this project are also included in supervised bachelor and master theses and

cooperative works.
e Christina Siepe: Einzelpartikelverfolgung in Zellen (Bachelor Thesis)
e Anton Sinner: Single Molecule Tracking (Bachelor Thesis)

e Adrian Lentz: FEinzelpartikelverfolgung von molekularen Motorproteinen - Mit

Fokus auf die Motordynamik Klassifizierung (Bachelor Thesis)

e Paulina Blair: Single-Molecule Tracking - Approaches to Kif5C imaging and dy-

namic analysis (Bachelor Thesis)
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7 Theoretical Basics

In this chapter, the underlying principles of Single Particle Tracking (SPT) experi-
ments will be explained. At first, the motion of microscopic particles in a non-solid
medium will be discussed. Afterwards, the principle of fluorescence is explained, which

is the basis of fluorescence microscopy.

7.1 Mean Squared Displacement

If the inertial force is negligible microscopic objects are moved by random forces origi-
nating from the surrounding media even in the absence of flow. The resulting behavior
is called Brownian motion after Robert Brown, who is credited with the discovery of
this effect by observing pollen in water [95]. Some of the pollen showed movements
that were not explainable by the flow in the surrounding water. Just like all molecules
above absolute zero temperature, the observed particles and the surrounding molecules
hold thermal energy, which is partially converted to kinetic energy, causing the par-
ticles to be in constant motion. The motions observed by Brown are caused by the
collisions of observed particles and the dispersion of medium molecules. The erratic
character of the movements with random direction changes is therefore influenced by
the temperature of the sample. This problem has been addressed by Albert Einstein
[96, 97], Marian von Smoluchowski [98] and Paul Langevin [99].

A measure to describe the movement is the Mean Squared Displacement (MSD). The
MSD is defined as

MSD(A) = (a?(At)) = ((a(t + At) — 2(1))?),

with z(t) the position of a particle at a time ¢ and the time difference At, for which
the displacement is calculated. For a track of temporal steps with corresponding coor-

dinates of a particle, this can be rewritten to

1 N—n

MSD(nt) = N h

(& (m7) =z ((n+m)7))*,

m=0
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with the length of the track N and the step duration 7. The time difference At can
only be a multiple of 7 and is parameterized by m. The MSD is often understood to
be the area a particle explores within a certain time interval. While this is an intuitive
and valid explanation for pure Brownian motion, one needs to remember that this is
not always true for all observed particles. Deviation from this intuitive understanding
arises if the motion type of the particle is not entirely random. If a particle is influenced
by a flow or other means of transport, the transport causes a linear motion which is
superimposed by the Brownian motion. In this case, the motion path is a widened
line; therefore, the area described by the MSD is much larger than the area actually
covered by the motion. Another example is a particle in a circular motion which will
have a reduced MSD for all temporal intervals that are close to the time it takes the
particle to complete one or multiple full circles. Another example is a particle moving

in a straight line, where the actually explored area is much smaller than the MSD.

For a moving particle, the MSD is time-dependent. A basic approach to describe a

time-dependent property is
f)=a-t"+c, (7.1)

where a, b and ¢ are arbitrary factors. These factors carry information about the type
of motion which is observed. Since the factors are not time-dependent, this approach
is only viable if the type of motion does not change. When investigating the motion,

there are distinctive types of motions that take a special role.

The probably best-known type of motion is linear motion. For a strictly linear motion,

the displacement can be calculated by
d = vAt,

with the velocity of the particle v and the time period At. The squared displacement
for any step width is then given by

MSD = v At

Compared with Equation (7.1) this is the case with a = v? b =2, and ¢ = 0.

A different type of motion that is often observed in single particle tracking is Brownian
motion. Brownian motion is described by the Langevin equation, which describes the
evolution of a system where the forces acting on the system can be assigned to be

either deterministic or random. The Langevin equation for Brownian motion in one
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dimension is given by

dv

with the mass of the particle m, the velocity of the particle v, the drag coefficient &,

and a random force 7. 7 (t) is a random white noise-like force with a mean of zero

(n(t)) =0.
The random noise is also required to have a correlation function of the form.
(n@)n(t+At) =C-5((t+At)—1),

where ¢ is the Dirac delta function and C is a constant. The solution to this formula

is given by

1 t
v (t) =v(0) e mt + / n(s)e*%(t*tl)dtl. (7.2)
m Jo

Based on Equation (7.2) an expression for z(¢) can be derived (Appendix B.2), which

leads to

(z(t)?) =2Dt,

with the diffusion constant D. This expression is derived from the one-dimensional
Langevin equation. As the motion along different dimensions is independent of each
other, the displacement generated linearly scales with the amount of dimensions n,

finally leading to
(z(t)*) = 2nDt. (7.3)

Compared to Equation (7.1), this is, for the two-dimensional case (n = 2), with a =
2nD =4D ,b=1, and ¢ = 0.
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Figure 7.1: MSD for different types of motion. Linear motion (red, MSD o t?),
diffusive motion (black, MSD o t') and subdiffusive motion (blue, MSD o t°?).
Additionally shown is a graph for non-uniform motion in gray.

Due to the different evolution of the MSD, it is possible to use the characteristic shape
to determine the motion behavior of a particle. In Figure 7.1, exemplary MSD curves
are shown. Of special notice is the region for At < 1, as the MSD increases faster
for diffusive motion than for directed motion. This is an artifact of the chosen model.
For two particles moving at the same speed, the displacement is at its maximum for
linear motion. This is due to the fact that the shortest connection between two points
is a straight line. Vice versa, this principle shows that with a finite path length, the

furthest distance between the start and end is a straight line.

This description of the MSD is commonly used [100]. There are, however, shortcomings
that need to be kept in mind. A method often used for visual representation is the
a-D-map. Here the exponent is denoted with «. Since the unit for the mean squared
displacement is m?, a changing exponent requires changing units in the prefactor. Thus
the illustration in an a-D-map compares numerical values that have different units.
Nevertheless, a higher D value indicates a faster-moving particle, and a straighter
track is indicated by a higher value of «, thus although comparing values with different
units, the a-D-map is an intuitive way to gain an overview of the movement present

in a sample.
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7.2 Fluorescence

Fluorescence is a type of radiation emission during the relaxation process of excited
electrons. If light is shone onto an object capable of fluorescence, an electron can be
excited into a higher state. For this to happen, two criteria must be met. The first
is the match of energy supplied by the impinging photon and the energy difference
between the two system states. The second is the overlap of the wave functions of the
energy states in question. These prerequisites are given by the Franck-Condon principle
[101]®, which can be visualized by an energy diagram similar to the often used Jabtoniski
diagram. While the Jabtonski diagram only addresses the energy differences of the

possible states, the diagram shown in Figure 7.2 also includes the wave functions.

A

Energy

\/

r

Figure 7.2: Exemplary energy levels for the illustration of fluorescence. Shown are
the singlet ground state Sy, the triplet ground state Ty, and the first excited sin-
glet state S;. For each state, the additional vibrational states are shown with an
indicated probability of presence. The arrows indicate absorption (1), fluorescence
(2), internal conversion (3), inter-system crossing (4), phosphorescence (5), and sup-
pressed transitions (6). On the x-axis, the spatial coordinate is given.

8The principle is named after James Franck and Edward Uhler Condon [101].
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Shown are two singlet states, the ground state So and the first excited singlet state S;.
They are represented by the potential well with the corresponding vibrational levels.
Additionally, the triplet ground state Ty is given. The necessary overlap of the wave
functions can here be understood visually. If the wave functions are perfectly spatially
overlapping, an arrow indicating the transition would be vertical. If an arrow indicating
the transition is tilted, the transition is suppressed; however not completely impossible.
The different transition probability, in combination with the different energies needed,
results in a continuous spectrum of energies that can be absorbed. After the absorption
process, the electron can relax via internal energy conversion into the lowest vibrational
state in the excited electronic state. From this state, the only possible relaxation is
via the emission of an electron into the ground state Sy. For this transition, the wave
function overlap of the vibrational ground state of S; and any vibrational state of S
causes a possible transition. If the vibrational level of Sy is not the lowest, the electron
can relax to the ground state via internal energy conversion. Until now, the triplet state
has not been taken into consideration. If an electron is in an excited state and there is
an overlap with a triplet state, the electron can undergo inter-system crossing®. In the
triplet state, the electron can relax into the lowest vibrational state. The energetically
lower states are now singlet states. The relaxation into a state with different spin
multiplicity, however, is forbidden by the selection rules. A forbidden transition does
not indicate an impossible transition but a transition that is far less likely to occur. The
process of relaxation from a triplet state into a singlet state is called phosphorescence.
Due to the different types of transition of phosphorescence, fluorescence, and internal
conversion, the processes occur on different timescales. The fastest process is internal
conversion, with a lifetime of tens of femtoseconds, followed by fluorescence, with a
lifetime of nanoseconds. The slowest process is phosphorescence, with a lifetime of
microseconds up to several seconds [103]. While fluorescence is only observable while
excitation the fluorophore is illuminated, phosphorescence can occur long after the

excitation light has been removed. This process is often used in safety signs.

Until now, only the energy differences in the electron states have been discussed. Con-
cerning the absorption, the energy is provided by a photon of the excitation light!©.
As visible in Figure 7.2, the electron dissipates energy by internal conversion in the
S state as well as after the emission of the photon in the Sy state to reach the lowest

vibrational state. The dissipated energy is consequently not available for the emitted

9Under certain conditions, it is also possible for an electron to perform reversed inter-system crossing
from a triplet state to a singlet state where the electron relaxes via fluorescence. This process is
called delayed fluorescence and is used in organic light-emitting diodes. [102]

0There are also processes involving multiple photons, e.g. two-photon absorption in dyes [104].

108



7 Theoretical Basics

photon. The energy E,, of a single photon is given by

with the Plank constant h, the speed of light ¢ and the wavelength of the photon A.
In combination with the energy difference, due to internal conversion, this results in
a wavelength shift between the absorbed photon and emitted photon. This effect is

called Stokes shift and enables the imaging process described in Section 8.1.
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8 Microscopy Setup and Tracking

Software

The goal of this chapter is to introduce the adapted fluorescence microscope setup, as

well as the tracking software u-Track, which is used for the tracking of the particles.

8.1 Fluorescence Microscope

As described in Section 7.2, the light emitted by a fluorophore has a longer wave-
length than the absorbed light due to the Stokes shift. This wavelength difference is
exploited in Fluorescence microscopy, which was discovered by accident in 1904 [105].
The imaging is done with a fluorophore-specific set of two optical filters. The first is
the excitation filter which limits the bandwidth of the excitation light. This is neces-
sary as the used light sources are mostly white light sources to be able to use one light
for multiple fluorophores. In theory, it is sufficient to exclude the emission wavelength
from the excitation spectrum to be able to filter out the fluorescence signal. However,
the introduced limitation serves further purposes. These are, firstly, the minimization
of the amount of light shone onto the sample, which prevents heating and faster dete-
rioration. Secondly, it enables highly specific imaging of a fluorophore. Without the
bandwidth limitation of the excitation light, all fluorophores with the same emission
wavelength would be registered by the detector. In contrast, with filtered excitation,
fluorophores with the same emission but different excitation wavelengths can be distin-
guished. For the emission filter, the same principle holds true since fluorophores with a
shared excitation spectrum can have different emission spectra. Some specimens enable
targeted labeling. In combination with dye-specific filter sets, targeted labeling gives

rise to highly specific imaging of individual components.

The used setup is an adapted 1X73 fluorescence microscope (Olympus, Tokyo, Japan)

shown in Figure 8.1.
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Figure 8.1: Schematic of the used fluorescence microscope. A comprehensive list of
parts can be found in Table B.1
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The system is equipped with two illumination methods. The first is a Light Emitting
Diode (LED) white light source (SolaSE2, Lumencor, Beaverton, OR, USA)!!. This
light source homogeneously illuminates the whole field of view. The light is filtered by
excitation filters to match a selected fluorophore, as described before. For fluorophore-
specific filter sets, the use of filter cubes that combine an excitation filter, dichroic
mirror, and emission filter is common. The dichroic mirror reflects the excitation light
onto the sample while transmitting the fluorescence light onto the camera. The 1X73,
in contrast, is equipped with a filter wheel for excitation filters and one for emission
filters. Additionally, a wavelength-independent 50/50 beam splitter is used [107] in
place of a dichroic mirror. While the downside of this filter setup is that ~ 50 % of the

fluorescence signal is lost, it enables maximum adaptability to different fluorophores.

The second illumination method is realized by a laser setup. The use of lasers enables
higher illumination powers, which might be needed for low fluorophore concentrations,
as used in single particle tracking. A drawback of this system is the limitation of excita-
tion wavelengths; for each excitation wavelength, a different laser must be installed. In
the realized setup, four lasers are used at the wavelengths of 405 nm, 488 nm, 561 nm,
and 638 nm. In the first part of the setup, the lasers are aligned to share one beam path.
Afterwards, an Acousto-Optical Tunable Filter (AOTF) is used to enable wavelength-
dependent transmission. The used lasers are diode lasers (405 nm, 488 nm, and 638 nm)
and a solid state laser (561 nm). These lasers are most stable when used at their spec-
ified power. To overcome the fixed intensity, a half-wave plate rotates the polarization
by a freely adjustable angle. The light is then guided through a polarizing beam split-
ter. The light intensity which is transmitted I.,s can be calculated by Malus’s law,

given by
]trans - ]0 COS <|¢in - ¢trans|)2 ;

where [ is the incident intensity and ¢y, and ¢y.ans are angles between the polarization

vectors of the incoming light and the transmitted light in the same coordinate system.

The intensity-adjusted beam is coupled into a single-mode optical fiber. The use of
an optical fiber serves two purposes: The first is the generation of a clean Transverse
ElectroMagnetic modes (TEM) TEMgy mode. The second is achieved by rotating
the polarization maintaining fiber by 45°. As a result of the rotated mounting, the
polarization state of the light is partially revoked, suppressing interference, which would

be visible in the image.

1While white light implies a continuous spectrum, this is not the case. The overlay of multiple LED
emission spectra covers the wavelength needed for fluorescence microscopy, resulting in a spectrum
with wavelength-dependent intensity [106].
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The beam exiting the fiber is first widened by a telescope, increasing the diameter by
a factor of ~ 18. The exact magnification is not determined, as the telescope does
not produce a collimated beam. Hence the magnification is position dependent. This
putative miss alignment is used in combination with a third lens to achieve the best
possible illumination of the sample area. The need to combine a telescope with a lens
is due to the limited positions of the lens. The best illumination is achieved if the
backside numerical aperture of the objective is matched by the optic placed in front.
For the given microscope setup, however, it is not readily achievable, as the possible
positions of the last lens are limited, as well as the focal lengths for commercially
available lenses. This is adjusted for by creating a lens assembly of the telescope and
an additional lens shortly before the objective, which is then adjusted according to
the observed illumination. The lasers are coupled into the illumination path of the
microscope via a quad-band beam splitter, which reflects the wavelengths of all the

used lasers, thus rendering these wavelengths unusable for detection.

8.2 Tracking Algorithm

All known imaging techniques produce temporal distinct momentary snapshots of the
continuous movement of particles. The possibility to recover motion from separated
images is well known from all sorts of screens like television, computer, and phones. The
process of recovering motion from individual images is used in single-particle tracking.
For images on screens, the tracking of motion is done by the viewer. While this is
also possible for a small amount of particles, for larger amounts, automation is needed
to enable efficient data acquisition. The result of the motion recovery is the track of
a particle, thus the term tracking. In this project, the tracking software u-track 2.0
[108] developed by K. Jagaman et al. [94] is used. The following explanation is a short
summary of the explanation given in [94] and the corresponding supplementary info.
Due to the summarizing character, the source will not be indicated again during this

subsection.

The tracking process is divided into three steps. The first step is the detection of the
particles in the images. For each detected particle, properties such as position and
intensity are determined during this process. This is done by fitting a Gaussian kernel
to local maxima. By fitting the kernel, which represents an approximation of the point
spread function for a point-like object, sub-pixel localization is achieved. As a measure
to increase the sensitivity for particles, there is an option to perform time averaging
over several frames. The efficiency of the averaging is dependent on the particle move-

ment. If the particle moves more than the width of the set Gaussian kernel, the image
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gets blurred. After the optional averaging step, the local maxima are determined. For
a pixel to be recognized as local maxima, it must show the highest intensity in a 3 x 3
area, and the intensity needs to be higher than 1.3 times the background standard de-
viation. Based on the detected local maxima, the Gaussian kernel is fitted. Even if the
local maxima are determined by averaging several frames, the fitting of the Gaussian
kernels is performed on each frame individually. The fitting process first tries to fit a
single kernel. In the second step, a second kernel is added to the fit. The process of
adding a kernel is done as long as the residuals for fitting n + 1 kernels are smaller than
the residuals for fitting n kernels. This is done to detect particles that are overshad-

owed by other particles.

The found maxima are then connected between different frames in a second step by
minimizing the cost of the overall connection. As a measure for the connecting cost, the
distance between two particle positions in two consecutive frames is chosen. To reflect
the fact that the particles cannot move at arbitrarily high velocities, an upper limit for
the distance Rp.x 1s introduced. Ry is the maximum of R and R”. R’ is defined as
30 where o is the standard deviation of the step distances found for the particle before.
R" is defined to be half the distance between the particle and the closest particle in the
same frame. If the distance between two detected spots in consecutive frames is larger
than Ry.., the cost is set to infinity. In biological samples with three-dimensional
cells, it is inevitable that particles leave the focus plane during the measurement and
therefore are not detectable anymore. The same applies to particles that have been
outside the focus plane in the previous images and are now visible. The cost for linking
a particle to no previous particle or for not linking a particle to a following particle
is estimated by 1.05 times the maximum of all previously determined costs. In the
case of linear motion, the distance between the observed position A in frame n and the
observed position B in frame n+1 is not a good measure for the likeliness of the particle
to be at the given position, as the particle is expected to have moved. To overcome this,
the linking cost is no longer the distance between the observed positions but rather the
distance between a detected position in frame n 4 1 and the predicted positions of the
particles in frame n. The prediction of the particle positions is made by three Kalman
filters. The filters cover the motion types linear forward, linear backward, and random
motion. These filters allow the particle to switch between linear motion and random

motion at any time during the tracking process.

The third and last step of the tracking process contains the linking of track segments
which have been built in the second step. The linking is needed if the particle leaves

the focal plane and is recognized in a later, non-consecutive frame. The linking is
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limited by a temporal window, which describes the maximum amount of frames in
which the end of one track segment and the beginning of a second track segment can
be separated to be merged. In the same manner, as for the particle position linking to
track segments, there is a spatial radius defined for the track start and end. The first

is defined by the standard deviation of the track segments as

R' =30 f(gap). (8.1)

The additional factor f(gap) introduces a frame distance (gap) dependent scaling of
the search radius. A second radius Rf,, e,q is introduced dependent on the local
detection point density for the start and end point of the track, as described for the
particle frame-to-frame linking. The used radius is the maximum of the two determined
radii. Just as with the particles tracking from frame to frame, the possibility of not
being linked is given to the track segments. In the case where directed motion is

allowed, the cost for linking two directed track segments I and J is given by
Crj = 5?(1 X (1 —i—Sin(aU)Q) .

Here 07, is the distance between the end of track I and the start of J, and « is the
angle between the two tracks. To determine whether a track is linear or diffusive, the
distribution of detected positions along the individual trajectories is taken into account.
Additionally, the search radius for the start and end points of a track segment is altered
to accommodate the different motion types. Here the detection radius is split into a

short radius
Tshort (88P) = 07 - f (8ap)
with ¢} the standard deviation as described before, and a long radius
Tiong (88P) = 307 - f (gap) + 307 - f (gap) ,

with o; as the displacement standard deviation along the preferred movement direc-

tion. The final search radii for start and end are given by

/ o / 1
I,short — max (Rl,shorU start/end) :

Tiong 18 N0t adjusted as it is an expectation value for the directed motion.

In addition to the measures for a single particle track also, the possibility of track seg-
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ments merging or splitting is considered. The cost for these connections is determined
by the distance of a track start or end to a nearby intermediate point of another track
segment. Since it is possible that tracks end or start close to another track, the cost is
scaled with a required change in intensity. For all parameters mentioned, there is the
possibility for the user to set bounds that are realistic for the evaluated data set. This
way, the computational effort can be decreased. The used parameters can be found in
B.4.
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Structure and Testing

The theory of MSD as described in Section 7.1 is only applicable if the motion type of
the particle does not change. However, a constant motion type is seldom the case for
particles in a cell. This is because directed motion is often nestled between diffusive
motion and vice versa. In order to apply the discussed MSD theory to the data,
the data needs to be separated; for this purpose, the software has been developed,
which is introduced in this chapter. First, the underlying principle will be discussed.
Afterwards, the main algorithm will be explained by following the processes. The
chapter closes with a description of the subroutines. While the function of all scripts
is discussed in this chapter, the implementation into MATLAB (MATLAB 2020b, The
MathWorks, Inc., Natick, MA, USA ) can be found in Appendix B.3.

9.1 Underlying Principle

When looking at a particle track, the separation of directed and diffusive parts is quite
intuitive. Converting the intuition into software is one of the main challenges. The way
we perceive our surroundings is highly personal; therefore, the explanation for the way
the intuitive differentiation between the directed and diffusive part is based on one’s
perception. By eye, the main difference between tracks caused by diffusive behavior
and tracks caused by directed behavior is the shape. Directed motion tracks exhibit a
narrow shape, and diffusive motion is more smeared out. Determination of the tracks’

shape by software, however, is a complex task.

A different approach to analyzing the shape is thinking about the amount of line
segments to create the impression of a straight line or a smeared-out zigzag line. As a
straight line is the shortest connection between two points, it needs less segments than
a zigzag line. While the line segments are not directly accessible from tracking data,

the positions where a particle has been detected are accessible. Due to the relation of
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track segments number ng, and detection positions number n,., which is given by
Ngeg T 1 = Npos.

The evaluation of detection points can be used to determine the amount of segments.
Based on the relation of motion type and detected particle positions, the underlying
principle is to calculate the point density and, therefore, the amount of line segments.
The point density varies along the track. It can be used to separate the trajectory into
diffusive and directed motion segments. Due to this, the chosen approach is termed
Point Density Map (PDM). The tracks are then separated according to point density
thresholds.

9.2 Software Algorithms

In this section, the main script will be discussed chronologically. During this de-
scription, subroutines will be introduced by name and function. The subroutines are
reviewed in more detail in Section 9.2.2. This type of representation is chosen to enable
software users to look up the subroutines without reading the whole section. To further
support the modular character of this section, all abbreviations used will be introduced

in each paragraph if applicable.

9.2.1 Main Script

The main script is called evaluationsaving.m. The data supplied to the script needs
to be in the format of two files, of which one is with x, and the other one is with y
coordinates. Both files must follow the same structure with the coordinates for a track
in a matrix row. If a track is shorter than the longest track, the row is filled with zeros
or NaN flags. When the data is loaded, it is processed track by track.

The first evaluation step is done by filtering the data according to the track length.
If a track is longer than 29 points and there are less than 10 % of gaps in the track
where the particle could not be detected, evaluation is not executed. If the track meets
these requirements, the Point Density Map (PDM) of the track is calculated within
pdcalc.m.

The downside of the PDM approach is that the calculated point density is initially
a numerical value without meaning. To be able to use it as a measure of motion
type track evaluation, there needs to be a reference value for the different types of

motion. This reference value could be set by the experimentalist, which poses the risk
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Figure 9.1: Flowdiagram of evaluationsaving.m

of bias, depending on the overall visual impression of the track or the point density.
To overcome this, a pseudorandom number generator-based simulation introduces a
point density threshold as a reference value for the motion types. This is done in the

subroutine pdestimator.m.

The processes described in this paragraph are performed consecutively for track seg-
ments above and below the corresponding threshold but will only be described once.
Using these thresholds, the track data is separated into the different types of motion
in trackseparator.m. The segments are then stored in variables above, between,
and below. The tracks above both thresholds are deemed to be of diffusive or sub-
diffusive motion, and the tracks below both thresholds are deemed to be of directed
motion. The track segments between both thresholds are not assigned to any mo-
tion type. Most segments between the thresholds originate from transitions of motion
types or short segments of Brownian/directed motion nested between longer segments

of directed /Brownian motion.

For each found segment, an o — D-fit is performed according to Equation (7.3) in
alphadfit.m. The usage of Equation (7.3) is due to the common representation of the
data in @« — D-maps. Afterwards, the results are saved. In Figure 9.1 a flow diagram

of the script is shown.

9.2.2 Subroutines

In this section, subroutines will be discussed in more detail. The paragraphs are in
alphabetical order of the subroutine name to enable a dictionary-like use of this chapter.
Here a description of the working principle and the used data structures is given. The
implementation into MATLAB can be found in Appendix B.3.

alphadfit.m is the subroutine applying the theory described in Section 7.1 on the
acquired data sets of Mean Squared Displacement(MSD). Fitting Equation (7.3) is

not advisable due to frequent non-convergence of the fitting routine. A weighted linear
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relation is fitted to the log-log data set as a solution. The linear relation is given by
MSD = 4D7% — log (MSD) = log (4D) + log (7) a, (9.1)

with the diffusion constant D, the lag time 7 and an exponential factor a. As the MSD
is given in the unit of pizels® and 7 is given in multiples of the acquisition time, the
resulting diffusion constant is given in the unit of pizels®/(accquisition time). As a
result of this, the weights are given by the reciprocal of the number of values averaged
to calculate the MSD. Due to the high number of evaluated track segments which can
easily be in the tens of thousands, a condition is defined to determine if the tracks are
sufficiently long to fit. This lower level is chosen to be 29 points. Since only the first
quarter of the MSD can be fitted [109], this corresponds to a fitted MSD length of 28
points which in turn results in a minimum track length of 29. This lower limit is chosen
as for lower track lengths; the algorithm does not give reliable results. Based on this
condition, four points are being averaged for the seventh data point. If the requirement
is met, o and D are returned as numerical values; otherwise, NaN is returned for both
of them.

As input a 1 x n double vector of the MSD is accepted.

The output is a 1 x 2 vector containing « in the first position and D in the last.

calcmsd.m is a simple routine which calculates the Mean Squared Displacement

(MSD) for a given track segment and returns it.

As input, a m x n x 3 double vector of the track segment data is accepted, where m is
the number of track segments handed over, n is the length of the longest segment. For
all track segments, there are three entries; the first is the position of the track segment
in the original track. The second and third elements are the x and y coordinates of
the track segment.

The output is a m x n vector containing the MSD for all track segments.

fillnan.m interpolates NaN gaps in the tracks. This is done for the point density
calculation only. For the point density, the gaps in a track need to be taken into
account. Otherwise, the density would be too low in the vicinity of a gap. The
interpolation is done by linearly connecting the last found point before a gap with the
first point found after the gap. Here for each gap frame, a point is set equally spaced

on the connection line.

The input is a n x 3 vector with the track data. The output is a n x 3 vector with

interpolated gaps.
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modgauss2.m generates a Gaussian distribution of relative angles between consecu-
tive track segments. The underlying algorithm, however, enables the generation of
arbitrary distributions. This is achieved by utilizing the uniform pseudorandom num-
ber generator function rand included in Matlab. To generate a track with n points, an

array of the form

Al Bl f (Al)

An B f(An)

where A and B are uniformly distributed, random values are generated. The function
f (z) is the Probability Density Function (PDF) of the distribution which is to be
simulated. In the case of generating an angle distribution, A is a proposed angle. The
second random B is between 0 and 1. If B is smaller than f (A), the proposed angle is
kept. If B is larger than f (A), the random values are replaced and tested against the
reference function until the condition B < f(A) is met for all proposed angles. The
angles are proposed in the range of —180° to 180°. In the case of step generation, the
steps are generated in an interval of p 4 30, with the mean of the distribution p and

the standard deviation o.

The input consists of 2 variables. The first is an n x 9 all zero double vector, with
n the number of positions to be simulated. The nine columns are to enable different
algorithms for step width and angle. The second input is a structure containing the
used mode "angle" or "step". In the case of angle, the other fields are the mean of
the distribution p and the standard deviation of the distribution o. In the case of
a step, the other fields are the mean of the distribution p and the 60 width of the

distribution.
The output is a n x 9 double vector which is filled with the following data:
1. Zeros to mark the data as simulated
2. Proposed angle values A in degree
3. Random value B
4. Proposed step width C' in pixel
5. Random value D
6. f(A) for angle values compared to B

7. f(C) for step width compared to D
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8. Zeros filled later in pdestimator
9. Zeros filled later in pdestimator

In Figure 9.2, an exemplary Gaussian distribution generated with modgauss2.m is
shown. The set parameters are u = 0° and ¢ = 10°. The corresponding parameters
from the shown Gaussian fit are given by ps = (—0.1+£0.2)° and ¢ = (10.0 £0.2)°,
thus showing accordance with the set parameters. The set parameters are p = 0° and
o = 180°. Here a slight preference for angles around zero is visible. This behavior of
the angle relative to the track element before is expected as the particle shows a slight

preference to stay in the mode of motion it is in.
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(a) Exemplary distribution with g = 0 and ¢ = 10. The shown Gaussian
fit has the parameters: pf = (—0.1 £0.2)° and o = (10.0 £ 0.2)°, with an
amplitude of A = (19990 £ 330).
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(b) Exemplary distribution with g = 0 und o = 180.

Figure 9.2: Exemplary distributions simulated by modgauss2.m with N = 1000.
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pdcalc.m is used to calculate the point density for each point in a track. This is
done by calculating a distance matrix, where for each point on the track, the distance
to all other points is calculated and noted line by line. For a track with n points, the

matrix reads

pip1r pPip2 ... PiPn
P2p1 P2p2 --- P2Pn
PnP1 PnP2 .- DPnPn

where D,p, denotes the distance between point = and y.

(a) Unfiltered version of the validity (b) Filtered version of the validity
matrix. matrix.

Figure 9.3: Different versions of the validity matrix of a diffusive track, shown as a
black-and-white image. Values of TRUE are depicted in white, and FALSE is depicted
in black. A red border is added around the matrix images to visually separate TRUE
values from the background. The shown data is of a simulated diffusive motion track
with a length of 1000 points.

For a point p, to be valid for the density of point p,, it needs to be inside a circle
with radius r. The radius is calculated dependent on the mean step size s, which is

determined by a moving average that averages over five values and is given by
r = 5s.

The moving average for the search radius determination is included to account for step

width changes in a single track. In Figure 9.3, an exemplary validity matrix is shown.
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The main diagonal represents the distance of a particle to itself; therefore, it is always
zero and valid. The point density is calculated line by line. In each row, valid segments
which are connected to the main diagonal represent the particle not leaving the validity
circle. If, in between two valid positions, there is an invalid position, this means that
the particle left the validity radius, while it is possible for a diffusive moving particle
to leave the validity radius for a short time and return, thus causing small sections of
positions invalid for the point density calculation. Valid sections are distinct from the
main diagonal, indicating that the path crosses itself with a considerable time span in
between. In the scope of this work, the gap time span, after which the points inside
the radius will not be considered for the point density, is 0.5s. To exclude these points
from the point density calculation, all valid points which are separated from the main
diagonal by more than n steps are set to be invalid. Here n is calculated by

0.5s
n= ,
tq

with the acquisition time ¢,. The point density is then calculated by calculating the

sum over all valid particle positions.

The input is a n x 3 vector of the track and the acceptable time a track can leave the

radius before not being considered for the point density.

pdestimator.m is used to estimate the expected point density for a given type of
motion. The estimation is based on a simulated track, which is then evaluated for its
point density. The expected point density depends on mainly two factors. The first
factor is the type of motion as discussed in Section 9.1. The second factor is the step
width. To create an accurate estimate of the point density, both need to be taken into

account. The return value is the estimated point density.

The type of motion is determined by the user by adjusting the distribution of the angle
between a track element and the following element. The angle distribution is simulated
by modgauss2.m. The step length is extracted from the track, which will be evaluated
with the estimated density thresholds. This is done in stephistogram.m, which returns
the parameters of a skew Gaussian, which is fitted to a step histogram. With the
outputs of skewgaussgen.m and modgauss2.m, the detection points are simulated.
The track data is then evaluated with pdcalc.m. For a directed motion, the upper
threshold returned is the maximum found point density, as the maximum is a measure
for the directness of the motion. For a diffusive motion, the lower threshold median
point density is returned. For a Brownian motion, the minimum value is not a robust

choice as it is possible that, by chance, a small directed part is in the Brownian motion
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type, as the angle between consecutive track segments is not limited. The resulting

inaccuracy is compensated for in trackseparator.m.

ja=)
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(a) Simulated diffusive track. a = 1.01 (b) Simulated directed track. a = 1.89

Figure 9.4: Exemplary simulated tracks for an angle distribution with ¢ = 180° in a)
and an angle distribution with ¢ = 10° in b).

In Figure 9.4, simulated tracks are shown. For both tracks, there are segments that
do not resemble the expected shape of directed or Brownian motion. While this in-
dicates that the separation of tracks can include false assignments, there is no way
of reconstructing the cause of the motion from the track. The probability for a seg-
ment to resemble a certain type of motion by chance is reduced the longer the segment
is. Therefore a lower limit for the length of track segments is reasonable. This lower
limit is, however, already introduced by the length minimum in evaluationsaving.m.
While these observations are made on simulated tracks, they also hold true for real

tracks as they are also subjected to random events.

In the scope of this project, the chosen standard deviation for directed motion is op =

10° and for Brownian motion og = 180°.
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(b) Upper point density estimates.

Figure 9.5: Distributions of the point density thresholds generated by pdestimator.m
with N = 1000.

In Figure 9.5, the distribution of 1000 estimated point density thresholds is shown.
For the lower threshold, the distribution is narrow, while for the upper threshold, the

distribution is considerably broader.
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Figure 9.6: Distribution of « values from fitting the Mean Squared
Displacement(MSD) of simulated tracks. In red the a of tracks with ¢ = 10° is
shown. In blue the « of tracks with o = 180° is shown.

In Figure 9.6, the o values for simulated tracks are shown. These values are extracted
from the tracks by calculating the Mean Squared Displacement(MSD) via calcmsd.m
and forwarding the results to alphadfit.m. The MSD values for simulated tracks with
a given o0 = 10° shows a distribution in the range of 1.4 to 1.9. The MSD values for

simulated tracks with a given o = 10° shows a distribution in the range of 0.5 to 1.35.

The input is a n x 4 vector including track data and point density and a struct with
the set mode, the distribution standard deviation o, the point length of the simulated
track, and the accepted gap size for pdcalc.m. The output is the estimated point
density.

skewgaussgen.m generates a step width distribution according to the normalized ver-
sion of the reference formula given in Equation (9.2). The parameters used are supplied
by stephistogram.m. In theory, the used distribution is never 0. To enable efficient
computation, the interval simulated needs to be limited. This is done by limiting the
interval of possible step width to u £ 30. The reference function is externalized in

distributionfunc.m.

For the function principle to generate an arbitrary distribution, input, and output

variables, please see modgauss2.m.
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stephistogram.m determines the step width distribution in a track by fitting a skew

Gaussian given by

24 . [1 +erf <i?/g>] : J\}%e—%<za”)2 (9.2)

CDF(z,0,u) PDF(z,0,u)

DN | —

to the histogram of the step width, with the mean p, the standard deviation o, the
amplitude A, erf is the Gauss error function. The first part of the equation is the Gaus-
sian Cummulative Distribution Function (CDF), and the second part is the Gaussian
Probability Density Function (PDF). This function was chosen solely on the observa-
tion that it does resemble the histogram shape. As a result of the monomodal shape
of the distribution, it is shown that the step width does not depend on the type of

motion observed.

Input is a n x 3 vector. The first column is an index column, second and third columns
are x and y coordinates. The output is a 1 x 3 vector with A, u, and ¢ from the skew

Gaussian distribution.

trackseparator.m is used to separate the track segments according to the found
thresholds. As described in pdestimator.m, the threshold for directed motion is the
maximum value detected in the simulation, and the threshold for Brownian motion
is the median observed point density. As the simulations can only map one instance
of reality, these values are not to be understood as absolute. To account for this
uncertainty, a correction is introduced. This correction is dependent on the relative
difference of the thresholds. The idea is to move the thresholds closer together by a
percentage of the difference. In the scope of this work, the limit for directed motion is
increased by 10 % of the difference, and the limit for Brownian motion is reduced by
30%. The larger reduction of the threshold for Brownian motion is due to the choice
of the median for the threshold determined by pdestimator.m. Using these values has
been shown to lead to a segmentation that is consistent with the segmentation that

would be done manually by the experimenter.
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Figure 9.7: Unfiltered and filtered point-density. The applied filter is a Gaussian filter
with a kernel size of 7. The thresholds are indicated as horizontal lines.

The point density calculated by pdcalc.m shows erratic changes, especially in the
Brownian motion part of a track, as shown in Figure 9.7. Since this could lead to
interruptions of track segments, the point density is smoothed with a Gaussian filter.
Based on the smoothed point density, the track segments are determined as the part of
a track that stays above/below the threshold for Gaussian/directed motion. Returned
are the track segments divided into arrays containing the parts above both thresholds,
between the thresholds, and below the thresholds.

Input is a n x 4 vector with the track data including the point density, and a struct
containing the o of the Gaussian smoothing kernel, the correction factors of the thresh-
olds, upper and lower threshold. The output is three m xn x 3 vectors. m is the number

of segments, n the length of the longest corresponding segment.
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9.3 Separation of Endosome Tracks

Endosomes are formed during endocytosis by the invagination of the cell membrane.
As the primary mean of internalizing larger particles into the cell, endosomes are
important for intracellular transport. To be able to perform fluorescence microscopy
on endosomes, endosome markers are used.

In this section, the algorithm is applied to tracking data of endosomes from eight
different cells. Each cell takes an image stack of 1000 frames with an acquisition time
of 50ms. The tracking is performed with u-Track (Section 8.2). Exemplary resulting

tracks are shown in Figure 9.8 overlayed with a fluorescence image from the cell video.

Figure 9.8: Image of a cell with all tracks depicted. Acquisition time is 50 ms. The
scalebar is 10 jpm. The contrast is enhanced; the original image can be found in Ap-
pendix B.5.

It is evident that the majority of tracks show subdiffusive behavior, as the tracks are
confined to small areas; there are, however, also path showing directed motion, where
the path is elongated. These classifications are based solely on the visual impression
from the image. Since the evaluation is based on the visual impression of the image,

the evaluation algorithm is expected to find more tracks classified as diffusive than
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classified as directed.

Figure 9.9: Image of a cell with all tracks depicted. Acquisition time is 50 ms. The
tracks are color-coded: Blue) Track segments that are above the upper threshold and
longer than or equal to 29 Steps. Red) Track segments that are below the lower
threshold and longer than or equal to 29 Steps. Cyan) Track segments that are above
the upper threshold and shorter than 29 Steps. Yellow) Track segments that are below
the lower threshold and shorter than 29 Steps. White) Track segments between the
thresholds. The inset is magnified in Figure 9.10. The scalebar is 10 pm. The contrast
in the shown image is adjusted, the original image can be found at Appendix B.5.

In Figure 9.9, the tracks are shown color-coded, dependent on the classification of the
algorithm. The track segments are color coded. Tracks segments that are classified as
diffusive are shown in blue if longer than 28 frames and in cyan if not. Tracks segments
classified as directed are shown in red if longer than 28 frames and yellow if not. Track
segments are shown white if the point density is between the thresholds. For all blue
and red tracks, the MSD is calculated, and Equation (9.1) is fitted.
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Figure 9.10: Image of a cell with all tracks depicted. Acquisition time is 50 ms.The
tracks are color-coded: Blue) Track segments that are above the upper threshold and
longer than or equal to 29 Steps. Red) Track segments that are below the lower
threshold and longer than or equal to 29 Steps. Cyan) Track segments that are above
the upper threshold and shorter than 29 Steps. Yellow) Track segments that are below
the lower threshold and shorter than 29 Steps. White) Track segments between the
thresholds. The shown image is a magnified inset from Figure 9.9. The scalebar is
2 pm.

In figure Figure 9.10, the inset indicated in Figure 9.9 is shown. Here it can be seen
how the tracks are segmented. The blue and red tracks show the expected form for
diffusive and directed behavior. It is also visible how the temporal limitation in the
point density calculation prevents the increase of the point density by intersections
of the same track, as the red track on the left side crosses itself multiple times for
track segments below the length limit depicted in cyan or yellow different behavior
can be seen. Multiple tracks showing diffusive behavior are shown in yellow. These
track segments reveal a shortcoming of the point density approach. For a track with
n points, the maximum reachable point density is also n; thus, tracks with a total
length below the lower threshold cannot be assigned a higher point density. While this
leads to a missed assignment of the tracks, the overall loss of data due to this effect

is low since tracks shorter than the lower threshold are not suitable for evaluation.
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9 Track Separation Software Structure and Testing

Track segments between the thresholds are often nested in between diffusive motion
parts, which resembles the observed seemingly linear segments in the simulated diffusive

tracks.

All evaluation up until now is based on the visual impression of the track segments.
While this is a valid approach for a first impression, further evaluation is needed to
verify the assignment by point density. As described in Section 7.1, the behavior of a
particle can be determined by fitting Equation (7.3). In Figure 9.11, the resulting pa-
rameters are shown. However, using a diffusion constant is only valid for an exponent
of a = 1, a representation in the type of an a-D-Map as it is a well-known graphical
representation and enables a fast perception of the results. It is visible that the sep-
aration of the track segments according to the point density leads to a separation of

movement types.

91 -1 |oDirected
o Diffusive

1.5} -

O o)
s 1 |
(@]
O
0.5} o i
O
O [ _
| | | | | |

Figure 9.11: a-D plot of the track segments for all cells. The differentiation into
diffusive and directed motion is based on the assignment from the point density algo-
rithm. For better visibility, 10 % of the diffusive classified tracks are shown. A unit for
D is not given since it changes in the graph. « is unitless.
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10 Conclusion

The aim of this project was to develop a method for track segmentation that is based on
the visual impression of tracks. This approach is chosen as it is closest to the division
by an experimenter. A MATLAB script has been developed to achieve this, which
segments the tracks depending on the local point density. The segmentation is based
on simulated tracks which are generated based on the distribution of angles defined by
three track points and the step width distribution of the investigated track. For the
calculation of the point density, the radius is variable along the track defined by the
local step width. With the use of this radius, the point density is calculated by the
sum of all points which are within the radius and are generated without the particle
leaving the radius for more than 0.5s. Due to the automatic determination of most
parameters used in the script, the user inputs could be minimized. The effectiveness of
the developed algorithm has been tested by fitting the MSD to determine the exponent
«, which is a measure for the type of motion. Here a clear correlation of motion type

is determined by the point density, and motion type is determined by the a-D-fit.

The algorithm developed has been shown to fulfill the requirement of separating the
tracks according to the motion type without resorting to other statistical models, like
ensemble averaging or calculating correlation functions. Thus it is a valuable tool for
data selection. The selected data can then be used for further evaluation, for example,

cellular signaling processes.
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A.1 Calculations and Derivations for

Understanding

In this appendix, calculations which aid the understanding will be shown. All of these
calculations have been performed numerous times before. In publications and books,
they are, however, often not explicitly given or deemed to be trivial. They mostly
rely on well-known basic physical principles, and some of them are even readily used
as exercise tasks. Nevertheless, they might not be known to everyone. For the sake
of completeness and as it may cost some time to find them or to do them oneself,
they are included here with the aim of sparing the reader from the search for these

calculations.

RLC Circuit

Here the calculations are shown, which result in the formulas 4.4 and 4.5. In A.1, the
simplest driven RLC circuit is shown. The following calculations are based on this
model. For the circuit used in this work, the calculations are still valid, although there
are multiple influences on the capacitance, inductance, and resistance. These, however,
can be summarized into the given R, L, and C values.

L

~ YY"\

R (@ AC-Source

Figure A.1: Simplest representation of a driven RLC circuit.
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To describe the circuit, the voltage is a good choice since Kirchhoff’s voltage law states
that the sum of all voltages is zero for a closed loop. Therefore the voltages can be

written as
0=U,+Uc+ Ur — Us. (A1)

The voltages for the different components can be expressed concerning their depen-

dency on the charge ) and its temporal derivatives, given by

Q
Un = =
C O?
Ur = RI = RQ, and
U, = LI = LQ,

with the resistance R, the inductance L, and the capacitance C. By substituting the
voltages in Equation (A.1) an inhomogeneous differential equation of second order is

created, given by

. R 1 U
OOt
This can be solved with the Ansatz
Q(t) _ Aei(wtfe)

and its temporal derivatives, where A is the amplitude, w is the circular frequency, ¢
is the time, and 6 is the phase lag. By rewriting the external voltage as a complex

entity
Uext - Uext,Oei(wt_ﬂ/%
with the amplitude Uey o, one arrives at

_AuRe@0) 4 Aiwlz Git=0) ALlCei(wt—a) _ Uezt,o oilwt=y)

This can be rearranged to

, AL . AR A
Uext,() Uext,O C(Uvext,O

— 0=

—W

By exchanging rephrasing § — v = « and using the identity of exp (iar) = cos () +
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isin («) it is possible to determine the equivalence of

A , AL

cos (o) = —w ,and
( ) C’Uvext,O Uext,O
. RA
sin (o) = w T
ext,0

By further using the relationship sin (a)® + cos (a)? = 1 the relationship to o can be

( A 2AL>2+< RA>2 X
— W w = 1.
CUext,O Uext,O Uext,O

To extract the amplitude A rewriting as

removed leading to

1 1 < 1 ) L>2 N (WR)?
— = |=—w w
A2 UeQ)(t,O C ngt,O

is useful. From there A can be rewritten as a function of w as

Uext ,0

Aw) = L

V(& - o)+ (w8)"

A(w) is the amplitude of Q(t) to calculate the amplitude Aof U (t) it needs to be
divided by C' leading to

Uext ,0

Alw) = LC . (A.2)

(& — ) + (w8’

Outgoing from this formula, the resonance frequency can be found by determining the

maximum value. The numerator of Equation (A.2) is not dependent on the frequency;
therefore, the expression gets maximal for the denominator being minimal. Due to
all individual values in the square root being positive real numbers, the square root is
strictly monotonously increasing. Thus the denominator gets minimal for the expres-
sion inside the root being minimal. This can be determined via the derivative, which

is given by

di: (A= w?) + (Bw) = 2w (B* = 24 + ),
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with A =1/(LC) andB = R/L. By finding the zero of this derivative, one gets
0= 2w (B” - 24 + 2u°)

B2
—\A-—.
—w 5

Resubstituting A and B and converting from angular frequency to frequency, one

arrives at

1 R?
= 27t\/1/ (LC) — oYFL

Conversion of Maxwell equations

fr

In Section 2.1 it is stated that the Integral and differential forms of the Maxwell equa-

tions can be transformed into each other. These conversions are done using the Stokes

/ﬁxﬁ-da:ygﬁ-ds

stating that the two-dimensional integral of the curl of a vector field ¥ over an area a

Theorem given by

this is equal to the closed path integral of the vector field along the perimeter of the

area. The Gauss’s theorem is also used, which is given by

// ﬁﬁd%:#ﬁ-da

stating that the volume integral over the divergence of a vector field v is equal to the
integral over the vector field along the surface of the volume. Starting with Equa-
tion (2.1)

V-E=L
€0
a 3D integral is done, to be able to apply Gauss’s theorem.

/// V. Eddr = /// S)dST.

On the right-hand side, the constant ¢, can be moved out of the integral; the resulting

integral over the charged density p is just the total charge @) inside the volume. On
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the left-hand side, Gauss’s theorem is applied, leading to

#E-da’:Q.
€0

Using equation Equation (2.9) (13 = EOE) in the absence of polarization leads to
# D-dA = Q.
Carrying on with Equation (2.2) given by
V-B=0
is straightforward. By applying a 3D integral, one gets

// V. Bd*r = /// 0d®r.

Applying Gauss’s theorem directly leads to

# B.di-o.
oV

The third given equation in Section 2.1 is

The right-hand side of this equation is just the definition of the magnetic flux. Thus

it can be rewritten to

The last equation is given by

. - OE
V X B = poje + HoCo 5,
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By integrating both sides of this equation over an area, one obtains

/ 6><E-dazﬂof/jz-d6+uoeoi//ﬁ~d&'.

Applying Stokes’s theorem to the right-hand side leads to

dog

/é -ds' = poj + 60#0@-

Just like above Equation (2.9) in the absence of polarization in combination with

Equation (2.10) in the absence of magnetization (ﬁ = ;TE;) leads to

- dop
H-ds=j+4——.
/ s=7)+ 1

Coupling Factor
For a transformer the voltages V;,, at the terminals are given by

‘/1 =W (Lljl + L12]2) s (A3)
‘/2 = —iw (LQ]Q —+ L12]1) s (A4)

where L; /5 are the inductances of the two coils, I/ are the current running through
the respective coil, and Ljs is the mutual inductance [34, p.153]. Of particular interest
for a transformer are two load cases that are of special notice. The first is minimum
load where there is no secondary side current I, because the secondary side is open-
circuited. The second is maximum load, where the secondary side is short-circuited,

so there is no secondary side voltage V5.

In the case of the unloaded transformer Equation (A.3) simplifies to
‘/1 = Z.("J-Lllh

which is the voltage of a single inductor, therefore for effective inductance Lo, the

relation

Lo=L, (A.5)
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is found. In the short circuited case V3 is zero, therefore Equation (A.4) becomes

0=—w (LQIQ + L12]1>
=W (L2]2 + ngfl) .

Solving this equation for I yields

Lys1y
Iy = — . A6
2 L, ( )

By substituting Equation (A.6) into Equation (A.3) one arrives at

L2
Vi = iwl <L1 — L”) . (A7)
2

Here the effective short circuit inductance can be defined to be

L3,
L¢=L,——/= A.
S 1 .2 ) ( 8)

because Equation (A.7) resembles the voltage of a single inductor. By solving Equa-

tion (A.8) for L2, the expression
L3, = Ly (L, — Lg) (A.9)

can be found. The definition of the coupling factor k is given by [34, p.152]

(A.10)

Squaring Equation (A.10) and inserting Equation (A.9) gives

o La(li—Ls) | Ls
L, L, L’

which can be transformed to
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Heat Generation by Hysteresis

The first law of thermodynamics, the change of internal energy AU, is given by
AU =Q+W,

with the heat supplied () and work performed on the system by the surroundings W.
One way to understand the heat generated by an AMF is to consider a coil subdued
to an alternating current, thus generating an AMF. Consider a cored coil with the
length [, cross-sectional area A, and N turns. A minor change in the magnetic field

strength B is linked to a change in the magnetic flux ¢ by
Ap =N / ABdA.

In the case of a homogeneous B field, this simplifies to
Ap=N-AB- A.

The change in magnetic flux over time ¢ causes an electromotive force F' to form.

—d¢ d dB
— " _ “AB-A-N=N.-A——. A1l
dt dt dt ( )

The power P needed to compensate for the electromotive force is given by
P=U-I,

here U is given by the electromotive force, which is albeit the name indicating a force

a voltage.
P=F-1I, (A.12)

with the current I, and a voltage U. Inserting Equation (A.11) into Equation (A.12)

leads to

dB
P=N-A—1 Al
& (A.13)

The work W performed is given by

W =P-t, (A.14)
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leading to
dW = Pdt.
Inserting Equation (A.13) leads to
sz(N-A-[f) dt (A.15)
—N-A-IdB. (A.16)

For a coil, the relation of magnetic field strength H and coil parameters is given by

N-1
H = — (A.17)
Inserting Equation (A.17) into Equation (A.16) yields
AW = H -1 AdB. (A.18)

For a whole cycle Equation (A.18) is integrated giving

%sz&éH-l-AdB

W:A-lglngB.
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A.2 Original Images for Figure 4.18

In fig. 4.18, contrast-adjusted images are shown for visibility reasons. Here the original

images are given.

(a) Fluorescence image of a standard (b) Bright field image of a stage microme-
cell sample (FluoCellsTM #2, invitrogen, ter. In the image, dust particles can be seen;
Thermo Fisher Scientific, Waltham, Mas- this is due to the limited accessibility, which
sachusetts, USA). The excitation wave- prohibits frequent cleaning.

length is (575.0 £ 12.5) nm Detected is Flu-

orescence of the wavelength of 457nm,

530nm, and 628 nm. Mainly visible are

actin filaments, stained with Texas Red TM-

X Phalloidin.

Figure A.2: Original contrast images for fig. 4.18.The scale of both images is the
same. An additional scale bar is not given since Figure A.2b is the image of a physical
scale bar. Please note that a) might seem to be completely black, dependent on screen
or printer settings.
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B.1 Parts of the Microscopy Setup

Part

Used Item

Manufacturer/Reseller

Microscope body

[X73 inverted microscope

Olympus, Tokyo, Japan

LED light source

SOLA SE 2

OR,

Lumencor, Beaverton,

USA

far red excitation filter

F'39-638 635/18 BrightLine
HC

AHF Analysentechnik

Tibingen, Germany

AG,

red excitation filter

F37-563 563/9 BrightLine
HC

AHF Analysentechnik

Tibingen, Germany

AG,

green excitation filter

F'39-483 482/18 BrightLine
HC

AHF Analysentechnik

Tibingen, Germany

AG,

blue excitation filter

F39-378 378/52 BrightLine
HC

AHF Analysentechnik

Tibingen, Germany

AG,

far red emission filter

F76-635 635 LP Edge Basic
Longpass

AHF Analysentechnik

Tibingen, Germany

AG,

red emission filter

F39-595 595/31 BrightLine
HC

AHF Analysentechnik

Tibingen, Germany

AG,

green emission filter

F37-527 525/39 BrightLine
HC

AHF Analysentechnik

Tiibingen, Germany

AG,

blue emission filter

F37-443 442/42 BrightLine
HC

AHF Analysentechnik

Tibingen, Germany

AG,

15
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50/50 beamsplitter

AHF Analysentechnik AG,

Tiibingen, Germany

Camera Prime 95 B TELEDYNE PHOTO-
METRICS, Tucson, Ari-
zona, USA

LED light source SOLASE2 Lumencor, Beaverton Ore-

gon USA

638 Laser Cobolt 06-MLD HUBNER Photonics Kas-
sel,Germany

561 Laser Cobolt Jive HUBNER Photonics Kas-
sel,Germany

488 Laser Cobolt 06-MLD HUBNER Photonics Kas-
sel,Germany

405 Laser Cobolt 06-MLD HUBNER Photonics Kas-
sel,Germany

AOTF nC-400.650-TN AA Opto-Electronic Orsay,

France

Polarizing Beam split- | PBS101 Thorlabs, Newton, New

ter Jersey, USA

A/2 wave plate AHWP10M-600 Thorlabs, Newton, New
Jersey, USA

Optical Fiber

KineFlex fibre

Qioptiq Photonics GmbH &
CO. KG, Gottingen, Ger-

many

Fiber mounts

kinematix fibre mount

Qioptiq Photonics GmbH &
CO. KG, Gottingen, Ger-

many

First lens

ACO080-010-A-ML

Thorlabs,
Jersey, USA

Newton, New
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second lens AC508-180-A-ML Thorlabs, Newton, New
Jersey, USA
Third lens AC254-200-A-ML Thorlabs, Newton, New
Jersey, USA
Quadband filter BS R406/488/561/635 fir | AHF Analysentechnik AG,
Laser Weitfeld Quadb. Set | Tiibingen, Germany
objective TIRF UA- | Olympus,Tokyo, Japan
PON100XOTIRF
613nm Longapss LaserMux F38-M05 LMO1- | AHF Analysentechnik AG,
613-25 Tiibingen, Germany
552nm Longapss LaserMux F38-M04 LMO1- | AHF Analysentechnik AG,
552-25 Tibingen, Germany
427nm Longapss LaserMux F38-M01 LMO1- | AHF Analysentechnik AG,
427-25 Tiibingen, Germany

Table B.1: List of the parts used in the fluorescence microscopy setup.

B.2 Expression for the Mean Square

Displacement from the Langevin Equation

The Langevin equation describes a particle’s motion in a fluid or gas in the presence
of a random force. A prime example of this motion type is Brownian motion. An

often-used derivation is represented once again. The Langevin equation is given by

do (t)
dt

=—&v(t)+ F (1), (B.1)

where v is the velocity of a particle, t the time, £ is a drag coefficient, and F' is an ex-
ternal random force acting on the particle [110]. The formal solution to Equation (B.1)

is given by

1 t
v(t) =v(0)e w4+ / F(t) e m=dg,.
m Jo
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Starting at this expression for v (t) an expression for x (t) can be found which is given
by

o (t) = /0 o (ty) . (B.2)

Utilizing Equation (B.2) the mean squared displacement <:c (t)2>t can be calculated.

- /Ot /Otwdtld@.

Velocity
autocorrelation
function

The inner integral over ¢; can be split into two integrals one ranging from 0 to t5 and

a second one ranging from ¢y to t giving

/ / o (h) 0 (82)), dbrdts + / / (1) 0 (t2)), dtydts
/ / o (ts — 1)), dbrdts + / / (1) 0 (t2), dbvdts.  (B.3)

By introducing the new variables s =ty and 7 = t; — ty, with d7 = dt; and ds = dt,

Equation (B.3) can be rewritten to be

// 7)), drds
9 / / ), drds
_2/0 o (7),0(0), /0 ds dr

:2/0 (v(7),v(0)),(t—7)dr (B.4)

To further advance the calculation an expression for (v (¢1),v (£2)), needs to be calcu-
lated

(0t E), o [ 0P ) 0

Uncorrelated
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Inserting Equation (B.5) in Equation (B.4) one arrives at

; /0 (t =) (v(0)*) e dr. (B.6)

In combination with the equipartition theorem in thermodynamic equilibrium, given

by

;m <v (0)2> = ;kBT,

with the Boltzmann constant kg, and the absolute temperature 7', Equation (B.6) can

be rewritten to be

kT
2 [ () e
0 m

kT [
=28 [ (t—r)e .
m Jo

Integration in parts leads to

In the case of a light particle with high drag m/{ < t, this can be approximated by

<x (t)2>t ~ 2]?15 = 2Dt,

with the diffusion constant D given by the Einstein relation

kT

D
§
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B.3 Matlab Algorithms

In this appendix, the source code of the single particle evaluation script is given.

B.1 evaluationsaving.m

evaluationsaving.mis the main script of the evaluation code explained in Section 9.2.1.

)

% This program evaluates tracks.

h

% The results are saved in a cell with the following format
h

% Tracknumber ; Trackdata ; TrackMSD ; AboveData ; BelowData ; Settings
%1

% Tracknumber
% Trackdata contains

% Pointnumber ; x-coordinate ; y-coordinate ; Pointdensity
%1

% Pointnumber
% Above/BelowData contains

% Pointnumber from Track ; Section ID ; Section Alpha ; Section D ; Section

% x-coordinate ; Section y-coordinate
close all
clear
%% Input parameters for the different algorithm parts
% settings for the point density estimator for lower an upper threshold
pointnumber = 1000; %number of simulated steps
%used for estimation of the point

%density

sigmalow = 10; %sigma for the angle distribution

%mode setting of the estimator

%same as before but for upper threshold

sigmaup = 180;

holewidth = 10;
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%setting for the splittign algorithm

splittingset = struct();

splittingset.filtersigma = 7; % sigma of the smoothing filter

splittingset.lowercorr = 0.1; % adjusting factors to minimize unassigned
% parts

splittingset.uppercorr = 0.15; % make sure that lowercorr+uppercorr <=1

%% loading coordinates

[file,path] = uigetfile(’*’,’Multiselect’,’on’);

if ischar(file)

filenumber = 1;
end
if iscell (file)

filenumber = size(file,2);
end

if ~exist(strcat(path,’\Results’),’dir’)
mkdir (strcat (path, ’\Results’));

end

%% processing loop for individual files
%please note that the loop is parfor ready if the computer is capable

for p = 1:filenumber

%waitbar for progress monitoring

loadingbar = waitbar(0,strcat(’Processing’, num2str(p)));

%introducing a local version of splittingset for parallelization

splittingsetuse = splittingset;

%loading x and y coordinates from files
if filenumber == 1

readfile = file;
else

readfile = char(file(p));

end

xtemp = load(strcat(path,’\’,readfile));
ytemp = load(strcat(path,’\y’,readfile(2:end)));

x = cell2mat(struct2cell (xtemp));
= cell2mat (struct2cell (ytemp));
tracknumber = size(x,1);

localizedvalues= zeros (1,4);
hr =1;

Results = cell(tracknumber ,6) ;
%% loop for evaluating individual tracks

for k = 1:tracknumber

if mod(k,round(tracknumber/10)) == 0
waitbar (k/tracknumber , loadingbar,

strcat (’Processing’, num2str(p)))
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105 end

106

107 %introducing trackdata variable
108

109 trackdata = zeros(size(x,2),3);

110 trackdata(:,1) = 1:size(x,2);
111 trackdata (:,2) x(k,:);
112 trackdata (:,3) y(k,:);

115 trackdata (trackdata(:,2) ==0,2)=Nal;

116 trackdata(trackdata(:,3) ==0,3)=Nal;

117 %determining step distribution of track
118 res = stephistogram(trackdata);

119 %setting variables

120 densityset = struct();

121 densityset.stepwidth = res(2);

122 densityset.xrad = b5*res(2);

123 densityset.holewidth = 10;

5 pdestimatorsetup = struct();

6 pdestimatorsetup.mode = ’up’;

127 pdestimatorsetup.sigma = sigmaup;

128 pdestimatorsetup.pointnumber = pointnumber;

129 pdestimatorsetup.holewidth = holewidth;

131 pdestimatorsetlow = struct();

132 pdestimatorsetlow.mode = ’low’;

133 pdestimatorsetlow.sigma = sigmalow;

134 pdestimatorsetlow.pointnumber = pointnumber;
135 pdestimatorsetlow.holewidth = holewidth;

136 %calculating point density

137 trackdata= pdcalc(trackdata,holewidth);

138 splittingsetuse.lowerthreshold =

139 pdestimator (trackdata ,pdestimatorsetlow) ;
140 splittingsetuse.upperthreshold =

141 pdestimator (trackdata,pdestimatorsetup) ;
142 %splitting track into segments

143 [above, between, below] =

144 trackseparator (trackdata,splittingsetuse);
145 %calculate MSD

146 msdB = calcmsd(below) ;

147 alphaB = zeros(size(msdB,1) ,1);

148 DB = zeros(size(msdB,1),1);

150 msdBC = calcmsd(below) ;

151 alphaBC = zeros(size(msdB,1) ,1);

152 DBC = zeros(size(msdB,1) ,1);

153 %perfomring alpha D fit

154 for n = 1:size(msdB,1)

155 below(below == 0) =Nal;

156 if size(find(~isnan(below(n,:,2))),2)> 29 &&
157 (size(find (~isnan(below(n,:,2))),2)...
158 /find (~isnan(below(n,:,2)),1,’last’)) > 0.9
159 [alphaB(n) ,DB(n)] = alphadfit(msdB(n,:));
160 else

161 alphaB(n) = Nal;

162 DB(n) = NalN;
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end

msdA = calcmsd (above);
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alphaA = zeros(size(msdA,1) ,1);
DA = zeros(size(msdA,1) ,1);

msdAC = calcmsd(above);

alphaAC = zeros(size(msdA,1),1);

DAC = zeros(size (msdA

,1) ,1);

above (above == 0) =Nal;

for n = 1:size(msdA,1)

if size(find(~isnan(above(n,:,2))),2)> 30 &&

(find (~isnan (above(n,:

[alphaA(n) ,DA(n)] = alphadfit(msdA(n,:));

else

alphaA(n) = Nal;

DA(n) = NalN;
end
1;

end

% saving the data

Results{k,1} = k;

Results{k,2} = trackdata;
AboveData = cell(size(above,1) ,6);

for mm = 1:size(above
AboveData{mm,1} =
above (above == 0)
AboveData{mm,2} =
AboveData{mm,3} =
AboveData{mm,4} =
AboveData{mm,5} =
AboveData{mm,6} =

end

»1)

mm ;
= NalN;
above(mm,:,:);
alphaA (mm,1);
DA(mm,1);
alphaAC(mm,1) ;
DAC(mm,1) ;

Results{k,4}= AboveData;
BelowData = cell(size(above,1) ,6);

for mm = 1:size(below
BelowData{mm,1} =
below(below == 0)
BelowData{mm,2} =
BelowData{mm,3} =
BelowData{mm,4} =
BelowData{mm,5} =
BelowData{mm,6} =

end

,1)

mm ;

= NalN;
below(mm,:,:);
alphaB(mm,1) ;
DB(mm,1);
alphaBC (mm,1) ;
DBC(mm,1) ;

Results{k,5}= BelowData;

Settings= cell(1,4);

Settings{1,1} = densityset;

Settings{1,2}
Settings{1,3}
Settings{1,4}

pdestimatorsetlow;
pdestimatorsetup;

splittingsetuse;

Results{k,6} = Settings;

,2)),1,last?) ...
/size(find (~isnan (above(n,:,2))),2)) > 0.9

1
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end

if ischar(file)
savefile = file;

end

if iscell (file)
savefile = file{p};
end
waitbar (1,loadingbar,’Saving’)
resultssaver (strcat (path, ’Results\’,savefile(2:end-4)),

close(loadingbar)

Results);
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B.2 alphadfit.m

alphadfit.m determines the o and D values for each track segment.

% alpha d fitting based on linear fitting to double logarithmized data
% using log(MSD) = log(4D) + log(tau)alpha

function [alpha,D] = alphadfit(msd)

%determine length

length = find(~isnan(msd),1,’last’);

usedlength = floor(length/4);

%if the statistics for MSD are sufficient

if usedlength >= 7
%initializing the fit x data in multiples of accuisition times.
x = l:usedlength;
%deleting unused entries in MSD
msd (usedlength+1l:end) = [];
%defining fit options for linera fit
ft = fittype( ’a+b.*x’, ’independent’, ’x’, ’dependent’, ’y’ );
opts = fitoptions( ’Method’, ’NonlinearLeastSquares’ );
opts.Display = ’0ff’;
opts.StartPoint = [0.5 1];
opts.Lower = [-10 0];
opts.Upper = [5 2];
opts.Weights = 4*xusedlength:-1:3%usedlength+1;

%performing fit on logarithmised data
x = log(x);

y = log(msd);

[fitresult ,~] = fit(x’,y’,ft,opts);
fitCo = coeffvalues(fitresult);
%calculating output values

alpha = fitCo(2);

D = 0.25*exp(£fitCo (1)) ;

else

alpha
D=NaNl;

NaN;

end

end
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B.3 calcmsd.m

calcmsd.m is a small subroutine which calculates the MSD of track data.

wi

calculating the measn square displacement

Input: m x n x 3 double vector of the track segment data
Output: m x n vector containing the msd for all track segments

Y35

function msd = calcmsd(tracks)
%initializing msd variable
msd = zeros(size(tracks,1),size(tracks,2));
%loop over track segments handed over

for m = 1:size(tracks,1)

valueid = find(tracks(m,:,2));

%valueid = [valueid];

length = size(valueid,2);

%loop over all possible stepwidth

for k = 1:length-1
%calculating x and y distance matrices
x1 = tracks(m,valueid ,2);
x2 = circshift(xl,-k,2);
xcalc = x1-x2;
yl = tracks(m,valueid,3);
y2 = circshift(yl,-k,2);
ycalc = yl-y2;
%calculating Euclidean distance
distance = xcalc. 2+ycalc.”2;
msd(m,k) = mean(distance(l:end-k),’omitnan’);

end

end
msd (msd == 0) = NaN;

end

B.4 distributionfunc.m

distributionfunc.mis the externalized skew Gaussian function, used in stephistogram.m

and skewgaussgen.m.

%
%skew normal distribution
%
function res = distributionfunc(x,sigma,mu)
res = 2.xnormcdf (x,mu,sigma).* normpdf (x,mu,sigma);
end
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B.5 fillnan.m

fillnan.m fills the gaps in the track for a correct calculation of the point density.

%

%Function for linear interpolating points in gaps between track segemnts

A

function filledtrack = fillnan(track)

end

%finding NaN positions
nans = isnan(track(:,2));

%finding start and end of each gap

nanid(:,1) = nans == 1 & circshift(nans,1,1) == 0;
nanid(:,2) = nans == 1 & circshift(nans,-1,1) == 0;
nanstart = find(nanid(:,1));

nanend = find(nanid(:,2));
%determine amount of gaps
amountnan = size(mnanstart);
filledtrack = track;
%filling the gaps
for ii = 1:amountnan
%if condition to exclude NaN entrys after track end
if nanend(ii) ~= size(track,1)
nanlength = (nanend(ii)-nanstart(ii)+1);
filledtrack (nanstart (ii) :nanend (ii) ,2) =...
track(nanstart(ii)-1,2)+(1:nanlength)...
.*(track (nanend (ii)+1,2) -track (nanstart (ii)-1,2))...
./(nanlength+1) ;
filledtrack (nanstart (ii) :nanend (ii) ,3) =...
track (nanstart (ii)-1,3)+(1:nanlength) ...
.*(track (nanend (ii)+1,3)-track(nanstart (ii)-1,3))...
./(nanlength+1) ;
end

end
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B.6 modgauss2.m

modgauss?2.m generates a Gaussian distribution for angles or step widths.

%%hfunction to genrate a gaussian distribution

function valuesfilled = modgauss2(valuesall,var)
mode = var.mode;
indexall = 1:size(valuesall,l1);

%loop for angle generation

if strcmp(’angle’,mode)

done = 0;

sigma = var.sigma;

mu = var.mu;

values = valuesall (indexall,:);
index = 1:size(values,1);
while done ==0

%generating values between
values (index ,2) = rand(size(index)) .*360-180;
%confining the genrated values to the interval of +/- 180 degree
%if mu is different than zero
if values (index ,2)+mu > 180
values (index ,2) = values(index,2) -360;
end
if values (index,2)+mu < -180
values (index ,2) = values (index,2) +360;
end
%generating random values
values (index ,3) = rand(size(index));
%calculating the control values
values (index ,6) = ((exp(-0.5.*((values(index,2)-mu)./sigma).~2))...
./(sigma.*xsqrt (2.*xpi()))) / ((exp(-0.5.%((0)./sigma)."2)) ...
./(sigma.*sqrt (2.*xpi())));

index = find(values(:,6)<values(:,3));
if size(index,1) ==0
done =1;
end
end
valuesall (indexall,:) = values;
valuesfilled = valuesall;
end

%loop for step mode
if strcmp(’step’,mode)
done = 0;
%hcalculating sigma from given width
width = var.width;
mu = var.mu;

sigma = width/6;

values = valuesall (indexall,:);
index = 1:size(values,l1);
while done ==0

%generating values within the interval

values (index ,4) = rand(size(index)) .*width- width/2 + mu ;

values (index ,5) = rand(size(index));

%calculating control values

values (index ,7) = ((exp(-0.5.*((values(index ,4)-mu)./sigma)."2))...
./(sigma.*sqrt (2.*xpi()))) / ((exp(-0.5.%((0)./sigma)."2))...
./(sigma.*sqrt (2.*xpi()))) ;
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index = find(values(:,7)<values(:,5));

if size(index,1) ==0
done =1;
end
end
valuesall (indexall,:) = values;
valuesfilled = valuesall;

end
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B.7 pdcalc.m

pdcalc.m is a subroutine which calculates the PDM for a given track.

YA

%Function to calculate th point demnsity

YA

function [density] = pdcalc(value,holewidth)

end
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%interpolating values for NaN gaps

valuefill = fillnan(value);

x = valuefill(:,2)’;

y = valuefill(:,3)%;

%calculating distance matrices in x and y direction
xdistmat = x-x’;

ydistmat = y-y’;

%calculating step sizes

stepsize = sqrt(diff(x). 2+diff(y).~2);
stepsize(1,end+1) = stepsize(l,end);

%determining local radius for pd calculation

stepsize = movmean(stepsize,5);
radius = b5.*stepsize;

radius = imgaussfilt(radius,3);
valid = zeros(size(xdistmat));

%calculating validitymatrix
for ii = 1:size(xdistmat ,1)
valid(ii,:) = ((xdistmat(ii,:)./radius(1l,ii))."2
+ (ydistmat(ii,:)./radius(1,:)).72) < 1;
end
%removing point which are inside the radius after the track returned
validbefore = zeros(size(valid));
validafter = validbefore;
holearray = zeros(l,holewidth);
for ii = 1:size(valid,1)
temp = circshift(valid(ii,:),-ii+1);
templ=temp;
lastvalidpos = min(strfind(temp,holearray));
templ (lastvalidpos+1l:end) = O;
validafter(ii,:) = circshift(templ,ii-1);
temp2 = fliplr (temp);
firstvalidpos = min(strfind(temp2,holearray));
temp2 (firstvalidpos+1l:end) = O0;
validbefore(ii,:) = circshift(fliplr(temp2),ii-1);
end
%calculating resulting point demnsity
result = sum(validafter ,2)+sum(validbefore,2) -1;
density = zeros(size(value,1) ,4);
density (:,1:3) = value(:,1:3);
density (:,4) = result;



B  Single Particle Tracking Supplementary Information

B.8 pdestimator.m

pdestimator.m is a subroutine that simulates the point density of a track with a given

relative angle and step width distribution.

h

%This program simulates the point density for expected track.

h

function pdthreshold = pdestimator (trackdata,var)

end

pointnumber =

var .pointnumber;

holewidth = var.holewidth;

values = zeros(pointnumber ,9);

values (:,1) =

1

:pointnumber;

%gathering step width distribution

[distparam] =

S

tephistogram(trackdata) ;

angleset = struct();

angleset .mode
angleset.mu =

angleset.sigm

a

0:

’angle’;
H

= var.sigma;

stepset = struct();

stepset .mode
stepset.mu =

stepset.sigma

’step’;

distparam(3);

distparam(2);

%simulating the angledistribution for the track

values =modgauss2(values,angleset);

%simulating the stepdistribution for the track

values =skewgaussgen(values,bstepset);

%calculating x and y coordinates

for k = 2:size(values,1)

values (k,8)
values (k,9)

end

values(k-1,8) + values(k,4) .*cosd(sum(values(1:k,2)));
values(k-1,9) + values(k,4) .*sind(sum(values(1:k,2)));

%conversion of variable for pdcalc

workval = zeros(pointnumber:3);

workval (:,1)
workval (:,2)
workval (:,3)

values (:,1);
values (:,8);

values (:,9);

%calculating point denisty for simualted track

density = pdcalc(workval ,holewidth);

%determining threshold

if strcmp(var.mode, ’low’)

pdthreshold = max(density(:,4));
end
if strcmp(var.mode, ’up’)

pdthreshold = median(density(:,4));
end
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B.9 skewgaussgen.m

skewgaussgen.m generates a skew Gaussian distribution for angles or step widths.

%function to genrate a skew gaussian distribution

function valuesfilled = skewgaussgen(valuesall,var)
mode = var.mode;
indexall = 1:size(valuesall,l);

%function for angle distribution

if strcmp(’angle’,mode)
done = 0;
sigma = var.sigma;
mu = var.mu;
values = valuesall (indexall,:);
index = 1:size(values,l1);

%generating the angle values
while done ==0
%wraping angles largern/smaller than 180/-180 around
values (index ,2) = rand(size(index)) .*360-180;
if values (index,2)+mu > 180
values (index ,2) = values(index,2) -360;
end
if values (index,2)+mu < -180
values (index ,2) = values(index,2)+360;
end
%generating and checking control numbers

values (index ,3) = rand(size(index));

values (index ,6) = distributionfunc(values(index,2) ,sigma,mu)...

/distributionfunc (mu,sigma,mu);

index = find(values(:,6)<values(:,3));
if size(index,1) ==0
done =1;
end
end
valuesall (indexall,:) = values;
valuesfilled = valuesall;
end

if strcmp(’step’,mode)
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done = 0;
sigma = var.sigma;
mu = var.mu;

%setting width of simulated data
width = 6xsigma;

values = valuesall (indexall,:);
index = 1l:size(values,l) ’;
%generating the step values
while done ==0

%generating and checking control numbers

values (index ,4) = rand(size(index)) .*width- width/2 + mu
values (index ,5) = rand(size(index));
values (index ,7) = distributionfunc(values(index ,4),sigma,mu)...

/distributionfunc (mu,sigma,mu) ;

index = find(values(:,7)<values(:,5));
if size(index,1) ==0

done =1;
end

end
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valuesall (indexall,:) = values;
valuesfilled = valuesall;
end

end

B.10 stephistogram.m

stephistogram.m determines the distribution of the step width for a given track.

%Function for determining the step width distribution of a track
function [res] = stephistogram(track)

%calculating distances

distance = sqrt(diff (track(:,2)).72+diff (track(:,3)).72);
%generating histogram for tailed distributions

[values ,bins] = histcounts (distance,’BinMethod’,’fd’);

7 hcalculating middle of bins

; binshift = circshift (bins,-1,2);

means = (bins(l:end-1)+binshift(l:end-1))/2;

%fitting of skew Ggaussian

opts = optimset(’Display’,’off’);

fitfunction = @(p,x) p(1).*xdistributionfunc(x,p(2),p(3));

res = lsqcurvefit(fitfunction,[max(values) ,1,1],means,values,[],[],opts);

end

B.11 trackseparator.m

trackseparator.m splits the track data into different types of suspected motion ac-
cording to the thresholds estimated by pdestimator, with a user-defined correction
value.

%Programm for track separation

function [above, between, below] = trackseparator (trackdata,var)
upperthresh = var.upperthreshold;
lowerthresh = var.lowerthreshold;
filtersigma = var.filtersigma;
uppercorr = var.uppercorr;
lowercorr = var.lowercorr;
%adjusting the upper and lower threshold
threshdiff = (upperthresh-lowerthresh);
upperthresh = upperthresh-uppercorr .* threshdiff;
lowerthresh = lowerthresh+lowercorr .* threshdiff;
%smoothing the point demnsity
density = trackdata(:,4);
smoothdens = imgaussfilt(density, filtersigma);

%determining the segments above between and below the thresholds

aboveid = smoothdens >= upperthresh;
belowid = smoothdens <= lowerthresh;
betweenid = smoothdens < upperthresh & smoothdens > lowerthresh;

%finding ids of segments

aboveidfind = zeros(size(aboveid,1)+1,1);
aboveidfind(1:end-1) = aboveid;
belowidfind = zeros(size(belowid,1)+1,1);
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belowidfind(1:end-1) = belowid;

betweenidfind = zeros(size(betweenid,1)+1,1);
betweenidfind(1:end-1) = belowid;

%adds a zero at the end to find

%beginnings if the start and end type of motion is the same

abovestart = aboveidfind == 1 & circshift (aboveidfind,1,1) == 0;
aboveend = aboveidfind == 1 & circshift (aboveidfind,-1,1) == 0;
belowstart = belowidfind == 1 & circshift(belowidfind,1,1) == 0;
belowend = belowidfind == 1 & circshift(belowidfind,-1,1) == 0;
betweenstart = betweenidfind == 1 & circshift(betweenidfind,1,1) == 0;
betweenend = betweenidfind == 1 & circshift(betweenidfind,-1,1) == 0;

%determining the ids of segments

abovestartid = find(abovestart);
aboveendid = find(aboveend);
abovelength = aboveendid-abovestartid+1;

belowstartid = find(belowstart);
belowendid = find(belowend);
belowlength = belowendid-belowstartid+1;

betweenstartid = find(betweenstart);
betweenendid = find(betweenend) ;
betweenlength = betweenendid-betweenstartid+i;

%filling the track segment into vectors
above = zeros(size(abovelength,1) ,max(abovelength),3);
below = zeros(size(belowlength,1) ,max(belowlength) ,b3);

between = zeros(size(betweenlength,1) ,max(betweenlength) ,3);

for k = 1:size(abovelength,1)
above (k,1:abovelength(k) ,1) = abovestartid(k):aboveendid (k) ;
above(k,1:abovelength(k) ,2)= trackdata(abovestartid(k):aboveendid (k) ,2);
above(k,1:abovelength(k) ,3)= trackdata(abovestartid(k):aboveendid (k) ,3);

end

for k = 1:size(belowlength,1)
below(k,1:belowlength(k) ,1) = belowstartid(k):belowendid (k);
below(k,1:belowlength(k) ,2)= trackdata(belowstartid(k):belowendid (k) ,2);
below(k,1:belowlength(k) ,3)= trackdata(belowstartid(k):belowendid (k) ,3);

end

for k = 1l:size(betweenlength,1)
between(k,1:betweenlength(k) ,1) = betweenstartid(k):betweenendid (k) ;
between(k,1:betweenlength(k) ,2)= trackdata(betweenstartid (k) :betweenendid (k) ,2);
between(k,1:betweenlength(k) ,3)= trackdata(betweenstartid(k):betweenendid (k) ,3);

end
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B.12 resultsaver.m

resultsaver.m is used to save the results in case a parallel loop is used, but is imple-
mented in the non parallel version too.

%Saving results

function resultssaver (file,variable)
%mode -v7.3 for large files
save (file,’variable’,’-v7.3°);

end
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B.4 Used u-Track Parameters

Parameter Value
Imaging mode Widefield
Fluorophore tagrfp
Excitation Wavelength (in nm) 561
Emission Wavelength (in nm) 584
Exposure Time (in seconds) 0.05
Pixel Size (nm) 110
Time Interval (sec) 0.051
Numerical Aperture 1.49
Camera Bit Depth (bit) 16

Object Type

[2D] Single particles

Detection Method

Point source detection

Kalman functions

Brownian + Directed motion models

Problem Dimension 2
Alpha value for asymmetry detection | 0.1
Alpha value for moment scaling spec- | 0.05
trum analysis

Maximum gaps to close 4
Minimum length of track segments | 1

from first step

Stepl: Frame to frame linking

Brownian + Directed motion models

PSF Sigma(pxl) 1.2
Alpha 0.05
Fit Mode xyAc
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Max Fit Adjust (pixels) 2.4
Max # Mixtures )
Redundancy Radius (pixels) 0.25
Fit Window Size (pixels) 5
Prefilter Points enable
Fit Mixture Models disable

Step2: Gap closing merging and split-
ting

Brownian + Directed motion models

Track analysis method

Track Analysis

Check and analyze asymmetric tracks

disable

Check to use threshold that balances

the error rate of neighboring classes

disable

Method for calculating the confinement

radius

Mean positional standard deviation

Table B.2: Parameters used by Paolino Salamone to perform the tracking of endo-
somes.
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B.5 Original Images

Original Image Figure 9.8

In Figure 9.8, a contrast-enhanced image is shown; the original image is shown here.

Figure B.1: Image of a cell with all tracks depicted. Acquisition time is 50 ms. The
scalebar is 10 pm.
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Original Image Figure 9.9

Figure B.2: Image of a cell with all tracks depicted. Acquisition time is 50 ms. The
tracks are color-coded: Blue) Track segments that are above the upper threshold and
longer than or equal to 29 Steps. Red) Track segments that are below the lower
threshold and longer than or equal to 29 Steps. Cyan) Track segments that are above
the upper threshold and shorter than 29 Steps. Yellow) Track segments that are below
the lower threshold and shorter than 29 Steps. White) Track segments between the
thresholds. The inset is magnified in Figure 9.10. The scalebar is 10 pm.
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Corrigenda

This work is a revised version of the submitted document. Corrections of spelling-,

punctuation-, typesetting-, positioning-, typographical-, grammatical-errors, and color

adjustments or the like are not listed. Alterations made for additional information or

clarification are given in the following. If not otherwise mentioned the altered parts

are in bold.
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p.5) “..magnetosomes with transmission electron microscopy measure-

ments and properties thereof. He also...”

b.8) “Gov D dA = Q7

ONES
p.18) “.. one object to another by lattice vibrations. For electrical con-

ductors the direct transport of thermal energy is also influenced by
the movement of electrons, this effect is called Wiedemann—Franz law
[42].”

p.32) “.. po=4n - 107N A2

p.36, Figure 4.2 caption) “.. 3C90 (blue). The winding ratio is 25:5 for
solid lines and 5:25 for dashed lines. The shaded areas represent the

measurement error.”
p.40, Figure 4.6 x-axis label) Frequency / kHz

p.45) “... currents inside the conductor. As discussed in Section 4.1.2,
there are differences of the coupling factor dependent on the direction
of measurement (winding ratios of 25:5 and 5:25). In this measure-
ment the differences are increased by the frequency adaption of the
used cable on the secondary side, indicating less efficient coupling to

stranded wire. Due to the overall..”

p- 59, magnetic field strength has been corrected to magnetic flux density
in the caption of fig. 4.22 and the following paragraph.

p.65, Figure 4.25) The x-axes are resized to cover the same range of data.

«

Figure 4.25 caption) “ ...investigated particles. For the magnetosome mea-

surements, diameters larger than 1000nm are not shown due to the

negligible amount.”
p.70) “ .. image of a magnetosome sample shortly before ...”

p.71 fig. 4.27, p.72 Figure 4.28, p.73 fig. 4.29, p,75 Figure 4.30, 76 Figure 4.31,
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p.78 Figure 4.32, p.79 Figure 4.33, p.81 fig. 4.34, p.84 fig. 4.36, p.85 fig. 4.37,
p.87 Figure 4.38, p.88 fig. 4.39, p.89 fig. 4.40, p.91 fig. 4.42, p.91 fig. 4.43

In all captions the frequency of the measurement has been added in the format
“The particles were measured at XX. XX kHz”

p.72, fig. 4.28 caption) “.. measurement area. The shown data is recorded

with a magnetosome sample.”

p.74) “In this section multiple comparisons of measurements concerning
different parameters are done. Due to the measurements being per-
formed during the ongoing development of the setup, the measurement
frequency varies. Therefore the measurements from one subsection are
not necessarily comparable to measurements from another subsection.
The frequency of the measurements is given in the caption of the data

figures.”
p.80) “..(18.1 £ 2.2) °C for magnetosomes.”

p.80) handling of the particles. A further limitation to the interpretability
is the difference in measurement frequencies. The underlying observa-
tion, that different particles show different heating behavior, however
is unaffected, as the frequency influence is linear as given by eq. (2.16).
The influence of the susceptibility is negligible as the measurement
shows a flat slope in the region of 100 kHz (fig. 4.26). The magnetic

field has the same amplitude in all measurements.

p.86) “ ...concentration of 1mg/mlL. The difference in measurement fre-
quencies does not represent a limitation in the interpretability since
the heating of the water sample is solely caused by the temperature

rise of the magnet.”
p.105) “..two-dimensional case (n =2), with a =2nD=4D,b=1, and ¢ =0

p116> ¢ /I,Iong (gap> =30;- f (gap) + 30/] : f (gap)”
p.128, fig. 9.5 a x-axis label) “Point Density”

p.132) “..directed motion, where the path is elongated. These classifications

2

p.146) ...the right-hand side leads to [ B.d5 = tod + eouodg%. Just like above
Equation (2.9) in the absence of polarization in combination with Equation (2.10)

in the absence of magnetization (F[ = ;TB;) leads to [ H-d5= J+ dg%.

p.148) ... P=U -1, here U is given by the electromotive force, which is
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albeit the name indicating a force a voltage. P=F -1 ...

e p.150, fig. A.2b caption) “.. physical scale bar. Please note that a) might

seem to be completely black, dependent on screen or printer settings.”

e p. 175, fig. B.2) The adjusted image was shown again.
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Right side: schematic illustration of the winding used in the Litz wire. b) Left
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Capacitance and phase angle for the capacitance array. For the impedance
measurement, the 4-point probe method in the range of 50kHz to 150 kHz is
used. The errors are shown as shaded areas. . . . . . . . .. ... .. ...
Coupling factor comparison for a transformer with an N87 core in combination
with different wires. The winding ratio is 25:5 for solid lines and 5:25 for dashed

lines. The colors represent the usage of Litz wire(red), stranded wire (green),

and a mixture of 5 windings of Litz wire and 25 windings of control wire (blue).

3D CAD model of the cooling cases. The right side of the schematic has a
cross-section of the case showing the water channels, which are indicated in
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Exemplary thermographic image of the magnet after heating for 15 min. Visi-
ble are the heated wires in bright yellow. The cooling feed lines are depicted
in black. In between the wires, the core is visible in orange, and the cooling is
visible in purple. Around the setup, the magnet holder can be seen schemat-
ically. The poor visibility of the holder is caused by the small temperature
difference between the holder and the background. Visible are the areas where
the spatial proximity of the holder and cooling lines lower the temperatures
of the holder. Please note that the emissivity of the image is at ¢ = 1. An

image covering correction of the emissivity is not possible, as the emissivity is

dependent on multiple factors which are unknown for wide ranges of the image.

Measurements for comparing the magnet temperature to the environmental
temperature of the measurement room, and for comparing the magnet face
temperatures. The temperature is measured from the top with the thermal
IMAGET. . . . . . Lo e e e
Schematic illustration and photo of the switching valve apparatus developed
to stabilize the magnet temperature. . . . . . . . . . . ... ... ... ..
Temperature of the magnet stabilized with interchangeable cooling water reser-
voirs. Depicted are three separate measurements in blue, red, and green with
errors as shaded areas. The measurements are almost identical. In the back-
ground, the temporal temperature changes of the magnet face temperature,

with constant 5 °C cooling installed, are shown in gray, with the error as shaded

Schematic of the microscope fitted to the hyperthermia setup. The compo-
nents used are: Objective) Plan Apo L 20x (Optosigma, Santa Ana, CA,
United States); 1) Semrock FF436/514/604-DI01(IDEX Health & Science,
LLC, Rochester, New York, USA); 2) Generic lens with focal length of 150 mm;
3) Generic lens with focal length of 200 mm; 4) BrightLine® Fluorescence Fil-
ter 575/25 (IDEX Health & Science, LLC, Rochester, New York, USA); 5)
Generic lens with focal length of 80mm; 6) BrightLine® Multiband Filter
457-530-628 (IDEX Health & Science, LLC, Rochester, New York, USA). The
fluorescence lamp used is an INTENSILIGHT C-HGFI (Nikon Corporation,
Tokyo, Japan); The camera used is a DMK 31BU03 (The Imaging Source
Europe GmbH, Hamburg, Germany). . . . . . . . . . . .. . ... .....
The scale of both images is the same. An additional scale bar is not given since
Figure 4.18b is the image of a physical scale bar. The contrast is enhanced
For both images due to better visibility, the original images can be seen in
Appendix A.2. . . L. e
Resonance curve of the AMF setup. Calculated from the measured voltage at

one capacitor of the array. For better visibility, the errors are not depicted.
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Correlation of magnetic field and capacitor voltage showing a linear relation
which indicates the load applied to the components does not cause unfavorable
effects. The linear fit, shown as red dashed line, follows B(U) = (0.03378 £
0.00049)mT/V-U+(0.33+0.37)mT. The small jumps at ~ 800V and ~ 1200 V
are due to switching of the measurement range of the oscilloscope. For better
visibility, the errors are not depicted. . . . . . . . . .. ...
Temporal development of the magnetic field. For the typical hyperthermia
measurement time of 15 minutes, the magnetic field is changing within 10 %
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Spatial distribution of magnetic flux density in the magnet gap. On the top
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a) TEM image of Synomag® 70 particles. The nanoflower substructure is visi-
ble as the granular substructure in the core. The shell could not be imaged. b)
Ilustrative representation of Synomag® 70 where the nanoflower substructure
is indicated. ¢) TEM image of BNF 100. Visible is the cluster structure where
several solid cores are connected. d) Illustrative representation of BNF parti-
cles where the parallel piped core structure is shown, as well as the agglomera-
tion in clusters of multiple cores. e) TEM image of magnetosomes chains. The
tendency to build chains is visible. In the inset, the cubooctahedral shape is
visible. f) Illustrative representation of a magnetosome showing the cuboocta-
hedral shape. For all illustrative representations, the core is shown in orange,
while the shell is depicted in green/blue/gray. . . . . . . . . ... ... ..
Core size distributions of the investigated nanoparticles, determined from TEM
IMAages. . . . . . Lo e e
DLS intensity and number distributions for the investigated particles. For the
magnetosome measurements, diameters larger than 1000 nm are not shown due
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AC-susceptibility measurements of the used nanoparticle systems measured
with the Dynomag System. Displayed is the real (Re) and imaginary (Im)
part. The corresponding fits performed by the susceptometer are shown as
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technical reasons. . . . . . . . . . . ... e
Exemplary image of a heated magnet with measurement results and set values.
The measurement shown is performed with magnetosomes. The particles were
measured at 93.75kHz. . . . . . . ..o
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Example measurement from the measurement shown in Figure 4.27b. The
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Temperature reached in a Synomag® 70 sample at a concentration of 5 mg/ml
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Three consecutive measurement cycles, each reaching thermal equilibrium in
the heating/cooling period. All measurement cycles consist of 15min heating
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Fast heating and cooling cycles of Synomag® 70 particles at 5mg/ml. Each
color represents a cycle covering a different temperature range. The particles
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Fast heating and cooling cycles of Synomag particles (5mg/ml) compared to
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Rendered image of the positioning of the microscopy slide inside the electro-
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Temperature evolution of pure water and Synomag® 70 at 5mg/ml inside a
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Exemplary energy levels for the illustration of fluorescence. Shown are the sin-
glet ground state Sg, the triplet ground state Ty, and the first excited singlet
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Schematic of the used fluorescence microscope. A comprehensive list of parts
can be found in Table B.1 . . . . . . . .. . ... 0000000
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are color-coded: Blue) Track segments that are above the upper threshold and
longer than or equal to 29 Steps. Red) Track segments that are below the lower
threshold and longer than or equal to 29 Steps. Cyan) Track segments that are
above the upper threshold and shorter than 29 Steps. Yellow) Track segments
that are below the lower threshold and shorter than 29 Steps. White) Track
segments between the thresholds. The inset is magnified in Figure 9.10. The
scalebar is 10 pm. The contrast in the shown image is adjusted, the original
image can be found at Appendix B.5. . . . . . ... ..o L
Image of a cell with all tracks depicted. Acquisition time is 50 ms.The tracks
are color-coded: Blue) Track segments that are above the upper threshold and
longer than or equal to 29 Steps. Red) Track segments that are below the
lower threshold and longer than or equal to 29 Steps. Cyan) Track segments
that are above the upper threshold and shorter than 29 Steps. Yellow) Track
segments that are below the lower threshold and shorter than 29 Steps. White)
Track segments between the thresholds. The shown image is a magnified inset
from Figure 9.9. The scalebar is 2pm. . . . . . . . . .. .. ...
a-D plot of the track segments for all cells. The differentiation into diffusive
and directed motion is based on the assignment from the point density algo-
rithm. For better visibility, 10 % of the diffusive classified tracks are shown. A

unit for D is not given since it changes in the graph. « is unitless. . . . . . .

Simplest representation of a driven RLC circuit. . . . . . . . .. . . . ...
Original contrast images for fig. 4.18.The scale of both images is the same. An
additional scale bar is not given since Figure A.2b is the image of a physical
scale bar. Please note that a) might seem to be completely black, dependent

on screen or printer settings. . . . . . . . ... ... L L.

129

131

132

133

185



List of Figures

B.1

B.2

186

Image of a cell with all tracks depicted. Acquisition time is 50 ms. The scalebar
s 10m. . ..o e
Image of a cell with all tracks depicted. Acquisition time is 50 ms. The tracks
are color-coded: Blue) Track segments that are above the upper threshold and
longer than or equal to 29 Steps. Red) Track segments that are below the
lower threshold and longer than or equal to 29 Steps. Cyan) Track segments
that are above the upper threshold and shorter than 29 Steps. Yellow) Track
segments that are below the lower threshold and shorter than 29 Steps. White)
Track segments between the thresholds. The inset is magnified in Figure 9.10.
The scalebar is 10pm. . . . . . . . . ..o

174



List of Tables

4.1 Summary of the particle characterization results. Iron concentration and a
number of particles are given for a concentration of 1 mg/ml. For Synomag®70
and BNF, the iron concentration and particle number are taken from the data
sheets [65, 66]. The Néel and Brownian relaxation times are measured at

0.5mT using the Dynomag. . . . . . . . . . . .. ... ..., 69

5.1 Comparison of magnet parameters from different works on magnetic hyper-
thermia. Flux density values in parentheses are values achieved during mea-

surements, if different from maximum achievable value. . . . . . . . . . .. 94

B.1 List of the parts used in the fluorescence microscopy setup. . . . . . . . . . 153

B.2 Parameters used by Paolino Salamone to perform the tracking of endosomes. 173

187






Acronyms

3M-PALS Mixed Mode Measurement-Phase Analysis Light Scattering.

AC Alternating Current.

ACS Alternating Current Susceptibility.
AMF Alternating Magnetic Field.
AOTF Acousto-Optical Tunable Filter.

AWG American Wire Gauge.

BNF Bionized Nano Ferrite.

CAD Computer Aided Design.
CDF Cummulative Distribution Function.

cf. Short for latin conferatur, compare.

DC Directed Current.

DLS Dynamic Light Scattering.

e.g. exempli gratia, which means “for example”.

EDL Electric Double Layer.
ELS Electrophoretic Light Scattering.

EMF Electromotive Force.

FFR Fast Field Reversal.

FWHM Full Width at Half Maximum.

IR Infrared.

LDV Laser Doppler Velocimetry.

LED Light Emitting Diode.
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Acronyms

MNP Magnetic Nano Particles.

MSD Mean Squared Displacement.

PBS Phosphate-buffered saline.
PDF Probability Density Function.
PDM Point Density Map.

PP Peak to Peak.

PTFE Polytetrafluoroethylene.

RF Radio Frequency.

RMS Root Mean Square.

SFR Slow Field Reversal.

S| International System of Units from french Systéme International d’Unités.
SLP Specific Loss Power.

SMD Surface Mountable Device.

SPT Single Particle Tracking.

TEM Transverse ElectroMagnetic modes.

TEM Transmission Electron Microscopy.
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