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Preface

This thesis was carried out during my time as a research associate at the Institute of Quan-
tum Optics (1Q), Leibniz University Hannover (LUH). Some of my research work for this thesis
was conducted at the Institute of Microwave and Wireless Systems (IMW), LUH. My research
focus there was on a joint project between IMW, the Medizinische Hochschule Hannover and
the Institute of Cell Biology and Biophysics, LUH. The scope of this joint research project was
to improve the investigation of mechanisms of action between electromagnetic (EM) fields
(with focus on the electric field component) and biological cells in the frame of an estab-
lished therapeutic method called Tumor Treating Fields. At the IMW | contributed to a joint
publication in the peer reviewed journal Scientific Reports [1]. Furthermore, during my re-
search at IMW | was lead author of a publication in a peer reviewed international journal [2].
| led and | was part of several international conference contributions [3-5], and | mentored
two Bachelor theses [6, 7].

My research work at 1Q resulted from a side research project during my time at IMW. The
research group nanoengineering of 1Q which | became part of worked in the frame of the
REBIRTH DFG Excellence Cluster on the differentiation and reprogramming of adult stem
cells with application of EM fields and gold nanoparticles (AuNPs). The scope of my work at
the 1Q was to investigate physical mechanisms of action between EM fields (with focus on
the magnetic field component), cells and AuNPs. During my work at the 1Q | became part of
the Hannover Centre for Optical Technologies (LUH), research group Computational Photon-
ics, which is part of the Exzellenzcluster PhoenixD. | was lead author of one peer reviewed

article in the journal Scientific Reports [8] and led an additional conference contribution [9].
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Kurztassung

In der Biomedizin werden elektromagnetische Felder (EMFs) vielfaltig eingesetzt. Bei Fre-
quenzen unterhalb des Mikrowellen-Spektrums kénnen elektrische und magnetische Felder
haufig als entkoppelt betrachtet werden. Die Reprogrammierung ist ein Beispiel in dem bi-
ologische Zellen (und Gold Nanopartikel) einem Magnetfeld ausgesetzt werden. Bei Tumor
Treating Fields (TTFields) hingegen werden elektrische Felder angewandt.

Die Reprogrammierung von Zellen ist ein wichtiger Bestandteil der regenerativen Medizin
und eine vielversprechende Behandlungsstrategie flir degenerative Krankheiten wie Parkin-
son. Invitround invivo Studien haben gezeigt, dass eine Magnetfeld-Exposition von Zellen in
Kombination mit Gold Nanopartikeln (AuNPs) zu einer Verbesserung der Umwandlungsrate
fiihren kann. Dabei ist die initiale Wirkung zwischen Magnetfeldern und Zellen unter Ein-
bezug physikalischer GesetzmaBigkeiten noch nicht geklart. TTFields sind seit 2015 in Deutsch-
land fiir die klinische Anwendung von Glioblastomen zugelassen und stellen somit eine rel-
ativ neue Bahandslungsmethode fiir diese hoch malignen Tumore dar. Wirkungen der Felder
auf die Tumorzellen sind unter Einbezug physikalischer Gesetze auch hier nicht abschlieBend
geklart.

Diese Arbeit tragt zur Aufklarung der initialen Wirkung von EMFs auf Zellen und Zellen
mit AuNPs bei. Es werden elektromagnetische Parameter betrachtet, die bei TTFields und
der Reprogrammierung (blich sind. Analytische und numerische Berechnungsverfahren, die
die Berechnung von Feldverteilungen ermdglichen, werden evaluiert und angewandt. Diese
Berechnungen sind Grundlage fir die Bewertung moglicher Wirkmechanismen. Weiterhin
wird ein elektrisches Ersatzschaltbild-Modell fiir eine Zelle entwickelt, das im Vergleich zu
anderen Modellen, sowie analytischen und numerischen Berechnungen, die Naherung der
elektrischen Feldverteilung in verschiedenen Zellschichten vereinfacht. Zusatzlich wird ein
kapazitiver Messaufbau mit Platinschwarzelektroden vorgeschlagen, der die Bestimmung
der Leitfahigkeit von lonenldsungen auch bei vergleichsweise niedrigen Frequenzen von
einem Kilohertz ermdglicht. Dieser ermdglicht die zukiinftige Berlicksichtigung der elek-
trischen Eigenschaften von Nahrmedien in Berechnungen. In vitro Zellversuche dienen u.a.
der Validierung theoretischer Ergebnisse. Daflir wird ein verbesserter Aufbau vorgeschla-
gen, der es ermdglicht, Zellen mehreren Polarisationsrichtungen von elektrischen Feldern
auszusetzen, wahrend gleichzeitig eine hohere Homogenitat der elektrischen Felder erzielt
wird. Zusammenfassend leistet diese Arbeit einen wichtigen Beitrag im Bereich der Bioelek-
tromagnetik






Abstract

In the context of biomedicine, electromagnetic fields are utilized in a variety of applications,
such as cellular reprogramming. At frequencies below the microwave spectrum, electric and
magnetic fields can often be considered as decoupled. Controlled reprogramming is an ex-
ample in which biological cells (and gold nanoparticles) are exposed to an external magnetic
field. In contrast, tumor treating fields (TTFields) subject tumor cells to an external electric
field.

The controlled reprogramming of cells is an important part of regenerative medicine and a
promising treatment strategy for degenerative diseases like Parkinson's. In biological in vitro
experiments with cell cultures and in some in vivo studies, it has been shown that exposure
of cells in combination with gold nanoparticles (AuNPs) to magnetic fields can lead to a
significant improvement in cell conversion rates. However, the initial interaction between
magnetic fields and cells involving physical laws is still not fully understood. TTFields have
been approved for clinical use in Germany for the treatment of glioblastoma since 2015, re-
sulting in a relatively new treatment method for these highly malignant tumors. The effects
of TTFields on tumor cells have been extensively studied in association with physical laws,
but are not yet fully resolved.

In this thesis, | contribute to the understanding of the initial effect of electric and mag-
netic fields on cells and cells with gold nanoparticles. In particular, electromagnetic pa-
rameters are examined that are typical for TTFields and cellular reprogramming. | evaluate
and apply analytical and numerical methods to calculate electromagnetic field distributions.
These calculations serve as the basis for the assessment of possible mechanisms of action.
Furthermore, an electric lumped element model for a cell is developed which compared to
other models, analytical calculations and numerical electromagnetic simulations, simplifies
the approximation of the relative electric field distribution in different cell layers. Addition-
ally, to allow future consideration of electrical properties of nutrient media in calculations
a capacitive measurement setup with platinum black electrodes is tested and proposed. This
setup allows the determination of ion solution conductivity reliably even at relatively low
frequencies around one kilohertz. In vitro cell experiments are important for the validation
of theoretical results. In this regard, an improved setup for the in vitro exposure of cells to
electric fields is presented, which allows the exposure of cells to more electric field polariza-
tion directions by simultaneously allowing higher electric field homogeneity. In conclusion,
this thesis makes an important contribution to the field of bioelectromagnetics.
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1 Introduction

Electromagnetic fields (EMFs) are used in the frame of versatile biomedical applications.
Thereby, EMF frequency is a determining parameter for the interaction of EMFs with treated
tissues. While higher frequencies are predominantly associated with heating of biological tis-
sue [10], EMFs in the low and medium frequency spectrum (with a frequency up to 3 MHz)
are in the focus of many biomedical studies since their application is known to promote or
inhibit biological processes. EMFs are for example used in regenerative medicine. The heal-
ing or replacement of diseased tissues and organs with minimal side effects is one major
target in regenerative medicine. Treatment of affected parts with triggering of endogenous
body mechanisms is one promising approach to reach this target. The key building blocks of
every tissue and organ are biological cells. The control over cellular mechanisms would be a
milestone in regenerative medicine.

Cellular reprogramming refers to the modification of epigenetic markers for the conversion
of cell type or for the alteration of developmental potential (the ability of a stem cell to
differentiate into different cell lineages [11]). Thus, cellular reprogramming is a promising
application to be used e.g. for the treatment of Parkinson. Parkinson is a disease where
dopaminergic neurons in the midbrain die. The reprogramming of somatic cells as fibrob-
lasts into dopaminergic neurons provides one promising approach for the treatment of the
neurodegenerative disorder [12, 13]. However, conventional reprogramming methods often
lack efficiency [14] which means that the conversion rate of cells is low.

Enhancement of existing reprogramming methods are of major interest. It was shown that
exposure of cells and gold nanoparticles (AuNPs) to EMFs in the low frequency spectrum
can enhance the drawback of poor reprogramming efficiency [13]. One hypothesis is that
AuNPs cause a local enhancement of magnetic field strength which affects biological re-
sponses towards a higher reprogramming efficiency [13, 15]. A similar rationale led to the
use of graphene nanosheets in combination with EMFs [16]. Furthermore, during repro-
gramming, besides AuNPs also magnetic nanoparticles have been applied in combination
with EMFs [17, 18]. However, AuNPs have the advantage of higher bio-compatibility than
many other nanoparticle materials [19, 20].



2 1 Introduction

While for cellular reprogramming the magnetic field component is in the focus, Tumor Treat-
ing Fields (TTFields) is a medical application example where the electric field component is of
major interest. TTFields are electric fields with an electric field magnitude E ~ 100 Vrps/m
and a frequency 100kHz < f < 500kHz, used to slow down the proliferation of glioblas-
toma cells (highly malignant brain tumor cells). Different clinical studies showed an impact
of TTFields on cancerous cells up to some months of progression free survival [21].

During cellular reprogramming and TTFields application, the mechanisms of interaction be-
tween EMFs and biological cells from a perspective of physical laws are still not fully un-
derstood [1, 13, 22]. Biological cells consist of different cell compartments with specific
functions and complex reaction cascades. While biological responses to the treatment of
cells with EMFs are well studied [13, 21, 23] it is still difficult to determine the initial inter-
action of the EMFs with a cell. Furthermore, the impacts of AuNPs in combination with EMFs
are not clear yet [13]. These gaps in knowledge aggravate a systematic enhancement of re-
programming efficiency as well as tumor treatment efficiency. A good understanding of the
interaction mechanisms with consideration of physical laws has the potential to determine
and tune relevant parameters (like frequency or field intensity) for further enhancement of
the respective application.

This thesis contributes to the investigation of interactions of sub MHz EMFs with cells and
AuNPs from a physical perspective. Due to the relatively low frequencies and the considered
electromagnetic material properties of cells, the electric and magnetic field components can
be regarded as decoupled [2]. Thus two application examples (TTFields and cellular repro-
gramming) are chosen, while considering the magnetic field with typical parameters from
cellular reprogramming and the electric field with typical parameters from TTFields. Thereby,
the thesis is structured as follows:

After the introduction, the second chapter covers the theoretical basics. Electromagnetic
exposure parameters used during cellular reprogramming and the related field of cell differ-
entiation as well as the application of nanoparticles with focus on AuNPs are introduced.
Subsequently an introduction to TTFields follows. After the application examples are ex-
plained, the state of the art of electromagnetic modelling of biological cells is introduced to
provide a solid basis for the calculations of EMF distributions. In this regard, existing lumped
element models of cells and the state of the art of numerical modelling of cells with full-



wave simulations are introduced. Furthermore, the physics of EMFs at material interfaces
are explained, which leads to the introduction of Mie Scattering. Subsequently, known im-
pacts from EMFs on biological cells with consideration of physical laws are explained, which
provides the basis for the determination of possible interaction mechanisms. Finally in the
theoretical basics, existing experimental approaches are introduced. The state of the art of in
vitro reprogramming and TTFields experiments with cell cultures, which allow the validation
of theories with associated calculations, are explained. Furthermore, experimental setups
are introduced, which can enable the measurement of material parameters, to be used in
analytical and numerical calculations.

In the third chapter, the magnetic field interaction with cells and AuNPs is in the focus.
The Fourier Analysis of the often used pulsed electromagnetic field (PEMF) excitation allows
the determination of relevant spectral components for subsequent investigations. Calcu-
lated results of magnetic field distributions within cells and AuNPs are presented and based
thereon, mechanisms of action are assessed. The results are discussed. Finally, a first version
of implementation of an exposure setup for in vitro experiments is presented.

Chapter four covers the electric field interaction with cells. A new concept of an electric
lumped element model of a cell is introduced. This lumped element model is adaptable to
different cells and allows an approximation of the electric field distribution within cells.
The applicability of the new lumped element model is shown by electric field calculations
within a model cell and comparison to Mie Scattering and numerical electromagnetic full-
wave calculations. The exposure of AuNPs to electric fields is also considered and possible
outcomes of mechanisms of action are evaluated. Subsequently, the results are discussed.
Afterwards, an enhanced design of in vitro cell culture experimental setup is introduced,
which in contrast to existing designs allows higher electric field homogeneity while also
allowing more polarization directions of the electric field relative to the cell. Finally and to
allow the consideration of cell culture medium in future investigations, the implementation
of a capacitive measurement method is shown which allows the measurement of the specific
conductivity of solutions containing ions even at frequencies down to around one kHz.
Chapter five is a conclusion and outline of this work, where the results are summarized and
ideas for possible further studies are provided.






2 Theoretical Basics

2.1 Cell Differentiation and Cellular Reprogramming

Cells are the building blocks of human tissues and every human cell develops from stem cells.
As the origin of all human cells, stem cells are of major interest in regenerative medicine as

they can be applied for healing or replacement of diseased tissue [24].
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Figure 2.1: Principle of 3D bioprinting from stem cells [25].

Figure 2.1 shows an example of application of stem cells in tissue engineering: 3D tissue
printing. Stem cells can be extracted from a donor or a patient and reproduced ex vivo. De-
pending on the structure of the tissue to be printed a single cell type or multiple cell types



6 2 Theoretical Basics

can be used. The cells are placed in bioink which is usually hydrogel providing an appropriate
environment for the cells e.g. by containing chemicals for cell growth. The printed synthetic
tissue can be transplanted. While the development of different complex tissues is the focus
of current research, structures like a meniscus can already be printed [26].

Besides the ex vivo processing of stem cells there are also approaches for in vivo manipu-
lation of stem cells to achieve the repair of damaged tissue, e.g. with stem cell-based bone
regeneration in mice [27].

The different approaches in regenerative medicine make use of the two fundamental abil-
ities of stem cells: the ability to self-renew and the ability to differentiate into many cell
lineages [28]. Self-renewal is the process of cell division. The cell lineage describes the de-
velopment path of the initial stem cell to the cell it develops (differentiates) into [29]. The
plasticity (also known as developmental potency) determines the range of cell lineages the
cell can differentiate to [11]. Thus, the higher the potency of a cell is, the more developmen-
tal opportunities does the cell have.

Developmental potentials: Examples:

Totipotent -
Zygote
Pluripotent - '

Unipotent-4f=

# Induced pluripotency

= m P Transdifferentiation
=== - Dedifferentiation

Figure 2.2: Developmental potentials of cells on the basis of Waddington's epigenetic landscape
model [30] (modified reprint from [31]).

Different levels of potency are distinguished. Conrad Hal Waddington described the devel-
opmental potential of a cell with his epigenetic landscape model [30], which is the basis of
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Figure 2.2. In Waddington's model, a marble rolling down a hill into a valley is used as an
allegory for the loss of developmental potential of a cell. Each passed bifurcation point rep-
resents progressive loss of possibilities for the cell to develop into other cell lineages. In Fig-
ure 2.2 the different colors indicate the respective differential potential as well as a related
example for a cell. After human fertilization, the zygote is the stem cell with highest potency
(totipotent). A zygote can i. a. differentiate into an human embryonic stem cell (hESC) which
is a pluripotent cell and which can develop to a cell of the three germ layers. Cells with a
multipotent plasticity have less self-renew capacity than pluripotent cells [32, 33] and can
develop into a relatively narrow spectrum of terminally differentiated cells (e.g. blood stem
cells, which can further differentiate into several blood cells).

The process of differentiation is unidirectional. During differentiation a cell develops from a
state of higher potency towards a state of lower potency. However, cells can be manipulated
into cells of other lineages or cells with higher developmental potency. Dedifferentiation is
the reverse process of differentiation (Figure 2.2, gray arrow). During induced pluripotency,
highly specialized (unipotent) cells are driven into a pluripotent state, resulting in induced
pluripotent stem cells (iPSCs) (Figure 2.2, black arrow). During transdifferentiation cells are
transformed to other cells outside their natural cell lineage (Figure 2.2, dashed black arrow).
Another example for transdifferentiation than the one shown in Figure 2.2 is the transfor-
mation of an unipotent cell into a somatic stem cell of other cell lineage [34]. Furthermore,
a transdifferentiated cell can be an unipotent cell or a somatic stem cell obtained from a
somatic stem cell of another lineage [34].

Differentiation, induced pluripotency, transdifferentiation and dedifferentiation can be used
for cellular reprogramming. According to Lujan et al. [35] there are three major approaches
to reprogramming. One reprogramming procedure involves the reprogramming of a differ-
entiated cell into a stable iPSC (direct reprogramming) and subsequent differentiation of the
iPSC to the target cell. Compared to the first approach, a second approach leads through
an unstable iPSC state and is referred to as indirect reprogramming. A third approach is the
transdifferentiation of a differentiated cell into another fully differentiated cell and thus also
a form of direct reprogramming.

The reprogramming to iPSCs results in similar properties as in embryonic stem cells, e.g. high
self-renew capacity and high potency, both attractive properties for deployment in regener-
ative medicine. While embryonic stem cell research is controversial and heavily restricted in
many countries [33, 36, 37] research with iPSCs is not facing such obstacles. However, iPSCs
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are associated with relatively high carcinogenic potential [38, 39]. Reprogramming in form
of transdifferentiation avoids the pluripotent state and thus circumvents the carcinogenic
potential associated with iPSCs. However, conventional reprogramming methods, whether
through iPSCs or through transdifferentiation, often lack efficiency [14, 40, 41]. Thus, en-
hancement of existing reprogramming methods is of major interest. The application of EMFs
and nanoparticles in the frame of reprogramming is one promising approach.

2.1.1 Electromagnetic Exposure Methods and Parameters

The application of EMFs in the frame of cell differentiation and cellular reprogramming is
very diverse. In the frame of cell differentiation processes and reprogramming many differ-
ent exposure setups have been applied. Information concerning experimental setup of the
individual studies and also information concerning applied EMF parameters are provided
in different depths. For this thesis, due to the vast number of studies available, only rep-
resentative full-text articles have been considered where the EMF excitation method was
identifiable. Although, an in-depth literature review was conducted, the studies listed here
do not mirror the full range of published studies. One example for a relatively comprehensive
literature review is provided by Maziarz et al. [42].

As part of the literature research, three superordinate categories have been established for
different EMF exposure parameters and setups, namely:

e Extremely low frequency EMFs (ELF-EMFs),
e Pulsed EMFs (PEMFs) and
e Piezoelectric and Triboelectric Nanogenerators (PENGs and TENGs).

ELF-EMFs and PEMFs are integral to this thesis as these excitation forms are mainly applied
during cellular reprogramming, induced pluripotency and induced differentiation. Table 2.1
offers a representative overview of relevant studies on induced pluripotency, combined EMFs
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Category Ref., Year | NP characteristics Treated cells Excitation
Induced mouse fibroblasts and
Pluripotency [43], 2014 | — human dermal fibroblasts | " o
Mouse fibroblasts to
induced dopaminergic
(iDA) neurons,
Thiol-capped Human peripheral blood
[13], 2017 AuNPs cells to human PEMF
iDA neurons and
Reprogramming in vivo in Parkinson
disease mouse models.
AuNPs conjugated In vivo injection into
[15], 2021 | with Arg-Gly-Asp dentate gyrus of morris ELF-EMF
(RGD) peptides water mice hippocampi
graphene In vivo mice Glia cells )
[16], 2021 nanosheets into (iDA) neurons ELF-EMF
Polyethylene glycol hBM-MSCs
[441. 2003 | oeG) _viated Fes04 NPs | in vivo in rats PEMF
Induced PEG-phospholipid
Differentiation (18], 2014 encapsulated Fe304 NPs hBM-MSCs ELF-EMF
PEG-phospholipid
[17], 2014 encapsulated Fe;04 NPs hBM-MSCs ELF-EMF

Table 2.1: Representative studies in the fields of induced pluripotency, reprogramming and induced
cell differentiation with application of ELF-EMFs or PEMFs and NPs.

and NPs promoted cellular reprogramming, and EMFs and NPs promoted induced cell differ-
entiation. As the amount of studies related to cellular reprogramming is relatively low, cell
differentiation studies have also been considered, and a tabular overview of representative
EMF promoted cell differentiation studies is provided in table 6.1 of the annex. Since PENGs
and TENGs are motion-activated, their use is mainly restricted to in vivo studies.

Although there are other less common EMF stimulation methods used for cell differentia-
tion, including the application of static electric and magnetic fields [45, 46] and the Radio
Electric Assymetric Conveyer used for cellular reprogramming [47-50], these were not used
for analysis in this study due to lack of detail on the waveform of the emitted EMFs. It is
also worth noting that electromagnetic stimulation in cells can be achieved with pharma-
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cologicals, which can alter transmembrane potential [51].

In the following, the three categories (ELF-EMF, PEMF, and PENGs/TENGs) will be explained

in more detail.

Extremely low frequency electromagnetic fields
When extremely low frequency EMFs (ELF-EMFs) are applied, exposure to sinusoidal mag-
netic fields is in the focus of the respective study. An overview of parameters applied in the
frame of ELF-EMF is provided in table 2.2. Most studies applied frequencies around f =50Hz
and magnetic flux densities around B = 1 mT.

Frequency Magnetic flux density Reference
1Hz < f < 100Hz SuT<B<1ImT [52]
f=THz B=100uT [53]
f=15Hz B=1mT and B=5mT [54, 55] and [56, 57]
f=30Hz and f =45Hz B=1mT [58] and [17]
f=50Hz 02mT <B<5mT [16, 18, 39, 43, 59-64]
f=60Hz B=0.7mT and B=0.2mT [65] and [15]

Table 2.2: Overview of representative ELF-EMF exposure parameters.

Pulsed electromagnetic fields

In the frame of PEMF excitation, the excited magnetic field can consist of symmetrical or un-
symmetrical pulses with a specific on-time and a specific off-time repeating with a repetition
frequency frep [66-69]. Furthermore, these pulses can be modulated with higher frequency
bursts [13, 44, 70-76] with an on-time #,,; and a burst repetition frequency fourst- Fig-
ure 2.3 shows an example of a PEMF excitation containing high frequency bursts. There, the
burst duration is fyyrs = 0.25 us, the burst repetition frequency is fiurse = 4kHz = 1/0.25ms
and the repetition frequency is frep = 50Hz = 1/20ms. N corresponds to the number of
bursts. The shape of the bursts as well as the shape of the modulated excitation is rectan-

gular in this example.
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Figure 2.3: Example of PEMF excitation used in [13, 44, 70].
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Figure 2.4: PEMF parameters chosen in the studies listed in the tables 6.1 and 2.1.

Figure 2.4 shows a three-dimensional plot of the parameters fyyrst, fourst and frep used in the
studies with PEMF excitation from the tables 6.1 and 2.1. There, tyut and fipurst are shown in
logarithmic scale. The values in the square brackets indicate the corresponding references.
The shapes of the applied pulses are not considered in this plot.

In Figure 2.4 fiep is within the range 7.5Hz < frep < 75Hz. This frequency range is very
close to the so called extremely low frequency band, which includes frequencies from 3Hz
to 30Hz [77]. In the studies [13, 44, 70-73] bursts with frequencies around fyust = 4kHz
were applied. This frequency lies in the so called very low frequency band [77]. In the other
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seven publications shown in Figure 2.4, the burst frequencies are equal or very close to the
repetition frequency of the respective study (within the extremely low frequency or super
low frequency band [77]). fourst = frep means that only a regular pulse is applied without
any modulating bursts. In this case, the burst duration ty,. is the on-time of the pulse.
Figure 2.4 shows, that without consideration of the exact pulse shape and without consid-
eration of the magnetic flux densities applied, the representative studies can be categorized
by consideration of the characteristic parameters foyrst, fourst and frep. TWO categories can
be obtained:

1. Studies with a burst frequency around fiuc = 4kHz [13, 44, 70-73] and

2. studies with fius around or equal to frep and with a pulse duration in the range of
0.15ms < tyyt < 3ms [66-69, 74-76].

The magnetic flux densities applied with PEMF excitation are in a range between B = 0.13mT
and B = 10mT [66, 71].

The studies using PEMF in combination with nanoparticles applied an excitation according
to Figure 2.3. This is the PEMF excitation analyzed and considered in the frame of the in-
vestigations for this work.

Beyond the presented PEMF excitation parameters, there are also niche categories of PEMFs
in the frame of cell differentiation and cellular reprogramming, e.g. high-intensity pulsed
electromagnetic stimulation (HIPEMS) [78], biphasic electric current (BEC) stimulation [79-
81] and nanosecond pulsed electric fields (nsPEFs) [82]. HIPEMS are characterized by their
relatively high magnetic flux densities between B =0.5T and B = 10T. In the frame of BECs
two successive almost rectangular electric pulses of opposite polarities are applied [79-81].
When nsPEFs are applied in the frame of cell differentiation, the excited electric pulse du-
rations are in the nanosecond scale. Furthermore, there are many different off-the-shelve
devices for the generation of PEMFs applying different wave-forms. One example of such a
device used in the frame of cell differentiation generates different square wave sequences
over a specific period of time [83, 84]. However, the reason behind the choice of specific
excitation parameters is usually not provided.

Piezoelectric and triboelectric nanogenerators
EMF excitation with PENGs and TENGs depend on a mechanical force exertion and are there-
fore rather applied in the context of in vivo studies. PENGs and TENGs are usually motion
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activated by the individual to be treated. Thus, the excited EMF is as irreqular as the motion
which excites it [85]. Due to the irreqular EMF excitation, nanogenerators are not suited for
an initial investigations of mechanisms of action between EMFs and cells. Furthermore, the
working principle of TENGs is in the scope of relatively recent research [86-88]. However, as
described before, PENGs and TENGs are out of the scope of this work.

In conclusion, several studies provide valuable insights into EMF promotion of differentia-
tion and reprogramming with very different cell lineages as can be seen in table 6.1 of the
annex and in studies of table 2.1. Many different exposure setups were developed and far
more exposure parameters such as magnetic and electric field intensities, frequencies and
general wave-forms as well as durations of exposure and exposure repetition rates have
been applied.

2.1.2 Application of Nanoparticles

Source material

Affected area
with NP
production

Imaging

Laser Ablation in Liquid:
Principles and upscaling

Drug delivery

nanoparticles

P
solution ‘ -
/
Q Cancer terapy

Antibacterical Medical textiles

Figure 2.5: Examples of areas using nanoparticles generated by laser ablation in liquids. Modyfied
illustration from [89].

Particles within a size range between 1nm and 100nm are often defined as nanoparti-
cles [90, 91] (the exact size range is controversial [92]). Nanoparticles can be synthetically
produced but also occur naturally, e.g. as a product of combustion or in form of ultrafine
grains of sand [93]. There are different techniques allowing the synthetic production of
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nanoparticles. A short summary of techniques is provided by Wolfgang R. Fahrner [94]. For
example, nanoparticles can be produced with laser-ablation. During laser ablation a high
energetic laser beam removes particles from a bulk source material. This method has the ad-
vantage that the produced nanoparticles have the same material composition as the source
bulk material [94, 95]. Figure 2.5 shows examples of areas related to biomedicine where
laser ablated nanoparticles are used [89] such as imaging and cancer therapy. In each of
the fields a whole range of different nanoparticles are applied, e.g. shown by Han et al. for
biomedical imaging [96].

Figure 2.6 illustrates different properties of nanoparticles. Nanoparticles can be classified by
a variety of different characteristics, like size, material and shape. A key feature of nanopar-
ticles is their high surface-area to volume ratio. Thus, compared to bigger bulk materials, a
higher ratio of atoms is located at the surface, which results in size-dependent alteration of
chemical and physical properties of a nanoparticle [93]. Furthermore, nanoparticles can be
polymetric, inorganic or lipid based [97], and they exist in different shapes [98]. Moreover,
properties of nanoparticles like biocompability can be altered by coatings and noparticles
can be functionalized to bind to specific target molecules.
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Figure 2.6: Examples of different nanoparticle properties from [99, 100].
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When in contact with a cell membrane, nanoparticles can be brought into a cell by dif-
ferent uptake mechanisms [101, 102]. Thereby energy-dependent uptake pathways are dis-
tinguished from energy-independent uptake pathways such as diffusion [102]. The entering
pathway of a nanoparticle depends on different factors as size of the nanoparticle, its shape,
its surface functionalization as well as surface charge, but also on abilities of the cell which
it is in contact with [101].

The process of endocytosis describes different energy-dependent uptake pathways of cells.
The most common pathway for nanoparticles is receptor-mediated endocytosis, which is
illustrated in Figure 2.7. The principle of receptor-mediated endocytosis is that a ligand,
which is bound to a nanoparticle bounds to a receptor molecule of the cell membrane. The
binding triggers the formation of the invagination process. At the end of the process, an early
endosome (the product vesicle including the NP) is formed which is located in the cell [103].
The early endosome develops further into a late endosome with susscessive dissipation of
the vesicle, leading to endosomal release in the cytoplasm [103]. The nanoparticles can re-
main within the cytoplasm or be forwarded into the nucleus, triggering biological reaction

cascades.
Inlet Connection Formation
@
NP—>g o o e ® ®
Ligand—»@ P
Receptorgﬁf T’ T ? ? % %
Membrane » % %

L
Invagination Endosome
Figure 2.7: Endocytosis of a nanoparticle. Modyfied illustration from [102].

In the frame of cell differentiation many different NP materials as gold, silver and carbon
based nanoparticles have been investigated [104]. Due to the different chemical and physi-
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cal properties of the nanoparticles, their versatile interactions with cells are not fully under-
stood [104]. However, it is known that nanoparticles can promote cell differentiation as they
e.g. mechanically trigger signaling pathways or function as carries of nucleic acids relevant
in cell differentiation [104]. A variety of review articles provide a thorough overview on the
nanomaterials used, treated cells and chemical modifications of the particles [104-106].
Compared to other nanomaterials, gold nanoparticles (AuNPs) are known for their low tox-
icity and ease of sythesization [107]. With these attributes, AuNPs are strong candidates
for application in induced cell differentiation [107]. Thus, AuNPs are i.a. applied for induced
mesenchymal stem cell, embryonic stem cell and neuron cell differentiation [107]. In this
regard, AuNPs in a range of different sizes, different shapes and with different surface coat-
ings were applied [107]. Furthermore, the particles were led into the cells or formed scaffolds
on which cells were planted, triggering a range of different biological processes which are
subject of current investigations [107].

Cellular reprogramming is a process where cells are changed due to modifications on epi-
genetic marks. In contrast to alteration of deoxyribonucleic acid (DNA) sequences, modifi-
cation in epigenetics allows the regulation of the expression of genes. This regulation can
be achieved by penetration of a cell with specific reprogramming factors as for example
transcription factors, which can lead to iPSCs.

The cell penetration of reprogramming factors can be achieved with viruses. However, dur-
ing application of viruses the carcinogenic potential might be enhanced [38, 39]. Non-viral
delivery methods for reprogramming factors, such as the electroporation of cell membranes
and the transport by nanoparticles are in the focus of interest [106].

In electroporation a static electric field is applied to the cells. Under the electric field, the
outer cell membrane, the lipid bilayer, forms pores allowing foreign substances to enter the
cell. The foreign substances usually include messenger ribonucleic acid (mRNA). A disadvan-
tage of this reprogramming method is that treated cells show immune responses which are
activated by introduction of long mRNAs [106, 108]. Thus, an alternative delivery method
includes nanoparticles. EMFs in combination with NPs have been applied as genetic trans-
porters for reprogramming of cells. Due to their size, NPs have a relatively large surface
area, allowing molecular cargo [106]. In magnetofection, under a promoting externally ap-
plied magnetic field, magnetic NPs can be led and accumulated in close vicinity to target
cells [106, 109-118]. Usually, the magnetic fields are realized by application of permanent
magnets [110, 112] with magnetic flux densities around up to B = 250mT [112, 117]. The
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high concentration of the nanoparticles in close vicinity of the cell leads to unspecific endo-
cytosis [119]. Thus, during magnetofection, the cell's membrane remains intact, which is an
advantage of the method compared to electroporation. Furthermore, relatively high trans-
fection efficiencies and also high reprogramming efficiencies can be achieved [106].
Magnetofection is usually conducted with superparamagnetic iron oxide nanoparticles (SPI-
ONs) [109, 115, 116, 118]. To enhance biocompatibility of iron oxide NPs, a coating is nec-
essary prior to application [120, 121]. Polyethylene glycol (PEG) is a widely used polymer for
nanoparticle coating, i.a. because of non-toxicity and low cost.

Besides SPIONSs, also gold nanoparticles (AuNPs) are applied for cellular reprogramming.
The reasons thereof are i.a. their biocompatibility, the possibility of non-destructive mem-
brane penetration, tuneable particle size and relatively easy surface functionalization [122].
Compared to other sizes, AuNPs with a diameter around 50 nm are known for their high
efficiency to penetrate cell membranes [123]. For the penetration of the nucleus, diame-
ters smaller than 10 nm are known to be better suited [123]. However, the particles need
surface functionalization for receptor-mediated endocytosis. AuNPs in combination with
PEMFs were used by Yoo et al. for the direct reprogramming of somatic fibroblasts into
induced dopaminergetic neurons [13]. Chang et al. applied AuNPs in combination with ELF-
EMFs for an increase of hipocampal neurogenesis [15]. In both studies, AuNPs are assumed
to be able to locally concentrate and enhance magnetic field intensities, providing the op-
portunity of locally focused treatment of targeted tissue. This thesis mainly concentrates on
the approaches used in this two studies and considers AuNPs in combination with EMFs and
PEMFs for treatment of cells.
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2.2 Tumor Treating Fields

Glioblastoma represents the most common primary brain tumor in adult patients, generally
associated with median overall survival of about 15 months despite contemporary multi-
modal therapy, involving surgical resection, radiotherapy, and chemotherapy [124, 125]. Tu-
mor recurrence is the case in almost all patients with ultimate mortality close to 100 % [124,
126, 127]. Tumor Treating Fields (TTFields) represent a relatively new treatment modality for
malignant tumors, including glioblastoma. Several studies indicate the ability of TTFields to
extend progression free survival by several months [21]. The tumor treating field applica-
tion system used in clinical practice in Germany since 2015 [128] consists of transducer
arrays placed non-invasively on the shaved scalp of a patient, which generate alternating

electromagnetic fields impacting the brain tumor.

Diagnosis =—3 RT-TMZ —» TTFields-TMZ ——— Follow-up

Figure 2.8: Principle approach of TTFields treatment in glioblastoma patients from [129].

TTFields in glioblastoma patients are usually combined with chemotherapy by application of
temozolomide (TMZ)[129]. Figure 2.8 shows the principle treatment approach. First imag-
ing techniques are applied to obtain a diagnosis. The red area in Figure 2.8 indicates ex-
emplary the affected brain region. Subsequently, patients are treated with radiotherapy as
well as chemotherapy with TMZ for a period of three to six weeks. Afterwards, patients can
be treated wit TTFields combined with TMZ for a minimum duration of six months or until
treatment failure [129].

From a technical point of view the term TTField refers to a sinusoidal electromagnetic field
with a frequency 100kHz < f < 500kHz, and an electric field magnitude E ~ 100 Vryms /m
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at the tumor. While clinical trials have shown the efficacy of treatment with TTFields in

glioblastoma patients and exposure setups are approved to be used in clinical practice, the

mechanisms of action triggered in tumorous cells by TTFields are still investigated [23]. Fig-

ure 2.9 shows many different pathways of cell division for cancerous cells which are affected

by TTFields and TTFields in combination with radio- or chemotherapy. While the details of
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the different specific pathways are beyond the scope of this thesis, it can be seen that many
different cell compartments and stages of cell division can be disturbed by TTFields. However,
deep knowledge about the physical mechanisms of action by which the individual cellular
responses are triggered is still missing. A thorough knowledge of mechanisms of action can
lead to a systematic improvement of TTFields (specifically TTFields parameters as electric
field magnitude and electric field frequency) and is therefore of major importance.
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2.3 Electromagnetic Modelling of Biological Cells

To assess the interactions between EMFs and biological tissue, the elementary component
of the tissue, the biological cell, is often considered. Depending on the focus and goal of the
investigation, different cell models can be applied to study the interactions between EMFs
and cells.

During EMF exposure of tissues, whole cell clusters rather than single cells are treated. In the
case of in vitro studies, cells can be cultured in suspension or in plated forms [130]. Thereby,
cells in suspension usually have spherical shapes and adherent cells have rather polygonal
morphology [130] or elongated shapes [131]. Furthermore, cells are usually grown in cell
culture medium with supplements as nutrient, growth factors as well as components con-
trolling physicochemical properties as the pH of cell culture [130]. Thus, EMFs do not only
interact with individual exposed cells and their cell compartments, but rather with cell clus-
ters and the cell culture medium with its ingredients. The scenario of in vivo exposure is even
more complex. In vivo, usually different layers of tissues with different EM properties (like
muscle tissue and fat tissue) are treated. The composition of different materials is usually
highly inhomogeneous. This brings a high grade of complexity to the assessment of possible
interactions between EMFs and biological tissue.

To investigate physiological interaction of EMFs with tissues, in vitro experiments are usu-
ally conducted before considering the in vivo case. However, there are a large number of
potential cellular entry points of the EMF mechanisms of action. Theoretical models can be
used to limit their amount. In this regard, different tools and approaches are common to get
an overview of general electromagnetic behavior of cells.

The most commonly used EM cell model is either a single-shell or a double-shell model [1,
2, 132-138] of perfectly spherical cells as shown in Figure 2.10. Single-shell models of cells
contain two cell layers, the plasma membrane and the cytoplasm. Double-shell models con-
tain the layers of the single shell model plus two layers of the nucleus, the nuclear membrane
(called nuclear envelope) and the nucleoplasm.

Considering a cell with cell radius 7.y = 5 um and the double layer cell model from Fig-
ure 2.10, electromagnetic and dimensional parameters listed in table 2.3 are typical values
for the individual cell layers.
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Figure 2.10: Double-shell and single-shell cell model.
Layer Dimensional parameter | Relative permittivity | Specific Conductivity
Plasma membrane fpm = Snm & pm = 9.44 Opm = 0 S/m
Nucleoplasm Fop = 3.4um E.np = 80 Onp = 3.95/m
Nuclear Envelope fhe = 17nm Ene =1 Che = 83 uS/m

Table 2.3: Representative parameters for the layers of a double shell cell model.

The parameter t corresponds to the layer thickness, €. is the relative permittivity and o
refers to the specific conductivity. The values for the parameters were chosen from [2] with
adjustments to the used cell radius.

For some cell types, the EM material parameters for all layers of the cell model from Fig-
ure 2.10 are well studied [1, 133, 134, 136]. In [134] typical dielectric material properties
for eukaryotic cells from spherical lymphocytes were obtained. In other studies, representa-
tive dielectric parameters for glioblastoma cells were chosen [1, 2]. In general, the dielectric
parameters for the cell layers differ slightly for different cell types, but the fundamental elec-
tromagnetic behavior of the individual layers relative to each other does not change that
much. This is because the electromagnetic behavior of plasma is dominated by its aqueous
structure, while the electromagnetic behavior of membranes are mainly dominated by their
lipid structures. Accordingly, plasma has higher specific electrical conductivity than mem-
branes. It has to be noted though that the plasma membrane is electrically and biologically



2.3 Electromagnetic Modelling of Biological Cells 23

Cell medium
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Plasma membrane (6 = 80 nS/m, €, = 4, y =~ —8.8-1077)

Figure 2.11: Double-shell cell model of a typical fibroblast.

different than the nuclear membrane. One reason is that the plasma membrane consists of
one lipid bilayer, whereas the total nuclear envelope consists of two lipid bilayers. Similiarly,
there are structural differences between the cytoplasm and the nucleoplasm. These struc-
tural differences are mirrored in differences of EM properties.

Fibroblasts are cells which were used in the frame of cellular reprogramming with EMFs [13]
and provide a good example. Figure 2.11 shows the dimensional and EM material parameters
which are typical for a fibroblast. The parameters of the fibroblast model from Figure 2.11
were obtained from [134, 139-142]. Additionally, in Figure 2.11, the cell model is located
in a typical cell culture medium with the provided EM parameters [1].

In fact, cells are not perfectly spherical. Furthermore, they consists of many more cell com-
partments than those considered in the models of Figure 2.10 and Figure 2.11. The mod-
els therefore represent a vast simplification and cannot predict the exact EMF distribution
caused by local shape differences or inhomogeneous EM tissue properties.

A cell under division can be modeled with an hourglass shape [1]. Transferred on a fibroblast

cell, the cell model can be build up as shown in Figure 2.12.
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Cell medium
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b =1-9-107°

Figure 2.12: Model of a mitotic fibroblast cell.

Although the cell models shown cannot predict the exact EMF distribution caused by local
shape differences or inhomogeneous EM properties, their application allows a sufficient es-
timation of the relative EMF distribution between the different cell layers, caused by their
different EM properties.

When the EMF distribution within the cell models from Figure 2.10 is of interest, different
approaches can be utilized to obtain it. Three approaches will be introduced in the follow-
ing. First, lumped element models will be introduced. These models allow the approximation
of the electric field magnitude in the different cell layers. Subsequently, a numerical ap-
proach will be introduced which is used by electromagnetic modelling software and finally
the calculation with Mie Scattering will be introduced.

2.3.1 Lumped Element Models of Cells

The cell models from Figure 2.10 can be expressed as electrical lumped element models,
when considering the cell exposed to an external electric field with one direction of polar-
ization. In a lumped element model of the cell, the electrical properties of the individual
cell layers are cumulated by resistors and capacitors. A lumped element model has the ad-

vantage, that it provides a summarized overview of the general electrical behavior at first
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glance. Furthermore, current distributions within the different cell layers can be approxi-
mated. There are very different approaches for the determination of the lumped element
parameters (resistivities and capacitances).

Total cell impedances can be measured and lumped element parameters can be identified by
curve fitting to the measurements. However, the reason that the complexity of the mathe-
matical fitting rises with rising amount of parameters might be one reason that often only
single-shell models are used [1, 133, 143-149]. Besides the lumped element parameters,
the model itself with associated arrangement of lumped elements can be the result of curve
fittings [144-146]. Furthermore, mathematical curve fitting can also be performed to nu-
merical calculations. In [1] the lumped element parameters are obtained by application of
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Figure 2.13: Lumped Element model of a mitotic cell from [1]

numerical EM calculations of current distributions within the single-shell cell model. The
according lumped element model is shown in Figure 2.13. The innovation of this lumped
element representation is that the mitotic cell is represented by a similar lumped element
model of two non-mitotic cells which are connected by resistors representing the cleavage
furrow and the extracellular medium. In Figure 2.13, R represents the resistivity, C repre-
sents the capacitance and / is the current. The index m denotes parameters of the membrane,
the index i denotes parameters of the interior of the cell, the index cf stands for the cleavage
furrow and the index e stands for the extracellular medium. I, is the total current.

Other methods for the determination of lumped element parameters with curve fitting in-
clude the consideration of dispersion effects due to the EM properties of the cellular com-
partments. Thereby different fundamental equations and models can be applied as the Debye
equation and the Clausius-Massotti equation or the Cole-Cole equation [146-149].
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Analytical formulas for the determination of lumped element parameters are rare. In this re-
gard, cells can be assumed to be cubical [145]. With known relative permittivities and specific
conductivities of the individual cell layers, lumped element parameters for cubical cells can
be easier determined than for spherical cells. However, the applicability of the parameters is
questionable. The assumption of a spherical shape of the cell has been demonstrated to be
sufficient for many studies [1, 137, 144, 150-153].
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2.3.2 Numerical Electromagnetic Modelling of Biological Cells

The finite difference time domain (FDTD) method is a very common approach for the nu-
merical solution of electromagnetic problems. As the method's name suggests, it provides
solutions in the time domain and is therefore particularly suited for electromagnetic ar-
rangements where the time propagation of electromagnetic field is of relevance (as in the
case of pulsed excitation). In the frame of the FDTD method, not only the simulation (three
dimensional) space needs to be discretized, but also the simulation time. In order to achieve
numerical stability, the following condition must be fulfilled [154].

1
At < (2.1)

- 1 1 1
V\/sz + A2 + AZ

Thereby, v is the phase velocity of the EM wave within a regarded medium, Ax, Ay and

Az are the discretization steps in the respective Cartesian space direction and At is the
discretization step in the time domain. Assuming an uniform discretization step size in space,
(2.1) means, that a reduction of spacial discretization step size by a factor of a half, the
computational simulation time will be increased by a factor of sixteen. This makes the FDTD
method rather unsuited for the solution of electromagnetic problems, where the object under
exposure is relatively small compared to the considered wavelength. The simulation of such
a case often demands not only plenty of time but also an excessive amount of computational
storage space.

In some cases, as in the case of simulation of cells under exposure to EMFs, the application
of solvers working with quasistatic approximations is much less consuming.

Sim4Life (ZMT Zurich MedTech AG, Switzerland, https://www.zmt.swiss/) is a numerical EM
simulation software with different solvers which are suited for different simulation scenarios.
The quasistatic solvers can be used, when the following conditions apply [155]

o’eud® < 1 (2.2)

and
ooud* < 1. (2.3)


https://www.zmt.swiss/
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® is the angular frequency, € is the total electric permittivity, u is the electric permeability,
o is the specific electric conductivity and d is the maximum length scale.

For a typical eukaryotic cell a maximum diameter of dcep = 20 ttm, a maximum relative per-
mittivity of around &, = 300 and a maximum specific conductivity of around ,p = 3 S/m
(corresponding to the maximum permittivity and specific conductivity of the nucleoplasm)
can be assumed when considering values from [134]. With these values and reformulation of
(2.2) and (2.3) the maximum frequency can be obtained at which the quasi static approach
can be applied. For this frequency f both of the following equations have to apply

_ 1
Amlenppdde = 5.27-1075 < 7 (2.4)
and
2 —15 1

By comparing both conditions, it can be seen that (2.4) is the limiting condition resulting in
f < 1.4-10'". The calculations with the quasistatic approach and the implemented qua-
sistatic solvers can be applied for frequencies up to hundreds of megahertz.

The quasistatic approach allows a decoupling of the electric and the magnetic field and fa-
cilitates mathematical calculations of EM problems [155]. The software Sim4Life provides
six different solvers for the solutions of EM problems which allow the application of the
quasistatic approach. The choice of the suited solver for the EM problem at hand depends
on the choice of excitation and the EM material properties. For example, some solvers are
suited for EM problems which are dominated by displacement currents where the approx-
imation we > o applies. All solvers have in common that the excitation with an electric
field or a magnetic field can only be performed indirectly by application of electric potentials
or electric currents respectively.

The software Comsol Multiphysics (COMSOL AB, Sweden, https://www.comsol.com) also
contains solvers which apply static and quasi static approximations.
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2.3.3 EMFs at Material Interfaces and Mie Scattering

When a body like a cell is brought into an external EMF, the EMF propagation will change.
Phenomena like reflection/ scattering and attenuation occur. The EMF distribution can be
analytically calculated. Even though, the complexity of calculation is strongly dependent on
the regarded scenario, the overall approach remains usually the same. In order to demon-
strate such an approach exemplarily, in the following a standard and relatively simple ex-
ample of reflection of an EMF is shown: the reflection of a transversal EM (TEM) wave on
a planar surface. Afterwards, the more complex scenario of a sphere within a TEM wave is
considered.

Medium | Medium Il

Figure 2.14: Reflection and transmission of a TEM wave on a planar surface.

One of the simplest forms of reflection of an EM Wave is a TEM wave reflected at the in-
terface of two infinite half spaces as shown in Figure 2.14. There, the interface of medium
one and medium two is assumed to be extended infinitely in the direction of y with its unity
vector ey and in the direction of z with according unity vector e,. ey is the unity vector in x-
direction. The direction of wave propagation in Figure 2.14 is indicated by the wave vector
k with its magnitude k called the propagation constant. The index 'inc’ denotes the incident
wave, the index 'scat’ indicates the reflected wave components and the index 'pen’ denotes
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the transmitted wave components. Exemplarily, the incident wave is chosen to be excited
in medium one, propagating in the direction of x and y. The incident electric field is chosen
to be a superposition of an electric field component normal to the interface and an electric
field component parallel to the interface. With the chosen directions of the incident wave
propagation and the incident electric field, the direction of the incident magnetic field has
to be parallel to e,. The resulting reflected and transmitted wave components are shown in
Figure 2.14. With the incident electric field, the angle of incidence o and all EM material
parameters of both media as known parameters, all wave compartments can be determined.
This will be shown in the following.

The wave equation for the electric field can be derived from Maxwell equations. In an ho-
mogeneous and isotropic medium, with specific electric conductivity o, permeability u and
total permittivity € the Maxwell equations with magnetic field vector H and electric field
vector E can be formulated as follows

VXH:GE—FE%—I;: (2.6)
JH

V-E=0 (2.8)

V-H=0. (2.9)

The rotation of (2.7) can be expressed as V x (V x E) = V(VE) — V2E. By using this re-
lation and by inserting equations (2.6) and (2.8) into it, the following equation can be ob-
tained:

J JE 0°E
V><(V><E):—VzE:—uE(VxH):—uGE—ueﬁ. (2.10)

Equation (2.10) can be reformulated into the following vector wave equation

2

JE
VZE—HGE—H«?@EZO (2.11)

Equation (2.11) is linear. Thus, electric fields of arbitrary time dependence can be formed
from superposition of time harmonic solutions [156]. By assuming a time-harmonic electric
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field E = E(ej“”), with the angular frequency , (2.11) can be written as
V’E +k’E =0, (2.12)

with k> = uew? — jouw, as the square of the wave number. Considering a harmonically
oscillating wave, the electric fields from Figure 2.14 can be expressed as

Einc — Eoejwtefjkinc(COS(OC)X*FSin(OC)y) (Sin( )ex +COS )
Egcat = scatejwteijkim(icos(a)x+8in(a)y) <_ sin(or)ex —cos(a)e ) (2.13)

Epen — Epene]a)te —jkpen(cos(B)x+sin(B)y)r (_ sin(ﬁ)ex +cos(ﬁ)ey) _

The amplitude of electric field excitation Ep is known whereas Eq.ac and Epe, have to be
determined. k is chosen to be the positive root of k2.

Similarly, it can be shown that the corresponding magnetic fields have the form

H,. = Hoeja)te—jkinc(cos(a)x—o—sin(a)y)eZ’
Hycat = Hscateiwte_jkim(_Cos(a)x+8in(a)y)627 (2.14)

Hpen — Hpenej wte_jkpen (cos(B)x-+sin(f)y) e,.

Furthermore, Snell's law describes the relation between the incident wave angle a and the
propagation angle 8 as follows [157]

. . kinc
B = arcsin < Z

pen

sin(a)> . (2.15)

Assuming the specific electric conductivity in medium one to be zero facilitates the fol-
lowing calculations. The general approach of the calculations would remain the same for
a non-zero conductivity. By application of (2.6) and consideration that the conductivity in
medium one equals zero, the following equations can be obtained
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aHincej @1 o —jkinc (cos(0t)x-+sin(at)y)

(V X Hinc) e = 5
= —jwgoEoejwte_jkinc(COS((X)x+sin(a)y) Sin(a),
aHscatejwte*jkinc(f cos (@)x-+sin (at)y)
VxH _
o . (2.16)
— —ja)é‘oEscatejwte—jkmc(—cos(a)x+sin(a)y) Sin(a),
O Honroo 1O e —ikpen(cos (B)x-+sin (B)y)
(V X Hpen) e = pen€® €

dy
= — (61 + &) Epenel e Henlcos(Basin(B)) i ().
& is the total permittivity of medium two, o3 is the specific conductivity of medium two

and the permittivity of medium one is &y, which is the vacuum permittivity.
From (2.16) and (2.14) the magnetic fields can be obtained as

H;, = %ejwte—jkmc(cos(oc)x+sin(oc)y)

e )
kinc ’
w&E : : ;
H, ., — li) scate]a)tefjkmc(—cos(oz)ermn(Ot)y)eZ7 (2.17)
inc
Hpen _ kpifo'pen eja)te—jkpen(cos(ﬁ)x—i—sin(ﬁ)y)ez.

One boundary condition at the interface is that the tangential component of the electric
field is steady. Thus
Eincey + Escatey = Epeney- (2.18)

Additionally, the tangential component of the magnetic field is steady, since there is no
surface current at the interface. Thus

Hj,ce; + Hgcare, = Hpenez- (2-1 9)

Considering the surface normal vector parallel to ex and the surface itself located at x =0,
(2.18) results in

(EO — Escat) eijkinc SIH(a)y CcOS (a) — Epenefjkpen Sll’l(B)y COS(ﬁ ) . (220)
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By application of (2.15), (2.20) can be expressed as
cos ()
(EO _Escat) COS(ﬁ) = Epen (2.21)
Furthermore, by application of (2.15) and (2.17), (2.19) can be formulated into
weEy + WEYEscat _ kpenEpen‘ (2.22)
kinc kinc uw
The wave impedances njpe and npe, are
Elnc kinc How
Mine = = == (2.23)
e HIHC a)EO kll’lC
E How
pen
Npen = = (2.24)
pen Hpen kpen
Application of (2.21) to (2.24) leads to the following equations
Ey Rinc COS (&) — Mpen OS(B) B (2.25)
Rinc €OS (&) + Mpen O (B)
2 o
E Mpen €05 (@) = Epen. (2.26)

0 Nipc COS (OC) + Npen COS(B)

With equation (2.25) and (2.26), the electric fields from (2.13) as well as the magnetic fields

from (2.17) are determined.

As shown by this relatively simple example of reflection, the overall approach for the deter-

mination of electric and magnetic fields is emanating from Maxwell equations. The Maxwell

equations lead to the general vector wave equation, which predefines the general form of

electric and magnetic field propagation. With the knowledge of the incident electric field

magnitude (which can be seen as an excitation), EM material properties and application of

boundary conditions, the unknown parameters of the electric and magnetic fields can be

determined.

In the following, a more complex scenario will be treated. The overall approach of determi-

nation of electric and magnetic field components however remains the same.
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In 1908 Gustav Mie formulated a solution for an electromagnetic wave scattered by a spher-
ical particle [158]. Thereby, the spherical particle is placed in an electrically lossless medium.
In order to gain a solution for the scattering of an electromagnetic field on a spherical par-
ticle, first Maxwell's equations and solutions to the general vector wave equation have to
be considered. Since a sphere is in the focus, the general solution should be expressed in
spherical coordinates. A general solution to the vector wave equation will be introduced in
spherical coordinates. It will be shown that any vector function fulfilling the vector wave
equation, as the electric and magnetic field, can be expressed by this solution. The descrip-
tions and mathematical derivations which are presented, are an outline of the overall ap-
proach to the solutions. Some deeply mathematical derivations are beyond the scope of this
work, as the derivation of the solution of the Legendre differential equation.

The target is to find a general solution of the vector wave equation from (2.12) in spherical
coordinates. In the following, it will be shown that any electric field vector function fulfilling
(2.12) can be expressed as an infinite series of other functions which are solutions to a scalar
wave function. In order to achieve this, a new vector function is introduced

M=V x (Cy(r,%,0)). (2.27)

C is a constant vector and v is a scalar function which depends on the spherical coordi-
nates r (the radial distance from the coordinate origin), ¥ (the elevation angle) and ¢ (the
azimuth angle). Similarly to (2.11) and by application of (2.27), the vector wave equation
with argument M can be formulated as [159]

VM + KM =V x [C(V2y (1,9,0) + 2y (19,0))] . (2.28)

Equation (2.28) shows that M satisfies the vector wave equation, only if y satisfies the
scalar wave equation
V2 (1,0,9) + Ky (r,9,9) = 0. (2.29)

The function y can be separated into y = R(r)A(9,¢). With the so called separation func-
tions, the first term in (2.29) can be written as
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1 . IR(rA(D,9)
or )+sin(19)819 (Sm(ﬁ) 90 )
1 J’R(r)A(%,0)
sin?(1) d¢? '

(2.30)

By insertion of equation (2.30) into (2.29) and introduction of the constant Cy, the following
differential equations can be obtained

d [ ,0
5 (ﬂ%) + (K*r* —C1) R(r) =0, (2.31)

YCA(D,9)=0.  (232)

_OA(D,0) 1 9’A(%,9)
sin(ﬁ)%<smw) K >+sin2(19) 29>

Equation (2.32) is a differential equation of a spherical harmonics function A(¥,¢) and C;
represents its Eigenvalue [160]. This spherical harmonics function can be further separated
intoA(9,0) = O()P(¢). By inserting this separation into (2.32) and introducing another
separation constant C;, the following two differential equations can be obtained

sin(ﬁ)% (sin(ﬁ)a(gg;s)) + (Cysin®(¥) — C2)O(®) =0 (2.33)
2
J ;;fz"’ ) 4+ Cyd(g) 0. (2.34)

Equation (2.34) has two linearly independent solutions with the boundary condition
P(@p=n2n) =P(¢ = (n+1)2x) [159, 161]

D, (@) = cos(ap) (2.35)

D, () = sin(a@). (2.36)

The index ‘e’ stands for even, since the cosine is an even function. The index ‘o' stands for
odd since the sine function is an odd function.
In (2.35) and (2.36), @ is a natural number including zero. Since C, = a* (outcome of (2.34)),
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and by introducing & = cos(¥¥), the function ®(¥) can be written as ®(9) =V (&) and
(2.33) can be reformulated and converted into

22V oV a’

Furthermore, (2.37) can be formulated as [160]

2 aZ
(1-¢&7) aavg(f) —2¢ axgéé) + (Cl—l_—gz) V(E)=0. (2.38)

Equation (2.38) is a Legendre differential equation. It can be shown that C represents Eigen-
values in the form of C; = p(p+1) with p > a. p is the degree of spherical harmonics
function. The derivation of this solution can be found in [160]. The associated Legendre
functions of the first kind P;j provide solutions for differential equation (2.38), with

(189" arte

S - (239)

Py (S) =

Since Cj is obtained, by substitution of function R(r) = W (r)r~!/2, the differential equation
from (2.31) can be converted to

9°W (r) +18W(r) (kz B (p+ %)2> W (r) = 0. (2.40)

or? r dr r?

The spherical Bessel functions in (2.41) and (2.42) provide solutions for the Bessel differential

equation in (2.40) [159]
Jp(r)= \/§ Ipiy(r); (2.41)

yp(r) = \/g Y, (). (2.42)

In (2.41) and (2.42), J,,;1 /> and Y, 5 are the ordinary Bessel functions. Also, any linearly
independent combination of (2.41) and (2.42) are solutions to (2.40). Two such combinations
are the spherical Hankel functions [159]
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D (r) = iy (7) +ivp (1), (2.43)
WP () = jp (r) = iyp () (2.44)

Now, solutions for differential equation (2.29) can be generated with the solutions (2.35),
(2.36), (2.39) and (2.41) to (2.44). Two solutions for (2.29) are [159]

WYeap = cos (a@) Py (cos (B)) z,(r), (2.45)

Yoap = sin (a@) Py, (cos (9)) 2 (r). (2.46)

Here again, the index 'e' stands for even, since the cosine is an even function. The index ‘o’
stands for odd since the sine function is an odd function, and z,, is any of the functions from
(2.41) to (2.44). So far the scalar function y was only introduced to find a solution for M,
which similarly to E, fulfills the vector wave equation. The solution of M can be obtained
from (2.26) by insertion of (2.45) and (2.46):

Meap = V X (CWeqp), (2.47)

Moap = V X (CWoup)- (2.48)

If C is chosen to the vector C =r = re, + ey + @ey, then (2.47) and (2.48) are solutions
in spherical coordinates [159]. The vector e is a unit vector in the direction of its index.
Fundamental solutions to the general vector wave equation however, are also provided by a
general vector function N, which can be defined by [159]

V X Megp

Neap = P (2.49)
VxM
Noap - Toap. (250)

Superposition of the solutions (2.47) to (2.50) also fulfills the vector wave equation. Fur-
thermore, the vector functions M and N are divergence free. Any vector function V can be
expressed as [159]
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V= Z Z LeapMeap + LoapMoap + KeapNeap + KoapNoap- (2-51)
a=0p=a

Leap, Loap, Keap and Ko, are scalar coefficients. A huge advantage of this expression is,
that it contains separated functions for each of the spherical coordinates (r, ¥ and ¢). With
this solution, the electric field E can be expressed in spherical coordinates and in spherical
basis (in contrast to e.g. Cartesian basis).

In a TEM wave, the electric field, the magnetic field and the direction of propagation are
transversal on each other. In the frame of Mie Scattering on a spherical object, an incident
TEM wave with index 'inc' is propagating according to Figure 2.15 towards a sphere. The

Infinite space Sphere
00=0,8 =¢84 Os ) €5 = €5Eq, Mg

inc

inc

inc

Figure 2.15: Transversial EMF on a spherical object.

origin of the coordinate system is located in the center of the sphere with conductivity og,
permeability us and permittivity €. The incident wave originates from an infinite space
with zero conductivity oy, permeability ty and permittivity &. The vector K;;, is oriented
in z-direction. Its magnitude is the wavenumber and its direction indicates the direction of
wave propagation. The incident electric field E;, is polarized in x-direction and the incident
magnetic field Hj,. is polarized in y-direction.

In Cartesian coordinates, E; is

Ei\. = Egelfince, . (2.52)

Accordingly, Hj,. can be expressed as
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Hi\. = %ejkimzey. (2.53)
To determine the scattered electric field and the transmitted electric field, first the incident
electric field Ej, is expressed in vector spherical harmonic functions according to (2.51) [159].
Due to mathematical orthogonality relations, it can be shown that in (2.51) Leq) = Koap = 0.
Also, it can be shown that the rest of the coefficients vanish except for a = 1 [159]. Ej,c
can be expressed in the form

Einc = Z LolpMolp +Keleelp- (2-54)
p=1

Furthermore, since E;,. has to be finite at the origin of coordinate system, jp(r) from (2.41)
is the Bessel function needed for the solution of M and N. The coefficients are [159]

2p+1
Lotp = jPEo———, (2.55)
P p(p+1)
. 2p+1
K.1, = —jEoj’ —————. (2.56)
r p(p+1)

According to (2.7), the incident magnetic field can be gained with the curl of equation (2.54)
and is [159]

kincEo v ., 2P +1 .
Hi,. = — p M, + JN . 2.57
inc oy [;ll p(p+1) ( elpT™J olp) ( )

At an interface of two materials, the parallel part of the incident electric and incident mag-
netic  field vector is steady. Assuming an incident electric  field
Einc = Erinc€r + Ep inc€s + Eg inc€p 0N a spherical object with a scattered electric field
Egcat = Erscater + Ep scat€s + Egscat€p and a sphere penetrating electric  field
Epen = Erpen€r + Eg pen€y + Eg pen€p the following equation applies at the interface of
the sphere to the surrounding medium

Einc + Egcat + Epen = (Er,inc + Er,scat + Er,pen) €r. (2-58)
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Since the parallel part of the electric field relative to the surface is steady, the sum in direc-
tion of ey and in direction of e, is zero. This applies also for the magnetic field and can be
expressed as

(Einc + Egcat + Epen) X € = (Hinc + Hgcar + Hpen) x e =0. (2-59)

The boundary conditions applied for (2.58) and (2.59) are the same as the boundary condi-
tions applied for (2.18) and (2.19) in the case of the planar interface.

With the boundary conditions and mathematical orthogonality relations, the scattered and
penetrating fields can be obtained [159]

- 2 —I— 1 )
Epen = Eo ZJ P Molp _Jdeelp)a (2.60)
kpenE() 2p+1 .
pen ofis le = St D) (dpMe1p+jcpNotp) (2.61)
2p—|— 1 )
Escat = Ep ZJ quolp +J0pNe1p)7 (2.62)
p=1 p+1

kmcEO Z .p 2p+1

p+ 1 Melp +quN01p)- (2.63)
p=1

scat

To explicitly determine the scattered and penetrating electromagnetic fields, it is necessary
to determine the expansion coefficients ¢,, dp, 0p and qp. This can be done with (2.54),
(2.57) and (2.60) to (2.63) by consideration of boundary conditions and by consideration of
mathematical orthogonality relations. The solutions for the so called expansion constants
can be found in [157, 159].

The sphere from Figure 2.15 can be layered with different materials. This is the case, when
the sphere is replaced by the EM cell model from Figure 2.10. The principle approach for
the determination of the electric and magnetic fields remains the same as in the case of
a simple sphere. In the case of a layered sphere from different materials, more coefficients
have to be determined due to the different layers. Approaches and solutions for a layered
sphere and the determination of the coefficients can be found in [157].
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2.3.4 Mie Scattering Calculations in MATLAB

Different research groups developed different tools in order to allow ready to use Mie Scat-
tering calculators for different application scenarios. One example of a web based calculator
is [162]. An established implementation for the calculation of Mie Scattering on a layered
sphere, is a MATLAB program by Dr. Jan Schifer called MatScat [163], which is available for
free. The script is developed on the basis of the Mie Scattering theory presented in [159, 164].
Furthermore, Jan Schafer wrote his PhD thesis on the implementation and application of an-
alytical and numerical methods for the solution of Maxwell equations in the frame of light
propagation in biological tissue [157]. Theoretical explanations to his MatScat implemen-
tation can be found in his dissertation. Since MatScat was used (with small modifications)
for Mie Scattering calculations within this work, the principle structure of the program and
the calculations will be introduced in this section.

Figure 2.16 schematically illustrates the MatScat code. The superordinate MATLAB script
which allows starting the program and the following MATLAB functions were modified for
the purpose of this work, primarily in order to enable desired graphical illustrations of the
electric and magnetic fields.

In the superordinate MATLAB script the EM material properties and dimensions of the lay-
ers are specified. There, the EM problem definition takes place. Functions are called up
for the specification of material properties and the definition of grid points. The subse-
quent MATLAB function according to Figure 2.16 calls up the main code of Jan Schafer's
MatScat [163] program and plots the desired results of EMF distributions. From there the
necessary EM and dimensional parameters are handed over to further calculation functions.
The function calcmie_nf can be regarded as the head of the program. In this function, the
near-field calculations for the scattering problem are initialized and the calculated solu-
tions are collected. Therefore, first expcoeff_mie_strat and subsequently nfmie is called
up. In expcoeff_mie_strat the coefficients for electric and magnetic field calculations are
determined for the outer medium in which the sphere is located. These coefficients are
handed over to calcmie_nf and further to nfmie. The function nfmie calles up the func-
tion expcoeff_mie_strat_int, which calculates the expansion coefficients within the different
sphere layers. With the information of all expansion coefficients, the electric and magnetic
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field values are calculated in nfmie. Since the field values are calculated there, nfmie can be
regarded as the core of the program.

Superordinate MATLAB Script Call up
- Definition of electric cell parameters -§-----
and dimensions — Input
Call up of different calculation — Output
functions

MATLAB Function ]

- Field calculation of first
incident wave with MATLAB Function calcmie_nf

- Plotting of resulting - Determination whethi
fields A sphere is layered

- Handover of expansion

7 > coefficients for field

calculations with MATLAB Function expcoeff_mie_strat
- Handover of electric and - Determination of
magnetic field values expansion coefficients within the
A outer medium

74

MATLAB Function nfmie
- Handover of expansion coefficients

within sphere layers with MATLAB Function expcoeff_mie_strat_int
- Determination of electric and - Determination of expansion
» magnetic field values < coefficients within sphere layers

Figure 2.16: Schematics of MatScat code with minor modifications.
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2.4 Impacts from Electromagnetic Fields on Biological Cells

and Gold Nanoparticles

When it comes to impacts from EMFs on biological cells, most often biological effects are
described which have been observed in the frame of in vitro cell experiments. Such effects
include for example deformations of cells or unusual accumulation of ions. These biological
effects can be the results of biological chain reactions. However, the initial entry point of
the EMFs into the cells is related to the conversion of the energy from the EMFs into other
energy forms like energy of movement and thermal energy into the cell. Such energy con-
versions can be described from a physical perspective qualitatively by principles of scientific
theories. Scientific laws defined by physical formulas, allow the quantification of the ener-
gies or related quantities. Scientific theories allow a reasonable formulation of hypothesis
on what might be the entry points of EMFs into biological cells. It has to be considered that
rather than one single EMF effect on cells, it is more likely that different EMF parameters
and exposure setups as well as different environmental/ biological conditions trigger differ-
ent mechanisms of action [152, 165, 166].

However, the formulation of hypothesis is the fundament of scientific research. One way to
validate a hypothesis is to quantify it with application of appropriate formulas. The quan-
tification demands models which sufficiently mirror the reality while reducing complexity.
One example of such a model for a cell is provided in the cell models from Figure 2.10.
When considering physical effects, it is reasonable to assume that EMF energy introduced
into a cell can only influence the cell when it is higher than the thermal energy of the ex-
posed cell. For example an EMF can cause a mechanical force on a cell compartment which
is not effective, when the force is smaller than the force causing thermal motion. However, it
has been shown that magnetic field intensities with energy levels under thermal noise have
an effect on some cells [167]. The underlying mechanisms of action are yet to be discussed.
One reason might be sensory characteristics of cells. In this regard, cells might have the
ability to sense specific stimuli with biological or chemical sensors. One intuitive example of
such sensors are photosensitive sensors [167]. In the frame of osteogenesis, one mechanism
of action proposed is mechanotransduction [168]: It is proposed that certain EMFs cause
mechanical kinetics within cells (similar to the inverse piezoelectric effect), which cause
bioelectric signals promoting osteogenesis. Thereby, the motion of ion-carrying extracellu-
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lar fluid in the bone matrix causes electrical signals [168].
Additionally, the introduced EMF energy might overcome the thermal energy but still be too
small to cause a biological response of the cell. When a hypothesis is validated with quan-
tifying formulas, this has to be taken under consideration.

In this section, different hypothesis concerning entry points of EMFs into biological cells will
be introduced on the basis of theories from a physical perspective. The focus is on theo-
ries which might apply for the interaction of EMFs with cells during cell differentiation and
cellular reprogramming. This is the reason why mainly low frequency and static EMFs are
considered but PEMFs also play a role. Furthermore, where possible, formulas are introduced
which allow the quantification of the theories.

The intensity of both electric and magnetic fields plays a major role in the interaction of
EMFs with a medium. Therefore, the section focused first on electric field effects, with a
subsequent focus on magnetic field effects. In addition, static and low-frequency effects
were discussed before higher frequency effects were considered.

Energy is the integral of power over time. Similarly, the power within a volume can be de-
fined as the integral of a power density over the closed surface of the volume. The Poynting
vector S, defined as S = E x H [169], is a key quantity in the study of electromagnetism. Its
magnitude indicates the EM power density while its direction points towards the direction
of energy flux. The EMF energy introduced into a cell is dependent on the electric field and
the magnetic field penetrating the cell and on the duration of exposure.

The electric and the magnetic field introduced into a cell (with specific EM material prop-
erties) depend on the applied frequency [153]. However, the material properties are also
dispersive. This can be illustrated with the relative permittivity of water, which is a major
component of cells. An example of the frequency dependency of the relative permittivity of
water can be seen in Figure 2.17. The complex permittivity is the superposition of the real
part (relative permittivity) €’ and the imaginary part €” which represents the electric losses
in the medium. From Figure 2.17 it can be seen that the real and the imaginary part of
the complex permittivity are frequency dependent quantities. At relatively low frequencies,
the dipole molecules within the medium can be oriented by the EMF. The real part of the
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Figure 2.17: Example of frequency dependency of the complex permittivity of dispersive media
from [170]

complex permittivity is high. Furthermore, ions within the medium can be separated, which
results in a high imaginary part. At higher frequencies ions and electric dipoles within the
medium cannot be separated and oriented due to inertia. Imaginary and real part of the
complex permittivity drop until at sufficiently high frequencies local maxima occur due to
other physical phenomena as vibration of atoms or excitation of electrons. The recipient of
the EMF energy changes with changing frequency.

Since electric and magnetic field intensities and the applied frequency play major roles when
it comes to interaction of EMFs with media, first electric field effects are described and sub-
sequently magnetic field effects are described. Furthermore, in the respective section first
static/ low frequency effects are described.

2.4.1 Electric Field Impacts

A static electric field can cause alterations of the cell shape and also alterations to the
membrane tension, causing related ion movements into exposed cells [10]. Change of Ca®*
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concentration within cells is observed in many studies concerning differentiation and repro-
gramming and is the main effect considered in the frame of excitation with static electric
fields [10, 46].

Alternating electromagnetic stimulation is often chosen due to naturally occurring EMFs
within the human body and the idea, that imitating these frequencies might lead to stim-
ulation of natural functioning [10]. At very low frequencies, the interior of cells is shielded
from electric fields due to the capacitive properties of cell membranes [1, 2, 145, 171, 172].
However, a local separation of charged ions can occur even at low frequencies. lon separa-
tion can take place within the extracellular medium as well as at the interface of the exposed
cell membrane to the cell culture medium [10]. Low frequency and static electric fields can
influence exposed electrically charged cell compartments by electrostatic force exertion.
Compartments with an electric dipole can experience a torque moment [173]. Bond angles
between affected compartments might change and cause alterations in cell fate.

To reach an effective action of an electrostatic force in an exposed cell, a threshold elec-
tric field intensity is necessary. In human tissue, the threshold electric field magnitude is
well studies. For particles with a size of approximately 10 um, the threshold electric field
magnitude is around Ey, = 10V /cm [174]. For molecules with an approximate diameter of
100 A the threshold electric field magnitude shifts towards Ey, = 10kV /cm [174]. In this
regard calculations of interaction of an electric field with cytoplasmic ions are performed
in [152]. The calculations confirm that electrostatic force exertion due to lower electric field

magnitudes is very unlikely.

In telophase/ cytokinesis, cells have an hourglas shape, probably leading to enhanced electric
field intensities within their cleavage furrow [1]. A sufficiently high electric field intensity can
cause heating within a cell. A parameter which is associated with an increase in temperature
is the specific absorption rate SAR [1, 175]. The SAR is proportional to the square of electric

field magnitude E
cTAT  OE?

SAR =
At p

(2.64)

ct Is the specific heat capacity, AT is the increase in temperature, At is the time of exposure,
o is the specific electric conductivity and p is the volumetric mass density [1, 175]. Equation
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(2.64) assumes non-thermodynamic conditions (no transfer of heat from the exposed object).

non-mitotic mitotic, parallel orientation

1300 W/kg (20 dB)

130 Wrkg (10 dB)
13 W/kg (0 dB)

1.3 W/kg (-10 dB)
0.13 Wrkg (-20 dB)

Figure 2.18: SAR within a non-mitotic and a mitotic cell from [1]

Figure 2.18 shows the SAR within a non-mitotic and a mitotic cell exposed to an electric
field with E = 100 Vrms/m and a frequency f = 100kHz. The direction of the external
electric field is parallel to the mitotic axis of the cell. The SAR is normalized to the mean
SAR of a culture medium surrounding the cell. It can be seen that the SAR within the cleav-
age furrow (red region in the mitotic cell) is higher than in the rest of the cell. Thus, the
increase in temperature in the cleavage furrow must be higher relative to the medium and
relative to the rest of the cell. However, it is difficult to quantify the increase in temperature
within a cell. To quantify the increase in temperature experimentally, advanced measurement
equipment would be necessary. An analytical approach to the quantification of a temperatur
increase would demand detailed knowledge about heat transfer mechanisms within such a
small region as the cleavage furrow and with such a high gradient in SAR.

Dielectrophoretic (DEP) force can act on molecules in a non-uniform electric field. The effect
of DEP force on microtubules, which are cell compartments i.a. important for cell division,
is well studied [152, 176]. An interaction of EMF with microtubules might lead to abnormal
spindle formation and even mitotic arrest. The magnitude of DEP force Fpgp per length of
microtubule I in the cytoplasm can be calculated with [176]

Fpep _ 1 _ 5 (Cozscp(emt—gcp) + Ocp (Oime — GCP)) VIE[? (2.65)

—_— nrmtgcp
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The index ‘cp' denotes parameters of the cytoplasm and the index 'mt' denotes parameters
of the microtubule. The microtubule is tubular, with radius ryy. € indicates the total per-
mittivity and o is the specific conductivity. Fpgp is always acting towards the direction of
highest electric field intensity. The magnitude of Fpgp can be frequency dependent, since
the gradient of electric field also might be dependent on the applied frequency [152].
Despite the effect in the interior of a cell, electric field distribution within several cells can
become inhomogeneous. This might cause DEP force effects on whole cells, which is shown
in [177].

The resting potential of cell membranes is in the range of 0.1V per approximately 10 nm
membrane thickness resulting in an intrinsic electric field magnitude of E = 107 V/m [10,
152]. To get a cellular response, a perturbation of the membrane potential in the range of
100 uV is necessary [178].

In general, pulsed electric fields are known to act on the outer cell membrane when the
pulse frequency is relatively small, and to act on the inner cell membrane and on intracellular
organelles, when the frequency is relatively high [166]. The exact definition of the frequency
ranges are usually not provided.

2.4.2 Magnetic Field Impacts

The relative permeability of human body and thus also of cells is generally very close to that
of vacuum [179], making the body- and also cells almost transparent to applied magnetic
fields.

Typical magnitudes of magnetic forces known to affect cells (like forces on mechanosenitive
ion channels) are in the range of pN or nN [180, 181]. Microtubules possess an unisotropic
magnetic susceptibility and are known to align along strong magnetic flux densities in the
range of 5T to 9T [180, 182-184]. Cell compartments with unisotropic magnetic suscepti-
bility align to magnetic fields also in absence of a field gradient [184]. Other cell compart-
ments with slightly inhomogeneous magnetic susceptibility are lipids. Lipids however are
not known to orient even under high magnetic field intensities since their anisotropy is too

small [185]. Under the formation of liposomes, the small anisotropies of the lipids sums up,
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allowing orientation of the whole structure under a magnetic field. Thus, a magnetic field can
cause a deformation of the cell membrane and deformation of nuclear envelope [184-187].
The deformation of a spherical liposome under a magnetic field is shown in Figure 2.19.

Prolate Oblate

Sphere

Figure 2.19: Deformation of a liposome exposed to a magnetic field according to Supplementary [185].

is the susceptibility of the membrane parallel to the direction of magnetic flux By, x| is
the susceptibility of the membrane perpendicular to the direction of By. b is the membrane
thickness, rg is the initial radius of spherical liposome and a and c are the length of the
semi-axes of the ellipsoids as shown in Figure 2.19. The deformation can be approximately
quantified by the following formula [185, 187]:

¢ an_gl0MXBBG (2.66)

Hokc

with Ay = x — x.. & is a constant factor, which is equal to & = 1/18 for symmetric
bilayers. kc is the average elasticity modulus of the liposome. The ratio Ax/kc is in the
range —1013J~!1 < Ay[kc < —10°T~! with mean value Ay/kc = —10'1J-1 [185, 188-191].
ro = 5Sum and b = Snm. Since Ay is negative for a biological membrane, ¢ —a results in a
value greater zero and the liposome will be prolate according to Figure 2.19.
The volume of the liposome can be assumed to remain the same before and during expo-

3

sure to a magnetic field. This consideration results in r3 ~ a*c and by inserting (2.66) the



50 2 Theoretical Basics

following equation can be obtained [185]:

rgAxb

ok Bja® —r3 =0. (2.67)

a— &
Static magnetic fields may affect ion channels within cell membranes due to deformation
of channels [10]. An explanation of the deformation of ion channels might be the deforma-
tion of the membrane. Furthermore, it has been shown that mechanical deformation of the
nuclear envelope has significant effects on the cell proliferation [192].

When a charged particle moves within a static magnetic field, the Lorentz force acts on
the particle. In [193] magnetic flux density thresholds are calculated which cause effective
Lorentz forces on ions with a strength to overcome the diffusion distance. The ions are con-
sidered in physiological saline. The threshold magnetic flux density By, for univalent ions (as
Na*) is determined as By, = 5.7MT. The thresholds for bivalent ions as Ca?* and trivalent
ions as Fe3* are in the same order of magnitude. Threshold magnitudes of the magnetic flux
density in the range of megatesla are also determined in [194]. Additionally, in [195] calcu-
lations for the impact of Lorentz force on ions in aqueous solutions have been conducted.
There it is shown that magnetic flux densities up to 1T have no impact on the dynamics of
considered ions within the solutions.

Due to water and lipid material properties, most human tissue and also cells have diamag-
netic properties. Electrolyte ions have weakly diamagnetic properties [180, 196]. Ferromag-
netic particles within human tissue appear usually in non-significant concentration and are
assumed to be the results of contamination from the exterior of the body [196]. The concen-
tration of paramagnetic molecules as 0, or Fe** are too low to cause a change of magnetic
susceptibility of the tissue [196]. Paramagnetic and diamagnetic materials which are located
in a constant magnetic field cause non-homogeneous fields.

Diamagnetic materials in non-uniform magnetic fields are attracted towards lower field in-
tensities. Paramagnetic materials in gradiant magnetic fields are attracted towards higher
field intensities [180]. When the magnetic field within a body (like a cell or cell component)
is constant and the body is located in a gradient magnetic field, similiarly to the dielec-
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trophoretic force, a magnetophoretic force can be defined [197]:

Finge = — % (B.V)B. (2.68)

Mo
In (2.68) the susceptibility of the body is ¥ and the body's volume is V [180, 184]. In dia-
magnetic levitation a magnetophoretic force on a diamagnetic material is used to lift the
material againts gravitational force [184, 198, 199]. It was shown that (B-V)B in the range
of 100 T?/m affect paramagnetic molecules as FeCls, if they appear in certain critical con-

centration, causing a volume effect [193].

In magnetic resonance imaging (MRI), a physical phenomenon called Larmor precession is
used. In an external magnetic field, the proton of a H* atom experiences a precession around
the magnetic field. The Larmor precession occures due to the spin and magnetic dipole mo-
ment properties of the proton in combination with the magnetic field acting on the magnetic
dipole moment. This is similar to the precession of a gyroscope due to spin and gravitational
force acting on the mass. However, a magnetic field with magnetic flux density B exerts a
magnetic torque force M, on a body with possession of a magnetic dipole moment m:

M, = m X B (2.69)

The proton possess a Bohr magneton magnetic moment, which aligns only to relatively high
magnetic flux densities far above 1 T [184].

Besides direct effects on cells, static magnetic fields are also known to have an impact on
aqueous solutions [10]. Observations due to static magnetic fields can also be the outcome
of influences on the exposed cell culture medium.

Although the mechanisms are not clear yet, it is striking that in the frame of exposure to low
frequency magnetic fields, often influences on ion channels can be observed. Time varying
magnetic fields induce electric fields within cells. Thus, this induction rather than the mag-
netic field itself might be one reason of biological effects. Induced electric fields however, are
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rather small at low frequencies as applied in the frame of many cell differentiation processes
using ELF-EMF. This effect is certainly more relevant when PEMF are used. In [200] the trans-
membrane voltage due to PEMF exposure has been calculated analytically. In the applied
model, a current in coils results in a magnetic field within a cell suspended in a cell culture
medium, which further induces an electric field within the cell. It is shown that a pulsed
magnetic flux density with an amplitude around B =5.5T and t = 20 us duration causes a
transmembrane voltage with peak amplitude of V;, = 0.5V [200]. Transmembrane voltages,
in the range of 0.5V to 1V, are known to cause a poration of cell membranes [166, 201].
High intensity magnetic fields in general are known to cause permeabilization of cell mem-
branes [202, 203].

Such high intensity magnetic fields play a minor role in the frame of cell differentiation and

reprogramming.

Some studies apply static magnetic fields in combination with NPs. Magnetic NPs under an
externally applied magnetic field, are found to potentially lead to high-gradient magnetic
fields (HGMFs) in their close vicinity [194]. These fields are known to have versatile effects
on cells and specially on cell differentiation. This might have several reasons: the magnetic
force acting on a magnetic dipole is proportional to the magnetic field gradient, thus within
strong field gradients, magnetic forces can act on cell compartments owning a magnetic
dipole. Such a gradient in magnetic field can have assisting or opposing effects on ions
migration through cell membranes, changing the resting potential within cell membranes
according to the Nernst equation [194],

RT
Vy=-—1In (@) +—2
zF nj ZCcharge

dB

—|L. 2.70
5 (2.70)

Here, V,, is the potential difference between the two cell membrane sides, R is the gas con-
stant, F is the Faraday constant, n, defines the ion concentration outside the cell whereas n;
defines the ion concentration inside the cell, p is the magnetic dipole moment of regarded
ion, B is the magnetic flux density vector, its spacial derivative is in the direction of the
dipole moment, z is the ion valence (+1 or -1), €charge is the elementary charge and L stands
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for the half cell length.

According to [194], the gradient of a magnetic field in radial direction due to a magnetic NP

can be calculated with
dB);  2uoMsrip

dr r#
B/, is the magnetic flux density in direction of the magnetic moment, its derivative is in

(2.71)

respect to the radial distance r from the particle, My is the saturation magnetization and
rnp IS the radius of the magnetic NP. L is the vacuum permeability.

For a Fe304 NP with My =510kAm~! and a particle radius of rnp = Snm, the gradient of
magnetic flux density in radial direction closely to the NP's surface is around 2.6- 108 T/m.
Located at the membrane's surface, this gradient is sufficient to change the membrane po-
tential locally [194]. It was shown that a magnetic flux density gradient of 100 T/m has
already an effect on mesenchymal stem cell differentiation [194, 204].

In the low frequency regime several studies with AuNPs were conducted. The majority of
studies do not address the physical interaction mechanism between nanoparticles and mag-
netic fields [205-209]. Other studies hypothesize that the presence of nanoparticles causes
relevant magnetic field alterations, such as changes in local field distribution or field en-
hancement, which lead to enhancement of biological responses [13, 15, 210, 211].

Plain bulk gold material is diamagnetic with a volume magnetic susceptibility of
Xp=—3.4 1073 [212]. Depending on their size, shape and surface modifications the mag-
netic susceptibilities of AuNPs are known to differ significantly from that of bulk gold. At the
nanoscale, magnetic phenomena are influenced by both volume and surface effects, which
modify the electronic structure of materials. While in bulk metals charge carriers can move
steadily through energy states, there is a transfer towards discrete energy states (due to the
quantum confinement effects) in nanoparticles [213]. New magnetic properties arise due
to the geometric confinement of electrons and the large fraction of surface atoms present
in nanoparticles [213]. Thereby, surface charges can be transferred to the inner part of the
material due to energy minimization and imbalanced spins of charges near the surface of
nanoparticles can appear. Imbalanced spins near the surface of an atom give rise to addi-
tional magnetic moments [214].

While the magnetic properties of plain AuNPs can already be different compared to bulk
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gold material, in surface modified particles the binding of molecules can cause significant
additional alterations of magnetic properties. This changes are caused by rearrangement of
charge carriers due to the surface modifications [213, 215]. Since the surface of a particle
is the primarily affected region, the significance of the bond particles in terms of change of
magnetic properties decreases for bigger particle sizes with lower surface to volume ratios.
Surface modified AuNPs can obtain stronger diamagnetic material properties than bulk gold
material and even para- and ferromagnetic properties [216-218]. In thiol-capped AuNPs
an appearance of magnetic moment is associated with charge transfer from the capping
molecules [213, 215]. Thiolated AuNPs can have hysteresis magnetization curves with rem-
nant magnetization and coercitive field [219]. The details of physical interplay of the surface
atoms of AuNPs with the (very different) binding partners are yet to be explained. Further-
more, relations to the sizes of the AuNPs need to be generally specified. In this regard and
to the best of our knowledge, there is no theory with scientific consensus which allows
a prediction of the magnetic properties of AuNPs due to surface modification. Broad and
detailed overviews over the different experimental findings and formulations of possible
theories explaining the experimental results are provided elsewhere [217, 218]. The lack of
detailed knowledge makes it difficult to quantify the limits of possible magnetic susceptibil-
ity values for surface modified AuNPs. The magnetization curves of dodecanethiol-capped
AuNPs[220] reveal a mass magnetic susceptibility in the range of Yp mass =5+ 10~%m3 /kg
at a temperature of 7 = 300K, while the magnetic susceptibility increases even further at
lower temperatures. For comparison: The mass magnetic susceptibility of bulk gold is not
only negative in sign but also at least three orders of magnitude smaller (approximately
Xpmass = —1.76 - 1072 m? /kg [213, 221]). An example of a diamagnetic response is pro-
vided for thiolated polyethylene glycol AuNPs where the volume magnetic susceptibility
is determined as y, = —4.9- 10~4, which is one order of magnitude higher than the sus-
ceptibility of bulk gold material. In another study employing AuNPs coated with methoxy-
polyethylene glycol a transient magnetization of nanoparticles is hypothesized which causes
a magnetic field enhancement in the same order of the exciting magnetic field [13].

The magnetic energy E of a nanoparticle can be calculated with [197]

B HoxpV
2

E= H>, (2.72)
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(1o is the vacuum permeability), ¥, is the magnetic susceptibility of the particle, V its vol-
ume and H the magnetic field magnitude. To estimate whether a magnetic field can have
a significant impact on a gold nanoparticle, the magnetic energy is usually compared to
thermal energy. Furthermore, the magnetic force per particle volume f is [194, 197]

f= pox,(H-V)H. (2.73)

Thus, to achieve a magnetic force density in the range of gravitational force density which is
approximately f; = 10*N/m? [194], very high magnetic fields in combination with magnetic
field gradients are necessary.
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2.5 Experimental Exposure Setups and Determination of EM

Material Properties

In vitro cell experiments are an integral part of the development of new treatment methods
and strategies in biomedicine. Usually in vitro experiments are applied prior to elaborate in
vivo studies and allow the empirical evaluation of ideas and theories concerning new ther-
apeutic applications. When it comes to the investigation of mechanisms of action triggered
by EMFs on cells from a physical perspective, in vitro cell experiments can allow the valida-
tion of theoretical calculations. Especially for this purpose, the design of the exposure setup
needs to fulfill certain criteria as for example possibly high EMF homogeneity at the exposed
cells to affect all cells equally. Different experimental setups have been used in the frame of
cell differentiation and cellular reprogramming with EMFs, as well as TTFields experiments.
In this chapter, the principles of the exposure setups will be introduced.

Besides the direct exposure of cells to EMFs, experimental setups can also be used to obtain
electromagnetic material parameters for theoretical, analytical and numerical investigations
of mechanisms of action. Since in the frame of cell culture experiments, cells are surrounded
by nurturing culture medium, the electromagnetic parameters of the medium are of interest.
A capacitive approach will be introduced, which allows the determination of these param-
eters.

2.5.1 EMF Exposure Setups for in vitro Cell Culture Experiments

Exposure to magnetic fields
Magnetic field excitation in the frame of in vitro cell culture experiments is usually con-
ducted with one of the following exposure setups:

® asingle permanent magnet,
® several permanent magnets,

® asingle solenoid coil or
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® Helmholtz coils.

Permanent magnets are commercially available in different sizes and with different mag-
netic field strengths. They are ready to use and do not need any external energy supply. Their
magnetic field is constant over time. Over large time periods permanent magnets lose their
magnetic strength. Permanent magnets have a relatively inhomogeneous magnetic field,
which can be slightly modified by application of several magnets.

A magnetic field can be excited by a current within a solenoid coil. The magnetic field
strength depends on the dimensional properties of the coil, the number of turns and the
current strength within the coil. The most homogeneous magnetic field within a designated
volume (as a cell culture dish) can be achieved with Helmholtz coils.

Figure 2.20: Arrangement of Helmholtz Coils from [222].

Helmholtz coils are two identical coils according to Figure 2.20. rcyi is the coil radius
and the distance between the two coils. The magnetic flux density along the x-axis can be
calculated with
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In (2.74) x =0 is in the middle between the two coils.

The diameter of the wire has to be appropriately chosen for the current flowing through the
solenoid coil. Due to self-inductance and self-capacitance, solenoid coils exhibit resonant
behavior at certain frequencies. Thus, they have to be designed for the target frequencies
and target magnetic flux densities. However, when designed carefully, desired magnetic flux
densities as well as time courses of magnetic fields can be achieved.

Exposure to electric fields
An EMF exposure setup for in vitro cell culture experiments with the focus on electric field

Vims
316-™(10 dB)

4 \r e ,
T l‘\

AL VN

Vins
178°™ (5 dB)

v,
M 100°™ (0 dB)

Vims
56 (-5 dB)

Vins
32°m(-10 dB)

Figure 2.21: a) EMF exposure setup and b) numerical simulation of the resulting electric field distri-
bution from [1].

component is introduced in [1] and shown in Figure 2.21 a). In this setup, four stainless
steel electrodes are mounted into the cell culture dish. One facing pair of two electrodes is
excited with the sinusoidal voltage V.. In this example V, is chosen appropriately for TTFields
to achieve an electric field magnitude RMS value of 100V/m in the centre of the petri dish.
After a defined time period, the excitation can be switched to the other pair of electrodes in
order to achieve a perpendicular polarization direction of the electric field. Figure 2.21 b)
shows the electric field distribution within the petri dish for a frequency f = 100kHz. The
centre of the petri dish with boundaries marked by the red circle has a diameter of 15 mm
and can be used for the cultivation of cells. Within this area, the target electric field can
be approximately realized. This setup design has the advantage that implemented materials

can be acquired relatively easy, the principle design can be adapted to different cell culture
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dishes and different electric field intensities and polarization directions can be used.

Overall experimental design for cell culture experiments
EMF exposure setups according to Figure 2.20 and Figure 2.21 a) need at least external
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Figure 2.22: Principle overall design of an experimental setup for in vitro EMF experiments on cells.

energy supply to function. In many cases many more elements are integral parts of the over-
all experimental setup. Figure 2.22 shows the principle experimental setup as often applied
in laboratories. During in vitro cell culture experiments, environmental conditions as CO,
content, temperature and humidity of ambient air have to be strictly controlled. This is the
reason why the EMF exposure setup and the cell culture dish have to be placed within an
incubator. A signal generator can be used to achieve a desired time course of the excita-
tion. An oscilloscope allows the monitoring of applied voltages and currents. An electronic
setup is necessary, when the excitation of the signal generator needs to be modified. Typi-
cal elements of an electronic setup can be amplifiers and attenuators as well as filters and
microcontrollers. A PC with control software can facilitate the control and data storage of
experiments. Despite the components shown in Figure 2.22 also other components can be
part of the experimental setup. These include EMF probes and equipment for temperature
monitoring within the cell medium.
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2.5.2 Capacitive Determination of Material Properties
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Figure 2.23: Example of a capacitor containing a dielectric filling.
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Figure 2.24: Lumped element model of a capacitor containing a dielectric filling according to [223].

An example of a capacitor containing a dielectric filling is shown in Figure 2.23. The elec-
tromagnetic behavior of the capacitor can be described by the lumped element model from
Figure 2.24 [223]. Ry, represents the resistivity of the supply wire and Ly, its inductance.
C. represents the ideal capacitance of the electrode configuration containing the dielectric
material by neglecting stray electric fields and R, represents the resistivity of the electrode
configuration. Cy is the stray capacitance. The total impedance Z,;, of the lumped element
model can be calculated with

. . 1\

€
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Thereby w is the circular frequency and Cyo = Ce + Cp. By measuring the impedance Zg,,
over a frequency range and fitting (2.75) to the measured curves, values for Ry, Ly, Cior and
R can be obtained [223]. The specific conductivity of the dielectric filling can be calculated
with the distance d between the electrodes and the area A of the electrode:

o= "2 (2.76)
AR, '
The relative permittivity of the dielectric filling can be calculated with [223]
C
o= (2.77)

K is the constant of the capacitor and can be obtained by calibration measurements. The
impedances of two materials with well known relative permittivities must be measured and
K can be calculated with [223]

. Ctot,l - Ctot,2
&1— &2

K (2.78)
The index 1 and 2 refer to the respective material with known permittivity. For the determi-
nation of the relative permittivity of the dielectric filling according to (2.77), also Ce has to
be obtained. Since C. = Cio — C, first Cyp must be calculated from one of the calibration
measurements

Co = Cior,1 — K& 1. (2.79)

However, when two electrodes are brought into an electrolyte solution, which is a liquid
containing dissolved ions, and a voltage is applied to the electrodes, an ion current can be
excited [224]. Depending on the chemical constitution of the electrolyte solution, the mate-
rial of the electrodes and the frequency of electric excitation, different electrochemical and
physical phenomena can occur at the interface of the solution and the electrodes. Electro-
chemical reactions as corrosion of the electrodes do not occur when the electrode material
is chosen appropriately. At low frequencies and with typical electrolyte solutions as cell
culture medium, a phenomenon which often occurs is polarization of the electrodes. In the
frame of electrode polarization, some dissolved ions of the solution assemble at the elec-
trode with opposite charge as schematically shown in Figure 2.25. The ions at the electrodes
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Figure 2.25: Electrode polarization effect within a capacitor containing electrolyte solution.
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Figure 2.26: Lumped element model of a capacitor containing electrolyte solution with consideration
of electrode polarization according to [225].

build up an additional capacitance by simultaneously increasing the resistivity of the con-
figuration. A lumped element model taking electrode polarization into account is shown in
Figure 2.26 [225]. The index p refers to lumped element parameters caused by the polariza-
tion effect. The lumped element model from Figure 2.26 assumes an ideal capacitor without
any wire impedance and without stray capacitance. There are different models describing
the exact physical dynamics behind the polarization of the electrodes which are described
comprehensively in [226]. The polarization effect at the electrodes is frequency dependent.
At very high frequencies, the ions cannot follow the reversion of electric field polarization.

Hermann Schwan proposed to model the effect of electrode polarization as shown in Fig-
ure 2.25 with the lumped element model from Figure 2.27 [227]. The fundament of his
theory is the lumped element model from Figure 2.26, but he expressed the electric behavior
with the frequency-dependent capacitance C(®) and the frequency-dependent resistivity
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Clw)

R(w)

Figure 2.27: Lumped element model of a capacitor containing electrolyte solution according to [227].

R(®). The resistivity can be calculated by application of the measured impedance Zmeasure

of the electrode configuration as [227]

R(®) = NZmeasure” (2.80)
Re (Zmeasure )

Furthermore, C(w) can be obtained with [227]

- Im (Zmeasure )

Clo)=——"—.
( ) (D’Zmeasure’2

(2.81)
At sufficiently high frequencies over a certain cut-off frequency f. the electrode polarization
effect becomes negligible or vanishes even. For f > f. the frequency dependent resistivity
and capacitance can be approximated with R(®) = R, and C(®) = Ce. Accordingly, the
specific conductivity and the relative permittivity can be calculated with (2.76) and (2.77),

where the constant K can be approximated with [223]

. A

K T (2.82)

In this model, the impedance of the wire and the stray impedance are assumed to be negli-
gible compared to the impedance due to the electrolyte solution.

There are different techniques allowing to take electrode polarization into account and to
eliminate its impact on the determination of electromagnetic material parameters. These
techniques include mathematical, graphical and experimental approaches [227-230]. How-
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ever, these techniques are limited to certain conditions. For example, the electrode distance
variation technique cannot be applied for cases where the impedance due to electrode po-
larization is much bigger than the impedance of the electrolyte [227, 228].

Electrode polarization is strongly dependent on the electrode material. Platinum is an elec-
trode material which is often used in biomedical applications. It is bio-compatible and more
resistant to corrosion than many other materials including copper [226]. Furthermore, the
polarization impedance at platinum electrodes is known to be lower than the polarization
impedance of many other electrode materials [228]. Platinum black electrodes can be pro-
duced by platinizing platinum electrodes. A detailed description of the manufacturing pro-
cess can be found in [231]. Platinum black electrodes have a highly porous surface [228].
This porous surface results in a higher effective surface area for the polarization effect [232].
A higher effective surface area results in a higher capacitance C, and in a lower resistivity
Rp. The total polarization impedance becomes smaller while the impedance of the elec-
trolyte does not change. The higher the electrolyte impedance compared to the polarization
impedance, the lower is the cut-off frequency f. [232].



3 Magnetic Field Interactions with Cells
and AuNPs

3.1 Fourier Analysis of PEMF Excitation

The work presented in this section was partly conducted in the frame of a conference pro-
ceeding [233]. | developed the idea and the content. Dr. Annette Hoffmeister and Professor
Boris Chichkov supervised the work.

In section 2.1.1 PEMF excitation was introduced as a classical excitation method used during
cellular reprogramming with magnetic fields. In the following, this excitation method will
be analyzed to find significant spectral components, which might dominate the interaction
with cells and trigger biological responses.

A classical PEMF usually refers to an (almost) rectangular and pulsed magnetic field as shown
in Figure 2.3. In the frame of cell reprogramming and cell differentiation, a classical PEMF
excitation function fpgmp can mathematically be described by multiplication of two rect-
angular pulse functions f; and f.

The according functions as well as the resulting function fppmr are shown in Figure 3.1.
Mathematically, the three functions can be expressed as [233]:

feeMF = f1(2) f2(2), (3.7)
1 an <t <(aTi+1F)
o= {0 (aTi+1p) <t < (a+1)Ty ' @
- 1 al, <t < (aTZ +lburst)
R0 = {0 (aTy+tourst) <t < (a+1)Tp | =)
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Figure 3.1: Time-dependence of the functions fi, f> and fpemr-

fpEMF IS normalized to an amplitude of one. Index 1 refers to the respective parameters of
f1 and index 2 refers to the respective parameters of f,. a is a natural number including
zero, T is the duration of one period and fy,s and 71 represent the respective pulse widths
with f g = 4.8ms, fyyt = 0.25s, 71 = 20ms and 7, = 0.25 ms. The real, continuously differ-
entiable periodical functions f; and f, can be described by converging Fourier series [234]
with angular frequency o [233]:

(oo}

fi (l‘) = fo’l + Z [fsk71 sin (k(x)ll‘) +fck,1 cos (k(x)ll‘)} (3.4)
k=1
fa(t) = for+ i [fsn.2 8in (neat) + fon2 cos (nant)] . (3.5)

n=1
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fo1 and foo are constants and f 1, fok.1, fon,2 and fo, 2 are coefficients [233]:

1 /h t
Jo1= ?/ fi(t)dr ==X
1J0

T’
1 L Tourst
=— t)dt =
fo2 B /0 fa(t) T,
2 rh ) _
Jsk1 = [ fi(t)sin(kot)dr = (cos(kantLr) — 1),
Ti Jo Tk
5 - (3.6)
= t)si t)dr = t -1
fuz = [ Fa(0)sin(nwsr)d = =2 (cos (nmthun) 1),
2 [0 kant)d in (k
=— t wt)dt = o1t
fek,1 T /o fi(t)cos (ko) T ko sin (k@i tLE),
2 T . _
=— t 1)dt = fourst ) -
fen2 7 s fa(t) cos(nant) Tk, S (n@tpurst)
By reformulating f; in Euler's form, the following equation can be gained [233]
Ji(t) = fou
= |V szk,l +f02k,1 =j (k(olt—arctan (;‘le )) j(k(olt—arctan (j}kl )) (3.7)
+ Z 5 @@ e Jek,1 +e ck,1 .
k=1 2

This reformulation shows that fi has the constant direct current offset f,; and addition-

ally, discrete spectral components at positive frequencies f = (kw,;)/(27) with the spectral
amplitudes F; of [233]

\/ f521(,1+f<:2k,1 \/Q—QCOS(k(Dll‘LF)
Fy (k) = 3 =

2km

. (3.8)

Figure 3.2 shows the spectral components of f; for positive frequencies up to f = 500Hz. As
indicted by (3.8), the local amplitude maxima follow the function 1/(kx) at the frequencies
f=ko;/(2w) = k-50Hz. The spectral amplitudes decrease at least with 1/(k7).
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Figure 3.2: Spectral components of fi.

Similarly, f> has spectral components at positive frequencies f = nw, /(27) with the spectral
amplitudes F, of [233]

2 2
fsn,l + fcn.,l B \/2 —2cos (n(x)zl‘burst)

F (n) - 2nm

(3.9)

The spectral components of f, are shown in Figure 3.3. As predicted by (3.9), the local am-
plitude maxima follow the function 1/(nm) at the frequencies k@, /(27) = n-4kHz.

With (3.4) and (3.5), fpemr can be expressed as [233]

JoeME =fo,1f02+ fo1 Y, [fen28in (n@nt) + fena cos (nant)]

n=1
+/f02 Y [foxasin (koit) + fex 1 cos (koyr)] (3.10)
k=1
+ Y [fox1sin(kont) + fo 1 cos (ki) Z [fsn28in (nant) + fen 2 cos(nmnt)].

k=1 n=1
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Figure 3.3: Spectral components of f5.

The Fourier series approximation of f; and f>, as well as fpepmp can be seen in Figure 3.4
for k = 1000 and n = 5000. It can be seen that a sufficient approximation of the functions
is achieved when comparing the results to those of Figure 2.3.
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Figure 3.4: Approximation of the functions fi, f> and fppmr With @ maximum of k = 1000 and
n = 5000 according to [233].
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However, the spectral components of fpemr have to be determined yet. The first summand in
(3.10) is the constant spectral amplitude. In the second summand, the spectral amplitudes
are the ones of f, multiplied by the factor fj . Finally, the third summand contains the
spectral amplitudes of fi multiplied with fp ».

With (3.7), the fourth summand of (3.10) can be written as [233]:
§ [ (¢ ovoeonl@)  Jlovwon(i)
i -Fz (n) <e J(na)zt arctan<f5"2)> e] (na)zt arctan( g"2>)

(3.11)

o\ ®+n arctan [ 231 ) _arctan ( 2
+ZZFI(k)F2(> ((k +nay )t —arct (kl> t (fcnz
k=1n=1
:;;ZH (k) F> (n)cos ((ka)l +nwy)t — arctan (ka 1) — arctan (;sz))
+ i i 2F (k)F2 (i’l)COS ((k(m —na)z)t — arctan (fk ) + arctan (fsn,Z))
=il Jek fcn,2

With the reformulation of the forth summand of (3.10), it is illustrated that fpgmE contains
spectral components at combined frequencies of frequencies from f; and f;. Figure 3.5
shows the spectral components of fpemp. Local spectral amplitude maxima appear at fre-
quencies f = (n-4kHz) + 50Hz. The spectrum is very similar to the frequency spectrum of

f.
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Figure 3.5: Spectral components of fpemE on the basis of [233].

In scientific studies using PEMF excitation with fpgmr on cells, the term frequency is often
related to the repetition frequency of the pulse, f = 5S0Hz. However, the dominant spec-
tral components are in the range of multiples of f = 4kHz, which suggest to shift the
attention towards these frequencies when it comes to the investigation of mechanisms of
action. Furthermore, an overall agreement on the use of the frequency term would allow
for independent verification and facilitate comparison between different studies as well as
investigations of mechanisms of action.

Based on this frequency analysis and if not stated differently, the following investigations
of possible interaction mechanisms of EMF with cells focuses on the frequencies f = 50Hz,
as the classical frequency of ELF-EMF and f = 4kHz as the fundamental frequency in the
considered PEMF excitation.
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3.2 Magnetic Field Distribution in Cells and AuNPs

The work presented in this section was partly conducted in the frame of a peer-reviewed
journal publication [8]. In the frame of this work [8], | collaborated closely with the Com-
putational Photonics group of the Hannover Centre for Optical Technologies (HOT), Leibniz
University Hannover. | developed the idea and the content of the paper. Dr. Atefeh Habibpour-
moghadam (HOT) provided additional literature references to achieve a comprehensive study
and verified the methods and results. Dr. Andrey Evlyukhin provided his expertise concerning
the mathematical modelling of micro and nano photonics and verified the applied mathe-
matical models and formulas. Dr. Annette Hoffmeister initiated the project. Professor Antonio
Cala Lesina (HOT) and Professor Boris N. Chichkov supervised the work.

For the evaluation of the mechanisms of action triggered by magnetic fields on exposed
cells and cells with AuNPs, their magnetic response has to be evaluated. In this section,
the applied calculation methods are introduced and the magnetic field distribution within
cells and cells with AuNPs is shown. Subsequently, the results allow a discussion of possible
mechanisms of action triggered in the cell. The presented calculations not only allow a first
estimate on possible mechanisms of action but also provide a basis for further studies to
come. Thus, this section contributes to the investigation of mechanisms of action triggered
by magnetic fields in the frame of cellular reprogramming.

3.2.1 Calculation Formulas and Methods

All results were cross-validated with analytical formulas and numerical electromagnetic sim-
ulations. In the following first the analytical considerations and calculation formulas will be
introduced and subsequently, the numerical electromagnetic simulation models and meth-
ods will be presented.

Analytical considerations and calculation formulas
Due to high water content, the effective magnetic susceptibility of cells, including major
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compartments like the cytosol, is in the range of 107 [194, 235]. Lipid structures in cells
have even lower magnetic susceptibilities than compartments with high water content [194].
However, due to their higher magnetic susceptibility, the magnetic response of AuNPs to
low-frequency magnetic fields is generally much stronger than the response of eukaryotic
cells. Therefore, in our investigations, we neglect the specific cellular environment and con-
sider AuNPs located in air. The permeability of the cells is approximated with the vacuum
permeability uo.

Ampeére's circuital law in differential form and in frequency domain describes the rotation
of the magnetic field H as the sum of different current density contributions,

VxH=(oc—joe)E+VxM. (3.12)

In equation (3.12) E is the electric field vector, ¢ is the electrical conductivity and € is the
material permittivity, while M is the magnetization of it. The first summand in (3.12) de-
scribes conductive and displacement currents and the second summand describes a current
density due to magnetization. The magnetic dipole moment m of the considered volume can
be expressed with a volume integral over the current densities from (3.12),

m:/v//rx((c—ja)s)E—l—VxM)dV 519

= ((xe + am)Hinc~

V is the volume of the particle, r is the position vector, o, is the magnetic polarizability
which is connected to the magnetization M and «. is the magnetic polarizability which
is connected to the conductive and displacement currents. In general the magnetic dipole
moment contribution due to magnetization M has a static contribution and a frequency-
dependent contribution [236]. However, in the considered frequency range up to f = 4kHz
(see section 3.1) the corresponding shortest wavelength in free space is A = 75km. When
considering a cell in the micrometer scale or even an AuNP in the nanometer scale, for the
magnetization the static approximation can be applied. In case of a spherical object with
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radius Ry, this results in [237]
4R3
O = T (3.14)
3+xp

Xp is the volume magnetic susceptibility with the relative magnetic permeability being , =
L+ xp.
For an elliptical particle, the magnitude of magnetization caused by the polarizability oy,

is [238]
Xp

M; = ———Hj,€;, € {x,y, 3.15
i 1+NiXp inc€i l {xyz} ( )

and N, is a shape dependent (demagnetization) factor. The shape of the particle affects the
magnetic field distribution. The Cartesian axes are elements of the index i and indicate the
orientation of the magnetization. Since a sphere has point-symmetry relative to its center,
its demagnetization factor is constant in all directions and equals N; = 1/3 [239].

The demagnetization factors of a prolate elliptical particles (with the semi-axes I, I, and I,
where I, = I, and I, > I, and [; /I, = p) can be calculated with [240]

_ 1 p p_|_(p2_1)0.5
Ne= p2_1 (2(1,2_1)045 In (p—(p2—1)0-5) _1)> (3.16)
1 4+ (p?—1)95
Ny =N, = 2(p2p_ 1) (p— 2(p2—1)03 In (]IZ—EIPJZ—I;QS))' (3.17)

Similarly to the case of a prolate elliptical particle, the magnetization of an oblate ellipsoid
can be calculated with (3.15). Considering an oblate particle with the semi-axes [y, ly and
l., where I, = [, and I, > I, the demagnetization factors can be calculated with [240]

1

N 202 =05, 2 1N05 0y
NZ_Nx_z(pz_l)(p (p”—1)"arcsin((p~—1)"7/p)—1), (3.18)
Ny = p_2 (1 — ;arcsin((pz — l)O'S/p)> : (3.19)
i\

Assuming the propagation constant in free space as kg, in the quasi-static approximation
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(negligible retardation), with Rpko < 1, ¢t can be expressed with [241, 242]

R1% 3 3
= —— 1—— R 2
Ol > ( Rk —l—chot( k)) (3.20)

where k is the propagation constant in the considered spherical medium. For Ryk < 1 and
with Taylor series expansion,

212

VRyk
10

With the determination of the magnetic polarizabilities oy, and o the magnetic field inside

o — (3.21)

the sphere can be calculated with

1 m 3(mr)r
- - <_}"—3+ ( }"5 ) ) +Hinc- (322)

4r

Furthermore, if ae < Oy, the magnetic field inside the sphere can be calculated with the

static approximation
4
H=— 3 ‘:;Cp Hi,. + Hipc. (3.23)

The analytical formulas shown so far allow the calculation of the magnetization of a spher-
ical object. In the following, the interaction of several spherical objects will be considered
for the case that ae < oy. The magnetic dipole moment of one individual particle is ex-
cited by the incident magnetic field. When other particles are added, they change the initial
magnetic field which is experienced by the first particle and influence its magnetic dipole
moment. In a configuration of N particles, where N € NN > 2, the magnetic moment of
each particle can be calculated with

N
my = 1nc + Z Hk - rk [3-24)
k=1,k#n

The index n indicates the n-th particle and the index k indicates the other particles which
interact with it. The magnetic field contribution of the k-th particle can be calculated
with [243]

1, mg 3(mg-r)r

== ). (3.25)

Hy =
3 /5
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Figure 3.6: Orientation of incident EMF in Mie Scattering calculations.

Since in biological applications the surface of a nanoparticle is usually modified to improve
its biocompatibility, targetability, stability, and functionality [244], the magnetic suscepti-
bility of the particle can differ significantly from the susceptibility of bulk gold material
due to charge carrier redistribution within the particle (see section 2.4.2). Diamagnets ob-
tain a magnetic susceptibility smaller than zero, while superconductors are considered ideal
diamagnets with a magnetic susceptibility of -1 [245, 246]. Paramagnetic materials obtain
magnetic susceptibilities higher than zero and the magnetic susceptibility of ferromagnetic
materials can be in the range of hundreds of thousands as in the case of iron [247]. In the
following investigations a wide range of magnetic susceptibilities from —0.9 < x, < 10°
is chosen, as the possible limits of magnetic susceptibilities for surface modified AuNPs are
not yet determined. This range is probably wider than realistic magnetic susceptibility values
for modified AuNPs; however, it allows to investigate the limits of possible magnetic field
interaction.

To investigate EMF propagation within an exposed cell, calculations of the distributions were
conducted with Mie Scattering in MATLAB as described in section 2.3.4. Since the frequen-
cies of interest in the frame of cellular reprogramming are predominantly f = 50Hz and
f = 4kHz (see section 3.1), the calculations were performed for each of these frequencies.
In the calculations, the Cartesian coordinate system is located at the center of the spherical
cell and the incident EMF is oriented as shown in Figure 3.6. Considering a cell with cell
radius reep = S um, electromagnetic and dimensional parameters listed in table 2.3 were
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chosen for the cell layers of an unspecific cell.

Numerical electromagnetic simulation models and methods

For the different results to be presented, two different numerical electromagnetic simulation
tools (Comsol Mutiphysics and Sim4Life, see section 2.3.2) were applied.

In Comsol Multiphysics the Magnetic Fields (mf) interface under the AC/DC Electromagnetic
Fields was used. The geometry consisted mainly of the gold nanoparticles with the corre-
sponding shapes and material properties for the respective investigation, located inside an
(spherical) environment with vacuum material properties. An additional layer around the en-
vironment built up the infinite element domain (from the virtual domains) to absorb outgo-
ing EMFs. The incident magnetic field was excited by setting a background magnetic vector
potential which resulted in the target incident magnetic field. However, when evaluating
the results, the total magnetic field was normalized to the incident magnetic field. The tar-
get frequencies of the respective investigations were set in the study section and material
sweeps were conducted where necessary. Magnetic dipole moments were determined nu-
merically in the derived values section, by volume integration of the magnetization.

The magnetic response of a fibroblast cell model was investigated with electromagnetic
calculations in Comsol Multiphysics with the cell models shown in Figure 2.11 and in Fig-
ure 2.12.

For the modelling of the nanoparticle in Sim4Life, the Structured Magneto Quasi-Static
solver was used. Since the simulation software does not allow the direct excitation of a
magnetic field, a Helmholtz coil arrangement, similar to the one shown in Figure 2.20 was
applied to achieve a locally almost constant magnetic field distribution. For the Helmholtz

View on y-z-plane View on x-y-plane
y
2t e
Pl
Helmholtz Coil/ AuNP—»(2 - Feoi
y
X

Figure 3.7: lllustration of the numerical simulation model of an AuNP exposed to a magnetic field.
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coil arrangement, the coil radius was set to 7.y = 40nm. The schematic arrangement of
numerical simulation is presented in Figure 3.7. The center of the AuNP is located at the
origin of the coordinate system. The current / within both coils is equal in direction and mag-
nitude. To realise a magnetic flux density magnitude |Bj,.| = 1 mT along the z-Axis caused
by the Helmholtz coil arrangement, the current was I = 44.485 uA. The AuNP is considered
to possess a bulk specific electrical conductivity of gold which is o4y =41 MS/m.
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3.2.2 Calculation Results of Magnetic Field Distributions in Cells
and in AuNPs

In this section briefly the magnetic field distribution within the cell model will be presented.
Subsequently, the results of the magnetic response of the AuNPs will be shown in several
paragraphs. The response of AuNPs with various characteristics (such as size, number, mag-
netic susceptibility and shape) is investigated. The excitation is a sinusoidal external mag-
netic field with frequencies up to hundreds of Megahertz. Starting from spherical particles
with bulk gold material properties, the transition of the stationary magnetic response to
the dynamic magnetic response in dependence from the applied frequency and the particle
size is shown and the applicability of analytical formulas for the calculation of the magnetic
response is presented. This serves as a fundament for the subsequent investigations. Further-
more, the magnetic field response of a particle with bulk gold material properties is shown
while considering the intensity as well as the gradient of the magnetic field. The impact of
the particle size on both quantities is presented. Additionally, the interaction of two neigh-
bouring spherical particles as a function of their magnetic susceptibility is investigated. The
last investigation serves as a starting point for an investigation of the interaction of several
particles. Moving on, first the magnetic field response of individual prolate and oblate el-
liptical particles in relation to that of spherical nanoparticles is examined. Furthermore, the
interaction behavior of the differently shaped particles with each other is investigated. To
explore possible limits of magnetic field response, the configurations of AuNPs that result
in maximum magnetic field enhancement are determined. Subsequently, arrays of spheri-
cal AuNPs are exemplary considered and their magnetic responses are investigated. Thereby,
emphasis is put on an example of diamagnetic particles used during cell culture experi-
ments [13]. Since cellular reprogramming has been performed on cells planted on such an
array while exposed to a magnetic field [13], possible limits of magnetic field responses in
dependence on distribution of the particles relative to the incident magnetic field are inves-
tigated.



80 3 Magnetic Field Interactions with Cells and AuNPs

Magnetic response of a cell

Figure 3.8 shows the results of the normalized secondary magnetic field, where
Hyorm = (H — Hine) /Hine (H being the total magnetic field magnitude) within a spheri-
cal fibroblast and a mitotic fibroblast. In both cases, the alteration of the magnetic field is
six orders of magnitude smaller than the incident field. The enhancement of the magnetic
field is higher in case of the mitotic cell and has its maximum along y = 0 around the mitotic
furrow. The magnetic field distribution of the mitotic cell is approximately the superposition
of the magnetic field of two individual spherical cells, placed directly close to each other

along x = 0.
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Figure 3.8: Numerical electromagnetic calculation of total normalized magnetic field within a fibrob-
last cell at f = 4kHz. a) Spherical cell model and b) mitotic cell model .

At the considered frequency of f = 4kHz, the determining factors for the magnetic field
distribution are the magnetic susceptibilities. The most relevant susceptibilities in the cell
are the parameters of the (relatively thin) outer cell membrane and the cytoplasm, which to-
gether can be regarded to build up a global effective susceptibility. The ratio between the ef-
fective susceptibility of the cell and the susceptibility of the surrounding cell medium deter-
mines the magnetic response. The plasma membrane has a susceptibility of y = —8.8-1077,
the cytoplasm has a susceptibility value of y = —1.8-107°, while the cell medium is con-
sidered with ¥ = —9-107° (see section 2.3).

The susceptibility of bulk gold material is y = —3.4- 107, while the magnitude of surface-
modified AuNPs can be even orders higher. This is the reason why the magnetic response of
an AuNP must be at least approximately one order of magnitude higher than the response
of a single cell. Furthermore, AuNPs are much smaller than cells, and as mentioned before,
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the magnetic response of a cell is relatively weak. Therefore, the investigation of AuNPs in
medium air provides a sufficient approximation of AuNPs located closely to the cell.

Magnetic response of a spherical AuNP with bulk material properties

Figure 3.9 illustrates the ratio of the magnitudes of the two magnetic polarizability con-
tributions, |a@.|/|am|, as a function of frequency f and particle radius R,. To model the
behavior of a spherical AuNP, the material parameters for bulk gold was used, specifi-
cally the electrical conductivity o, = 41 MS/m, the relative permittivity &, = 1, and
the magnetic susceptibility y, = —3.4- 1075, Figure 3.9 shows that for R, <100nm and
f <100MHz, |ay| > |te|- Since the frequencies of interest are f < IMHz, |Qm| > | cte|
applies and the magnetic dipole moment induced in the nanoparticle can be obtained with
the static approximation m = o, Hj, .. Furthermore, the magnetic field inside the sphere
can be calculated with (3.23). Figure 3.10a shows an AuNP with radius Rp = 10nm that
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Figure 3.9: Ratio of the two magnetic polarizability contributions due to the AuNP from [8].

is exposed to Hj,.. The figure illustrates the normalized secondary magnetic field, where
Hyorm = (H — Hine) /Hine (H being the total magnetic field magnitude). The diamagnetic
AuNP shows maximum enhancement of the overall magnetic field when the incident mag-
netic field is oriented tangential to the surface of the sphere, and the magnetic field is weak-
est where the incident magnetic field is oriented perpendicularly relative to the surface of
the sphere. The inverse would be the case for a particle with positive magnetic susceptibility.
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Figure 3.10: (a) Normalized magnetic field and (b) its gradient due to an AuNP. (c) Magnitude of
normalized magnetic field along the x-axis for different AuNP sizes from [8].

However, the maximum magnetic field enhancement is in the order of 1073 relative to the
incident field. Figure 3.10b shows the gradient of Figure 3.10a outside the particle, where
the gradient magnetic field reaches the maximum order of 10*. These relatively high mag-
netic field gradient values are confined to the immediate vicinity of the sphere.

When considering (3.14) the polarizability of the particle depends on its radius R, and its
susceptibility x,. Figure 3.10c shows the magnetic field distribution of the same arrange-
ment as in Figure 3.10a along the x-axis for different particle sizes. It can be seen that the
maximum magnetic field remains the same for all three particle sizes while the maximum
gradient of the magnetic field varies significantly with the size of the particle. The maximum
magnetic field gradient decreases with increasing particle size.

The frequencies of interest for cellular reprogramming are f = 50Hz and f = 4kHz. Fig-
ure 3.9 shows that the magnetic polarizability contribution from ¢, is negligible at these
frequencies. However, for the sake of comprehensiveness, the dynamic magnetic response
at these both frequencies will be shown in the following. Thereby, the radius of AuNP is
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exemplary set to rnp = Snm. The radius of AuNP is chosen to the lower limit of usual par-
ticle sizes for in vitro experiments. Such relatively small particles exhibit a high rate of cell
penetration [248].

For this investigation, electromagnetic simulations according to the model from Figure 3.7
are performed. Before the results of magnetic field distribution within the AuNP is evaluated,
first the incident magnetic flux density within the simulation area is evaluated in absence
of the NP. The aim is to make sure that the incident magnetic flux density in close vicinity
to the NP is sufficiently constant.

f=50Hz f=4kHz

location / nm location / nm

Figure 3.11: Evaluation of |Bj,| along the three Cartesian axes from Figure 3.7 but in absence of
AuNP.

The results are presented in Figure 3.11. |Bj,| is plotted along the x-, y- and z-axis. Since
the AuNP is to be placed at the origin and has a radius of rNyp = Snm, it can be seen that
in close vicinity of the AuNP, the magnitude of incident magnetic flux density is sufficiently
constant.

Equation (3.12) shows that a magnetic field in an AuNP, induces an electric field E with a
connected electric current density Jinq. Gold has a relatively high specific electrical conduc-
tivity (0ay = 41MS/m), which results in a domination of the conductive current contribu-
tion compared to the displacement current contribution.

Since the magnetic field acting on the AuNP is oriented in positive z-direction (see Fig-
ure 3.7), Jinq rotates around the z-Axis and its magnitude dependents on the x- and y-
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Figure 3.12: Results of |Jing| obtained with numerical EM simulations within an AuNP according to
Figure 3.7.

coordinates. The results of the magnitude of Jj,q for both target frequencies are presented
in Figure 3.12. The induced current density Jinq is plotted along the x- and y-axis. Jing in-
creases linearly with the location and scales also linearly with the frequency.

To validate the resulting current densities from the numerical simulations, the current den-
sities were also calculated with analytical formulas.

The following equation is Faraday's law of induction

d
Eds=— B dA. 3.26
7{ > dt/ ( )
C A

According to this law, an alternating magnetic field with magnetic flux density B through
a surface A is directly connected to an electric field E within a closed curve along s. Fig-
ure 3.13 illustrates the magnetic flux density causing an induced electric field E;j,q within
the AuNP. The magnitude of E;,q dependents only on the radial distance r from the z-axis.
Applying 3.26 and Jing = 0auEing, the magnitude of induced electric current density is

’Jind| = anAuf|Binc|- (3.27)

The results of the analytically calculated electric current densities are presented in Fig-
ure 3.14 for both target frequencies. |Jinq| is plotted in dependence from the axial radius r
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Figure 3.13: Induced electric field Ejng at z =0, caused by an incident magnetic flux density Biyc.
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Figure 3.14: Results of |Jinq| obtained analytically.

from the z-axis. Comparing Figure 3.12 and Figure 3.14, and considering the rotational
symmetry of the configuration along the z-axis, it can be concluded that the numerical and
analytical results for the induced current densities within the AuNP are consistent.

Ampeére's circuital law states, that an induced current density Ji,q causes an induced mag-
netic field Bj,q rotating around the closed current loop. This can be seen schematically for
the case of the AuNP in Figure 3.15. The magnetic flux density B;,q can be calculated with
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Figure 3.15: Induced magnetic flux density Bi,q as a result of the induced current density Jinq.

the Biot Savart equation

md— Ho ///J |11: :' av’. (3.28)

The parameters with a prime indicate the area with current flow and R is the three-dimensional
position vector in spherical coordinates. In Cartesian base and with spherical parameters, the
induced magnetic flux density can be determined as follows

2m 7w Rnp
Biy=C / / / C, dR'd®'dg’,
00 0
C, = ,UOGAulBinc|’
4
x— R'sin (') cos(¢’) (3.29)
o y—R'sin (¥)sin(¢’) '
/. !/ _Sln<(p) i Rlcos(ﬁ/) 12 /
C, =R'sin(¥) | cos(g’) | x sR"sin (0').
0 x—R'sin (%) cos(¢’)
y—R'sin (') sin(¢@’)

z—RW)
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Figure 3.16: Results of analytically calculated |Bjyq-
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Figure 3.17: Three dimensional Mie Scattering results of |Bj,q| with coordinate system according to
Figure 3.7 at f = 50Hz.

The according results along the z-axis are presented in Figure 3.16 for both target frequen-
cies. The results are obtained by solving (3.29) (with x = 0 and y = 0) in MATLAB. Since
the magnitude of magnetic flux density depends linearly on the frequency, the ratios of
magnitude of magnetic flux densities are in the range of the ratios of the applied frequen-
cies. From Figure 3.16 however, it can be seen, that the maximum magnitude of induced
magnetic flux density due to conductive current distribution (|Bind,max| = 5.3fT) is at least
twelve orders of magnitude smaller than the magnitude of incident magnetic flux density
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IBinc| = 1 mT. The obtained ratios of the incident magnetic flux density and the induced
magnetic flux densities due to electric conductivity for the both frequencies agree with the
ratios of |ote|/|otm| from Figure 3.9.

Figure 3.17 shows the three dimensional result of the induced magnetic field due to spe-
cific electric conductivity within a fictional gold particle. This results shows that the particle
would need to be huge (radius around 0.5 mm), to achieve an induced magnetic flux density
which still is three orders of magnitude smaller than the incident magnetic flux density.

From (3.23) it is obvious that for the spherical particle the magnitude of the secondary mag-

netic field inside a particle becomes bigger with increasing magnitude ||, until saturation

is reached for |x,| > 3. To analyze the interaction behavior of particles, in the following
the interaction of two spherical particles as a function of their magnetic susceptibility is
analysed.

Magnetic response of two spherical AuNPs
When two identical particles are brought next to each other due to symmetry they have the
same magnetic dipole moment which can be expressed as

M 0 + Mx coupling
mn=1 - mn=2 - my70 + my’coupling . (330)

My 0 + Mz coupling

The indices x, y and z indicate the orientations in Cartesian coordinates. The index zero refers
to the dipole moment of each particle in the absence of interaction with the other particle.
The index 'coupling’ indicates the additional magnetic dipole moment resulting from the
interaction between the particles.

Figure 3.18a-d show two touching AuNPs arranged along the y—axis. In Figures 3.18a and b
the magnetic field vector is parallel to the y—axis and thus parallel to the arrangement of
particles. The ratio my,couphng/my,o of the two magnetic dipole contributions can be found
in Figure 3.18a for diamagnetic particles and in Figure 3.18b for para- and ferromagnetic
particles. The results for the magnetic field oriented normal to the arrangement of the AuNPs
(magnetic field vector along the z—axis) can be found in Figures 3.18c and d. The details of
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Figure 3.18: Coupling of two identical spherical AuNPs from [8]. (a) Diamagnetic particles with
incident magnetic field in y-direction. (b) Para-/ferromagnetic particles with incident magnetic
field in y-direction. (c) Diamagnetic particles with incident magnetic field in z-direction. (d) Para-
[ferromagnetic particles with incident magnetic field in z-direction.

the calculations are shown in the methods section.
Considering Figure 3.18a and b, the particles are arranged along the y-axis and the incident
magnetic field is parallel to the arrangement of particles. According to (3.24) the magnetic
moment of one particle is

myy = OmHincy + OmH> y. (3.31)

Furthermore, according to (3.25),

1 m2y
Hy,=— . 3.32
27 21 (2R,)? (852

Since the particles are identical, m; y = myy and
1 niy .

mpy = amHinc,y + (Xmgﬁ (333)

Considering (3.14) for the polarizability, this results in
miy = OmHincy(1+ Xp ) (3.34)

1243,
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Thus, the magnitude of the magnetic dipole moment of each particle according to Fig-
ure 3.18a and b can be calculated with

my70 — amHincey7 (3.353)

Y4
My coupling = my,Orgxp . (3.3 5b)

Similarly, considering Figure 3.18c and d, the particles are arranged along the y-axis and the
incident magnetic field is normal to the arrangement of particles. According to (3.24) the

magnetic moment of one particle is
my ;= ‘XmHinc,z + amHZ,z- (3.36)

Furthermore, according to (3.25),

I my,
Hy,,=—— ., 3.37
227 47 (2R,)? (8:37)

Since the particles are identical, m; , = m , and
1 mj .,

miz = amHinc,z - amH (2Rp)3 . (3.38)

Considering (3.14) for the polarizability, this results in

X

my = OmHinc ,(1 — =—2—). (3.39)

2449y,
Thus, the magnetic dipole moments of the particles shown in Figure 3.18a and b can be
calculated with
mzo= OmHipcey, (3.40a)

4
My coupling = _mz,Om- (3.40b)
p

Figure 3.18 illustrates that mmoupﬁng/mzp can be positive or negative, depending on the
susceptibility x, and the orientation of the magnetic field vector relative to the particle
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Numerical EM simulation of spherical particles, x, = —0.9
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Figure 3.19: Numerical EM simulation of spherical particles at different distances d and point dipoles
with equivalent dipole moment m as the spherical particles from [8]. View on the longitudinal axis
cross-section of the sphere through the center (z = 0).

arrangement. This means that the interaction of the particles can cause an increase or a
decrease of the individual magnetic dipole moments. Additionally, the Figures show that for
, While in the case

all configurations, the coupling increases with increasing magnitude |,
of para- and ferromagnetic particles saturation is reached around x, = 10.

In the investigation of the interaction of the particles, the spherical nanoparticles are ap-
proximated with point dipoles. Figure 3.19 shows the magnetic field distribution around a
spherical particle and around point dipoles with equivalent magnetic dipole moment. Re-
gardless of the distance between the particles, the point dipole approximation results in the
same magnetic field distribution (in the region outside the particle) as the spherical particles.

While in the last paragraphs a spherical particle and the interaction of two identical spher-
ical particles was considered, next the interaction of elliptical particles will be treated and
compared to the spherical case. Ellipsoidal AuNPs are among the particle shapes commonly
used in the frame of biomedicine [249]. Furthermore, it was found that ellipsoidal particles
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Figure 3.20: Relative magnetization in a prolate AuNP from [8]. (a) Diamagnetic particle with inci-
dent magnetic field in y-direction. (b) Para-/ferromagnetic particle with incident magnetic field
in y-direction. (c) Diamagnetic particle with incident magnetic field in z-direction. (d) Para-
[ferromagnetic particle with incident magnetic field in z-direction.

thiolated with polyethylene glycol can exhibit strong diamagnetic properties [216].

In the following, the magnetic responses of individual prolate and oblate elliptical particles
are investigated as a function of the different axis ratios as well as a function of differ-
ent magnetic susceptibilities. The aim is to explore the limits of magnetic response and to
determine the maximum magnetization of the differently shaped particles.

Individual elliptical particles

Figures 3.20a-d depict a prolate elliptical particle with semi-axes of lengths [, [, and [,
where [, > [, and [, = [,. The indices denote the orientation of the length parallel to the
respective axis, while I, /1, = p.

Figure 3.20 shows the prolate elliptical particle with the incident magnetic field vector
oriented either along the major axis of the particle (Figure 3.20c and d) or one of the minor
axes (Figure 3.20a and b). The graphs in Figure 3.20 show the relationship between the
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respective magnetization of the particle relative to the magnetization of a sphere, dependent
on the particle's susceptibility, and different ratios of the major axis length to the minor
axis length (I,/1, = p). Depending on the magnetic susceptibility and orientation of the
magnetic field vector relative to the particle, the magnetization of the prolate particle can
be greater or lower than the magnetization of a sphere with the same susceptibility. The
biggest enhancement in magnetization is found for x,, > 1 with the magnetic field vector
oriented parallel to the particle's major axis (Figure 3.20d).
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Figure 3.21: Relative magnetization in an oblate AuNP from [8]. (a) Diamagnetic particle with inci-
dent magnetic field in y-direction. (b) Para-/ferromagnetic particle with incident magnetic field
in y-direction. (c) Diamagnetic particle with incident magnetic field in z-direction. (d) Para-
[ferromagnetic particle with incident magnetic field in z-direction.

The graphs in Figure 3.21 show the magnetization of oblate particles relative to the magne-
tization of a sphere with the same magnetic susceptibility. The highest magnetization occurs
when the incident magnetic field vector is perpendicular to the minor axis of the oblate par-
ticle and xp > 1 (Figure 3.21d).
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When comparing Figure 3.21d to Figure 3.20d, it is evident that the prolate particle in-
duces a much higher magnetization at y, > 1 than the oblate particle. Interestingly, when
comparing the diamagnetic particles in Figure 3.21a and Figure 3.20a, the oblate particle
yields a higher magnetization.

The comparison of Figure 3.20 and Figure 3.21 allows assumptions of the magnetic field
interaction of the individual particles, especially the quantification of the impact of the
three different shapes (spherical, prolate and oblate ellipsoidal). However, the interaction of
two elliptical particles is yet to be investigated and compared to the interaction of spherical
particles. The aim is to identify the configuration of two identical particles that results in

maximum magnetization.

Coupling of two particles: Comparison between the shapes

In the following, the magnetization of two interacting particles is investigated. Thereby,
different axis ratios for the elliptical particles as well as different relative orientations of the
particles to each other and to the incident magnetic field are considered.

First diamagnetic particles are investigated. Figure 3.18c shows the configuration that gen-
erates the highest magnetic dipole moment for diamagnetic spherical particles. Positive cou-
pling of diamagnetic particles can be achieved when the incident magnetic field is normal
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Figure 3.22: Coupling of diamagnetic particles with different shapes and axis ratios from [8].
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to the particle configuration (e.g. the incident magnetic field in z-direction and the arrange-
ment of particles in y-direction as in Figure 3.18c. Additionally, for elliptical diamagnetic
particles, magnetization is highest when the magnetic field is oriented along one of the
semi axes (as seen in Figure 3.20a and Figure 3.21a). The maximum coupling of particles is
achieved when they are brought as closely together as possible. Based on these information,
Figure 3.22 shows the configurations of diamagnetic particles with different shapes that
result in maximum magnetization. The graph illustrates My ,orm, which is the magnitude of
magnetization in y-direction, normalized to the incident magnetic field. Different colors rep-
resent the different susceptibilities. My horm is plotted as a function of the configurational
parameter n, which represents the ratio of the lengths of the axes

1 for prolate particles
,_ ) 1/p forprolatep (3.41)

p for oblate particles

The principle approach for the calculation of the coupling of two spheres can be applied
also for elliptical particles. Considering Figure 3.22, the magnetization after coupling of the
particles can be expressed as

 MVH. My (3.42)
My = My Hiney =8y 4 (20 )3 '
Here,
Xp
M =—2 3.43
Y14+ Nyxp (3.43)

is the Magnetization magnitude from (3.15) normalized to the incident magnetic field. The
magnetic dipole moment is

MV Hiney(1 v ) (3.44)
my — y e,y 471'(21)()3 —|—M}/]V . .
The normalized magnetization can be expressed as
my MgV

= My (1—

M. =—2 . 3.45
y,norm VHinc,y 47T(21x)3 —l—M}/,V) ( )
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The numerically obtained results in Figure 3.22 from Comsol Multiphysics are depicted us-
ing dashed lines, while the results obtained analytically are represented with solid lines.
Generally, the numerically and analytically obtained results are in good agreement, with
the magnetization increasing with higher magnetic susceptibility magnitudes, which is un-
surprising. It can be noticed, that for x, < —10~! the analytical results are obtained for
n > 0.3. The reason thereof is that a limit for the applicability of (3.25) is reached for a
very long prolate particle's short-range area, and (3.25) has been used for the calculation of
My norm- However, for all other susceptibility values and shapes, there is significant agree-
ment between the analytical and numerical results.

At xp, = —0.9, itis noticeable that the oblate particle with the maximum ratio of major axis
to minor axis (n) generates the highest magnetization. This trend can also be observed in
magnified inset on the other curves. Additionally, in magnified inset, it is observed that both
prolate and oblate particles yield higher magnetization than spherical particles.

Figure 3.23 illustrates a result similar to that shown in Figure 3.22, but for the coupling of
para-[/ferromagnetic particles. With a similar approach as before, the magnetization of an
elliptical particle from Figure 3.23 can be obtained with

my = M.V Hinc., +M§V%%, (3.46)
with
M, = %}\2% (3.47)
Accordingly, .
m
M norm = VH—licz =M,(1+ 27:(21Z)§ _MW). (3.48)

Figure 3.23 demonstrates excellent agreement between the numerically and analytically
obtained results. The prolate particles exhibit the highest magnetization which is in contrast
to the diamagnetic particles, where the oblate particles yield to highest magnetization.

Example: spherical arrays of particles

One major study used surface modified AuNPs for biological reprogramming [13]. There,
fibroblast cells were planted on an array of spherical particles and exposed to a magnetic
field [13]. The arrangement of particles raises the question: how do the particles interact
with each other? Specifically, the determination of the number of particles that interact
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Figure 3.23: Coupling of para-/ ferromagnetic particles with different shapes and axis ratios from [8].
with one another in such an array is of interest. To determine the number of particles that

interact with each other in an array, first focus is put on a line of particles, as illustrated in
Figure 3.24.

MY@TT?I}’/MY:O

Figure 3.24: Coupling in a line of spherical diamagnetic particles from [8].
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To enhance the magnetization of the diamagnetic particles in the array due to their interac-
tions, as in the result of Figure 3.18¢, a magnetic field perpendicular to the direct connection
vectors between the particle centers is applied. The number of particles in a line is gradu-
ally increased from N =2 to N = 6, as shown in Figure 3.24. The Figure plots the ratio of
the maximum magnetization (My aray) Within the line of particles to the magnetization of
a single particle without any interactions (My70). The asterisks indicate the corresponding
My array /My o values for each particle number, while the dashed lines show how this ratio
changes with N. The colors in the Figure represent different magnetic susceptibility values.
The susceptibility curves for x, > —1072 overlap, indicating a lack of significant increase in
magnetization due to particle interaction at these levels. However, for susceptibility values
lower than x, < —107!, there is a relevant increase in My array /My o, Showcasing meaning-
ful particle interaction. The maximum interaction between particles saturates at N = 3 for
Xp = —1071, whilst for x, = —0.9, saturation is reached at N = 5 particles. Based on the
susceptibility values considered, it can be inferred that a maximum of five particles aligned
in a single row can result in relevant enhancement in magnetization. Expanding the number
of particles in the row only leads to an increase in the area covered by the maximum mag-
netization, but does not enhance the maximum magnetization itself.

Similar to Figure 3.24, Figure ?? shows results for particle interaction in the form ofMy,array/M%o
for para-/ ferromagnetic particles. The arrangement of particles relative to the incident mag-
netic field is chosen on the basis of the results from Figure 3.18a to obtain an enhance-
ment of magnetization. The results show that the onset of increased My array /My o begins at

Xp = 10~!, and the number of interacting particles increases with higher magnetic suscep-
tibility values. While saturation is reached at N =9 for x, < 10!, it is reached at N = 15

for xp > 10%. Remarkably an increase of Xp = 103 to Xp = 10° leads to almost overlap-
ping curves. This means thatMy7array/My70 cannot be further increased due to interaction of
particles in one row, even at higher susceptibility values. At extremely high magnetic sus-
ceptibility values, My array can be maximum four times higher than My .

Figure 3.25: Coupling in a line of spherical para-/ ferromagnetic particles from [8].
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Figure 3.26: Array of spherical diamagnetic particles from [8]. (a) Schematic illustration of the 6 x 6
particles array. (b) Magnetic field distribution above the array. (c) Magnetic field distribution above
a 10 x 10 particles array. (d) Gradient magnetic field above the 6 x 6 particles array.

Returning to an array of diamagnetic particles as used in a study for biological reprogram-
ming of cells [13], the limits of magnetic field alteration due to the particles interaction
is investigated in the following. Figure 3.26a shows an array of AuNPs, six particles wide
and six particles tall, exposed to a magnetic field perpendicular to the array plane. The par-
ticles have a diameter of R, = 10nm and are placed directly beneath each other without
any additional spacing. The magnetic field Hyorm is determined within the black rectan-
gular area displayed in Figure 3.26a, which is then illustrated in Figure 3.26b. The same
arrangement is analyzed for an array of 10 by 10 nanoparticles, as depicted in Figure 3.26c.
Figures 3.26b and c use the same scale. Comparing the two plots, it is evident that there
is no significant enhancement in the magnetic field due to more particles. Although the
alignment of the particles enables an enhancement in magnetization, it leads to an increase
in magnetic field between the particles and a reduction in magnetic field on the particles'
surface. This results in a range of —0.5 < Hporm < 0, showing that the magnetic field above
the array is lower than the incoming field. The magnetic field gradient of the arrangement
from Figure 3.26a and b is shown in Figure 3.26d. The magnetic field gradient peaks at
approximately 107.
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The magnetic field distribution from Figure 3.10a shows that the magnetic field enhance-
ment on an AuNP is maximum at the positions where the incident magnetic field is tangen-
tial to the surface of the particle. To obtain a magnetic field enhancement above an array of
diamagnetic particles, this characteristic is exploited. In contrast to the arrangement from
Figure 3.26a, Figure 3.27a shows a configuration where a partial enhancement of the mag-
netic field on top of the particles is excited. The incoming magnetic field is running parallel
to the z-direction. The particles are closely positioned in the x-direction while there is a
60 nm distance between neighboring particles in the z-direction. The spacing results in a
decrease of negative coupling (as in the result of Figure 3.18a) between the diamagnetic
particles. By implementing this configuration, the magnetic field is increased by a factor of
0.3 directly above the particles.

The findings from Figure 3.22 indicate that the magnetization and magnetic field inter-
action of particles could be enhanced by utilizing prolate/oblate particles with low/ high
configurational parameter n. However, when dealing with spherical diamagnetic particles,
achieving magnetic field enhancement in the range of the incident magnetic field necessi-
tates magnetic susceptibility values in the range of x, = —0.9 and a very specific particle

arrangement, as chosen in Figure 3.27.

norm

0.5

Figure 3.27: Modified array of spherical diamagnetic particles from [8]. (a) Schematic illustration. (b)
Magnetic field distribution above the array.
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3.3 Implementation of a Magnetic Field Exposure Setup for
In Vitro Cell Experiments
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Figure 3.28: Overview of implemented magnetic field exposure setup.

In the frame of this thesis, a first application setup was designed with the aim to allow cell
culture experiments for cellular reprogramming. An experimental setup can be used to vali-
date theories on the basis of analytical and numerical calculations. A schematic illustration
of the magnetic field exposure setup for in vitro cell experiments is shown in Figure 3.28. The
core of the setup are two coils forming a Helmholtz coil according to Figure 2.20. The coils
were produced by the Institute for Drive Systems and Power Electronics, Leibniz University
Hannover. | organized and accompanied the production and integrated them into the setup.
This setup had to be realized in a very short period of time. Thus, it was kept possibly simple
such that it could be used with equipment which was already available at the Institute of
Quantum Optics and at the Institute for Drive Systems and Power Electronics.

| designed and 3D-printed a spacer and a matching cell culture dish from polylactic acid (PLA)
to keep the coils at a constant distance and the cell culture dish at a constant height, right
in the area of maximum field uniformity. The voltage source is a Straton Serie 5311 isolation
transformer which allows a DC or AC power supply at a frequency f = 50Hz. The source al-
lows the manual setting of an output voltage Uy in the range between 0 < Uy < 30 Vrms
via a rotary control knob. An oscilloscope (Rigol DS2072A) allows the monitoring of the out-
put signal. The magnetic field probe is a Metrolab Technology THM1176-LF probe, which
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allows the measurement of three dimensional magnetic flux densities up to a magnetic flux
density magnitude of B =8mT with an accuracy around B, = £20 uT. The magnetic field
probe is connected to the PC via USB port and can be controlled with the off the shelve
software Metrolab EZMag3D. The setup is designed for the placement of the coils in a CO,
incubator for cell cultivation.

Each of the coils has a diameter of 220 mm and 96 turns of wire copper with a diameter
of 0.5mm. The coils can be used within a frequency range of 0 < f < 30kHz. At higher
frequencies, possible interference due to resonant behavior of the coils might occur. Fur-
thermore, due to heating of the copper wires at high input voltages, the coils are suited to
produce a maximum magnetic flux density of Bpa,x = 1.5mT. This magnetic flux density
corresponds to Uyy = 24 VRMS-

Figure 3.29 shows the temperature T of the coils as a function of magnetic flux density
magnitude B and time ¢. The temperature was measured with a VOLTCRAFT IR 500-12S in-
frared thermometer directly at the copper coils (there was no significant difference between
the temperature development of the two coils). The dots indicate the measurements and the
curve indicates the temperature development. At ¢t = 0, the coils were at room temperature
(T = 26.5°C). The magnitude of magnetic flux density was set to B = 1 mT. After three

T/°C
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Figure 3.29: Magnetic flux dependent heating of the coils over time.
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minutes, at # = 0 : 03 h, the temperature at the coils was already increased (T = 34°C).
After t = 0: 35h the temperature had saturated at 48°C < T <49°C.Attr=1:17h the
voltage generator was turned off (B = 0) for ten minutes. The temperature decreased to
T = 34°C. Subsequently, the magnetic flux density was set to B=1.5mT, att=1:27h
and the temperature started increasing. Seventeen minutes later, atz = 1 : 44 h the temper-
ature T = 72°C was reached and it saturated atr =2 : 11h with T = 74°C.

The temperature between the coils (at the location where the cell culture dish has to be
placed) was measured as well and did not change significantly over the time-course of the
measurements. These temperature measurements were performed in absence of an incu-
bator. Since in vitro experiments have to be performed within an incubator, it is crucial to
repeat the temperature measurements in the actual cell environment. Depending on the size
of the chamber, the overall temperature at the cells might be affected, which might influ-
ence the experimental outcome and be the source of a systematic error.

Furthermore, the measurements show that the increase in temperature is significant directly
at the coils. A relatively high temperature in the range of 7 > 70°C at the coils can reduce
the lifetime of the copper coils through damages on the insulating coating. To allow the
application of higher magnetic flux densities while avoiding high temperature increase of
the coils, a second pair of coils was produced by the Institute for Drive Systems and Power
Electronics, Leibniz University Hannover. The new coils had 1000 turns each, which allowed
higher magnetic flux densities at the same current flow as with the old coils (with 96 turns).
However, the integration of the new coils into an experimental setup was beyond the scope
of this thesis.

3.4 Magnetic Field Interaction: Discussion and Conclusion

In this chapter 3, first the relevant frequencies in the frame of cellular reprogramming were
determined in section 3.1. While it is well known that f = 50Hz is a typical frequency when
ELF-EMFs are applied, the classical PEMF excitation was investigated with Fourier analy-
sis. Thereby, f = 4kHz was determined as the most relevant spectral component. With the
knowledge of the relevant frequencies, the magnetic field distribution within a cell model
and different AuNP models were investigated in section 3.2. The analytical and numerical
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models which were therefore applied were presented in subsection 3.2.1 before the results
were shown in subsection 3.2.2.

It was shown that an external magnetic field with the considered frequencies penetrates
the cell without significant alteration. The cell is almost invisible for the magnetic field.
Considering possible mechanisms of action triggered in the cell, the described mechanisms
of section 2.4.2 cannot realistically be triggered. Equation (2.66) describes the deformation
of the membrane structures within a cell due to their inhomogeneous magnetic suscep-
tibilities. Considering a typical magnetic flux density magnitude of one millitesla, for the
fibroblast cell shown in Figure 2.11, the deformation of the plasma membrane/ nuclear en-
velope would be in the range of femtometer. Magnetic forces on ions in cells and cell culture
medium are rather unlikely in the frame of cellular reprogramming, since the magnetic flux
densities applied are below the threshold of one tesla, as described in section 2.4.2. Even a
magnetophoretic effect on molecules containing iron can be excluded, since much higher
magnetic flux densities and/ or gradient fields would be necessary (see equation (2.68)).

For the AuNPs, it was shown that in the frequency regime of interest, their magnetic response
can be approximated with application of the static magnetic polarizability. Furthermore, the
dynamic response becomes relevant for f > 100 MHz. The magnetic field distribution within
and around an AuNP with bulk gold material properties, as well as its magnetic field gradi-
ent were shown. These results showed that the magnetic field around an AuNP is partially
enhanced and partially decreased, depending on the considered position relative to the par-
ticle. However, the alteration in the magnetic field is approximately five orders of magnitude
smaller than the incident magnetic field while the maximum magnetic field gradient (nor-
malized to the incident magnetic field) is in the order of 10° m~!. Considering the magnetic
energy E of a particle as defined by (2.72), the magnetic field contribution of an AuNP with
bulk gold material parameters is too small to cause significant energy alterations. Further-
more, the magnetic force per particle volume f (2.73) is even lower than the gravitational
force density. However, the obtained results also show that the gradient of the magnetic
field can be tuned with the particle size.

Furthermore, the interaction of two identical spherical particles was investigated as a func-
tion of different magnetic susceptibilities and different polarization directions relative to
the arrangement of particles. It was shown that the magnetic dipole moments of two im-
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mediately neighboring particles can be enhanced or lowered due to their interaction. In this
regard, the determining factors are the orientation of the magnetic field relative to the ar-
rangement of nanoparticles, and the susceptibility of the particles.

Subsequently, the magnetic response of elliptical particles was investigated. The magnetiza-
tion of prolate and oblate ellipsoids relative to the magnetization of a spherical particle was
shown as a function of different axis ratios of the elliptical particles. The results show that
the maximum magnetization can be reached for prolate para-/ferromagnetic ellipsoids and
oblate diamagnetic ellipsoids. Furthermore, depending on the orientation of the magnetic
field relative to the elliptical particle, the magnetization can also be lower relative to the
magnetization of a spherical particle.

Subsequently, the magnetic coupling of two identical particles was examined for the differ-
ent shapes. In this regard, it was shown that in the cases of positive interaction (interac-
tion causing an increase in magnetization), the elliptical particles show stronger interaction
than spherical particles. Thereby, for diamagnetic particles, the oblate ellipsoids show the
strongest interaction while for para-/ferromagnetic particles the prolate ellipsoids interact
most strongly with the magnetic field.

Emanating from an example taken from literature, the interaction of spherical particles in an
array was investigated. It could be shown that the determining coupling factor is the mag-
nitude of the magnetic susceptibility: the higher the magnitude |,

, the more particles can
interact with each other. However, for the considered susceptibility range —0.9 < x, < 10°
in case of diamagnetic particles maximum five particles can couple effectively in one row
and in case of ferromagnetic particles, maximum fifteen particles can couple effectively in
one row. Finally and exemplary, the magnetic field and the magnetic field gradient above
arrays of diamagnetic nanoparticles was investigated. The main findings of these investiga-
tions are that for the case of positive coupling of particles, depending on the orientation
of the incident magnetic field relative to the array surface, the incident magnetic field can
be enhanced or lowered. The results show that an extreme diamagnetic susceptibility of
Xp = —0.9 can achieve a magnetic field enhancement in the range of the incident magnetic
field. Since there is the hypothesis that a relevant increase in magnetic field was reached
with strong diamagnetic AuNPs experimentally [13], with the shown results it can be in-
ferred that the magnetic susceptibility for such an increase in the magnetic field must be in
the range of y, = —0.9.

In section 3.3 a basic setup for the in vitro exposure of cells with magnetic fields was pre-
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sented, as realised in the frame of the work for this thesis at the Institute of Quantum Optics.
This setup provides an example of possible first experimental arrangement which can be used

at the Institute of Quantum Optics.



4 Electric Field Interactions with Cells
and Cells in Combination with AuNPs

In this chapter, first a new lumped element model of a cell will be introduced. This model can
be used to approximate the electric field within the different cell layers of individual spher-
ical cells only by application of formulas containing dimensional an EM material properties.
While the lumped element model derived by mainly focusing on the frequencies used during
TTFields (f ~ 100kHz), subsequently the electric field distribution within cells and nanopar-
ticles is shown also at frequencies typically used during cellular reprogramming (f = 50Hz
and f = 4kHz). Thereby, approximations with the lumped element model are used where
possible and compared to Mie Series and numerical EM calculations. Before the results are
shown in section 4.2.2, the calculation methods are explained briefly in section 4.2.1.
Afterwards an enhancement of existing electric field exposure setups for in vitro cell culture
experiments is proposed. Compared to existing setups, the proposed model allows the ex-
posure of cells with more homogeneous electric fields while also allowing the exposure to
more polarization directions.

Afterwards and to allow the consideration of electrical conductivity of nutrient cell media
in future calculations, the implementation of a capacitive measurement method is shown.
Finally, a discussion and conclusion of the chapter is presented.

107
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4.1 New Concept of an Electrical Lumped Element Model of
a Cell

The work presented in this section was conducted at the Institute of Microwave and Mea-
surement Systems, Leibniz University Hannover, in the frame of a peer reviewed journal
publication [2]. | developed the idea and the content of the paper. Professor Dirk Manteuffel
supervised the work.

An electrical lumped element model of a cell is a condensed representation of the electrical
behavior of the cell. It allows the approximation of the electric field distribution within a
considered cell model.

In the following, a lumped element model and corresponding analytical formulas are pre-
sented, which allow an approximation of lumped element parameters of singe shell and
double shell spherical cell models. Compared to other lumped element models (see sec-
tion 2.3), huge advantages of the presented formulas are that they apply for frequencies up
to several megahertz and that they only contain dimensional parameters and EM material
parameters (conductivity and permittivity) of spherical cells. During investigations of mech-
anisms of action in the frame of exposure of individual cells to electric fields, this lumped
element model can be applied to approximate electric current and electric field proportions
within different cell layers without the application of more advanced mathematical methods
as Mie Scattering or numerical calculations. This model can i.a. be applied in the frame of
Tumor Treating Fields investigation of mechanisms of action.

Figure 4.1 shows on the right side the cross section of a cell located in an unidirectional
external electric field E;,.. The cell layers are the same as in the double shell model in
Figure 2.10.

The total electric field distribution Ei within the cell is shown on the left side plot. Here, the
magnitude |E| is plotted normalized to the magnitude |E;,| in dB scale. The direction of
Eio is indicated by the arrows. The electric field distribution is calculated analytically with
application of Mie Scattering (as shown in Figure 3.6) for a representative glioblastoma
cell model with according electric and dimensional parameters as listed in table 4.1 (lower
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Figure 4.1: Electric Field distribution within a spherical cell model (left) and schematic illustration of

resulting concentrated currents (right). Modified illustration from [2] © 2011 IEEE.

limits). r denotes the (outer) radius of the layer, & is its relative permittivity and o is its

specific conductivity.

Layer r & c
Plasma membrane Fpm = 10 um & pm = 9.44 Opm = 0S/m
Nucleoplasm 6.694 um < ry, < 8.879 um Ernp = 80 Opp =3.95/m
Nuclear envelope 6.73um < rpp <8.929um | 7 < & pe < 100 | Ope = 83 uS/m

Table 4.1: Parameters for the layers of a double shell glioblastoma cell model.

Eo: within the cell causes a proportional electric current density within the cell. Considering

the distribution of Eo within the different cell layers, the current densities can be integrated

to the current /¢, within major parts of the cytoplasm and the current /n, within major parts

of the nucleoplasm (as shown in the right side of Figure 4.1).

Since only electric field contribution is considered in the cell model, the deduced lumped

element model consists of capacitors and resistors. From the electric field distribution in
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Figure 4.1 a comprehensive lumped element model can be deduced which is shown in Fig-
ure 4.2. The indexes of the lumped element parameters indicate their affiliation to specific
layers.

Figure 4.2: Lumped Element model of a spherical cell obtained from the electric field distribution in
Figure 4.1. lllustration from [2] © 2011 IEEE.

The considerations behind the lumped element model from Figure 4.2 will be explained
in the following. As can be seen from the electric field distribution, Ei is almost con-
stant within the nucleoplasm. The resulting electric current density distribution is propor-
tional to the electric field and thus also constant within the nucleoplasm. The constant
current density can be integrated over the volume of the nucleoplasm and concatenated
into the current I,. Furthermore, the nucleoplasm has dielectric and dissipative material
characteristics. Due to this property and with consideration of the electric field distribution,
Znp = (R,jp1 +ijnp)*1, which means that the impedance of the nucleoplasm can be pre-
sented by a capacitance parallel to a resistivity.

Another fact that can be deduced from the electric field distribution is that I, enters the nu-
cleoplasm through one half of the nuclear envelope and symmetrically exits the nucleoplasm
through the other half of the nuclear envelope. This is the reason behind the arrangement
of the capacitances and resistivities of the nuclear envelope as illustrated in Figure 4.2.
When considering the cytoplasm, only part of the total current within it enters the nuclear
envelope. This part is equal to I, and flows through the impedance Z, | = (Rc’p{1 +ijcp71)*1.
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The remaining current through the cytoplasm (Icp) splits into half and each half flows through
Zepp = (Rc_pl.,z +joCep2) .

The total current Iio entering the cell, penetrates it through the plasma membrane and exits
it symmetrically.

From the electric field distribution of Figure 4.1 it can be seen that the magnitude of electric
field within the cytoplasm is much higher than the magnitude of electric field within the
nucleoplasm. The reason thereof lies in the well known shielding properties of the membrane
structures at frequencies up to several megahertz [1, 133, 134, 145]. Therefore, it is reason-
able to assume, that the impedance Z, | is much smaller than the impedance of the nuclear
envelope and furthermore, that it does not play a significant role in the representation of the
electrical behavior of the cell. With this simplification in mind, the lumped element model
from Figure 4.2 can be approximated with the lumped element model shown in Figure 4.3.

Figure 4.3: Reduced lumped element model of a spherical cell. lllustration from [2] © 2011 |EEE.

The total capacitance Cpaichclamp @nd the total resistivity Rpachclamp O the plasma mem-
brane can be measured with the patch clamp technique. When thinking of a capacitor, the
capacitance is proportional to the area of the electrodes. In the case of a resistor, the re-
sistivity is inversly proportional to the area normally oriented to the current flow. Thus, Cpm,
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and R, can be obtained from Cpychclamp @aNd RpacchClamp With
Cpm =0.5 CPatchClamp7 (4-1)

Rpm =2 RPatchClamp- (4-2)
Due to its electromagnetic material properties, the nuclear envelope can be treated as a
spherical capacitor. As such, the capacitance and the resistivity can be calculated with

2T &
Coo = nefne’ne : (4.3)

Yne — Tne

Tne — Tnp

Rne - .
261'167.[ rnernp

(4.4)

In general, the dissipation power Py within a volume V can be calculated by application of
the specific conductivity o, the complex electric field vector E and its conjugate complex

E* [169]
P = /V / / GEE*dV. (4.5)

The reactive power P; can be obtained with the total permittivity € [169]
P :ja)///sEE*dV. (4.6)
14

Within a lumped element model, the formulas are
Py=1I’R, (4.7)

P, = joCU?. (4.8)

I is the current through a resistor with resistivity R and U is the voltage over a capacitor

with capacitance C.
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The impedance of the nucleoplasm Zy, can be approximated with Ryp, if [Pgnp| > |Prnpl-
When assuming a constant electric field within the nucleoplasm,

|Pd7np| > ’Pr7np|7

4Amr3 Amr3
Onp 3anE*>>a)enp 3anE*,

(4.9)
O-np >> a)gnp,
Onp > 27 f €np,
This condition can be expressed in terms of frequency f as
o]
f< —2 (4.10)
2TEyp

Figure 4.4: Further reduced lumped Element model of a spherical cell. lllustration from [2] © 2011
IEEE.

When this condition applies, the lumped element model from Figure 4.3 can be converted

to the lumped element model from Figure 4.4.
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The resistivity of the nucleoplasm can be defined by application of the power equations (4.5)
and (4.7). Assuming a constant electric field, the resistivity can be obtained with

473
Pd7np — an—anE* — Ingnp,
3 (4.11)
Pinp =G A 7np EE* = EE*c2 r* m°R
d,np Y np” np np-
The resistivity of the nucleoplasm is
4
Rp=—"—. (4.12)
30upT p
Similarly to (4.9), if
413
f< 2mep ( )

applies, the impedance of the cytoplasm Z,, can be approximated with R, . Then, the
lumped element model from Figure 4.4 can be transformed into the lumped element model
from Figure 4.5.

Figure 4.5: Final lumped Element model of a spherical cell including all reductions. Illustration from
[2] © 2011 IEEE.
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Similarly to the derivation of (4.12), Rcp can be obtained, when the electric field within
the cytoplasm is considered as constant. However, from the electric field distribution in
Figure 4.1, it can be seen that this is not the case. By assuming a constant electric field and
by derivation of R, > with similar formulas applied for the derivation of Ry, the calculated
Rcp 2 will be higher than the actual resistivity. However, this approach can be used to obtain
a maximum value Rcp max for Rep 2:

8 (rg’p — ”131e)

3onpT (rgp — r%e) '

(4.14)

ch,max =

Since the relative permittivities of the plasma membrane and the nucleoplasm are equal (see
table 4.1) and the specific conductivity within the cytoplasm is smaller than the one of the
nucleoplasm, (4.15) is the relevant frequency condition within the derivations applied. This
condition results in

f < 290MHz. (4.15)

The frequencies of interest within this investigation are much smaller than f =290 MHz.
TTFields operate at frequencies in the kilohertz regime, which means that the lumped ele-
ment model from Figure 4.5 with the derived formulas for the lumped element parameters
is applicable in the frame of TTFields.

To validate the obtained lumped element model with according formulas, the lumped ele-
ment parameters of Figure 4.5 were calculated with the presented formulas and compared
to parameters obtained from Mie Series calculations (as described in the section 2.3.3 and
2.3.4). Therefore, material and dimensional properties according to table 4.1 were consid-
ered.

When considering the lumped element model, the currents I, and I, can be determined
normalized to the current Jyo¢ = Iyp + Icp. The respective normalized currents are called Iy 1 E
and I.p Lg- When considering Mie Series calculations, the currents within the nucleoplasm
and within the cytoplasm were calculated by discrete integration of the current densities
within the respective layers. These according normalized currents are named Iyp mies Ip Mie-
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Figure 4.6: Dependency of normalized currents from different nucleoplasm sizes. lllustration from [2]
© 2011 IEEE.

Figure 4.6 shows the currents obtained with the different methods as a function of the
radius of nucleoplasm ryp. 7p min @Nd 7np,max Mark the limits of usual sizes for glioblastoma
nuclei. The currents are plotted in dB scale.

From the results in Figure 4.6 it can be seen that I.;, g is slightly underestimated and I, 1 E
is clearly overestimated for all nucleoplasm radii. It can be seen that the offset between
IepLE and Icp mie rises with rising nucleoplasm sizes and that the offset between I, 1 g and
Ip Mie becomes smaller.

One reason for the offsets might be found in the impedance Z,; from Figure 4.2. Z, ;
has been neglected in the applied lumped element model from Figure 4.5. Its consideration
would increase the total impedance the current I, has to pass, which would cause a higher
current I, 1 g and a lower current I, 1 g. For relatively small ryp, Ip is much higher than
Iyp. For relatively big ryp, both currents approach each other. That means that for small ryp,
the neglect of Z, ; has almost no impact on I, 1 g whereas the impact on I, g is much
bigger. For relatively big r,p, the impact on both currents becomes almost equal.

Another reason for the offset is that for the calculation of the currents with the lumped
element model, Rep max is applied, which is a maximum estimation for the resistivity of the
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cytoplasm. This approximation has similar consequences for the currents Iy, 1 g and Icp 1 E
as the neglect of Z¢,, ;.

0 P—————————— T = |cp,Mie,r
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Figure 4.7: Frequency dependency of the normalized currents. Illustration from [2] © 2011 |EEE.

Figure 4.7 shows the same currents for the two different nucleoplasm radii in dependence on
the frequency f. It can be seen that the offset between the curves obtained with the lumped
element model and the curves obtained with Mie Series calculations is almost constant for
the whole shown frequency range. The maximum offset is approximately 8 dB for I, at the
minimum nucleoplasm radius. Since the offset is already present at f = O for all curves, the
reason probably lies in the calculation of the resistivities. In case of the cytoplasm, in the
lumped element model an over-estimation of R, was performed with the application of
equation (4.14). This leads to an under-estimation of I, g, while the error is higher in case
of the bigger nucleus size. Furthermore, compared to Ip mie, Inp,LE is Over-estimated. Since
this is the case already at f = 0, the reason probably lies in the calculation of one of the
resistivities. Since the resistivity of the nuclear envelope is much bigger than the resistivity
of the nucleoplasm, at f = 0 the resistivity R, dominates the impedance of the nucleus.
Thus, an under-estimation of this resistivity must be a reason for the overestimated current
within the nucleus. Considering equation (4.4), R is approximated with the resistivity of
a spherical capacitor. This is not the real scenario case for the membrane structures. When
considering the vectors from Figure 4.1 carefully with focus on the boundaries of the nu-



118 4 Electric Field Interactions with Cells and Cells in Combination with AuNPs

clear membrane around x = O, it can be seen that there is almost no electric field. This can
be considered in the calculation of R, by assuming a smaller effective radius rpe. From (4.4)
it can be seen that a smaller r,e would lead to a bigger value for Ry, leading to a correction

of Iyp,LE towards lower values.

Although the lumped element model with the approximation formulas cannot be used for
the exact solution of the current distribution within the cell, the model provides a sufficient

approximation of the overall electromagnetic behavior.
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4.2 Electric Field Distribution in Cells and AuNPs

In the following, first the calculation methods for the determination of electric field distri-
butions are introduced. Subsequently the calculation results are presented.

4.2.1 Calculation Methods

The overall methodical approach for the determination of the electric field within a cell and
an AuNP is similar to the calculations of magnetic field distributions described in section 3.2.
As before, the double shell cell model from Figure 2.10 is applied with dimensional and EM
material parameters according to table 2.3. The electric field distribution is calculated with
Mie Series calculations according to Figure 3.6.

Electrodes

Cell
@ =30 v é ¢@=-30 v
60 um

Figure 4.8: Illustration of the numerical simulation model for a cell exposed to an electric field.

To validate the results obtained with Mie Series calculations, numerical calculations are
performed in Sim4Life. To obtain the numerical results for the electric field distribution, the
Unstructured Electro Quasi-Static solver is applied. Since the direct excitation of an elec-
tric field with desired parameters is not possible with this solver, the cell model is placed
between two electrodes, as schematically shown in Figure 4.8. ¢ is the electrical potential
of a single electrode. The dimensional properties and the potentials are chosen to achieve
an unidirectional and homogeneous electric field excitation with electric field amplitude
Eine = 1 V/m at the cell.
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For the determination of the electric field distribution within the AuNP, the cell from Fig-
ure 3.6 is replaced by an AuNP. The AuNP with radius rnp = Snm is considered to possess

a bulk specific electrical conductivity of gold which is ooy = 41 MS/m.

4.2.2 Calculation Results of Electric Field Distributions in Cells and
in AulNPs

Figure 4.9 shows the results of the electric field distribution within the cell, separated into
the directional components and at both target frequencies. The magnitude of the total elec-
tric field |Eqo| is normalized to the incident electric field magnitude |E;,c| and plotted in dB

scale.
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Figure 4.9: Mie Series calculation of total electric field distribution in the three directions of Cartesian
space.
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Comparing both frequencies, it can be seen that the principle electric field distributions are
similar to each other, but the electric field magnitude at f = 4kHz is approximately 40 dB
(corresponding to a factor of 100) higher than at f = 50Hz. The electric field in x-direction
is the dominant directional component, since E;, is oriented in x-direction. Without further
descriptions in the plots, the cytoplasm can be distinguished from the nucleus: The cell elec-
tric field proportion entering the cytoplasm is lower than the external electric field and the
proportion entering the nucleus is even lower. This principle electric field distribution was
to be expected when considering the lumped element model of the cell from Figure 4.5.
At relatively low frequencies, as applied here, the total impedance of the cell is dominated
by the capacitive properties of the plasma membrane and the nuclear envelope. The total
capacitance has a shielding impact against the external electric field and the capacitance of
the nuclear envelope has a shielding impact against the electric field within the cytoplasm.
Figure 4.10 shows the ratio |E|/|Einc| in the xy-plane. The only difference between the
left plots and the right plots is the scale. The plots on the left show the field distribution
inside the cell and the plots on the right have the focus outside the cell. It can be seen that
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Figure 4.10: Mie Series calculation of total electric field distribution in two scales.
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there is a significant electric field gradient within the cytoplasm (y = 0, focus within cell)
as well as in the immediate vicinity of the cell (y = 0 and x = 0, focus outside cell) for both
frequencies. Furthermore, the applied frequency does not significantly alter the electric field
distribution outside the cell but the fraction of the cell-penetrating electric field is about
40 dB higher at f = 4kHz than at f = 50Hz. For both frequencies, the ratio between the
electric field within the cytoplasm Ec, and the electric field within the nucleoplasm Eyj, is
approximately 40 dB (factor 100). These ratios of the electric fields within the different cell
layers can also be approximated with the lumped element model from Figure 4.5, which is
also shown in Figure 4.11 a).
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Figure 4.11: Calculations with the lumped element model from Figure 4.5 with respective parameters.
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The total impedance of the lumped element model from Figure 4.11 a) is Z., the total
impedance of the nucleus (including the nuclear envelope and the nucleoplasm) is Z,, and the
total impedance of the cytoplasm is Z,,. Figure 4.11 b) shows the magnitudes of the three
impedances for a frequency range up to 0 < f < 10kHz. The impedances are calculated with
the lumped element parameters according to the formulas from section 4.1 and dimensional
and EM parameters according to table 2.3. With the results for the impedances, the ratio
of the currents is plotted in Figure 4.11 c), where |I.p|/|Inp| = |Zup|/|Zcp|. It can be seen
that for the frequency range of interest, the ratio of the two current magnitudes is almost
constant. Furthermore, the current ratio can also be formulated as

Lep| _ [Ecp|OcpAcp
\op|  |Enp|OnpAnp

(4.16)

A is the cross-sectional area of the respective layer indicated by the index. With reformula-
tion of (4.16), the ratio of the electric field magnitudes [Ecp|/|Eqp| is obtained and plotted
in Figure 4.11 d). It can be seen that the ratio of |Ecp|/|Eyp| approximated with the lumped
element model is very close to the factor of approximately 100 obtained with Mie Series
calculations.

The results from Figure 4.9 to Figure 4.11 show that just a small proportion of the in-
cident electric field enters the cell. However, these results are obtained by application of
mean values of EM properties for a cell according to table 2.3. It is well known that highly
conductive materials shield an externally applied electric field. Thus, in order to achieve the
greatest possible penetration of the electrical field into the cell, the electrical material prop-
erties as specified in table 4.2 were used instead of the according parameters from table 2.3.
Subsequently, the parameters are further changed according to table 4.3.

Layer Changed relative permittivity | Changed specific Conductivity
Cytoplasm — Ocp = 0.033S/m
Plasma membrane & pm = 16.8 -

Table 4.2: First changed EM parameters of the layers of a double shell cell model.
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Layer Changed relative permittivity | Changed specific conductivity
Cytoplasm - Ocp = 0.033S/m
Plasma membrane &pm = 16.8 -

Nucleoplasm - Onp = 0.25S/m
Nuclear Envelope & ne = 100 -

Table 4.3: Second changed EM parameters of the layers of a double shell cell model.

Instead of using mean values, the parameters in the two tables are the limit values extracted
from [134]. To achieve higher electric field penetration, the permittivities of the membranes
were set to the highest limits and the conductivities of the cytoplasm and nucleoplasm
were set to lower limits. The respective parameters were chosen because the membranes
have predominantly capacitive properties and the cytoplasm and the nucleoplasm have pre-
dominantly conductive properties.

In Figure 4.12 the results are presented for a frequency of f = 4kHz, since the electric field
penetration is higher than at lower frequencies. First the normalized field distributions from
Mie Series calculations are presented. The applied material parameters are indicated under
the respective plot, while the parameters which are grayed out are equal as before. From
Figure 4.12, it can be seen that the overall fraction of the electric field penetrating the cell
is dominated by the electrical material parameters of the cytoplasm. Electrical parameters
of the nucleus determine the fraction that penetrates the nucleus. However, a significant
modification of electrical parameters of the cell increases the magnitude of the penetrating
electric field proportion up to 40 dB. The normalized magnitude of cell-entering electric field
has a maximum value of about -90 dB (area of cytoplasm in Figure 4.12), which corresponds
to a factor in the range of 107°.

In Figure 4.12 the ratios of |Ecp|/|Enp| calculated with the lumped element model can
also be seen for the modified electrical material parameters. For the first set of parameter
modifications the ratio remains as before. For the second set of modifications, the ratio
is significantly different. These two results mirror the results of the respective Mie Series
calculations of the same figure.

Besides the cell, also the AuNP exposed to an electric field is studied. Since materials with
very high electrical conductivity shield their interior from an externally applied electric field,
it must be assumed that an externally applied electric field does not significantly penetrate
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Figure 4.12: Mie Scattering calculation of total electric field distribution and ratio of electric fields
by application of the lumped element model with changed EM parameters.

an AuNP (oay = 41 MS/m). The respective results obtained with Mie Series approach are
presented in Figure 4.13.
The results of Figure 4.13 show that there is no significant difference between the electric
field distributions in close vicinity of the AuNP at both frequencies. As expected, the electric
field fraction that penetrates the AuNP is very small (maximum of -260 dB, corresponding

to a factor of 10°

13)_
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Figure 4.13: Mie series calculations of total normalized electric Field within an AuNP.

4.2.3 Assessment of Mechanisms of Action between Electric Fields,
Cells and AuNPs

The results shown in section 4.2.2 are obtained for the relevant frequencies in cellular re-
programming. However, during cellular reprogramming cells are exposed to magnetic fields.
The excitation of an alternating magnetic field always results in an excitation of an electric
field component. However, the electric field is so small that it is usually neglected. Since in-
formation concerning the electric field strength excited during cellular reprogramming with
magnetic fields is missing, in the following a TEM wave is considered, as the relation be-
tween magnetic field strength and electric field strength is well known. However, it should
be noted that this consideration leads to a significant over-estimation of the electric field



4.2 Electric Field Distribution in Cells and AuNPs 127

contribution in regard to cellular reprogramming.

In a TEM wave the magnitudes of the electric field component and the magnetic field com-
ponent are linked by the wave impedance, as shown in (2.23). Considering a magnetic flux
density magnitude of |Bi,.| = 1 mT, the electric field component of the TEM wave excited
in vacuum has a magnitude of approximately |E;,c| = 300kV /m.

According to the results of Figure 4.12, the maximum magnitude of electric field within the
cytoplasm is 90 dB smaller than the excited electric field value. Thus, the maximum magni-
tude of electric field penetrating the cell is in the range of |Epen max| = 30 V/m. Considering
the applied cell model, observed biological effects during cellular reprogramming under ex-
posure cannot be explained by electrostatic forces (see section 2.4.1).

To evaluate whether DEP forces on microtubules might occur in the frame of reprogramming,
(2.65) is solved with parameters from table 4.4. The according parameters of the microtubule
are from [176]. The parameters of the cytoplasm are the same as for calculations behind the
results of Figure 4.10.

Parameter Value
Tmt 12.5 nm
Emt 0.89 nF/m
Ot 250 mS/m
Ep 0.70832 nF/m
Ocp 1.3 S/m

Table 4.4: Parameters for the calculation of DEP force on microtubules in cytoplasm.

Considering the field gradients within the cytoplasm along y = 0 from Figure 4.10, the
following statement can be made: the electric field magnitude has a maximum gradient of
approximately 20dB per micrometer. At f = 4kHz and over a distance of approximately
1 um, the cytoplasm contains electric field magnitudes of approximately [E| = 1070 Ejyc|
and |Eiot| = 1077|Ejyc|- The respective gradient term for the calculation of the DEP force

can be obtained with:
(10712 =107 1)|Ejnc |

VIE]? = o

(4.17)
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Assuming |Eipc| = 300kV/m (for a TEM wave), the DEP force per lenght of microtubule is
in the range of 10°2" N/m. This force is too small to be effective [152, 176]. Any effect on
other cell compartments due to DEP force exertion cannot be excluded since DEP effects on
other compartments are not as well studied as for microtubules.

Thermal effects within the cell due to the obtained electric field intensities can also be
excluded when comparing electric field magnitudes obtained here with those obtained by [1].
With the applied cell model, there is no indication of electric field induced mechanism of
action within an exposed cell.

However, it has to be taken into account, that the applied cell model considers a perfectly
spherical, single cell with homogeneous electromagnetic material properties. Real biological
cells are not perfectly spherical and furthermore, real cells change their shape during the
cell cycle. Furthermore, considering several cells under exposure, electric field distribution
within cells can become inhomogeneous. This might cause DEP force effects on whole cells,
which is shown to have biological impact [177].

Except the cells, also AuNPs were considered. AuNPs also cause electric field inhomogeneities
(see results of Figure 4.13). However, a single nanoparticle causes inhomogeneities within a
very small volume, which might be too small to affect cell compartments much bigger than

the particle. Very small cell compartments in the nanometer scale might be affected.
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4.3 Enhancement of Electric Field Exposure Setup for In
Vitro Cell Experiments

The work presented in this section was conducted at the Institute of Microwave and Wireless
Systems, Leibniz University Hannover and published in the frame of a conference contribu-
tion [250]. | developed the idea and the content of the paper. Lukas Berkelmann conducted
numerical EM simulations in related former studies [1]. Professor Anaclet Ngezahayo con-
sulted as an expert in the field of biology. Professor Dirk Manteuffel supervised the work.

An exposure setup for cell culture experiments with focus on electric field component is
shown in Figure 2.21. This setup consists of four electrodes which are located within a
cell culture dish and allow the excitation of an electric field in two different polarization
directions (as explained in section 2.5).
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Figure 4.14: Electric field distribution within the cell cultivation area of the setup from Figure 2.21
on the left and histogram of the electric field values on the right.

Figure 4.14 shows on the left side the electric field distribution of the setup including cell
culture medium, the cell culture dish and the four electrodes immersed in the medium. ¢,
and —¢; are the chosen potentials at the active electrodes. The potentials have been chosen
to produce a target electric field of |Etarget| — 100 Vrmsm ! at the centre of the cell culture
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dish. The gray arrows indicate the electric field direction. The magnitude of the electric field
distribution |E| within the cell cultivation are of 13.6 mm diameter is plotted normalized to
the target field. Values are provided in dB scale.

On the right side of Figure 4.14 a histogram can be found. The histogram shows the relative
occurrence of the field values |E| in dependence of their relative deviation from the expected
value [Egrget| = 100 Vrmsm ™~ L. The diameter of cell cultivation area has been chosen to the

maximum diameter where the relative standard deviation of |[E| from |Eyge| is under 10 %.

Since the direction of electric field polarization relative to the mitotic axis is significant
for the electric field distribution within a cell, and cells can be oriented arbitrarily in the
cultivation area, it is important to allow as many polarization directions of the electric field
as possible. Furthermore, to enhance the quality of experiments even more, a larger area of
field homogeneity would be favorable.
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Figure 4.15: Electric field distribution within the cell cultivation area of the first modification on the
left and histogram of the electric field values on the right.

An intuitive way to achieve more directions of polarization is to apply more electrodes.
Figure 4.15 shows such an example where eight electrodes are chosen. Furthermore, by
activating six electrodes at the same time, three of which carry the same potential, a cell
cultivation area with a diameter of 18.6 mm can be achieved, while the standard deviation is
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9.9 %. The according histogram can be seen in Figure 4.15 on the right side. When comparing
the histogram from Figure 4.15 with the histogram of the original setup, it can be seen that
the relative deviation from the expected value reaches higher values. In fact, the opposite
would be the aim. An enhancement of the relative deviation can be reached with smaller
electrodes, which are further away from the centre of the cell cultivation area, as shown in
Figure 4.16.
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Figure 4.16: Electric field distribution within the cell cultivation area of the second modification on
the left and histogram of the electric field values on the right.

Furthermore, with this configuration an even bigger cell cultivation area with a diameter
of 22.8 mm can be reached. However, it is desirable to have a configuration of electrodes
which shrinks the relative deviation from the expected value to a maximum extent.

When having a closer look on the electric field distributions in Figure 4.16 and Figure 4.15,
the main electric field within the cell cultivation area is caused by each facing pair of active
electrodes (three facing pairs along y = —10mm, y = Omm and y = 10mm respectively).
To realize an electric field distribution with possibly high homogeneity, the electric fields
between the electrodes along y = 10mm and y = —10mm should be equal to the electric
field along y = Omm.

Figure 4.17 shows the distances d; and d, between two pairs of electrodes. Alpha is the
constant angle between two neighbouring electrodes. Approximating each pair of facing
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Figure 4.17: lllustration of the parameters for the third modification.

electrodes with an ideal plate capacitor, the electric field between the individual pairs can
be approximated with

E:7. (4.18)

E is the electric field magnitude between the electrodes and d is the distance between
the electrode pair. To achieve the same electric field between the pair of electrodes with
the distance d> as with the pair of electrodes with the distance dj, the potential at the
electrodes must be ¢ = ¢ cos (), as shown in Figure 4.17.
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Figure 4.18: Electric field distribution within the cell cultivation area of the third modification on the
left and histogram of the electric field values on the right.
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The result of such an excitation of the electrodes can be seen in Figure 4.18. From the field
distribution it can be seen that there the field homogeneity is much higher than in the cases
shown before. This trend is also clearly recognizable when comparing the histograms. The
relative occurrence of a relative deviation of zero is almost three times higher than in the
cases shown before. However, from the electric field distribution it can also be seen that the
electric field at the border of the cell cultivation area is as inhomogeneous as before.
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Figure 4.19: Electric field distribution within the cell cultivation area of the fourth modification on
the left and histogram of the electric field values on the right.

Figure 4.19 shows the results of the same principle of excitation as in Figure 4.17 and
Figure 4.18. but with sixteen electrodes. It can be seen that a highly homogeneous electric
field can be realised with this electrode configuration. Almost the whole petri dish can be
used for cell cultivation. Furthermore, eight directions of electric field polarization can be
applied with this configuration.

Conclusively, the targeted improvements have been fully achieved by changing the original
electrode configuration from Figure 4.14 to the final configuration from Figure 4.19.
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4.4 Implementation of a Capacitive Measurement Method

The work presented in this section was conducted at the Institute of Microwave and Wire-
less Systems (IMW), Leibniz University Hannover, in the frame of a bachelor thesis of Hen-
drik Jaschke [6] which | supervised. | developed the idea. Furthermore, | decided about the
course of action and managed the supply of needed materials. For this work different capac-
itor configurations with different electrode materials were needed. Copper electrodes were
fabricated at the IMW. Furthermore, | established a connection to the Institute of Technical
Chemistry, Leibniz University Hannover, where the platinum and platinum black electrodes
were fabricated. With the provided electrodes, | built the capacitor configurations on the
basis of a design from [223]. Hendrik Jaschke performed measurements under my guidance
and conducted literature research for his thesis. Professor Dirk Manteuffel was the examiner
of the bachelor thesis.

During cell culture experiments cells are located in nurturing cell culture medium. Thus,
electromagnetic material parameters of the surrounding medium are relevant for theoretical,
analytical and numerical investigations of EMF interaction mechanisms. In the following, the
implementation and application of a capacitive measurement method is shown which allows
the determination of the specific conductivity of solutions containing dissolved ions. This
measurement method can be applied at frequencies down to one kilohertz and is therefore
suited for the determination of specific conductivity of cell culture media used during cellular
reprogramming and TTFields in vitro cell experiments. In the following first the principle
approach and the methods are introduced and subsequently the measurement results are
shown and discussed.

4.4.1 Principle Approach and Methods

For the capacitive determination of electrical material parameters, a capacitor configuration
according to Figure 4.20 was build. This design is based on the model presented in [223].
The copper electrodes in this design were etched on FR4 circuit board substrates and have a
diameter of 30 mm. The bottom electrode is surrounded by a spacer (flange) from copolyester
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Figure 4.20: Applied capacitor with copper electrodes. A Modified configuration based on the model
of [223].

with a thickness of 6 mm which was carefully glued on the substrate with epoxy based glue.
The boreholes on the substrates allow the attachment of the upper electrode part to the
bottom electrode part by Polytetrafluoroethylene (PTFE) screws. An o-ring within the spacer
allows for a leakproof mounting. The electrical contact to the measurement equipment is
realised through a wire. An injection hole on one side of the spacer allows to fill the capac-
itor with the medium under test (MUT) by application of a syringe with fine needle. A fine
outlet hole is placed beside the injection hole.

Before each measurement, slowly, the capacitor was filled with the MUT through the injec-
tion hole, until a part of the MUT came out of the outlet hole. This procedure was chosen
to avoid air within the capacitor. The impedance of the filled capacitor configuration was
measured with an HP 4284A impedance analyzer. The wires of the capacitor were connected
through HP 16048A connectors to the impedance analyzer. The analyzer was started 30 min-
utes before measurements were conducted in order to provide a sufficient warm-up time for
the device. Furthermore, the analyzer was calibrated after the warm-up period. Impedance
measurements were performed for a frequency range of 1kHz < f < 1MHz. The lower fre-
quency limit was chosen since the electrical material properties for MUTs of interest do
not (significantly) change for even lower frequencies (see Figure 2.17). The upper frequency
limit was chosen much higher than the typical frequencies of interest in the frame of cellular
reprogramming and TTFields, which ensured the coverage of the frequency range of interest.
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The determination of electrical material parameters was first conducted by consideration of
the theory provided in section 2.5.2, specifically, by consideration of the lumped element
model from Figure 2.24 and application of the formulas provided in (2.75) to (2.79).

First, the impedances of the capacitor filled with air (empty cell) and purified water were
measured over the above mentioned frequency range to obtain the constant K and the
stray capacitance Cy. The measured impedances were fitted to the function in (2.75). The
parameter fitting function from [251] was used in MATLAB. With the determination of the
fitting parameters, the constant K was obtained with (2.78). The determined value was
compared to the value obtained with the approximation formula (2.82) which resulted in
K = 1.043- 10712 F. The relative permittivity of water was approximated with & ; = 80
and the relative permittivity of air was approximated with & > = 1. These values are close
to respective values provided in literature and small variations of the values towards exact
literature values as in [223] did not change the overall results significantly. Once the con-
stant K was known, the stray capacitance Cy could be determined with (2.79). After the
impedance measurement with water, the capacitor was opened, dried with lint free tissues
and closed in order to be filled with the MUT of interest.

The first MUT chosen was isopropyl alcohol, also called isopropanol. This choice allowed the
validation of the capacitor setup and the applied method, since its electrical material pa-
rameters are well known [252]. The room temperature was measured throughout the whole
experimental procedure. A temperature around 22 °C£0.5 °C was maintained. The specific
conductivity of isopropanol at room temperature is around 6 = 3.5 uS/m [253] and can
be approximated with zero. Its relative permittivity is approximately & = 20 [252].

After validation of the principle functioning of the setup, the next step was to determine
electrical material properties of electrolyte solutions. As described in section 2.5.2, elec-
trolyte solutions cause electrode polarization. Up to a cut-off frequency, the electrode po-
larization has major impact on the measured impedance. The cut-off frequency depends
strongly on the electrode material. To determine the electrical material properties at low
frequencies around f = 1kHz, the aim was to chose an electrode material which would
shift the cut-off frequency under f = 1kHz. Therefore, platinum and platinum black elec-
trodes were tested. The principle design was kept as before with the copper electrodes and
can be seen in Figure 4.21.
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Figure 4.21: Applied capacitors with platinum and platinum black electrodes.

The platinum and platinum black electrodes were manufactured at the Institute of Physical
Chemistry and Electrochemistry, Leibniz University Hannover. The black areas on the plat-
inum electrodes are caused by the manufacturing process and do not interfere with the
electrical properties of the platinum.

R(w)

Figure 4.22: Modified lumped element model with consideration of wire impedance.

For the determination of the electrical material parameters of electrolyte solutions, the
lumped element model from Figure 2.26 was considered. This lumped element model was
extended with the wire impedance Z,, = Ry +jwL,, connected in series as in Figure 2.24,
which resulted in the lumped element model from Figure 4.22. The measured impedance
was fitted to the total impedance function of the lumped element model from Figure 4.22
and the impact of the wire impedance was eliminated. The parameters R(®) and C(®) were
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determined from the adjusted impedance which is equal to Zyeasure in (2.80) and (2.81). For
higher frequencies than the cut-off frequency f¢, the following approximations were made:
R(w>2nf.) =Re and C(w > 2nf.) = Ce. Then the specific conductivity and the relative
permittivity were determined with (2.76) and (2.77).

To validate the procedure, an electrolyte solution with known electrical material parame-
ters had to be chosen. Therefore, soldium chloride (NaCl) in form of salt was mixed with
purified water. The electric conductivity of the solution can be approximated with the molar
concentration ¢ of NaCl, the Faraday constant F and the total ion mobility v [254, 255],

O = cvioiF. (41 9)

The total ion mobility of NaCl is vi; = 13.1-108m?V~1s~! [255]. To realize the target
concentration ¢ in a specific volume V of purified water, the needed mass of NaCl mn,ci

was determined with
MNaCl — CVMS. (4.20)

M is the molar mass of NaCl, which is the sum of the molar mass of sodium and the molar
mass of chloride My = 58.44 gmol .

Specific conductivity & in S/m ‘ Molar concentration ¢ in mmol/I ‘

0.02 1.581
0.1 7.91
0.3 23.715
0.5 39.53
0.8 63.24
1 79.1
2 158.1

Table 4.5: Calculated specific conductivity o for different concentrations ¢ of NaCl solutions us-
ing (4.19).
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Table 4.5 shows the calculated specific conductivities and the according molar concentra-
tions of the NaCl solutions by using (4.19).

4.4.2 Results and Discussion of Validation Measurements with

Isopropyl Alcohol
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Figure 4.23: Results of the measured and fitted impedance curves for air, water and isopropanol.

Figure 4.23 shows the measured and fitted impedance magnitudes for air, purified water
and isopropanol within the capacitor as a function of the frequency f. The blue curves show
the magnitude of the real part and the magenta curves show the magnitudes of the imag-
inary part. Measured values are presented with solid lines and the respective fitted curves
are dashed. It can be seen that the results of the measured curves and the results of the
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fitted curves match very well over the whole frequency range. This indicates, that the un-
derlying model is chosen appropriately to the capacitor configuration in combination with
the chosen fillings.

Parameter | Magnitude and unit | Applied equation/ comment
K 1.102-10° 2 F (2.78)
Co 1.588-10" 12 F (2.79)
Cot 2.39-107TF Result of fitting
R. 96.145 kQ Result of fitting
Ry 1.8 mQ Result of fitting
Ly 1.36-10"'TH Result of fitting
& 20.25 (2.77)
c 83.6 uSm~! Result of fitting

Table 4.6: Overview of obtained parameters in the frame of impedance measurements with iso-
propanol.

The calculated fitting parameters and the obtained electrical material parameters for the
isopropanol can be found in table 4.6. It can be seen that the obtained relative permittivity
almost matches the predicted literature value of & = 20. The obtained specific conductivity
can be approximated with zero. This is a sufficient approximation for the specific conduc-
tivity of isopropanol.

The determination of electrical material parameters of isopropanol was successfully per-
formed with the described procedure. However, isopropyl alcohol has a conductivity close to
zero. With the presented results, the method is not validated for electrolyte solutions with
relatively high specific conductivities. As explained in section 2.5.2 the underlying method
applied for the shown results is not suited for determination of parameters of electrolyte
solutions, since it does not consider electrode polarization.
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Figure 4.24: Results of the specific conductivity o and relative permittivity & of NaCl solutions at
different concentrations obtained with platinum electrodes.

4.4.3 Results and Discussion of Validation Measurements with
Sodium Chloride Solutions

Figure 4.24 on the left frame shows the obtained specific conductivities and the relative
permittivities of different NaCl solutions with platinum electrodes. The conductivity values
in the legend are calculated values according to table 4.5. Due to curve saturation, it can be
seen that for all applied concentrations, the cut-off frequency is below f = 100kHz, while
the green curve with lowest concentration is already saturated at f = 1kHz. Furthermore,
the cut-off frequency rises with rising ion concentration. When comparing the obtained spe-
cific conductivities after the curves are saturated with the calculated values in the legend,
the best match can be found for lowest concentration. The difference becomes higher with
higher concentration and its maximum is 0.5S/m for the highest concentration.

In the same figure on the right frame, the obtained relative permittivities are shown. Satu-
ration of the curve is only reached for the lowest concentration (green curve). The obtained
value of relative permittivity is around & = 80, which is the expected value. In general, the
cut-off frequencies are higher in the curves of the relative permittivity than in the curves of
the specific conductivity. This indicates that the electrode polarization has an higher impact
on the measured capacitance than on the measured resistance.
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Figure 4.25: Results of the specific conductivity o and relative permittivity & of NaCl solutions at
different concentrations obtained with platinum black electrodes.

Figure 4.25 shows the same parameters as Figure 4.24 but the results are obtained with
platinum black electrodes. The curves of the specific conductivities are all saturated already
at f = 1kHz. The curves of the relative permittivities reach saturation at frequencies under
f = 1 MHz. The specific conductivity values obtained with platinum black electrodes are
(except for the highest concentration) almost the same as the values which can be obtained
with platinum electrodes after the curves are saturated. The difference in the obtained spe-
cific conductivities for the highest concentration is under 0.1 S/m. The relative permittivity
values obtained with platinum black electrodes are around & = 80 and thus in the order of
expected value.

The presented results indicate that the applied approach with platinum electrodes is rather
suited for small concentrations of ions. However, for high ion concentrations up to
¢ = 158.1mmol/1 the specific conductivity can be approximated at higher frequencies up
to f = 100kHz. The specific conductivity values obtained with the described method are
probably more precise than the values obtained with (4.19). The reason is that (4.19) is an
approximating formula where no interactions of the ions in the solution are considered. Fur-
thermore, the results of specific conductivities obtained with platinum electrodes are almost
the same as those obtained with platinum black electrodes.

Most significantly, the platinum black electrodes reach the lowest cut-off frequencies. Re-
markably, they are suited for the determination of specific conductivities for all applied con-
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centrations even at frequencies down to f = 1 kHz. The determination of relative permittiv-
ities is also possible for all ion concentrations but at cut-off frequencies close to f = 1 MHz.

The approach with the platinum black electrodes was successfully applied for the determi-
nation of the specific conductivities of Dulbecco’s Modified Eagle Medium (DMEM) and also
DMEM with 10 % proportion of Fatal Calf Serum (FCS) [6], which are often applied cell cul-
ture media in the frame of in vitro cell experiments. The obtained values have been used for
validations of parameters extrapolated from measurements with other methods at higher
frequencies in the frame of a scientific reports publication [1]. For cell culture media as
DMEM, the relative permittivity can be approximated with & = 80 since it must be close to
the relative permittivity of water [1].



144 4 Electric Field Interactions with Cells and Cells in Combination with AuNPs

4.5 Electric Field Interaction: Discussion and Conclusion

At the beginning of this chapter in section 4.1 a new concept of a lumped element model
of a cell was presented. Together with the presented calculation formulas, this model allows
the approximation of lumped element parameters of single- and double shell cell models
by application of dimensional and dielectric material parameters only. The developed model
can be used to obtain the proportion of electric field and electric current within the different
material layers of the cell.

In section 4.2 the electric field distribution in cells and AuNPs was investigated. First a cell
with standard dielectric material properties was considered. The electric field distribution
within different cell layers was presented. Furthermore, the new concept of lumped element
model was used to calculate the electric field and the electric current ratios between the nu-
cleoplasm and the cytoplasm. The results were compared to results obtained from Mie Series
calculations and showed very good agreement. Subsequently the material parameters of the
considered cell were changed to limit values extracted from literature. It was shown that the
specific conductivity of the cytoplasm had the most dominant effect on the overall electric
field proportion entering the cell and that the specific conductivity of the nucleoplasm sig-
nificantly determines the proportion entering the nucleus. Parameters of the nucleus have
no significant impact on the maximum electric field magnitude within the considered cell.
Furthermore, the determined maximum electric field magnitude entering a cell is approxi-
mately 90dB smaller than the external electric field, which corresponds to a linear factor in
the range of 107>. However, the electric field magnitude immediately surrounding the cell is
enhanced by a maximum of 10dB. Considering the relatively small electric field magnitude
which is excited during the magnetic field excitation in cellular reprogramming, and the
small proportion of electric field entering a cell, it appears unlikely that electric field inter-
actions with cells are triggered during cellular reprogramming. Furthermore, it was shown
that similarly to cells, AuNPs act as electric dipoles. Interestingly, the electric field outside
an AuNP is in the same order of magnitude as the electric field outside a cell (maximum of
10dB).

In section 4.3, the state of the art electrode setup for in vitro cell culture experiments with
electric fields (TTFields) was considered. It was shown that the field homogeneity, the cell
cultivation area and the possible settings for electric field directions can be significantly
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enhanced. To realize that, first the size of electrodes was decreased such that the amount of
electrodes could be increased from four to eight electrodes. Such a relatively small change
already leads to enhancement of electric field homogeneity and the possibility to excite more
directions of electric field polarization. By adjusting the electric potentials at the electrodes,
the field homogeneity further improves. The best result can be achieved for an adjustment
of the electrode potentials, while using as many electrodes as possible. This was shown for
a configuration of sixteen electrodes, which allow the excitation of electric field in eight
polarization directions.

In section 4.4 the implementation of a capacitive measurement method for the determina-
tion of specific electric conductivity and electric permittivity of ion-solutions was presented.
The setup was evaluated for three different electrode materials: copper, platinum and plat-
inum black. It was shown that platinum black electrodes are best suited the determination
of dielectric material parameters. With the applied method, the electric conductivity could
be determined already at frequencies down to f = 1kHz.



5 Conclusion and Outline

This work contributes to the understanding of electromagnetic field interaction with bi-
ological cells and gold nanoparticles in the frame of cellular reprogramming and TTFields
application.

Prior to the investigations a thorough literature review is conducted. Aspects which are
important for the understanding of cellular reprogramming and TTFields, and for the un-
derstanding of the electromagnetic modelling of cells are explained. In particular, a deep
literature review allows the narrowing of extremely low frequency electromagnetic fields
(ELF-EMFs) and pulsed electromagnetic fields (PEMFs) to the excitation methods of interest
during cellular reprogramming. On the other hand, the literature review results in a well
defined cell model in form of a double-shell spherical cell with specified electromagnetic

material parameters.

When ELF-EMFs and PEMFs are applied, the magnetic field component is within the focus.
ELF-EMFs have sinusoidal magnetic field components with a magnetic flux density around
I mT at a frequency around 50Hz. PEMFs can have many different time propagations. Dif-
ferent PEMF excitations are categorized due to their repetition frequencies and durations of
bursts. On the basis of this analysis, a representative PEMF excitation containing a repetition
frequency of 5S0Hz is chosen which is further examined with Fourier analysis.

The Fourier analysis reveals that the relevant spectral components of the PEMF excitation
appear at 4kHz and integer multiples. This result leads to the proposal to concentrate on
these frequencies rather than on the repetition frequency of the excitation. Furthermore,
for the following investigations, S0Hz and 4kHz are the considered frequencies for cel-
lular reprogramming, due to their relevance in ELF-EMF excitation and in PEMF excitation
respectively. In the frame of the investigations of mechanisms of action only sinusoidal elec-
tromagnetic fields are considered.

With the knowledge of the relevant frequencies, the magnetic field distribution within a
cell model and different AuNP models are investigated. It is shown that the cell is almost
invisible for the magnetic field. Considering AuNPs, first single, spherical particles with bulk
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gold material properties are investigated. It is shown that their magnetic response can be
approximated with application of the static magnetic polarizability. Furthermore, the dy-
namic response becomes relevant for f > 100MHz. However, on the basis of the obtained
results it is reasonable to conclude that the magnetic field contribution of an AuNP with bulk
gold material parameters is probably too small to cause significant energy alterations lead-
ing to biological responses. However, different magnetic susceptibilities can be the outcome
of surface modifications on the particles, which is also considered in the investigations by
applying a wide range of possible magnetic susceptibility values —0.9 < y, < 10° for the
particles. In this regard the interaction of two identical spherical particles is investigated as
well as the magnetization of prolate and oblate ellipsoids. The results show that the max-
imum magnetization can be reached for prolate para-/ferromagnetic ellipsoids and oblate
diamagnetic ellipsoids. Emanating from an example taken from literature, the interaction of
spherical particles in an array is investigated. It is shown that the determining coupling fac-
tor is the magnitude of the magnetic susceptibility. Finally and exemplary, the magnetic field
and the magnetic field gradient above arrays of diamagnetic nanoparticles is investigated.
The results show that an extreme diamagnetic susceptibility of x, = —0.9 would achieve a
magnetic field enhancement in the range of the incident magnetic field. When considering
(surface-modified) AuNPs, the investigations provide an orientation for the significance of
possible magnetic field alterations. The findings contribute to a better understanding of the
limits, characteristics, and impact of AuNPs on magnetic field response, with potential ap-
plications in biomedical research and treatment, even beyond cellular reprogramming.

For the validation of the investigations of mechanisms of action with in vitro cell experi-
ments, a laboratory setup with Helmholtz coils is implemented. This setup allows the excita-
tion of an homogeneous magnetic field at a frequency of SO0Hz within the location of cells.
It provides an example of possible first experimental arrangement which can be used at the
Institute of Quantum Optics.

Regarding electric field interaction with biological cells, a new electrical lumped element
model for the chosen spherical cell model is derived from theoretical considerations. This
model allows the calculation of its lumped element parameters (resistivities and capaci-
tances) with analytical formulas including dielectric material properties and dimensional
properties only. The model itself provides a visualization of the electric behavior of the cell
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at first glance. The derived formulas for the determination of lumped element parameters
allow approximations of the electric field and current density distributions within the dif-
ferent layers relative to each other.

Furthermore, the electric field distribution in cells and AuNPs is investigated. A range of dif-
ferent possible electric material parameters of cell layers is considered in the investigations.
The determined maximum electric field magnitude entering a cell is approximately 90dB
smaller than the external electric field, which corresponds to a linear factor in the range of
1073. However, the electric field magnitude immediately surrounding the cell is enhanced
by a maximum of 10dB. Furthermore, it is shown that similarly to cells, AuNPs act as electric
dipoles. Interestingly, the electric field outside an AuNP is in the same order of magnitude
as the electric field outside a cell (maximum of 10dB). It is shown that the new concept of
lumped element model of a cell can be applied to obtain the results for a cell.
Subsequently, the state of the art electrode setup for in vitro cell culture experiments with
electric fields (TTFields) is considered. It is shown that by adjusting the electric potentials at
the electrodes, while using sixteen electrodes, the cell cultivation area can be significantly
increased, the electric field within the cultivation area becomes more homogeneous and the
possible of electric field polarization directions can be quadrupled.

Finally, different experimental approaches are introduced. The implementation of a capaci-
tive measurement method with platinum black electrodes allows the determination of the
specific electric conductivity of ion solutions at very low frequencies in the range of 1kHz.
The implemented method is tested for adequacy by measurements of conductivities of sodium
chloride solutions with known conductivities. Thereby, the suitability of the implementation
is shown. This implementation was used for the determination of the specific conductivi-
ties of Dulbecco's Modified Eagle Medium (DMEM) and DMEM containing Fatal Calf Serum,
which are used as growing media in the frame of in vitro cell experiments. The determination
of the specific conductivity allows the consideration of the respective materials in electro-

magnetic field calculations for further studies.

This work provides a starting point for investigations of mechanisms of action. It reduces
the complexity of the real biological cell with the applied cell model and concentrates on
sinusoidal electromagnetic field components of representative electromagnetic excitation
methods in the frame of cellular reprogramming and TTFields application. In further studies,
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different shapes of cells can be considered and the effect of their geometry on the elec-
tromagnetic field distribution can be investigated. Non-symmetric cell shapes might lead
to enhancement of field inhomogeneities or electromagnetic fields might be enhanced in
certain areas, as has already been shown for cells undergoing cytokinesis. When considering
non-symmetrical shapes, the polarization direction of the electromagnetic field becomes
important.

Impacts of gold nanoparticles on the electromagnetic field distribution within cells can be
further tested. However, it has to be remembered that the theory is only valid within the
boundaries of the applied model. The proof needs to be sought in reality by the observation
of biological responses. In this regard, laboratory setup designs need to keep up with the
demands of scientific studies and must be adjusted.
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6.1 Supporting table

’ Category ‘ Ref., Year ‘ Differentiated cells ‘ Excitation

[65], 1998 | Chromaffin cells ELF-EMF
Human neuroblastoma and

[52], 2004 rat pituitary GH3 cells ELF-EMF

[59], 2008 | Neural stem cells (NSCs) ELF-EMF

[60], 2010 | In vivo neurogenesis in mice ELF-EMF
Human bone marrow-

[61], 2012 | mesenchymal stem cells ELF-EMF
(hBM-MSCs)

Neurogenesis
g Rat bone mesenchymal

stromal cells

39], 2014 | hBM-MSCs and mouse NSCs ELF-EMF

70], 2016 | Human dental pulp stem cells | PEMF

63], 2017 | hBM-MSCs ELF-EMF
]

ELF-EMF

hBM-MSCs and
72007 Jivo hBM-MSCs in mice | oM
62], 2019 | Human neural progenitor cells | ELF-EMF
, 2008 | hMSC PEMF
, 2009 | hBM-MSC PEMF
66], 2009 | hBM-MSC PEMF
57],2009 | Rat BM-MSC ELF-EMF
67], 2013 | BM-MSC, adipose tissue MSC | PEMF

[
[
[
[
[
[
[
[
[
[
[
[58], 2013 | Human adipose-derived SCs ELF-EMF
[
[
[
[
[
[
[
[
[
[

Osteogenesis

]
]
]
]
]
|
68], 2014 | hBM-MSC, adipose tissue MSC | PEMF
56], 2018 | Rat BM-MSC ELF-EMF
]
]
]
]
|
]
]
]

69], 2019 | Osteoblast precursor cells PEMF
74], 1987 | Chondrocytes PEMF
55], 2010 | hMSC ELF-EMF
75], 2017 | MSC PEMF
54], 2018 | hMSC ELF-EMF
56], 2018 | Rat BM-MSC ELF-EMF
76], 2019 | Myoblasts PEMF
53], 2006 | Human keratinocytes ELF-EMF

Chondrogenesis

Myogenesis
Keratinizatio

Table 6.1: Representative studies in the field of cell differentiation with application of ELF-EMF or
PEMF.
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AC
AuNP
BEC
DC
DEP
DMEM
DNA
ELF-EMF
EM
EMF
FCS
FDTD
hESC
HIPEMS
iPSC
mRNA
MUT
NP
nsPEF
PC
PEG
PEMF
PENG
PLA
TEM
™Z
SPION
TENG
RMS
USB

Alternating current

Gold Nanoparticle

Biphasic electric current

Direct current

Dielectrophoretic

Dulbecco's Modified Eagle Medium
Deoxyribonucleic acid

Extremely low frequency EMF
Electromagnetic

Electromagnetic Field
Fatal Calf Serum

Finite difference time domain
Human embryonic stem cell
High-intensity pulsed electromagnetic stimulation
Induced pluripotent stem cell
Messenger ribonucleic acid
Medium under test

Nanoparticle

Nanosecond pulsed electric field
Personal computer

Polyethylene glycol

Pulsed EMF

Piezoelectric nanogenerator
Polylactic acid

Transversal electromagnetic
Temozolomide

Superparamagnetic iron oxcide nanoparticle
Triboelectric nanogenerator

Root mean square

Universal Serial Bus
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6.5 List of Constants and Parameters

Constants with magnitude and unit

€r

Ccharge

Ho

OAu

Unity vector in r-direction
Unity vector in x-direction
Unity vector in y-direction
Unity vector in z-direction
Euler number

Elementary charge
Faraday constant
Imaginary unit

Gas constant

lon valence

Vacuum permeability

Specific conductivity of gold

Vacuum permittivity

Constant for symmetric bilayers

Parameters and unit

(04

Angle

2.71828
1.602176634 x 10719 C
96485.33212 Cmol !

V-1
8.314462618 Jmol ' K—!

+1

1.25663706212 x 10" *Hm™!
41MSm™!

8.8541878128 x 10712 Fm™!

1/18
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XL
Xp

|

AT

At

Magnetic polarizability due to conductive and displacement currents m>
Magnetic polarizability due to magnetization m>
Angle °
Magnetic susceptibility 1
Magnetic susceptibility normal to magnetic field 1
Magnetic susceptibility of a particle 1
Magnetic susceptibility parallel to magnetic field 1
Increase in temperature K
Time step s
Discretization step in x-direction m
Discretization step in y-direction m
Discretization step in z-direction m
Difference in magnetic susceptibility 1
Area vector m?
Magnetic flux density vector T
Incident magnetic flux density vector T
Magnetic flux density vector due to magnetization T
Total magnetic flux density vector T
Constant vector 1
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E Electric field vector Vm™!
E.,  Electric field vector within cytoplasm Vm~!
E;,. Electric field vector of incident EMF Vm~!
E;,qa Induced electric field vector Vm!
E,, Electric field vector within nucleoplasm Vm~!
Epen  Electric field vector of transmitted EMF Vm™!
E...t Electric field vector of scattered EMF Vm~!
Eureer Target electric field vector Vm!
E.: Total electric field vector Vm™!
Fmag Magnetophoretic force N
H Magnetic field vector Am™!
H;,. Magnetic field vector of incident EMF Am™!
H,  Magnetic field vector of k-th particle Am™!
Hpen Magnetic field vector of transmitted EMF Am™!
H.... Magnetic field vector of scattered EMF Am™!
Hi, Total magnetic field vector Am™!
J Current density vector Am~2
Jina  Induced current density vector Am™2
ki,  Propagation constant vector of incident EMF m~!



6.5 List of Constants and Parameters 163
kpen  Propagation constant vector of transmitted EMF m~!
kst  Propagation constant vector of scattered EMF m!
m, Magnetic dipole moment vector of n-th particle Am?
M Magnetization vector Nm
M Vector function 1
m Magnetic dipole moment vector Am?
Mg Magnetic torque force Nm
N Vector function 1
p Magnetic dipole moment of an ion Am?
R’ Position vector in spherical coordinates to region carrying charge m
R Position vector in spherical coordinates m
r Position vector m
Ik Position vector of k-th particle m
Iy Position vector of n-th particle m
S Poynting vector Wm2
S Line vector m?
A" Vector function 1
u Total magnetic permeability Hm™!
U;  Relative magnetic permeability Hm™!
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Us Total magnetic permeability of a sphere Hm™!
(0] Angular frequency Hz
d(¢) Separation function 1
174 Scalar function 1
p Volumetric mass density 1
c Specific conductivity Sm™!
oy  Specific conductivity of zero Sm™!
(o)) Specific conductivity in medium 2 Sm™!
O  Specific conductivity of cytoplasm Sm~!
Omt Specific conductivity of microtubule Sm~!
One  Specific conductivity of nuclear envelope Sm™!
Onp  Specific conductivity of nucleoplasm Sm™!
Opm  Specific conductivity of plasma membrane Sm™!
Op Specific conductivity of a particle Sm~!
O(¥) Separation function 1
g’ Imaginary part of complex total permittivity Fm™!
g Real part of complex total permittivity Fm™!
£ Total permittivity Fm™!

£ Total permittivity in medium 1 Fm™!
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&  Total permittivity in medium 2 Fm™!
&  Total permittivity of nuclear envelope Fm™!
&s  Relative permittivity of a sphere 1
& Relative permittivity 1
& Total permittivity of a sphere Fm™!
&p  Total permittivity of cytoplasm Fm™!
€mp  Total permittivity of microtubule Fm™!
&p  Total permittivity of the nucleoplasm Fm™!
&.cp Relative permittivity of the cytoplasm |
&ne Relative permittivity of the nuclear envelope 1
&np Relative permittivity of the nucleoplasm 1
&pm Relative permittivity of the plasma membrane 1
&p  Relative permittivity of a particle 1
&1 Relative permittivity of medium 1 1
(0} Electric potential \Y%
0 Electric potential \Y%
¢ Cosine function of polar angle 1
A(9,p) Separation function 1

A

Area
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a Length of one semi-axis of deformed liposome m
a Natural number 1
Ay Cross-sectional area of cytoplasm m?
App  Cross-sectional area of nucleoplasm m?
B Magnetic flux density magnitude T
By Magnetic flux density magnitude of incident wave T
B, Magnetic flux density magnitude parallel to magnetic moment T
B,  Magnetic flux density magnitude accuracy T
B Magnetic flux density magnitude threshold T
C(w) Frequency-dependent capacitance F
C Capacitance F
c Length of one semi-axis of deformed liposome m
c Molar concentration mol
Co Stray capacitance F
C Constant 1
G Constant 1
cr  Specific heat capacity Jkg~'K™!
Cp Expansion coefficient 1
Cep  Capacitance of cytoplasm F
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Ce Capacitance of ideal capacitor F
Cn  Capacitance of plasma membrane F
Cne  Capacitance of nuclear envelope F
Cparchclamp Capacitance measured with patch clamp technique F
Com  Capacitance of plasma membrane F
G Capacitance due to electrode polarization F
Cior,1  Total capacitance with material 1 F
Cior2 Total capacitance with material 2 F
Cwot Total capacitance F
d Distance m
dy Distance m
dr Distance m
dp Expansion coefficient 1
dcenn  Diameter of a cell m
E Magnitude of electric field Vm~!
Ey Electric field magnitude of incident wave Vm~!
E;inc  Magnitude of electric field vector of scattered EMF in r-direction Vm™!
E;pen Magnitude of electric field vector of scattered EMF in r-direction Vm™!
E; scat Magnitude of electric field vector of scattered EMF in r-direction Vm™!
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En Magnitude of threshold electric field Vm™!
f Frequency Hz
F Spectral amplitudes of function 1 1
fi Time-dependent function 1
F Spectral amplitudes of function 2 1
b3 Time-dependent function 1
foa  Constant 1
foo  Constant 1
Sfourst  Burst repetition frequency Hz
fek,1 Coefficient function 1
fen  Coefficient function 1
fe Cut-off frequency Hz
Fpep Dielectrophoretic force N
feEmrp Time-dependent PEMF function 1
frep  Repetition frequency Hz
fsk,1 - Coefficient function 1
fsn2  Coefficient function 1
Hy  Magnetic field magnitude of incident wave Am™!
ni) Spherical Hankel function 1



6.5 List of Constants and Parameters 169

h;” Spherical Hankel function 1
Hyorm Normalized Magnetic field magnitude 1
I Current A
I.¢ Current in cleavage furrow A
I, Current within cytoplasm A
I Current in extracellular medium A
LE Current obtained with lumped element model A
Iviie  Current obtained with Mie Scattering calculations A
Iy, Current within nucleoplasm A
Lot Total current within a cell A
I Total current A
Jp Bessel function 1
Jp+% Ordinary Bessel function 1
K Capacitor constant F
K Scalar coefficient 1
k Natural number 1
k Wave number m~!
ko Wave number in vacuum m~!

kc Average elasticity modulus J
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L Scalar coefficient 1
Ly Length of semi-axis in x-direction m
ly Length of semi-axis in y-direction m
[, Length of semi-axis in z-direction m
It Length of microtubule m
Ly Inductance of a wire H
mnac1 Mass of NaCl kg
Ms  Molar mass gmol~!
Ms  Saturation magnetization Am™!
N Natural number 1
n Natural number 1
n; lon concentration inside a cell molL~!
o lon concentration outside a cell mol L~}
nine  Wave impedance in the medium of incident wave Q
npen  Wave impedance in the medium of transmitted wave Q
0p Expansion coefficient 1
p Degree of spherical harmonics 1
p Ratio I; /I, 1
P Legendre functions of first kind 1
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Py Dissipative power w
P; Reactive power w
qp Expansion coefficient 1
R(w) Frequency-dependent resistivity Q
R(r) Separation function |
R Resistivity Q
ro Radius of liposome m
reen Radius of cell m
R.s  Resistivity of cleavage furrow Q
rcoii  Radius of Helmholtz coils m
Rep  Resistivity of cytoplasm Q
rep  Radius of cytoplasm m
R Resistivity of extracellular medium or capacitor configuration Q
R; Resistivity of cell interior Q
Fmt Radius of microtubule m
Ry Resistivity of plasma membrane Q
Rne  Resistivity of nuclear envelope Q
rnp  Radius of nanoparticle m

Radius of nucleoplasm m
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Rpachclamp Resistivity measured with patch clamp technique

Rpm

T
Ib)
Tourst

ILF

Resistivity of plasma membrane
Radius of a particle

Resistivity due to electrode polarization
Resistivity of a wire

Specific absorption rate
Temperature

time

Period time of function one
Period time of function two
On-time of burst

Pulse width

Thickness of nuclear envelope
Thickness of plasma membrane
Voltage

Output voltage

Separation function

Volume

Phase velocity
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Ve Excitation voltage \%
Vm  Transmembrane voltage \%
Vior  Total ion mobility THCAAE
W (r) Separation function 1
Vp Bessel function 1
Yp+% Ordinary Bessel function 1
Zp Bessel function or Spherical Hankel function 1
Zeap  Impedance of capacitor configuration Q
Ze,  Impedance of cytoplasm Q
Zmeasure Measured impedance Q
Znp  Impedance of nucleoplasm Q
Zn Total impedance of nucleus Q
M Magnitude of magnetization normalized to incident magnetic field Nm?/A
M; Magnitude of magnetization in /-direction Nm
N; Demagnetization factor in j-direction 1
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