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Popular summary in English

For many forms of cancer, fast and reliable diagnoses are vital. Even for
more benign forms, quick and accurate diagnoses make a big difference to a
patients’ quality of life and well-being. Medical images are important tools
in cancer diagnostics, and there are many methods to obtain such images
both used currently and under development. One method that is still in a
pre-clinical phase is magnetomotive ultrasound, or MMUS. Using MMUS it
is possible to image a contrast agent consisting of magnetic nanoparticles
that have been introduced into the body. These kinds of particles can
be directed to specific targets in the body, and can also be imaged using
whole body imaging techniques (e.g. MRI). The advantage of ultrasound
over these techniques is that it is widely available, generates images in
real-time during the examination, and is relatively inexpensive. However,
the particles are too small to be imaged directly by ultrasound, so MMUS
works by using magnets to make the region containing magnetic particles
move and imaging this motion. The properties of the particles, as well as
of the surrounding tissue determine the propagation of the motion, which
means that under certain conditions MMUS can also image tissue stiffness.
This is especially relevant in cancer diagnostics as tissue stiffness is often
an indicator of cancer, and therefore MMUS could potentially be used to
evaluate whether therapy was successful.

To explore in more detail how the properties of MMUS could be useful
in cancer diagnostics, I looked at how tissue stiffness and type of contrast
agent affect tissue motion and MMUS images, and evaluated safety of the
force driving the magnetic motion in cultured cells.

To better understand the relevant mechanical and acoustic properties that
govern the motion and ultrasound signal in MMUS, I characterized a tissue
mimicking material. The material was composed of two kinds of gels, and
interestingly, the elasticity was found to depend on the composition, but

ix



the speed of sound was relatively constant. Since constant speed of sound
is usually assumed when building up an ultrasound image, this property
could be useful to uphold that assumption while having different elasticity
in different regions.

I then predicted motion due to a magnetic force in a simulation model using
mechanical data. The modelling was compared to actual MMUS images
collected from both a tissue mimic and real tissue. I found that the im-
ages have different features based on the stiffness and also compressibility.
Since both of these properties are linked to cancer, the image can therefore
contain important diagnostic clues.

I also explored possible advantages of using magnetic bubbles, which are
larger than particles and can be imaged with conventional contrast en-
hanced ultrasound. After experimentally confirming that injected magnetic
microbubbles accumulate in the target tissue, I again used modelling to ex-
plore the interactions between a magnetic microbubble and tissue. Once
again there was a relationship between stiffness and motion that could pro-
vide diagnostic information.

Finally, I investigated how human cells react to these magnetic particles in
combination with a magnetic force. After all, the cellular response to these
conditions predicates the feasibility of clinical trials. In these cultured cells,
I was able to show that cells took up particles, and found no evidence that
the cells were damaged by the magnetic force acting on the particles.

Pre-clinical research such as my work detailed above, lays the necessary the-
oretical and experimental foundation before a new method, such as MMUS,
can be tested clinically. My research showed that diagnostically relevant
information can be obtained from MMUS images, and that accounting for
the unique physical properties of the contrast agent and setup is important
to do so. I showed how advanced modelling techniques can be combined
with experimental data to characterise and explore the MMUS study sys-
tem, such as assessing the feasibility of using magnetic bubbles instead of
particles. Finally, I found no negative effect of magneto-mechanical inter-
actions in terms of the evaluated indicators in these human cells, alleviating
patient safety concerns.



Popularvetenskaplig
sammanfattning pa svenska

Vid manga former av cancer dr snabba och palitliga diagnoser av yttersta
vikt. Aven for mer godartade former kan en tidig och korrekt diagnos in-
nebéra en stor skillnad i livskvalitet och vdlméaende. Medicinska bilder ar
viktiga verktyg inom cancerdiagnostik, och det finns en méngd bildgivande
metoder som anvénds kliniskt eller som dnnu ar under utveckling. En me-
tod som utvecklas d&r magnetomotoriskt ultraljud, eller MMUS, som &r den
engelska forkortningen. Med hjélp av MMUS gar det att avbilda ett kon-
trastmedel bestaende av magnetiska nanopartiklar i kroppen. Denna typ av
partiklar kan tas upp av en specifik vdvnad i kroppen, och kan dven avbil-
das med helkroppstekniker sa som magnetkamera. Fordelen med ultraljud
jamfort med sadana tekniker &r att ultraljud &r mindre kostsamt och mer
lattillgdngligt, samt att det genererar bilder i realtid under undersékningen.
Dock ér partiklarna fér sma for att avbildas direkt med ultraljud, s& vid
MMUS anvéinds magneter for att sdtta omradet med partiklar i rorelse och
sedan avbildas sjélva rorelsen. Hur rorelsen fortplantar sig beror pa partik-
larnas, men ocksa vivnadens, egenskaper. Detta innebar att MMUS under
vissa forutsédttningar kan detektera vivnadsstyvhet. Detta &r intressant, i
synnerhet i relation till cancer eftersom styv védvnad kan vara en indika-
tion, och MMUS skulle ddrmed kunna anvéndas for att utvirdera om en
behandling fungerar som forvéntat.

For att utforska i storre detalj hur MMUS skulle kunna anvéandas inom can-
cerdiagnostik har jag undersckt hur védvnadens och kontrastmedlets egen-
skaper paverkar magnetrorelsen och MMUS-bilder, samt utvéirderat huru-
vuda denna teknik paverkar odlade celler.

Eftersom mekaniska och akustiska egenskaper paverkar rorelsen och ult-
raljudssignalen i MMUS, utvecklade jag ett vivnadesliknande material med

xi



hénsyn till dessa. Materialet i fraga bestod av tva olika geler, och det visade
sig intressant nog att elasticiteten berodde pa kompositionen, medans ljud-
hastigheten var relativt konstant. Denna egenskap &r intressant eftersom
ultraljudsbilder byggs upp under antagandet att ljudhastigheten &r den-
samma. Antagandet kan ddrmed uppfyllas samtidigt som elasticiteten kan
variera mellan olika omraden.

Sedan anvindes uppmitta mekaniska egenskaper for att skapa en mate-
matisk modell i avsikt att simulera magnetrorelse. Genom att jimfora den
modellerade rorelsen med verkliga MMUS-bilder fran vivnadsliknande ma-
terial och riktig vdvnad, kunde jag knyta vissa kdnnetecken till vivnads-
egenskaper sa som styvhet och kompressibilitet. Eftersom bada dessa egen-
skaper dr kopplade till cancer tyder detta pa att bilderna kan innehalla
viktig diagnostisk information.

Jag undersokte dven mojliga fordelar med att anvéinda magnetiska bubblor
som kontrastmedel. Bubblorna &r stérre &n partiklar, och kan anvéndas
som ett konventionellt kontransmedel for ultraljud, det vill sdga dven utan
magnetrorelse. Efter experimentell verifiering av att de magnetiska mikro-
bubblorna ansamlas i mal-vidvnaden anvénde jag ater igen modellering for
att utforska interaktioner, denna gang mellan en magnetisk bubbla och
vivnad. Aven hir framkom ett forhallande mellan styvhet och rorelse som
skulle kunna ge diagnostisk information.

Slutligen undersckte jag hur ménskliga celler reagerar pa de magnetiska
partiklarna i kombination med en magnetisk kraft. Hur cellerna tolererar
detta &dr avgorande for teknikens séikerhet och vidareutveckling. Jag kun-
de visa att partiklarna togs upp i odlade celler, och hittade inga bevis
pa att cellerna tog skada av den magnetiska kraften som verkade pa par-
tiklarna. Denna typ av forskning bidrar till att skapa den teoretiska och
experimentella grund som krdvs innan en ny metod, s& som MMUS, kan
testas kliniskt. Min forskning visade att diagnostiskt relevant information
kan tas fram ur MMUS-bilder, och pekade pa vikten av att ta hidnsyn till
egenskaper hos kontrastmedlet och uppstéllningen for att kunna komma at
denna information. Jag visade hur modelleringsteknik kan kombineras med
experimentell data for att karakterisera och utforska MMUS, och utvérdera
magnetiska bubblor som kontrastmedel istéllet for partiklar. Jag fann hel-
ler inga negativa effekter av de magnetiska och mekaniska interaktionerna
i levande celler, vilket &r positivt for vidareutvecklingen av MMUS ur ett
patientsékerhetsperspektiv.

xii



Glossary

Acronyms and abbreviations

B-field Mangetic flux density [kgs* A™!]

CcT Computed Tomography

FEM Finite Element Method

GMM Generalized Maxwell Model
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H-field Magnetization field, Magnetic field strength [A m ™)
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Single magnetic domain Small volume of uniform magnetization in any field

Magnetomotion Motion in solid due to magnetic contrast agent
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1. Introduction

Cancer is one of the leading causes of death worldwide!! and the prevalence
is expected to rise.”™ It is characterised by abnormal cell growth in a specific
region or tissue that can potentially spread to other parts of the body. Signs
and symptoms can be mild, vague or even absent in the early stages of
disease, meaning it can go undetected. To reach those who are affected yet
asymptomatic, screening can be used to test an at risk group for a specific
condition. At present, many types of cancer can be successfully treated,
especially when detected at an early stage. Early and accurate diagnoses
are vital, and are key to reducing the invasiveness of procedures,®® and
can make a positive difference to the patients well-being and quality of life.
Additionally, these procedures require less resources and therefore put less
strain on the healthcare system.

Technical development of medical equipment may contribute to this in mul-
tiple ways, and especially medical imaging plays an important part in im-
proved screening, diagnosis and monitoring of disease.%* Medical imaging
can be categorized as anatomical, functional and molecular based on what
is being imaged, see Fig.

Earlier detection of disease is realized either through increased sensitiv-
ity of conventional (anatomical) medical imaging systems, or through the
development of functional and molecular imaging. This is because local
physiological and compositional alterations generally precedes anatomical
changes. Furthermore, increased diagnostic information available through
functional, molecular or multi-modal imaging enables personalized medicine
and can help medical professionals choose the best treatment on a case by
case basis.®3 Combined therapy and diagnosis,?® is another area where
medical imaging technologies are evolving to increase efficiency by shrink-
ing the gap between diagnosis and treatment.

Ultrasound is a competitive alternative to a range of imaging examina-



1. Introduction
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Figure 1: Medical imaging can be categorized based on what is being imaged.
Anatomical imaging visualizes the structures such as organs and tissues. Some
common examples include computed tomography and magnetic resonance imag-
ing. In functional imaging, the objective is to image physiological activities such
as blood perfusion. Some techniques, such as magnetic resonance imaging can
provide both anatomical and functional information depending on the type of ex-
amination. Molecular imaging can be considered a subset of functional imaging
that aims at processes at the cellular or molecular level. It typically involves trac-
ers that accumulate specifically and can be used to monitor increased metabolic
rate, molecular receptors and even gene expression. Examples include single pho-
ton emission computed tomography and positron emission tomography. Graphic
created with BioRender.com

tions, as it provides real-time images, is free from ionizing radiation, widely
available and relatively inexpensive. It is a versatile technique, capable of
imaging most soft tissues, flow, perfusion and elasticity based on endoge-
nous ultrasound scatterers. With the use of microbubbles as a contrast
agent, ultrasound can generate functional images of the vascular system
where endogenous contrast is typically low. Molecular imaging is, however,
associated with a number of challenges that are difficult to reconcile with
conventional contrast enhanced ultrasound imaging. Critical to contrast
enhanced molecular imaging is that the agent is able to reach and bind
to the target. Conventional ultrasound contrast agents typically consist
of micrometer-sized bubbles and that cannot reach most tissues. Contrast
enhancement of vascular organs has been achieved with microbubbles, but
their size prevents diffusion through the vascular epithelium.®

Submicrometer-sized contrast particles, such as perfluorocarbon droplets3’



and liposomes have been developed in an attempt to reach extravascular
targets. Some of these particles are small enough to migrate through injured
or leaky vasculature where the permeability is abnormally high,'* but since
the scattering strength of an insonated particle decreases with the sixth
power of the radius of the particle, ultrasound echo-based imaging becomes
very challenging.!> For submicron droplets, this challenge is overcome by
harvesting the incoming sound energy to achieve a phase change of the
droplet into a bubble, to achieve adequate contrast. Alternatively, there
are visualization strategies for contrast agents in nano- to submicrometer
size that use ultrasound in combination with other contrast mechanisms.

One such visualization strategy is photoacoustic imaging. In the contrast
enhanced case, an agent, e.g. plasmonic particles, creates an ultrasound
wave upon thermal expansion induced by pulsed laser radiation.?? The
same principle of inducing ultrasound waves can also be used with strongly
absorbing endogenous molecules, such as hemoglobin.”® As with other optic
techniques, the penetration depth of photoacoustic imaging is limited by
the high scattering of light in tissue.

Another approach considers the use of a magnetic contrast agent. This
agent can be put in motion by an external magnetic field and simultaneous
detection of the induced movement pinpoints the location of the contrast
agent, as illustrated in Fig.

Ultrasound
imaging

Figure 2: The principle of magnetomotive ultrasound. A region containing mag-
netic nanoparticles is set in motion by a magnet. While the particles are too small
to image directly, the motion can be captured by ultrasound, thereby imaging
their presence indirectly.

The technique magnetomotive ultrasound (MMUS),3* builds on an optical



1. Introduction

coherence technique,’® but ultrasound offers deeper tissue penetration as
compared to light. MMUS can therefore image deeper targets, such as
lymph nodes, that lie at a distance from the surface.

The use of magnetic nanoparticles as a contrast agent could enable ultra-
sound molecular imaging of extravascular targets. The particles also offer
potential for multimodal imaging?? as well as magnetic heating. While
the magnetic particles are usually used directly, incorporating them into
microbubbles could improve the sensitivity of this technique for suitable
targets that bubbles may reach.

The contrast mechanism makes the technique inherently sensitive to varia-
tions in tissue mechanical properties, which could be exploited in a type of
functional imaging for fine scale elastography. In this thesis, the mechanical
action that is generated was investigated in relation to imaging, therapy,
diagnosis and safety aspects of MMUS.

The theoretical framework for this investigation will be introduced under
a number of subheadings, that lead up to the formulation of the aims in
section [1.5] The force acting on the magnetic contrast agent is central to
this imaging technique and so an overview of magnetism in this context
is presented first, followed by an introduction to MMUS. The mechanical
properties of soft tissues are covered since these relate the applied magnetic
force to the observed motion, a relation that could be exploited to infer
tissue properties. Microbubbles are then briefly discussed as well as possible
advantages of magnetic microbubbles as a contrast agent. Finally, the
perspective is shifted to the cellular level and how magnetic and mechanical
interactions may affect living cells.

1.1 An overview of relevant magnetic principles

Magnetic objects experience attractive or repellent forces when in prox-
imity. The attractive force on magnetic nanoparticles due to an applied,
time-varying magnetic (or rather, magnetization) field is fundamental for
MMUS. In this section, some of the most relevant theory will be introduced
in order to derive an expression for the magnetic driving force.

The interaction between a magnetizing field and magnetic particles engen-
ders energy exchanges. High frequencies, typically hundreds of kHz causes
heating,'® while lower frequencies and a stationary field tend to induce
forces that set the particles in motion.” In the current context, the main



interest is magnetic attraction forces acting on magnetic nanoparticles in a
field gradient.

This section will describe some suitable field characteristics for this appli-
cation and how these can be achieved. Furthermore, it will describe the
interaction between such a field and an assembly of magnetic nanoparti-
cles. The underlying theory will be discussed in relation to experimental
conditions.

Magnetization field

A fundamental component for MMUS imaging is a time-varying magnetic
field giving rise to a displacement force. It is challenging to achieve a de-
tectable displacement especially at depth and while limiting the nanopar-
ticle dose according to in vivo conditions.

The magnetic force depends both on properties of the particles as well
as the field. To derive an expression for the force, some concepts and
definitions are needed. The magnetization field, also termed magnetic field
strength, H, in units of [A m™!], is established in a region independent
of the background medium. H is related to the magnetic flux density
B[kgs? A~!] inside a material by its magnetic permeability u[kgms=2 A=2]
according to

B =uH. (1)

The magnetic permeability of free space i is a constant equal to 271077
[kgm s~2 A7%]. In matter the relative permeability s, [dimensionless], is
defined as the ratio of the magnetic permeability of that material and the
permeability of free space, y

pr = (2)
As an example, a coil carrying an electric current gives rise to magnetiza-
tion field H.. If the coil is placed in vacuum the resulting magnetic flux
density will be given directly by equation [1| with u = ug. However, if a
highly magnetically permeable material such as iron is placed inside the
coil, see Fig.[3] the magnetic flux density, B will be higher. This is because
these materials by definition can carry a higher magnetic flux density for a
given magnetization field, or, equivalently, p is higher in equation [I} The
magnetic domains inside the iron align with the external field and, as a re-
sult, the flux density is increased both inside and outside of the material.'®
An iron core is therefore often used in MMUS to direct and concentrate
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Figure 3: Coil carrying an alternating current as indicated by a encircled wave
sign. Placing an iron core {2, in the coil changes the magnetic flux density both
inside € as well as in the surrounding medium €2,. The surrounding medium is
assumed to be homogeneous and non-magnetic in this illustration.

magnetic flux.?*21,47:3,38,58 The following sections will explore the inter-
actions that occur when superparamagnetic iron oxide nanoparticles are
present within a varying magnetization field.

Field-particle interaction

Superparamagnetic nanoparticles exhibit certain magnetic properties that
enable high magnetization in an external field and relaxation when the mag-
netic field strength decreases. These characteristics are desirable in MMUS
and therefor such particles are commonly, but not exclusively,'? used in this
technique.?%46:22:3 A particle must be sufficiently small to only contain a
single magnetic domain in order for it to exhibit these characterstics and
be classified as superparamagnetic.® Fig. |4] shows a simplified model of a
single domain particle.

The magnetization M [Am~!] is defined as the vector sum of magnetic
moments m per unit volume V,

dm
M= —.
av (3)

The magnetization M contributes to the magnetic flux density B in a
material according to the definition

B = po(H + M). (4)



Figure 4: Isotropic single domain particle, adapted from.® Here p denotes the

total magnetic moment of the particle, H is the magnetization field and 0 is the
angle between those two vectors.

It is because of this contribution that permeability is material dependent,
compare also equation The degree of magnetization in response to an
applied magnetization field is highly material dependent. The ratio of mag-
netization to the applied magnetization field is termed magnetic suscepti-
bility and denoted . At zero field, the magnetic moments of an assembly
of superparamagnetic nanoparticles will be randomly distributed such that
the net magnetization is zero. On the other hand, with a strong field the
moments will line up and the magnetization reaches its maximum.

The fraction of the magnetization in an assembly of isotropic, single mag-
netic domain particles aligned by the field follows a characteristic curve,
the Langevin function L(«)

L(a) = coth(a) — é, (5)
where a = pH/kT. Here, k is the Boltzmann constant and 7' the abso-
lute temperature. This function is approximately linear close to H = 0
and asymptotically approaches one as H becomes large.® Saturation oc-
curs because eventually all magnetic moments in the system are aligned.
Scaling the function L(a) by the saturation magnetization Mg gives the
magnetization curve for a system of particle see Fig.

{This theory treats an assembly of isotropic, identical and non-interacting particles at
thermal equilibrium. For the purpose of introducing the underlying theories and mech-
anisms, one can assume that all conditions are fulfilled. Under experimental conditions
however, the particles will be partially anisotropic and represent a distribution of sizes.
Introducing a low degree of anisotropy and size variation has a small effect on the shape of
the magnetization curve. This effect is therefore assumed negligible, and the system will
be assumed to be at thermal equilibrium throughout. Interaction between neighbouring
particles will be treated separately in the section about inter-particle interaction.
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Figure 5: The characteristic Langevin curve for an assembly of isotropic, identi-
cal and non-interacting superparamagnetic nano-particles at thermal equilibrium.
The curve is approximately linear close to H = 0, and approaches Mg when H is
large. Both axes are in arbitrary units, a.u.

The magnetization characteristics are needed to evaluate the volumetric
force f/,%% given by
fv=mpo(M-V)H (6)

with the gradient operator V. This expression is derived from the Maxwell
equations of electromagnetism assuming that the electric field is zero or
negligible, M < H and that the curl is small. Note that the magnetiza-
tion of the suspension depends on the magnetic properties of the particles
as well as the medium. Water based carriers are inherently diamagnetic,
meaning they will experience a force directed oppositely to that acting on
the (para)magnetic particles.’® Diamagnetic materials have a low but con-
stant magnetic susceptibility with a negative sign. Compared to other types
of magnetism, diamagnetism is generally weak but not always negligible.

The basic theory of superparamagnetism assumes isotropic, non-interacting
particles. The next section briefly explores how particle-particle interac-
tions modifies this theory.



Inter-particle interaction

The moment of each particle has an impact on the magnetic flux density
in its immediate surrounding, so particles in close proximity (< 70 nm)
sense a lower field than isolated particles.”® Under certain conditions, such
as multi-core particles or loaded microbubble shells, the proximity of the
nearest neighbours might influence the net magnetization field at the par-
ticle core. Such small core-core separations are, however, generally not a
concern in MMUS when it comes to single core particles that are homoge-
neously dispersed. In these conditions, there dipole-dipole interactions are
negligible, and each nanoparticle core will sense and react to the applied
magnetization field independently.

1.2 Magnetomotive ultrasound

In MMUS, a time-varying magnetization field is applied to a region con-
taining magnetic particles. When the field is active the particles will expe-
rience an attracting force towards the magnet. The force will set the parti-
cles and their surroundings in motion. When the field diminishes, so does
the magnetic force and the particles will move back towards their original
position dependent on the elasticity of the surroundings. Particle proper-
ties, and distribution, as well as the magnetic and mechanical properties of
the surrounding material will determine the displacement. The magnetic
nanoparticles experience a force towards the magnet, but hypothetically, a
diamagnetic background material can reduce or even reverse the resulting
motion, especially in regions with little or no magnetic particles.

The induced motion is detected with ultrasound, which is coherence based
and therefore sensitive to axial motion. Under the assumption that any
regions with a sufficiently high concentration of magnetic nanoparticles will
move towards the magnet, the ultrasound data sequence can be processed
to reveal those regions. A schematic overview of an MMUS system is shown

in Fig. [6

Although the magnetic nanoparticles themselves are too small to be directly
detectable by ultrasound, their location can be inferred from the movement
of the surrounding tissue.

As described herein in abridged form,® MMUS is a modality that may
enable molecular imaging of extravascular targets, utilizing ultrasound with
magnetic nanoparticles as a contrast agent. This is relevant to cancer
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Figure 6: Schematic overview of an MMUS imaging system. The components of
the imaging system: transducer, ultrasound machine, computer for data processing
and display, are shown in the upper part of the figure. See also top right for
an example MMUS image, reproduced with permission from.?? The principle of
excitation is shown in the lower part of the figure, represented by a coil connected
to a function generator via an amplifier. Note that the background material does
not contain nanoparticles (NPs). The NP loaded region is shown as dark grey in
the schematic, and is color coded in the example MMUS image.

imaging where soft tissue targets, for example lymph nodes, can be reach
by the contrast agent for specific enhancement of these regions of interest.

1.3 Tissue mechanical properties

The contrast mechanism of MMUS relies on mechanical motion induced
by a magnetic force. Magnitude and propagation of this motion depends
on the tissue mechanical properties. Furthermore, such properties can be
affected by disease progression and thereby contribute diagnostically rel-
evant information.?® Therefore, an overview of mechanical properties as
they relate to magneto-mechanical interactions in soft tissue is included
here.
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Generally, if a force is applied to a region of a material the mechanical
response follows the differential algebraic equation

d?u

Here p is the (true) density, w is the displacement field, div is the divergence
operator, o the stress tensor, and fy, the volumetric force.

This equation can be readily applied to a collection of nanoparticles lodged
in a material by considering their bulk properties. How stress and strain
are related for a particular tissue can represented by a material model.

Material models

Soft tissues generally respond to applied forces in a time dependent manner
that can be characterized as viscoelastic. Viscoelasticity is a phenomeno-
logical approach of mechanical behavior, and does not represent the micro-
scopic structure of the material. Material models are mathematical repre-
sentations of materials that can be used to interpret, model or predict the
outcome of mechanical perturbations.

A suitable model for a material can be determined based on experimental
stress-strain data. Characterization is based on one or more mechanical
tests. The results are not necessarily transferable to other conditions, for
example temperature, strain rate and amplitude. It is therefore important
to match the test conditions as closely as possible to the situation of interest.

In MMUS, the nanoparticle laden tissue is subjected to a time-varying,
unidirectional magnetic force. For low frequencies,?’?% semi-static test
conditions provide a good approximation. Some further differences be-
tween the mechanical test conditions and MMUS are worth noting. First,
while MMUS may show displacements in the sub-micron range, the pre-
cision of commercial test machines is poor at such small perturbations™
and so larger strains are used. Second, a force applied through magnetic
interaction would not give rise to a uniform stress throughout the sample
as is the case in compression testing. Considering this, a low strain semi-
static compression test is expected to capture the material behavior under
MMUS-like conditions.

A common test is stress-relaxation,%¢ where a known strain is applied and
the stress is measured as a function of time. Model selection is then based on

11
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the characteristics of the relaxation curve. If the material dynamics differs
with timescale, and this is important to account for, fractional models
can be advantageous as they require few parameters to fit such data.f9
For simpler materials, the generalized Maxwell model, or GMM, provides
a good fit to stress-relaxation data.”™ For the purpose of the slow-time
magnetomotive response, the dynamics are dominated by the timescale of
the excitation frequency, possibly superimposed on a transient relaxation.
These conditions are handled by the GMM.

Once the model is determined, parameter values are estimated by fitting
the model step response to the experimental data.

1.4 Microbubbles and their magnetic functionalization

Conventionally, exogenous ultrasound contrast is not achieved by magnetic
excitation, but by micorbubbles. Microbubbles were first investigated as
an ultrasound contrast agent (UCA) because they produce a strong echo.*!
Early bubble suspensions were produced by agitating a saline solution,"
thereby entraining gas in the liquid that would produce microbubbles at
injection. The main limitation was that the gas would rapidly dissolve
again into the surrounding liquid, resulting in a very limited duration.?"
There was therefore a need to improve microbubble stability before they
could be used reliably as an ultrasound contrast agent.

Commercial preparations were developed for clinical use and introduced
in the 1990’s. An important property for estimating bubble stability is
diffusion, thus the choice of gas will directly affect the time it takes for a
bubble to dissolve.2 While some commercial agents, like Levovist®, do
contain air, other gasses can be used to improve the survival. The gas
cores of SonoVue® and Definity® contain heavy gasses with large molecu-
lar structures (Sulphur hexafluoride and Octafluoropropane respectively).
Large molecules generally are less mobile, and thus have lower diffusivity
which would act to extend the time until solution.

In addition to the selection of gas content, bubbles for ultrasound con-
trast are also stabilized by a shell, as illustrated in Fig. SonoVue®
and Definity® for example, are both contained by a lipid shell (with the
addition of a surfactant in the latter case).

Although the rate of gas exchange can be influenced by the choice of gas and
shell, change in the bubble diameter over time cannot be avoided. The level
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Figure 7: Schematic illustration of microbubble of radius r, stabilized by a shell
of thickness d;.

of gas saturation in the surrounding media strongly affects the persistence
of bubbles, with a reduction in gas content by 10% reducing persistence by
over 50%.%! Similarly, the behavior of suspended microbubbles is highly
dependent on ambient temperature, since the shell is influenced to a greater
and lesser extent depending on what material is used. Therefore phospho-
lipid shelled microbubbles such as SonoVue® at room temperature, do not
necessarily approximate what would be observed under in vivo conditions.?°

The fact that the stability of microbubbles is highly dependent on their
surroundings highlights the importance of conducting in vitro experiments
under relevant conditions if their results are to be relevant in vivo. The
acoustic properties need to be controlled and kept stable in order for the
bubbles to function well as an ultrasound contrast agent. The acoustic re-
sponse depends largely on the size and mechanical properties of the bubble
and its surroundings, which are both influenced during bubble degradation.

For example, the linear resonant frequency, f,, is inversely dependent on
the equilibrium bubble radius r. This resonance is also influenced by other
factors of the gas, shell, and surrounding, such as the density of the sur-
rounding medium p, the equilibrium pressure inside the microbubble pe,
the polytropic index of the gas x, the shear modulus of the shell G, and
instantaneous shell thickness dg.3*

1 [3kpe + 12Gg%
fr =

=5 p (8)

The shell that stabilizes the bubble thus also affects the acoustic response,
such as the linear resonance frequency. It can also be functionalized to
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different ends, such as drug delivery and targeting. This is not unique
to microbubbles, but could be enhanced by sonoporation, which causes
increased permeability of membranes near acoustically activated bubbles.
It has been shown that sonoporation increases the occurrence of drug and
genetic material delivery,®® and can selectively and reversibly open the
blood brain barrier.!” This therefore makes many targets available for
delivery that are otherwise difficult to reach.

Other methods of bubble targeting include target-ligand binding, and mag-
netic attraction, each with different limitations. The probability of a bind-
ing event to take place increases the longer time the bubble can remain
in proximity to the target. However, in physiological flow conditions, the
agent is rapidly washed away and the incidence of binding is low. If bubbles
are magnetically functionalized, an external static magnetic field can act
to retain them against flow.?” Magnetostatic attraction can in this way act
to retain agents in the vicinity of targets, thereby increasing the chance of
binding events.

Stable magnetic microbubbles can be produced by incorporation of iron ox-
ide nanoparticles using different methods, see Fig[8] This can have an effect
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Figure 8: Schematic illustration of (a) an elastic solid containing homogeniously
distributed nanoparticles and (b-c¢) magnetic microbubbles containing magnetic
nanoparticles that are confined to the shell. Depending on the method of mi-
crobubble fabrication, the particles can be (b) associated with the internal surface
of the shell, (c¢) in the shell, or (d) on the external surface of the shell. Nanoparti-
cles are represented as black, and the microbubble shells as consisting of phospho-
lipids (with a hyrophilic head and two hydophobic tails). Graphic created using
BioRender.com

on the acoustic properties, for example if it leads to a change in diameter or
thickness of the shell, see equation [§] The method of fabrication, or more
specifically, where the magnetic nanoparticles are incorporated, affects the
type and extent of any such acoustic modifications.’

Magnetic microbubbles have several interesting potential applications be-
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yond targeting. Magnetomotive ultrasound (MMUS) is one example. MMUS
uses the vibrations induced by an oscillating magnetic field to locate mag-

netic nanoparticles embedded in tissue. While the magnetic particles are

usually introduced directly, incorporating them into bubbles could poten-

tially improve the sensitivity of this technique. The spatial distribution of

magnetic material is known to affect the displacement signal,*” and in mag-

netic bubbles the magnetic material is typically constrained to the spher-

ical surface. Additionally, the presence of gas would contribute to signal

enhancement by providing excellent ultrasound contrast, and possibly fa-

cilitating motion.

Alternatively, the bubbles could act as a carrier and delivery system of
the nanoparticle load. The sonoporation process previously mentioned can
be utilized to enhance delivery of nanoparticles to an otherwise inaccessible
area of interest. In this case, the bubbles would not be available to enhance
sensitivity, and the MMUS sensitivity post destruction would depend on
the delivered nanoparticle load.

Acoustic and mechanical properties of microbubbles is an active area of
research, but low frequency magneto-mechanical interactions (in the or-
der of Hz) are rather specific to the contrast enhanced MMUS application
therefore of particular interest here. The magnetic force on a single mag-
netic microbubble depends on the iron loading. Core-core distance is also a
factor, since closely packed nanoparticles may experience dipole-dipole in-
teractions. For magnetic microbubbles, the core-core distance is influenced
by iron loading, bubble size as well as particle size and composition. If
the magnetic material is associated with the bubble shell,” it can occupy
a two dimensional surface with area Ag determined by the bubble radius.
Furthermore, the mass of iron in one nanoparticle is given by

mpe = YpVe, 9)

where volume fraction of iron in the core is 7, the density of iron p and the
volume of the core is V.

Volume fraction can be inferred from the composition of the core (the chem-
ical formula describing the molar fractions of elements), and the corre-
sponding atomic radii. There are different oxides of iron that can be used
in magnetic nanoparticles, e.g. ferrite, F'eaOs and magnetite, Fe3O4. The
volume fraction of iron in each of these oxides is approximated using the
molar fractions and atomic radi which are 140 pm for iron and 60 pm for

oxygen.%

iMetallic radii are different from atomic radii. This can be take in into account
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The magnetic nanoparticles incorporated in a microbubble allows it to be
manipulated by a magnetic force, and determines the magnitude of that
force for certain field parameters. Once the bubble comes into contact with
an interface, e.g. soft tissue, the arising deformations to both bubble and
tissue are influenced by mechanical properties.

The magnetic microbubble can be represented as a thin shell surrounding
a gaseous core. The initial pressure p;, of a gas is inversely proportional to
the radius rg according to the Young-Laplace equation

Py =22 (10)

To

where o is the surface tension of the bubble shell. The internal pressure,
along with the mechanical properties of the shell, such as Young’s modu-
lus, Poisson’s ratio and density, all contribute to the overall behavior of the
bubble when exposed to an external force. The contact of a magnetic mi-
crobubble with an elastic solid can be modelled using finite element analysis
for a specific set of these parameters, for a bubble with a certain size and
shell thickness. Since the microbubbles are in the micrometer size range,
but the shell can be only a few nanometers thick, the ratio of diameter to
thickness is very large. This makes three-dimensional finite elements inap-
propriate. Instead, the shell can be modelled as a curved surface, using so
called shell elements.

Interestingly, the contact between a magnetic microbubble and an elastic
solid resembles a contact problem that has been solved analytically. Hertz
contact theory describes the frictionless contact between and elastic sphere
and an elastic half space.?® Clearly, the analogy is a simplification, and in
many cases, especially in an ultrasound field, the microbubbles are highly
non-linear specifically due to the structure being inhomogeneous with a gas
enclosed in a shell. For the magneto-mechanical interaction, however, the
simplification may provide a useful theoretical foundation.

1.5 Cellular response

The movement in MMUS generally occurs in a delimited region, for example
a lymph node, and with a movement amplitude in the micrometer range.

by using the Goldschmidt correction. The correction factor depends on the number
of nearest neighbors (coordination number). For coordination numbers over six, the
correction is less than 5%.% The crystalline structures of ferrous oxides are complex,*®
with coordination numbers mostly of six and over. Thus the correction between atomic
and metallic radii would not change the results of this estimate substantially.
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The movement is small compared to the tissue being imaged, and in relation
to the resolution of ultrasound imaging systems, but comparable in size to
many cells. Looking at the interactions between cells and nanoparticles
under the influence of a varying magnetic force could provide insights into
how the force is transferred from the particles to the tissue and how this
process might affect cells.

The application of forces to cells has been studied extensively in the con-
text of mechanical probing to infer viscoelastic properties,’” as these can be
linked to disease progression and treatment.® Depending on the method
used, different structural components contribute to the measured mechan-
ical properties.”” When a low frequency modulated force is used the cy-
toskeletal contribution dominate.®® Cellular response to mechanical stress
is a complex process involving levels of signaling.*?> Cyclic mechanical stim-
uli can elicit structural remodeling in endothelial cells®! and stress responses
for example through reactive oxygen species, ROS.?6 Notably, mechanical
stimuli are maintained for several hours before changes, such as reversible
increased production of reactive oxygen species, are detected.'® In contrast,
MMUS imaging only requires a modulated force to be applied for a fraction
of this time.

Some cell types are sensitive to magnetic fields in the mT range, but
with morphological changes occurring after several hours of exposure to
a static,” or low frequency field.??:?® Shorter exposure times reduce these
effects.?® It is not clear whether the relatively short exposure times associ-
ated with MMUS would have any measurable effect in this regard.

Cell models

Using cultured cells provides a simplified study system compared to the
in vivo equivalent, and can make specific details accessible for observa-
tion. In this case, the details of interest are interactions between moving
magnetic nanoparticles in living tissue and consequences thereof. Should
these nanoparticles be feasible as a MMUS contrast agent, it needs to be
ascertained if they are (a) taken up and (b) that they do not harm living
cells.

Many cultured cells grow in adherent cell layers, which makes it possible
to apply magnetic forces that can deform, but not freely translate them.
This constitutes a simplified version of the tissues imaged by MMUS, where
cells are not attached to a rigid surface, but to an extracellular matrix and
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therefore mechanically constrained.

Uptake of iron oxide nanoparticles

Living cells need to exchange substances with the exterior to maintain their
function and homeostasis. Mechanisms for uptake differ depending on the
size and properties of the subject. Nanoparticles are by definition between
1 — 100 nm™ and can be internalized through fluid phase endocytosis and
receptor mediated internalization.® Size is an important factor for nanopar-
ticle transport in vivo®"?* and interactions with cells.?” Smaller particles
can penetrate more easily into tissues (eg. endothelium and cancerous tis-
sue) but are also more rapidly cleared in vivo.% Size dependent uptake
favoring smaller particles has also been observed in cultured cells.'”

Surface charge, or more precisely zeta potential, (, is another key feature
determining uptake into cells.” Dispersed particles with a surface charge
will attract ions in the surrounding liquid. These ions form a layer of
fluid that is attached around the particle. The zeta potential, (, is the
electrical potential at the slipping plane, which is the interface between
the attached liquid and the surrounding.*> When suspended in biological
media, iron oxide nanoparticles tend to adsorb proteins that form what is
called a corona.? Corona formation drastically alters size and surface of
nanomaterials which can completely dominate their behavior in vivo.” A
negative zeta potential also promotes particle-cell interaction and uptake
of dextran iron oxide nanoparticles into Caco-2 cells.?

Effects from particles, field and interactions

The nanoparticles and magneto-mechanical interactions that give MMUS
its potential as a medical imaging tool need to be critically examined from
a safety perspective.

While iron oxide nanoparticles at the concentrations used in here (Paper
IV) typically do not directly affect viability, they may still alter the cell
properties when internalized.** Indeed, certain effects can only be studied
on a single cell level, since interactions with nanoparticles are not evenly
distributed throughout a cell population.*®

Viability staining can be used to shows how a treatment influences mem-
brane function of individual cells. This is done by adding a dye, Trypan
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blue. The dye cannot penetrate intact plasma membranes, so it only stains
damaged cells. The proportion of damaged cells is determined by manual
or automatic counting.

Alternatively, it is possible to detect substances escaping out through leaky
membranes. Lactate dehydrogenase (LDH) is a stable enzyme present in
most tissue types. It is normally found inside cells, mainly in the cytoplasm,
and is involved in anaerobic metabolism?? together with the cofactor Nicoti-
namide Adenine Dinucleotide, NADT. LDH is released outside of the cell
if the plasma membrane is damaged.

One method of testing membrane integrity of cultured cell populations is
therefore to measure the level of LDH in the media. An advantage of this
type of assay is that the cells can be continually cultured, since the test is
only applied to the media.

While the specific physiochemical properties of nanomaterials may interfere
with common cytotoxicity tests, the colorimetric LDH assay is generally
reliable in the presence of iron oxide nanoparticles.3!

Second, the level of reactive oxygen species indicates lower yet important
stress experienced by the cells. Generation of reactive oxygen species (ROS)
occurs at a controlled level in healthy cells.* Increased production occurs
when cells are under oxidative stress, and the increased rate of oxidation
can impair cell function.”' Oxidative damage is associated with a range of
pathological conditions, including cancer®® and potentially with mechan-
ical stress.! Furthermore, increased ROS might contribute to increased
malignancy in cancer.%” It is therefore important to understand if the me-
chanical stresses that are generated during application of MMUS contribute
to increasing ROS levels.

One dynamic indicator of oxidative stress is the ratio of reduced to oxidized
glutathione, GSH:GSSG.3? GSH is abundant but in response to oxidative
stress, some of it oxidizes into GSSG. Therefore, a reduction in this ratio
is an indicator of oxidative stress.

Indicators of membrane damage and oxidative stress such as these have not
previously been monitored in the context of MMUS. There is therefore a
need to assess the cellular response to exposure to magnetic nanoparticles
and forces applicable to these conditions.
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2. Aims

MMUS is still in the pre-clinical phase and many aspects of in-depth under-
standing and development still remain before it can be clinically applicable.
One interesting aspect of the technique that merits further exploration is
the dependence of magnetomotion on the mechanical properties of the sur-
rounding medium. The detected signal could therefore contain information
not only about the particle distribution, but also of the tissue properties.
This, in turn, could give clinically relevant information about tissue status.

Another aspect is the contrast agent itself. Up to now, magnetic nanoparti-
cles have been used as a contrast agent in MMUS, but the particles can be
configured in a more complex way, such as nanoclusters, to affect the mag-
netomotive signal. The particles can even be incorporated into microbub-
bles, which could allow for drug transport, magnetic retention and site-
specific delivery using sonoporation. Magnetic microbubbles might thereby
have some advantages as a contrast agent for MMUS.

All medical imaging systems involve some form of interaction with the tis-
sue and with that a risk of adverse effects. While traditional ultrasound
is generally considered a safe option, as it does not involve ionizing radia-
tion, the added complexity of nanoparticles exhibiting mechanical motion
in tissue warrants specific attention to establish the safety of the technique.
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The above considerations therefore prompted the formulation of the follow-
ing research questions (RQs).

RQ1 : How can the motion pattern in MMUS be characterized?
In particular,

- is finite element analysis a satisfactory characterization tool to
do so?
- what is the role of diamagnetism?
- how does this relate to diagnosis?
RQ2 : Magnetic microbubbles have been suggested as a novel ultrasound

contrast agent. What is the feasibility of magnetomotion in tissue
induced by magnetic microbubbles? Theoretically,

- what kind of tissue displacements could magnetic manipulation
of these microbubbles give rise to?
- which factors might affect the displacements, and in what way?
R@3 : Are the magnetic nanoparticles and forces tolerated by live cells?
Specifically,
- are the particles taken up by cells?

- what is the cellular response in terms of some relevant indica-
tors?

The following sections expand on the methods used to answer these ques-
tions.
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3. Materials and methods

The research questions have been addressed using a combination of in-
ductive and deductive methodologies. Papers I and II use a combination
of experimental and modelling approaches. Modelling is by definition a
simplification of the physical system, and experimental data was used indi-
rectly to decide how the model could be set up without oversimplification.
Experimental data was also used directly as inputs to the model. The finite
element model was set up to address RQ1, and to test the hypothesis about
diamagnetism causing a counter motion. Papers I-II cover operating princi-
ple and theory that governs the motion, i.e. magnetic forces and mechanical
properties of bulk materials that was included in the model. Modelling was
also used in Paper III to address RQ2, but in this case aiming to develop
a theory rather than testing one.

Fine scale dynamics regarding nanoparticle uptake, distribution, and the
effects of magneto-mechanical forces were then explored in cultured cells
(Paper IV). RQ3 was addressed in the planning stage of this study to
determine suitable cells and indicators, and in the study where the response
was investigated.

Methods were also selected in consideration of the 3Rs directive to replace,
reduce and refine animal research [62]. While two of the papers (Paper 2
and 3) do contain animal data, these were collected in conjunction with
other studies and were re-analyzed.

3.1 Tissue mimicking materials

Both oil-based gels and hydrogels were used. The oil-based gels were ob-
tained by mixing styrene-ethylene-butylene-styrene (SEBS) and ballistics
gel (Clear Ballistics LLC, Arizona, USA). Both of these gels are thermore-
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versible, which means that they can be prepared separately and subse-
quently melted together to mix.

Polyvinyl alcohol (PVA), was used to form hydrogels. Briefly, PVA crystals
were mixed with milli-Q water, then heated and maintained at 95°C until
a homogeneous solution was formed. The solution was allowed to cool at
room temperature. Graphite was added to the PVA solution to act as an
ultrasound scatterer. Magnetic nanoparticles were added as appropriate,
to act as a contrast agent for MMUS in delineated regions. The PVA
components underwent two to three freeze-thaw cycles to obtain the desired
instantaneous Young’s modulus.

3.2 Viscoelasticity

Stress-relaxation tests were performed using either of two mechanical test-
ing machines (MTS Systems AB, Minnesota, USA or Bose 3100, Framing-
ham, Massachusetts, U.S.). Briefly, samples were positioned and subjected
to a small pre-load, before compression to the desired strain. The strain
was then maintained for up to six minutes, over which period the force was
recorded. The data were normalized by sample height and cross-sectional
area to obtain stress-strain curves which were fitted to exponential func-
tions derived from generalized Maxwell models, Fig. [0

o

r],l " == r]n

Figure 9: Generalized Maxwell model of viscoelasticity. Parameters Ey through
E, represent the elastic contribution and 7; through 7, the viscous contribution.
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The resulting parameters were also used to estimate the instantaneous
Young’s modulus.

3.3 Finite element analysis

Geometries of an ultrasound phantom, lymph tissue, and a magnetic mi-
crobubble in contact with an elastic solid were created in a finite element
analysis software (COMSOL Multiphysics v 5.5 or 5.6, COMSOL AB,
Stockholm, Sweden), see Fig.

Ultrasound probe and
(a) gel applied from top (b)

Sample

Magnetic
microbubble

Support

Iron core

Elastic solid

Sample 1: Phantom Sample 2: Lymph tissue

Figure 10: Geometries used in finite element analysis. A MMUS setup including
the electromagnetic coil and iron core is shown in (a). Two different types of
samples were modelled, shown below the main geometry. To the left a phantom
with three inserts containing nanoparticles at different concentrations, illustrated
by gray circles, and to the right lymph tissue, where the magnetic material was
concentrated to the lymph node, shown in dark gray. A magnetic microbubble (b)
was also modelled. The microbubble radius is rg and it comes into contact with
an elastic solid such that the contact area has radius a and the deformation at the
center is d.

\

The electromagnet was explicitly modelled to obtain a three-dimensional
magnetization field. To model the magnetic coil and core, the geometry
was made according to specifications of the electromagnet used for magne-
tomotive imaging. Material parameters were acquired from the literature.
To estimate the coil wire cross sectional area, which was not known for
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3. Materials and methods

this particular coil, a least squares fit was performed of measured field data
to modelled magnetization field data for a range of areas. The fields were
solved for using curl elements that lack higher derivatives. To access the
first derivatives in the force calculation, see Equation [6] the solution was
mapped onto Lagrangian elements. A partial differential equation on co-
efficient form was used for this mapping. The electromagnetic fields were
solved for in the frequency domain given the input voltage to the electro-
magnet.

The force was then calculated from the modelled magnetization field us-
ing a Langevin function, Equation [5| scaled according to the nanoparticle
suspension magnetization data and concentration, and the vector valued
magnetic gradient force according to Equation [6]

The mechanical properties of the phantom material were modelled using a
Generalized Maxwell model that takes elasticity and viscosity into account.
For the elastic solid in the magnetic microbubble model, only (instanta-
neous) Young’s modulus was used. For the phantom and lymph tissue
models, a solid mechanics step was set up as a time dependent study. The
solution from the electromagnetics step was used as an input for variables
not solved for and only the solid mechanics interface was enabled. For the
magnetic microbubble, a stationary analysis was used was which was sta-
bilized by and auxiliary sweep. The swept parameter controlled a spring
foundation, the force and pressure, and was ramped up incrementally from
zero to one.

The magnitude of the magnetic gradient force acting on a microbubble was
estimated using field measurement conducted on the electromagnet, iron
loading and data from the literature. For this case, the force was assumed
to be evenly distributed over the shell.

To check whether dipole-dipole interactions might be important, the av-
erage interpatricle distance was calculated. For a known iron loading, the
average number of nanoparticles per microbubble can be calculated given
the mass to number of nanoparticles conversion for a given suspension. The
distance between adjacent particles was estimated by assuming that the sur-
face of the shell can be segmented into equiareal circles with a nanoparticle
at the center of eac The expression for the interparticle distance, d is
then twice the radius of such a circle with area a, calculated as the total

HiThere is extensive theory about the distribution of points on the surface of a sphere
for the mathematically inclined.®® For the purpose of this estimate, the distribution is
not expected to be optimized in any way so an approximation suffices.

26



shell area Ay divided by the number of particles.

3.4 Magnetomotive ultrasound

Phantoms were imaged using a MS-250 transducer, with a center frequency
of 21 MHz transducer with a preclinical ultrasound scanner (Vevo 2100, Vi-
sualsonics, Toronto, Canada). The transducer was positioned opposite the
solenoid with the phantom between, with couplant gel providing acoustic
contact with the probe as illustrated in Fig. The solenoid, including a
pointed iron core, was operated at 2.5 Hz through a function generator and
amplifier (Behringer EP4000, Willich, Germany). Data was collected for 2
s at 58 fps. The data were transferred to a computer and post-processed?!
with additional noise suppression to facilitate visualization where appropri-
ate. Since some B-mode images contained dark regions, typically muscle
tissue, these regions were masked to suppress phase noise.*® The cut off
was set to suppress pixels with less than 20% of the maximum B-mode
intensity.

3.5 Cell-based assays

Two human-derived colorectal adenocarcinoma cell lines, HT-29 and Caco-
2, were cultivated and exposed to magnetic nanoparticles and fields. These
cells can be used to model the intestinal epithelium in wvitro, which is rele-
vant due to the interest in MMUS for colorectal cancer applications.

To quantify the iron retention in cells incubated with iron oxide nanopar-
ticles a colorimetric method was used (ab83366, Abcam, Cambridge, Eng-
land). Transmission Electron Microscopy (TEM) was then performed to
further investigate qualitatively where particles accumulated.

Two assays additional assays were used to indicate cell membrane dam-
age, LDH (ab65393, Abcam, Cambridge, England), and oxidative stress,
GSH:GSSG (ab65393, Abcam, Cambridge, England), respectively.

LDH acts as a catalyst in a metabolic redox reaction. This catalytic prop-
erty is exploited in colorimetric assays. There are two important steps in the
reaction. The first step is a redox reaction catalyzed by LDH. Here NAD+
is reduced to NADH. The second step involves a precursor, which is origi-
nally colorless but acts as a dye when reduced by NADH. The production
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3. Materials and methods

of NADH, and subsequently the reduction of the precursor is proportional
to the amount of LDH present.

Lactate NAD* 1\ /v Dye
o
Pyruvate NADH /\ Precursor

Figure 11: Reactions in LDH colorimetric assay. In the first reaction (left) LDH
facilitates the production of NADH. The second reaction (right) changes the color
of the precursor while oxidizing NADH. Diagram created using BioRender.com

The dye concentration is ascertained by measuring the absorbance at a
specific wavelength.

The ratio of reduced to oxidized glutathione, GSH:GSSG is an indicator of
oxidative stress level, and can be detected according to Fig.

GST
GSH /f \ P GSH-NT
Luc-NT Luciferin m Luciferase - Light

Figure 12: Reduced glutathione, GSH, can be detected using luminescence. To
quantify the ratio of reduced to oxidized glutathione, GSH:GSSG using this reac-
tion involves several steps. First, all glutathione in a sample is reduced to measure
the total. Second, in a replicate sample the reduced glutathione is blocked, and re-
maining converted to the reduced state. Illustration created using BioRender.com

These indicators were measured in response to nanoparticles and/or the
application of a time-varying magnetic force. The main outcomes, as well
as their implications are discussed in the concluding sections.
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4. Results and comments

Taken together, the papers presented in this dissertation illustrate the in-
terplay between the magnetomotive technique and mechanical interaction
on the tissue- and cellular level. They also illustrate how finite element
analysis can be utilized to characterize and explore aspects of the study
system, that would be difficult to investigate experimentally.

The research questions have all been addressed. In Papers I and II, the
focus is on RQ1. Although the first paper does not explicitly refer to
MMUS, it relates to acoustic and mechanical characterization, establish-
ing methods that are applied again in Paper II where it was found that
the motion pattern of MMUS can be explained by a finite element model
that takes into account material properties. Interestingly, the countermo-
tion that has been observed experimentally could not be fully explained by
diamagnetism. Since the superparamagnetic contribution varies with mag-
netization according to Fig. and the diamagnetic contribution increases
linearly with magnetization field, the former tends to dominate at lower
field strengths.

At higher field strengths however, saturation is reached and eventually the
net magnetization will be diamagnetic. For magnetomotive optical coher-
ence tomography, the limiting factor is penetration of light in tissue. The
aim is therefore to image surface layers, and so the region of interest can be
closer to the magnetic source than in MMUS, and the field strength higher.
Under these circumstances, the diamagnetic contribution can become dom-
inant. Furthermore, the higher resolution enables lower concentration of
nanoparticles to be used, which again implicates that the diamagnetic con-
tribution can become significant.

In MMUS on the other hand, the magnetization field is considered the
limiting factor for imaging depth, and imaging plane extends into a small
volume. In this case, the paramagnetic contribution is typically dominant.
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4. Results and comments
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Figure 13: Magnetization due to diamagnetism of water and superparamagen-
tism of a nanoparticle suspension in three different concentrations.

In fact, for the field and particle parameters used in Paper II, 0.1 A m~!
and 0.3 — 0.5 mg Fe mL™!, the superparamagnetic contribution was found
to dominate by more than 20 fold, see Fig. where the dashed vertical
line intersects the lines representing the dia- and superparamagnetic con-
tributions.

Furthermore, given the rapid decrease of the magnetization field with dis-
tance from the iron core tip, this effect would be even smaller in the parti-
cle free adjacent regions, where an opposing motion is sometimes observed.
Consequently, such a motion cannot be fully explained by diamagnetism.
Instead, the results of Paper II indicate conservation of mass, compressibil-
ity and boundary conditions as determining factors.

In Paper I11, RQ2 and magnetic microbubbles are considered. The magneto-
mechanical interactions of a magnetic microbubble with an elastic solid is
explored using finite element analysis, as well as an analytical model for
non-adhesive, elastic contact. Unlike MMUS using magnetic nanoparticles
lodged in tissue, microbubbles are suspended in a liquid, and the magnetic
material is associated with the bubble shell.

The interparticle distance was estimated for a set of magnetic microbub-
bles? yielding distances according to Table
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Table 1: Approximate core separation in magnetic microbubble (MB) shells.
Bubble and core diameter, d, and d. respectively, and iron loading are taken
from.? Nanoparticle (NP) separation is calculated as outlined in section

dy [pm] | de [nm] | Loading [pg Fe/MB] | NP separation [nm]

5.1 10 0.61 20
1.9 30 0.036 190
1.9 30 0.014 310
2.1 30 0.71 50

Consequently, for these parameters the core-core separation is > 70 nm
such that dipole-dipole interactions would be negligible™ for two of the
bubble types. However, in the first and last bubble listed, the separation
is so small that these interactions would be important.

When attracted by a magnetic gradient force, the microbubble would come
into contact with the boundary of the liquid domain, for example a lym-
phatic vessel. According to both methods, the magnetic bubble caused
an indent in the elastic solid. Furthermore, the effect of some important
variables, namely force magnitude, bubble radius and Young’s modulus of
the elastic solid were explicitly tested. Expressions using fractional ex-
ponents of these variables related each of them to for instance maximum
displacement.

Finally, the cellular response to magnetic nanoparticles and forces (RQ3)
was explored in Paper IV. During the planning stage of the study, several
relevant indicators were identified from the literature. Two of these, LDH
for membrane damage and GSH:GSSG for reactive oxygen species were
evaluated. Two human colorectal cancer cell lines were selected as model
systems, and uptake was confirmed in both.

TEM was used to image cells that were exposed to magnetic nanoparti-
cles because it can resolve nanoscale details that would not be resolved by
traditional light microscopy, see Fig.

Each particle is made up of several smaller cores clustered together into
particles resembling nanosized flowers, see Fig. [14] D.

The second cell line, Caco-2, was also found to take up the nanoparticles,

see Fig.

The results of the LDH and GSH:GSSG assays in Paper IV did not indicate
adverse effects on these cells following exposure to MMUS conditions at
moderate iron concentrations.
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4. Results and comments

Figure 14: Transmition Electron Micrographs of part of a HT-29 cell that has
been incubated with iron oxide nanoparticles (Synomag-D, plain, 50 nm, micromod
Partikeltechnologie GmbH, Rostock, Germany) for 24 h. A collection of nanoparti-
cles inside the cell are distinguishable from other structures and organelles by their
characteristic shape and high contrast. The same region is shown with increas-
ing magnification in panels A-C. The bottom right panel, D, shows the particles
imaged in isolation as a comparison. Note that the scale bars of the individual
subfigures represent 1um, 200nm, 100nm and 100nm in A through D respectively.

There are several simplifications of the in wvitro models compared to in
vivo; The models are built up by a single cell type and they are grown
on a two-dimensional surface, which is quite different from the physiolog-
ical, three-dimensional tissue composed of several different types of cells
supported by an extracellular matrix. Furthermore, since these cells are
derived from cancerous tissues and are immortalized, meaning they can
proliferate indefinitely, the results are not necessarily transferable to nor-
mal cells.
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Figure 15: Transmition Electron Micrographs of part of a Caco-2 cell that has
been incubated with iron oxide nanoparticles (Synomag-D, plain, 50 nm) for 24 h.
Nanoparticles inside the cell are distinguishable by their shape and higher contrast.
Parts of the region in A are shown with increased magnification in panels C-D.
Note that the scale bars of the individual subfigures represent 500 nm, 200 nm,
200 nm and 100 nm in A through D respectively.
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5. Implications and Outlook

Medical imaging is a powerful tool in cancer diagnostics, staging and treat-
ment planning. New techniques and technical development can provide
either more data, or more robust information. Development of imaging
techniques to improve diagnostics is complex as it requires in-depth under-
standing of the different technical aspects, as well as of disease progression,
i vivo systems and mechanisms, and clinical practice.

In the case of MMUS, there is a clear connection between the technical
side of operating principle with a mechanical contrast mechanism, and the
biological system where mechanical alterations can be linked to cancer pro-
gression. Therefore, it is relevant to use a mechanistic approach to this
technique, that examines the study system based on these mechanical mo-
tions.

The mechanical properties of soft tissues are instrumental to this contrast
mechanism. These can be evalueted ez vivo in compression or tensile test-
ing, or in vivo, using for example sonoelastography. The phantom material
with tunable viscoelasticity presented in Paper I could be of particular in-
terest in sonoelasticity applications, as it is possible to obtain a range of
different viscoelastic properties without the occurrence of speed-of-sound
mismatch artifacts.

For MMUS specifically, both viscoelastic properties and compressibility in-
fluence the features of the images as outlined in Paper II. This implies that
mechanical properties that are linked to cancer can be inferred from MMUS
techniques, where contrast enhanced MMUS using magnetic microbubbles
in Paper III, shows a similar potential. Even so, extracting the relevant
information from MMUS images is not straightforward. Displacement pat-
terns in MMUS are an amalgamation of properties of the tissues, contrast
agents and setup, including tissue compressibility and viscoelasticity, speed
of sound, contrast agent distribution and magnetic field strength. Increased
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5. Implications and Outlook

understanding of how different factors influence the resulting observed pat-
terns can lead to a more accurate interpretation of different features.

In Paper IV, the cell-based safety evaluation was developed to gain some

insights into whether these magnetic particles and forces would adversely

affect living cells. It was found that the cell lines used, HT-29 and Caco-2,

were prone to take up the nanoparticles. Cytotoxicity was somewhat in-

creased by exposure to a high concentration of nanoparticles (400 pg Fe/mL),
but no effect was observed at a lower concentration (100 pug Fe/mL). Fur-

thermore, there was no evidence of adverse effects due to the nanoparticles

in combination with a time-varying magnetic force.

The evaluation should not, however, be considered conclusive, as it was
limited to two cell lines in 2-dimensional mono-cultures. To get a more
comprehensive and realistic cell based model, co-cultures or 3-dimensional
cultures can be used. The latter would also accommodate more magneto-
motion, which might affect the cellular response. Furthermore, the response
was categorized in terms of two important indicators of cell membrane dam-
age and oxidative stress, LDH and GSH:GSSG. There are of course other
indicators of adverse effects, such as formation of abasic sites in DNA (dam-
age), or reduced barrier function, which can be assessed by transepithelial
electrical resistance.

Taken together, the papers indicate that detection and evaluation of mag-
netomotion using different contrast agents can provide valuable diagnostic
information. The preliminary cell based assessment also suggests that, for
the cells and parameters tested, there is no significant negative response to
the magnetic particles and force. This evaluation indicates an avenue for
MMUS in cancer imaging.
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