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Abstract

Female breast cancer is the second most common cancer worldwide. A promising novel technique to
treat early-stage breast cancer is the use of thermo-brachy therapy. This thesis analysed the effect of
the cancer biomarker glutathione (GSH) on the magnetic hyperthermal effects of iron oxide nanoparti-
cles. The synthesised nanoparticles with a diameter of 10+4 nm have been coated with cysteine and
treated with hydrogen peroxide leading to their aggregation upon cross-linking. As the GSH concen-
tration is higher around cancerous cells (10 uM instead of 3 uM), these nanoparticles would be more
monodispersed as GSH could break the disulfide bonds between the cysteines. Since aggregated
nanoparticles exhibit lower heating efficiencies, it was assumed that this method would allow for (par-
tially) selective heating of the tumour. The addition of 10 yM GSH resulted in an 11% higher heating
efficiency compared to 3 yM GSH when analysing the coated nanoparticles in an alternating magnetic
field. However, a GSH concentration of 10 mM (intracellular GSH concentration in cancerous cells)
gave a decrease in heating efficiency.

Another methodology was proposed as well. Uncoated nanoparticles were encapsulated in a ZIF-8
framework. This framework is less stable in environments with a lower pH value and higher GSH
concentration, which is the case in the tumour microenvironment. This methodology gave a 27% higher
heating efficiency in a tumour-related GSH concentration and pH value.

The differences with both the cysteine and ZIF-8-based methods are yet too small to limit thermal
damage to healthy tissue. Modelling the diffusion and its influence on the temperature change, gave
very local heating near the injection site due to slow diffusion. Therefore, while this thesis provided
insights into the heating efficiencies in tumour-related conditions with both methodologies, addressing
the current limitations can lead to significant advancements.
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Nomenclature

Abbreviations

Abbreviation Definition

DLS Dynamic Light Scattering

FTIR Fourier-transform Infrared Spectroscopy

GSH Glutathione

GSSH Glutathione dimer

ICP-MS Inductively Coupled Plasma Mass Spectroscopy

ILP Intrinsic Loss Power

MNP Magnetic nanoparticles
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MRI Magnetic Resonance Imaging

PGLA Poly(d, I-lactide-co-glycolic acid)
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ROS Reactive oxygen species

SAR Specific Absorbance Rate

SLP Specific Loss Power

SPIONs Superparamagnetic iron oxide nanoparticles

TEM Transmission Electron Microscopy

TME Tumour microenvironment

ZIF-8 Zeolitic imidazolate framework-8

Symbols

Symbol Definition Unit
A Area under hysteresis cycle [kg m2/s?]
C, Specific heat capacity [J/kg K]
D Diffusion coefficient [m?2/s]
f Frequency [Hz]
H Magnetic field intensity [A/m]
kp Boltzmann constant [m? kg/s? K]
m Mass [0]
M, Saturation magnetisation [emu/cc]
P Dissipation power [W]
Q Heat energy [J]
Ry Hydrodynamic radius [m]
SAR Specific Absorbance Rate [Wiqg]
SLP Specific Loss Power [Wiqg]
T Temperature [K]
t Time [s]
n Viscosity [Pa s]
T Decay time [bs]
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Introduction

This Bachelor Thesis explores the magnetic hyperthermal properties of iron oxide nanoparticles for a
novel approach for targeted, localised heating thermo-brachy treatment of cancer.

1.1. Cancer and the tumour microenvironment

The World Health Organization registered 9.7 million deaths caused by cancer in 2022, making it one
of the leading causes of death worldwide [1]. Among all types of cancer, female breast cancer was
found as the second most common, with 2.3 million new cases (11.6%). Due to the global population
ageing and growth, combined with an increase in tobacco, alcohol, obesity and air pollution, this report
predicted over 35 million new cases of cancer by 2050 (increase of 77%).

Cancer is characterised by uncontrollable cell division of the patient’s own cells. Normally, many control
steps are present during cell replication and division to avoid unwanted DNA mutations, for instance.
Cancerous cells display fewer control steps, lack growth- and apoptosis-mediated signals and can in-
vade other areas of the body and therefore spread. The tumour microenvironment (TME) is the ecosys-
tem around a tumour composed of cancerous cells. Next to the cancerous cells, many immune and
stromal cells, blood vessels and an extracellular matrix are present [2]. The TME is characterised by
nutrient deprivation, cytokines, growth factors, chemokines, matrix remodelling enzymes and metabo-
lites. Besides that, the TME has a lower extracellular pH (6.5) compared to normal cells (7.4) and a
higher intracellular pH (7.4) compared to normal cells (7.2) due to an elevated need demand for glycol-
ysis in cancer cells (acidosis) [3] [4]. Cancerous cells also display hypoxia, a limited amount of oxygen
due to the rapid cell proliferation.

The acidosis and hypoxia are not only a result of the tumour’s metabolism, but also play an important
role in affecting the redox status, and therefore also induce higher concentrations of glutathione (GSH)
in the TME [5]. GSH is a negatively charged tripeptide consisting of cysteine, glutamate and glycine.
Cancerous cells have a higher level of reactive oxygen species (ROS) due to their hypoxia [6]. Low
to moderate levels of ROS act as second messengers in cell signalling and are therefore essential to
normal and cancerous cells to support growth and proliferation [7]. However, at high levels, ROS can
harm the cells and therefore cause cell death [8]. GSH acts as a regulator of the cellular redox state
and can remove and detoxify the enlarged amounts of carcinogenic ROS produced due to extraordinary
metabolic rates in normal, non-cancerous cells [6]. However, in cancerous cells, GSH does not only
protect the cell against this oxidative stress but is also synthesised after induction with tumour promotors
such as NRF2 [9]. Non-cancerous cells have an intracellular GSH concentration of 1-10 mM [10] and
an extracellular concentration of 2-4 uM [11]. Cancerous cells have an intracellular GSH concentration
of 2-10 mM [12] and an extracellular concentration of 2-20 uM [13].

1.2. Common cancer treatments and their limitations

The primary therapies to treat cancer are surgery, chemotherapy and radiotherapy [14]. Main draw-
backs of surgery, are that it can only be performed in case the tumour is well-localised and well-
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1.3. Brachytherapy and hyperthermia 2

accessible and that it could also induce infections or damage nearby healthy tissue. Chemotherapy
targets the entire body, which is beneficial in cases of metastatic cancer, where the cancer has spread
to other parts of the body. During chemotherapy, drugs are used to treat fast-growing cells. However,
not only cancer cells but also hair follicles, cells in the bone marrow and cells in the digestive tract also
display rapid growth. Therefore, side effects include hair loss, fatigue and nausea. Radiation therapy
uses high-energy particles or waves to target cancer cells by damaging the DNA. External radiation
therapy uses a beam that emits photons, protons or electrons towards the tumour. Internal radiation
can be achieved through intravenous injections of radionuclides. Currently, this is used in palliative
care [15] and pre-clinical research only [16]. Another way to achieve internal radiation therapy is with
the use of brachytherapy, as is further described in Section 1.3.

1.3. Brachytherapy and hyperthermia

More novel therapy methods to treat cancer are brachytherapy and hyperthermia. Brachytherapy is a
local radiation technique in which small amounts of encapsulated radioactive material are injected into
or near the tumour. This allows for local eradication of cancerous tissue. The main advantage of this
method compared to the traditional radiation method, is that the radiation dose is high near the tumouir,
but lower in the surrounding healthy tissue and therefore limits damage to healthy tissue. An important
drawback of this method is that the tumour area needs to be small, accessible (not deep-seated) and
well-localised [17]. Therefore, brachytherapy can only be used in the early stages of cancer, where the
tumour is relatively small and has not yet spread to other areas in the body. Another major drawback
is that cancerous cells can be radioresistant, which is also caused by hypoxia [18].

One way to decrease the radioresistance of cancerous cells is with the use of thermal ablation or hy-
perthermia. With thermal ablation, these cells are heated to temperatures around 48-50°C, resulting
in cell death within minutes. Hyperthermia heats these cells to temperatures of 44-46°C, which can
eradicate the tumour as well. However, cancerous cells are more susceptible to external heat than
non-cancerous cells. In tumours, the blood vessel network is less efficiently organised and therefore
the heat cannot be dissipated as effectively [19]. Secondly, acidosis also contributes to the heat sen-
sitivity of cancerous cells [20]. This causes hyperthermia to damage cancerous cells quite effectively
with a limited impact on non-cancerous cells. Hyperthermia can also be combined with brachyther-
apy in a technique called thermo-brachytherapy. In thermo-brachytherapy, the cancerous cells are not
only heated but are exposed to hyperthermic radiosensitization as well, meaning the tumour is more
susceptible to radiation-induced damage and therefore a more effective cancer treatment [21] [22].

1.4. Magnetic nanoparticles

Thermo-brachytherapy can be achieved using magnetic nanoparticles (MNP). MNP have a diameter
between 1 and 100 nm and can be manipulated by alternating magnetic fields and are therefore mag-
netic [23]. MNP can consist of two components, a magnetic shell and a chemical compound within.
This can for instance be achieved with MNP with an iron oxide (Fe30,) shell containing a radioactive
material within. In previous research, palladium-103 has been used as a radioactive core [24]. Iron ox-
ide nanoparticles are considered to have good biocompatibility (non-cytotoxic and non-genotoxic) [25].
Iron oxide also has a relatively low heating capacity, meaning that iron oxide’s temperature can be
raised with a relatively low amount of (electromagnetic) energy, which is beneficial for the use of these
MNP in hyperthermia [26]. Since a radioactive material is also present in the MNP, these particles can
be used for brachytherapy as well. Therefore, the dual composition of the MNP allows for dual cancer
treatment with thermo-brachytherapy. However, this thesis uses nanoparticles composed of only iron
oxide in order to analyse its magnetic hyperthermal effects.

In this thesis, MNP will be synthesised using co-precipitation. Iron(ll) and iron(lll) chloride are slowly
combined with ammonium hydroxide, after which the following reaction will take place.

FeCl, + 2 FeCl; + 8 NH3 + 4 H,O — Fe304 + 8 NHf + 8 Cl—

The precipitation of Fe?* occurs at a low pH at the beginning of the synthesis, while Fe?* precipitation
tends to happen at a high pH. Because of this, hydroxide is added slowly to ensure both ions will
precipitate, therefore the name co-precipitation. The ammonium ions also prevent aggregation of the
synthesised particles.



1.5. Surface characterisation and size analysis 3

The aggregation state of MNP can be influenced by altering the surface chemistry of the MNP. After
synthesis, the MNP have hydroxide groups covalently bound to the surface. These groups stabilise the
surface of the MNP [27]. In this thesis, the hydroxide groups are replaced by covalently bound cysteine.
If these cysteines are not linked with each other, the MNP are monodispersed. Cysteines can form
disulphide bonds in the presence of the oxidising agent hydrogen peroxide (H2O-), thus resulting in
interlinked or aggregated MNP. Aggregation of MNP alters the effective size of the MNP and thus the
properties of the MNP (further explained in Section 1.6.1) [28]. Overexpression of GSH can reduce the
disulphide bonds by thiol-disulfide exchange and therefore redisperse the MNP once again [29]. The
GSH itself will present in its oxidised glutathione dimer form (GSSH) after reducing the disulfide bonds.

This mechanism is presented in Figure 1.1.
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Figure 1.1: Aggregation and dispersion mechanism of the cysteine coated nanoparticles upon addition of hydrogen peroxide
and GSH.

1.5. Surface characterisation and size analysis
To analyse the size distribution and surface chemistry of the nanoparticles, the following techniques
were used.

1.5.1. Dynamic Light Scattering (DLS)

First, the hydrodynamic size of the particles was analysed using Dynamic Light Scattering (DLS). DLS
is a technique that can be used to determine the hydrodynamic radius of small (between 1 and 2500
nm) particles in a suspension.

DLS analyses the Brownian motion, the random movement of particles in a solution, which strongly
depends on the size of the particles. A laser passes through the solution and is therefore scattered
by the particles in the solution. At every time point, the amount of light scattered at a certain angle
is measured. Large particles have a slower Brownian motion, therefore this signal fluctuates less
over time compared to smaller particles. This in ity signal over time is then converted to an intensity
correlation function, see Figure 1.2.
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Figure 1.2: Example of an intensity correlation function with its parameters explained [30].
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Figure 1.2 shows the intensity correlation function C(7) against 7, the decay time. From this graph, the
diffusion coefficient (D) is determined, which is directly correlated to the hydrodynamic radius (Ry) as
presented in Equation 1.1.

kT

RH:GTF?]D (1.1)

Here, kg represents the Boltzmann constant, T the temperature in Kelvin and 7 the viscosity. The
hydrodynamic radius is usually larger than the physical radius of a particle since it also takes interactions
at the particle’s surface into account (surfactants).

1.5.2. Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is a technique in which an electron gun transmits electrons
through an electromagnetic lens towards the sample. The sample interacts with the electrons, after
which these pass through two more electromagnetic lenses and form an image on a fluorescent screen
or a detector. This technique allows for a resolution around 0.1 nm. In this thesis, TEM is mainly used
to analyse the physical diameter of the particles.

1.5.3. Fourier-transform infrared spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) does not only analyse the composition of elements in
a sample, but also the interaction between these elements. An infrared light is pointed towards the
sample, which is partially absorbed by the sample. FTIR analyses the intensity of the light before and
after absorption. Therefore, FTIR can be used to analyse the interactions of the thiol groups in the
cysteine coating.

1.6. Heating efficiency of the magnetic nanoparticles

Magnetic hyperthermia is the conversion of electromagnetic energy into heat mediated by the MNP,
which is caused by the coupling of the magnetic moments of the MNP’s atoms with the applied time-
varying external magnetic field. The specific loss power (SLP), which is equal to the specific absorbance
rate (SAR), describes the heat rate at which a magnetic material absorbs electromagnetic energy and
converts it to heat and therefore represents the heating efficiency. In the case of MNP, a high SLP value
would be ideal, since a high SLP value would result in a lower dose of MNP needed for hyperthermal
treatment.

Equation 1.2 displays that SLP and therefore SAR are related to the dissipation power (P) and the
density of the MNPs (r). The dissipation power is equal to the area of the hysteresis cycle recorded
under the applied alternating magnetic field and (A) and the alternating frequency of this field (f)

stP=saArR= L2 -4 (1.2)

T r
However, it is important to note that this SLP is an equipment-specific measure since it highly depends
on the amplitude and frequency of the alternating magnetic field. Therefore, the intrinsic loss power
(ILP) is also introduced. Equation 1.3 shows that the ILP is defined as the ratio of SAR to H?f.
SAR

ILP =

(1.3)

Equation 1.3 is valid for frequencies up to several MHz and for amplitudes of the magnetic field below
the saturation field of the MNP [31].

In order to calculate the SLP, the amount of iron oxide in the suspension has to be known. After the
heating experiments, Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) was performed, which
uses an ionised plasma by heating helium and analyses the resulting ions with mass spectroscopy.
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1.6.1. Requirements on the size of the nanoparticles

In this thesis, the nanoparticles were aimed to have a diameter of 13-15 nm. Particles that would have
a lower diameter than 13 nm would also have a smaller magnetic core diameter. Larger individual
particles result in higher SLP values up to a certain diameter [32]. This is because the SLP value is
linearly correlated to A (Equation 1.2) and A in its turn to the saturation magnetization (Mg). Mg is then
linearly correlated to the magnetic core diameter. Previous literature found that an increase in diameter
from 8 to 13 nm (increase of 63%) can increase the SLP value from 10 to 58 W/g (increase of 480%)
when analysing iron oxide spherical hanoparticles from a co-precipitation synthesis [33].

However, particles with a too-large diameter are also not desired for magnetic hyperthermal therapy
for the following four reasons.

Firstly, the nanoparticles can exhibit superparamagnetic behaviour and therefore are superparamag-
netic iron oxide nanoparticles (SPIONs) up to a diameter of a few tens of nanometers. SPIONs can
respond rapidly to an alternating magnetic field but lose its magnetisation after this field is removed
[34]. This is highly necessary when using nanoparticles for thermo-branchy therapy with regards to pa-
tient safety. Larger particles can have multiple magnetic domains and thereby become ferromagnetic,
meaning that they typically exhibit a hysteresis loop instead of showing a sigmoid curve, as can be
seen in Figure 1.3.
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Figure 1.3: Hysteresis loop for ferromagnetic and superparamagnetic nanoparticles [35].
Figure 1.3 shows that ferromagnetic materials exhibit coercivity, meaning that they resist changes in

the intensity of the external magnetic field. Therefore, particles with a diameter larger than a few tens of
nanometers show resistance when changing the magnetic field, which strongly harms the SLP value.

The second reason that too large particles harm the heating efficiency is that large nanoparticles also
have a lower surface-to-volume ratio, which also decreases the heat transfer efficiency.

Thirdly, the hysteresis area of SPIONSs relies on the Néel and Brownian relaxation under an alternating
magnetic field. The effective relaxation time (7o) depends on both the Néel (7)) and Brownian (73)
relaxation processes, as presented in Equation 1.4.

1 1 1
— == (1.4)

Teff TN B
Equation 1.5 gives the parameters involved in the Néel relaxation process.
K
= 7o exp (1@2) (1.5)

Here, 7y is the characteristic attempt time, K is the magnetic anisotropy constant, V' is the volume of
the nanoparticle, kp is the Boltzmann constant and T is the temperature.

Equation 1.6 gives the parameters involved in the Brownian relaxation process.
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3V,
" kT

(1.6)

TB

Here, 7 is the viscosity of the surrounding medium, V}, is the hydrodynamic volume of the nanoparticle
and once again is kg the Boltzmann constant and T the temperature.

In the case of smaller nanoparticles (up to 15 nm), the Néel relaxation is dominant, for larger particles
(larger than 15 nm) the Brownian relaxation is dominant [18]. In the case of Néel relaxation, the heat
is generated by the energy loss produced by the rotation of the individual magnetic moment within
the particle. In the case of Brownian relaxation, the heat is generated by the energy loss produced
by the physical rotation of the entire particle itself. The Brownian relaxation time is linearly related
to the viscosity of the liquid containing the particles and their hydrodynamic size. The TME heavily
influences these two parameters, which can reduce the heating efficiency by up to 70-90% compared
to an aqueous solution [18]. The Néel relaxation is less heavily influenced by these parameters, and
therefore, the heating efficiency is less reduced in the TME. Therefore, a diameter up to 15 nm is
desired since it relies on Néel relaxation. The fourth reason too large nanoparticles are undesirable is
that injecting larger nanoparticles triggers inflammatory responses quicker, which strongly decreases
the biocompatibility [36].

The second requirement regarding the size of the nanoparticles is that the distribution of the diameters
should be as narrow as possible. The size of the particle heavily influences the magnetic hyperther-
mal effects as described before. An uneven distribution of nanoparticles can therefore induce uneven
heating effects in tissue, which is highly undesirable considering the patient’s safety.

1.7. Scope and outline of the thesis

As mentioned in Section 1.6.1, the SLP of the MNP is directly related to the shape, effective size and
material properties of the MNP. However, to determine the dose of MNP and location of the injection
of the MNPs in a tumour in order to achieve magnetic hyperthermia, it is of utmost importance to
have a thorough understanding of the heating properties of these MNP. Ideally, one could have MNP
that are only display the desired heating response in the TME, so that the impact on healthy tissue is
minimised. It is hypothesised that this can be achieved with iron oxide nanoparticles with a cysteine
coating. However, it is yet unknown what the effect of various GSH concentrations are on cysteine
coated nanoparticles and how these concentrations influences the heating efficiency.

This thesis aims to answer the following research question ‘How does the TME-biomarker GSH influ-
ence the magnetic hyperthermal properties of MNP for thermo-brachytherapy to treat early-stage breast
cancer? To answer this research question, first, the MNP surface chemistry was altered with cysteine.
Secondly, the initially monodispersed, aggregated (after the addition of hydrogen peroxide) and once
again redispersed (after the addition of GSH) were analysed with FTIR, DLS and TEM. Thirdly, the
magnetic hyperthermal properties of these samples were analysed by measuring the temperature in-
crease in the presence of an alternating magnetic field. It was hypothesised that lower concentrations
of GSH (as in healthy tissue) would lead to aggregation and higher concentrations (as in the TME)
would lead to dispersion. Therefore, it can be expected that these coated nanoparticles generate heat
more efficiently in the TME and thereby limit the thermal damage to healthy tissue. An important aspect
in this context is the possible diffusion of MNP from the injection point. This process was modelled and
the effect of such diffusion on the heat distribution in the tumour was analysed in order to determine
the dose and number of injection required to achieve magnetic hyperthermia.



Materials and Methods

Iron(ll) chloride tetrahydrate was ordered from Sigma-Aldrich, Iron(lll) chloride hexahydrate from Merck,
Ammonium hydroxide solution with 25% NH3 basis from Honeywell, L-cysteine from Sigma-Aldrich and
Hydrogen peroxide (30%) from VWR Chemicals. To adjust the pH of suspensions, hydrogen chloride
and potassium hydroxide from Sigma-Aldrich were used. For the destruction of the particles for ICP-
MS, 90% nitric acid from Sigma-Aldrich was used. For the synthesis of the ZIF-8 frameworks, 99.8%
methanol, zinc nitrate hexahydrate and 2-methylimidazole from Sigma-Aldrich were used.

2.1. Preparation of iron oxide nanoparticles

The synthesis was performed using the co-precipitation method inspired by Fadli et al. [37] and
Sangeetha et al. [38]. Iron(ll) chloride tetrahydrate and iron(lll) chloride hexahydrate were combined
at a 1:2 ratio in MilliQ. This solution is continuously stirred at 1000 rpm for 10 minutes in a water bath at
70°C to ensure the iron ions are completely dissolved. Ammonium hydroxide was diluted with MilliQ to
10% and added dropwise to the iron solution while maintaining continuous stirring and a temperature
of 70°C. Ammonium hydroxide was added until the pH value reached 8.7, after that, the suspension
was stirred for 20 more minutes at 70°C.

After cooling the suspension down, it was centrifuged at 11.000 rpm for 8 minutes and the supernatant
(containing remaining ions, ammonium and excess solvent) was removed. The nanoparticles were
cleaned three times by resuspending the pellet in MilliQ, centrifuging the suspension and removing the
supernatant. The suspension was then centrifuged for 8 minutes at 2.000 rpm to remove the largest
particles, after which only the supernatant was taken.

An approximation of the nanoparticle concentration was made by taking an Eppendorf containing 500
uL of the cleaned nanoparticle solution and measuring the weight of the Eppendorf before and after
drying the suspension at 60°C for 24 hours. After this approximate concentration was determined, the
nanoparticle solution was diluted to 5 mg/mL.

2.1.1. Treatment for the cysteine-based method

25 mg/mL L-cysteine was added to the nanoparticle solution of 5 mg/mL based on the research of
Sangeetha et al. [38]. The suspension was then cleaned three times using centrifugation at 11.000
rpm for 8 minutes and magnetic decantation. Hydrogen peroxide was added to a final concentration
of 0.2M. The suspension was once again cleaned three times using centrifugation at 11.000 rpm for 8
minutes and magnetic decantation. GSH was added to a final concentration of either 3 yM, 10 uM or
10 mM. The GSH was not removed before analysis.

2.1.2. Treatment for the ZIF-8-based method

The zeolitic imidazolate framework-8 (ZIF- 8) encapsulation method was based on the research of Wu
et al. [39]. 3 mL of 5 mg/mL nanoparticles was centrifuged after which the supernatant was replaced
by methanol. The nanoparticles were diluted in 30 mL methanol. This suspension was sonicated for
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20 minutes. 1.23g 2-methylimidazole was dissolved in 10 mL methanol and added to the nanoparticle
suspension, which was then sonicated again for 15 minutes. 0.56g of zinc nitrate hexahydrate was
dissolved in 10 mL of methanol and combined with the nanoparticle suspension. The solution was
stirred continuously at room temperature at 1000 rpm for 24 hours. Afterwards, the solution was left to
dry for another 24 hours at 60 °C.

To the Fe3O,@ZIF-8 particles, either 3 yM GSH at pH 7.5 or 10 yM GSH at pH 6.5 was added. These
two conditions represent the healthy tissue and the TME respectively. The samples were incubated at
room temperature while stirring for 3 hours before they were analysed.

2.2. Surface and size analysis

DLS was used to analyse the size and accumulation of the nanoparticles. The laser had a wavelength
of 632.8 nm and the scattering was measured at 90 degrees. For each measurement, the sample was
analysed for 30 seconds. For the size distribution analysis in the ALV5000W software, the unweighted
radius was taken into account. Based on the TEM images, a size distribution was obtained by using
the software ImageJ.

2.3. Magnetic hyperthermal analysis

The magnetic hyperthermal properties of the magnetic nanoparticles were analysed using the mag-
neTherm Digital from nanoTherics with a coil module of 60 mm. An alternating frequency of 338 kHz
[40], a magnetic flux density of 18 mT [41] and an exposure time of 5 minutes were used, which are all
declared patient-safe in the Netherlands. Before starting the measurement, a temperature variation of
0.5°C was allowed in one minute. The device contained two probes to measure the temperature. One
of these probes was positioned in the upper part of the sample, the other probe at the bottom of the
Eppendorf tube. This way, in case the sample was not well-dispersed but precipitated, the temperature
in both the supernatant and the precipitate could be measured.

In the case of the magneTherm Digital software, the SLP was calculated with Equation 2.1.

AT -C,
m - At

SLP = 2.1)

Here, AT represents the measured change in temperature (K or °C), C,, the specific heat capacity of
the solvent (water) (J-mg~—!-K™'), m the mass of the nanoparticles (mg), and At indicates the change
in time (s).

Each sample contained 1 mL with a weighted concentration of 5 mg/mL nanoparticles. The concentra-
tion of these suspensions after heating was verified using ICP-MS and the calculated SLP value was
adjusted accordingly. The nanoparticles were first degraded to ions by adding 25 pL of the nanoparticle
suspension to 500 pL of 65% nitric acid. Based on the assumption that the suspension has a concentra-
tion of 5 mg/mL nanoparticles, the suspension was further diluted to a concentration of 100 pg/L using
1% nitric acid before performing ICP-MS. For the ICP-MS, NexION2000 produced by PerkinElmer was
used (helium profile, atomic weight 56 and 57).



Results and Discussion

In this thesis, the goal was to examine the effect of GSH on the magnetic hyperthermal properties
of MNP. The iron oxide nanoparticles were first synthesised, characterised with DLS, FTIR and TEM
and the heating efficiencies were measured and compared. The diffusion of the nanoparticles was
modelled and the effect of the diffusion on the heating distribution analysed. Finally, another method
was proposed in order to achieve (partially) selective heating of the tumour.

3.1. Preparation of the iron oxide nanoparticles

The iron oxide nanoparticles were synthesised using co-precipitation. These particles were cleaned
and diluted to 5 mg/mL (22 mM). L-cysteine was then added to a final concentration of 25 mg/mL (206
mM). This caused the molar ratio between the nanoparticles and the cysteine to be 1:9.5. This ratio was
chosen based on the research of Sangeetha et al. [38], since a similar concentration in their research
resulted in the most stable nanoparticles. After incubation with cysteine and cleaning, the particles were
incubated with 200 mM hydrogen peroxide and cleaned once again. This concentration was chosen
didactically, keeping in mind that the hydrogen peroxide concentration should ideally be just under
10 times the concentration of bound cysteine [42]. Finally, GSH was added to a final concentration of
either 3 uM, 10 uM or 10 mM. These GSH concentrations represent the extracellular GSH concentration
around healthy cells, around cancer cells and the intracellular concentration of tumour cells respectively.

Samples were taken directly after synthesis, after adding cysteine, after adding hydrogen peroxide and
after adding GSH. These samples were all analysed using DLS, FTIR and TEM in order to evaluate
the size distribution and to characterise the surface.

3.2. Characterisation with DLS

DLS was used to analyse the hydrodynamic radius of the particles. The hydrodynamic radius is not
only influenced by the physical diameter of the nanoparticles itself but also by the surfactants and the
distribution of the particles. These surfactants interact with the nanoparticles through for instance ionic
interactions. Figure 3.1 presents the distribution of the hydrodynamic radii (Ry) of the nanoparticles
after synthesis, after the addition of cysteine (Cys), after the addition of hydrogen peroxide and after
the addition of 10 yuM GSH.



3.3. Characterisation with FTIR 10

1,0

09
= 0,8
<
S 0,7
‘@ 06
o After synthesis
£ 0,5
= —— After Cys
Y
- After H202
g s H»
= ] After GSH (10 uM)
S 0,2

[ 1)
| k
0,0 )

0 50 100 150 200 250 300 350 400
Hydrodynamic radius (nm)

Figure 3.1: Hydrodynamic radii (nm) of the nanoparticles after synthesis, after addition of cysteine, after addition of hydrogen
peroxide and after addition of 10 uM GSH. The intensities on the y-axis are normalised. Ry, after synthesis = 67 nm, Ry after
Cys,1 =64 nm, Ry, after Cys,2 = 209 nm, Ry, after HO2 = 323 nm,Ry, after 10 yM GSH = 172 nm.

In Figure 3.1, only the peaks smaller than 1 ym were taken into account. This is done since a sample
containing only MilliQ water, which should give no peaks at all, gave a background signal resulting in
peaks around a few pm in all samples. This background signal is most likely due to contamination
with bacteria or dust. Due to time constraints, it was not possible to remove this contamination using
filtration for instance. It would be strongly suggested to perform this filtration in future research before
performing DLS.

The following can be concluded from Figure 3.1. The nanoparticles after synthesis, so without any
coating, had a mean hydrodynamic radius of 67 nm. The width of the peak is relatively narrow, which
indicates that the variation in particle size is minimal.

After the addition of cysteine, DLS resulted in two peaks. The first peak could represent the uncoated
nanoparticles since the hydrodynamic radius is just slightly smaller than the radius of the nanoparti-
cles after synthesis. Another explanation could be that these particles are cysteine molecules that are
bound to each other, forming large cysteine clusters. The second peak might represent nanoparticles
with a larger hydrodynamic radius, which could indicate that the nanoparticles are coated with cysteine.
Another explanation could be that the nanoparticles aggregated slightly, and therefore the total hydro-
dynamic radius is much higher. It can also be seen that these nanoparticles vary relatively in their
size.

After the addition of hydrogen peroxide, the radius increases even more. This could once again indi-
cate that hydrogen peroxide interacts with the nanoparticles and therefore increases the radius or that
hydrogen peroxide causes aggregation, possibly by inducing disulfide bonds. The peak around 64 nm
is not visible anymore, which strongly favours the aggregated cysteine explanation for this peak rather
than the uncoated nanoparticles.

Finally, when 10 yM GSH is added, the hydrodynamic radius lowers significantly to a radius even lower
than after cysteine addition. This could indicate that the disulfide bonds between the cysteines are
broken, and therefore the nanoparticles are less aggregated.

However, it is of utmost importance to note that the data derived from DLS was somewhat variable.
While the pattern in the peaks was mostly consistent, the exact hydrodynamic radii varied. Therefore,
one should be rather cautious to draw conclusions solely based on these DLS results.

3.3. Characterisation with FTIR

FTIR analyses the molecular composition of the samples. In this thesis, FTIR was used to analyse the
presence of thiol and disulfide groups on the nanoparticles. FTIR was performed with GSH, cysteine
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and the nanoparticles in various conditions, see Figure 3.2.
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Figure 3.2: FTIR spectrum of various samples. A) Pure GSH. B) Pure cysteine. C) Nanoparticles after synthesis. D)
Nanoparticles after cysteine. E) Nanoparticles after H,O. F) Nanoparticles after 3 uM GSH. G) Nanoparticles after 10 uM
GSH. H) Nanoparticles after 10 mM GSH. 1) Background signal. All peaks in the disulfide region (S-S stretch) (600-620 cm—1)
and thiol region (S-H stretch) (2550-2600 cm—1) were annotated.

In Figure 3.2, only 2 samples contained peaks in the thiol region (2550-2600 cm~1!) and disulfide region
(600-620 cm~1), namely the pure GSH and cysteine. Cysteine and GSH were only expected to have
peaks in the thiol region. The disulfide peaks can be explained by spontaneous disulfide bond formation
with the oxygen as an electron acceptor [43]. All the samples containing cysteine-coated nanoparticles
were expected to have peaks in either the thiol or disulfide regions. Ideally, one should see that the
sample with the nanoparticles after cysteine had peaks in the thiol region and after the addition of
hydrogen peroxide mainly in the disulfide region. Increasing the concentration of GSH should give an
increasing ratio between the thiol peaks compared to the disulfide peaks. The absence of peaks in
either of these two regions in the samples with the nanoparticles can have one of the following two
reasons. First of all, it could be possible that the background signal was too strong compared to the
other samples. This could be the case if the grid on which the samples are analysed is contaminated.
Since the background signal is subtracted from the signal of the samples, it might be that this causes
the remaining signal to be too weak to be able to identify peaks. A second explanation might be that
the mass of the samples with the nanoparticles was too small to obtain a strong signal. The amount of
analysed GSH and cysteine was slightly larger, and since those signals gave satisfactory results, this
explanation can be considered reasonable. It is most likely that a combination of these explanations is
the most accurate. Since the background signal was too strong, large quantities of the samples were
necessary.

Either way, the FTIR results were not adequate to conclude anything regarding the thiol/disulfide ratio
in the samples. It is strongly recommended to perform the FTIR again in future studies with a higher
amount of sample and cleaning the grid thoroughly beforehand. Unfortunately, this was not possible
within the scope of this thesis due to time constraints.
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3.4. Characterisation with TEM

TEM was performed as well in order to determine the physical diameter and the aggregation states of
the particles in various conditions. Figure 3.3 displays the obtained TEM images of the particles after
synthesis, after cysteine addition, after hydrogen peroxide addition and after addition of 10 uM GSH.

Number of particles

4,71 (7,10] (10,13] (13,16] (16,19] (19,22]

Diameter (nm)

Figure 3.3: TEM images of the nanoparticles in different conditions. A) Nanoparticles after synthesis with a scale is 60 nm. B)
Nanoparticles after Cys addition with a scale is 50 nm C) Nanoparticles after hydrogen peroxide addition with a scale is 50 nm.
D) Nanoparticles after 10 yM GSH addition with a scale is 50 nm. E) Size analysis of particles in Figure A. Mean diameter is
10.1 nm (with standard deviation of 4.0 nm)

The main result achieved from Figure 3.3 is the acquired information about the size distribution. In
order to use these particles for a safe thermo-branchy treatment, the particles had two requirements
regarding their size. First of all, as mentioned in Section 1.6.1, the particles should be around 13-
15 nm. The mean diameter of 104 nm was determined based on the diameter of 50 particles in
Figure 3.3.A. The particles in Figure 3.3.A to 3.3.D are all comparable in size, but all slightly smaller
than this optimal diameter. For future research, it is advised to decrease the concentration of the
added ammonium hydroxide (e.g. 5% instead of 10%) to achieve slightly larger nanoparticles [44]. The
ammonium stabilises the synthesised particles and therefore inhibits a further increase of the diameter.
Therefore, a lower ammonium concentration allows for larger nanoparticles.

A second requirement regarding the size of the particles was that the size distribution should be as
narrow as possible. As the standard deviation of the diameter of the particles was 4.0 nm, the distri-
bution is not quite narrow yet. A way to combat this for future research is to sort the particles with the
use of varying rotational forces during centrifugation, as is done by Dadfar et al. [45]. The distribution
was expected to follow a normal distribution, however, one can see that there are more particles with
a diameter smaller than the mean diameter. This can be explained by critically analysing the clean-
ing method of these particles. Large particles were mainly removed by taking the supernatant after
centrifuging the particles at 2.000 rpm for 8 minutes. The smaller particles could were removed when
taking the pellet after centrifuging the particles at 11.000 rpm for 8 minutes, but it is much more likely
that these were present in the pellet as well (supernatant was colourless).

When analysing the particles after synthesis, the difference between the mean diameter of 10+4 nm
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found using TEM and the mean hydrodynamic radius of 67 mm and thus a diameter of 134 nm using
DLS is quite large. This could be explained by the fact that DLS measures the hydrodynamic radius,
and therefore takes into account not only the actual radius but also all molecules that are bound to the
surface or interact with the surface. Another explanation could be that the particles after synthesis are
aggregated, which causes DLS to recognise the aggregation of many particles as one large particle.

Ideally, one would see monodispersed particles in Figure 3.3.A, 3.3.B and 3.3.D and aggregated parti-
cles in 3.3.C. However, Figure 3.3 all show somewhat aggregated particles. This most likely is caused
by the way the nanoparticles are prepared for TEM. A droplet of nanoparticle suspension in water was
put on the TEM grid. As the water evaporates, the concentration of nanoparticles increases, which can
lead to more attracting inter-particle forces. Therefore, drying the samples might not accurately repre-
sent the dispersion of the particles. A way to combat these drying effects might be to wash the grids
with ultrapure water which induces a more uniform drying process [46]. Another way of combating this
effect is by using environmental Scanning Electron Microscopy or Atomic Force Microscopy to analyse
the nanoparticles in suspension directly.

3.5. Analysing the magnetic hyperthermal properties

The final goal of this thesis was to determine the effect of GSH on the magnetic hyperthermal properties
of cysteine-coated nanoparticles. Therefore, the particles in different conditions were exposed to a
magnetic field of 18 mT with an alternating frequency of 338 kHz. The SLP was calculated based for
each of these conditions, see Figure 3.4
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Figure 3.4: Graph of the calculated SLP values (W/g) of the nanoparticles after synthesis, after addition of cysteine, after
addition of hydrogen peroxide and after addition of 10 uM GSH. The left bar ('Top’) represents the probe in the upper part of the
Eppendorf, the right bar ('Bottom’) the probe in the lower part of the Eppendorf.

One can see in Figure 3.4 that the temperature change and therefore the SLP value derived from the
upper probe is higher in all four conditions. This is to be expected in a well dispersed sample, since the
bottom probe is closer to the cooling system and therefore the sample is cooled more around the bottom
probe. When comparing various conditions, the SLP value derived from the upper probe is taken. All
samples in this thesis were expected to have a standard deviation around 0.7 W/g. This standard
deviation was determined by measuring the temperature difference in two samples in duplo and taking
their average standard deviation. For future research, it is strongly recommended to calculate the
standard deviation for each sample individually.

A conclusion that can be derived from Figure 3.4 is that the SLP value decreases when cysteine is
added (decrease of 20%) and when hydrogen peroxide is added (decrease of 4%). This was expected,
since it was hypothesised that these particles (partially) aggregated after the addition of cysteine and
hydrogen peroxide.

While larger individual nanoparticles result in higher SLP values, aggregation of nanoparticles lowers



3.6. Effect of the GSH concentration 14

the SLP value of the sample [18]. If the particles aggregate, the magnetic core diameter does not in-
crease, while the number of magnetic cores does. When comparing nanoparticles and nanoclusters
(aggregated nanoparticles), nanoclusters tend to have lower SLP values than individual nanoparticles
as was shown in Monte-Carlos simulations [47] and in practical experiments [48]. This is for the follow-
ing two reasons. Individual nanoparticles can rotate more freely and therefore respond individually to
an alternating magnetic field, which causes them to generate more heat [32]. Secondly, individual par-
ticles have less magnetic or dipole interactions with each other. Dipole interactions between particles
has also been proven to have a negative effect on the relaxation time and therefore SLP values [49].

A second conclusion that can be drawn from Figure 3.4 is that the addition of 10 yM GSH causes the
SLP to slightly increase with 11%. This slight increase in SLP could indicate that this concentration of
GSH causes the nanoparticles to disperse slightly more.

In ongoing phase | and phase Il clinical trials, an alternating magnetic field frequency of 100 kHz has
mainly been used [50]. While a lower frequency allows for lower magnetic flux density (lower than the
18 mT used in this research). So while 338 kHz has been declared patient-safe, it might be interesting
to analyse the heating effects at 100 kHz as well. Most likely, this will result in lower heating efficiency.

It was expected that the encountered differences in hydrodynamic diameter from Figure 3.1 in Section
3.2 and heating efficiencies from Figure 3.4 after the addition of hydrogen peroxide and GSH would be
caused by the oxidation of the thiol groups and reduction of the disulfide groups respectively. However,
it was not proven that the encountered changes in hydrodynamic diameter and heating efficiency were
caused by these oxidisation and reductions themselves. For future studies, it is of utmost importance
to first study this reaction, possibly even without the presence of nanoparticles as a proof of concept.
This could be done by taking cysteine, cysteine incubated with hydrogen peroxide and cysteine in-
cubated with GSH. While FTIR gave little quantitative insights, HPLC, MS or NMR can be used to
determine the ratio between the free thiol groups and disulfide bonds between the cysteines. Another
method to determine the amount of free thiol groups in a sample is with Ellman’s Test. In this test, the
5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) reagent reacts with free thiols to produce a yellow-colored
product, which can be quantified by measuring absorbance at 412 nm. Measuring the thiol/disulfide
ratio could show that the difference in heating efficiencies is truly caused by the oxidation and reduc-
tion of cysteine. Another possibility to prove that GSH truly reduced the disulfide bond is by measuring
the GSH/GSSH ratio. It is expected that the GSSH concentration is higher after the reduction of the
disulfide bonds between the cysteines. This ratio can either be determined with HPLC, MS, NMR or
with the use of a GSH/GSSH detection kit [51].

If it was assumed that the difference in heating efficiencies was indeed caused by the oxidation and
reduction of the thiol groups and the disulfide bonds of the cysteines, it is not suprising that the addition
of GSH causes only slightly increases (11%). This mechanism relies on the thiol-disulfide exchange
between cysteine and GSH. However, the dissociation constant (pKa) of GSH is 9.2 and of cysteine
8.3 [52]. At pH values lower than 9.2, GSH mainly contains a thiol group and at pH values higher than
9.2, GSH mainly contains a thiolate group (deprotonated thiol). At pH 7.5, the ratio between the thiolate
and thiol is 0.02, at pH 6.5 this ratio lowers to 0.002. Since the thiol-disulfide exchange between the
cysteine and GSH requires GSH to have a thiolate group, the exchange rarely happens at pH 7.5 or
6.5. Because of this low exchange efficiency, it was expected that the addition of GSH only induced a
small difference in heating efficiency.

3.6. Effect of the GSH concentration

During this thesis, different GSH concentrations were analysed as well. The aforementioned results
are achieved with a GSH concentration of 10 uM, which falls in the range of the extracellular GSH
concentration near cancerous cells (2-10 uM) [12]. The extracellular concentration near healthy cells
is around 2-4 uM [11]. Therefore, this experiment was repeated at a GSH concentration of 3 uM as
well to compare the effect in the extracellular GSH concentrations near cancerous and near healthy
cells. A concentration of 10 mM was also analysed, which falls in the range of the intracellular GSH
concentrations in cancerous cells.

These three GSH concentrations were first analysed visually. See Figure 3.5
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Figure 3.5: Photograph of Eppendorf tubes containing nanoparticles coated with cysteine after addition with 3 pM, 10 pM and
10 mM GSH after 15 minutes.

One can clearly see that the nanoparticles in 3 yM and 10 uM GSH concentrations are much more dis-
persed than the particles in a 10 mM GSH concentration. The particles in the 10 mM GSH concentration
were more likely to precipitate. Secondly, the influence of these concentrations on the hydrodynamic
radius was analysed. The results are presented in Figure 3.6.
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Figure 3.6: Hydrodynamic radii (nm) of the nanoparticles before and after addition of 3 yM, 10 uM and 10 uM GSH. The
intensities on the y-axis are normalised. Ry, after H,O2 = 323 nm, Ry with 3 yM GSH,1 = 36 nm, Ry with 3 yM GSH,2 = 183
nm, Ry with 10 yM GSH = 172 nm, Ry with 10 mM GSH = 346 nm.

From Figure 3.6, the following can be concluded. After the addition of 3 yM GSH, the hydrodynamic
radius decreases from 323 nm to 183 nm. The addition of 10 yM GSH caused the hydrodynamic radius
to be even smaller than after the addition of 3 pM (172 nm). However, the addition of 10 mM did not
cause a decrease in the hydrodynamic radius, but rather an increase to 346 nm.

Another peak of 36 nm was visible after the addition of 3 yM GSH, but it is very unlikely that these are
nanoparticles as well. Most likely, these are aggregated GSH molecules. However, it is interesting that
this peak is not present after the addition of 10 uM of 10 mM GSH. This peak was not present during all
replicates of the measurement, which might be since these aggregated GSH molecules were present
in low concentrations.

Based on these radii, it could be concluded that the addition of 3 and 10 uM reduced the aggregation
of the nanoparticles, while 10 mM GSH caused the particles to aggregate even further. However,
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once again, no reliable conclusions can be drawn solely from these results due to some variation in
measurements.

The influence of the three GSH concentrations was also analysed using TEM, see Figure 3.7.

Figure 3.7: TEM images of the nanoparticles in GSH concentrations. A) Nanoparticles after hydrogen peroxide addition with a
scale of 50 nm. B) Nanoparticles after 3 yM GSH addition with a scale of 50 nm. C) Nanoparticles after 10 yM GSH addition
with a scale of 50 nm. D) Nanoparticles after 10 mM GSH addition with a scale of 60 nm.

Figure 3.7.A to Figure 3.7.C look quite similar regarding the size of the particles and their aggregation.
However, it is quite interesting to see that the particles in Figure 3.7.D are not only aggregated but
fused together as well. This indicates that a concentration of 10 mM GSH for this concentration of
nanoparticles is too high for the particles to still be dispersed or slightly aggregated. It might be that
this amount of GSH allows for too much interaction with the surface. This could have one of the following
reasons.

The nanoparticles after synthesis have a pH of 8.7, after the addition of cysteine 6.7, after the addition
of hydrogen peroxide 5.0 and after the addition of 10 mM GSH 4.4. Cysteine, at pH values between 2
and 8, is a zwitterion, see Figure 3.8.
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Figure 3.8: Net charge of cysteine at various pH values [53]

In this case, the functional groups of GSH could interact with the positively or negatively charged groups
of cysteine and therefore link the particles together. Another explanation is that the change in pH caused
by the addition of GSH, causes the particles to reduce their surface charge and therefore reduce the
electrostatic repulsion between the particles. All of these explanations would promote aggregation and
could potentially lead to a slight nanoparticle fusion after a certain period.

The heating efficiencies after the addition of 3 yM, 10 yuM and 10 mM GSH were also analysed, see
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Figure 3.9: Graph of the calculated SLP values (W/g) of the nanoparticles after addition of hydrogen peroxide, after addition of
3 uM GSH, after addition of 10 yM GSH and after addition of 10 mM GSH. The left bar ('Top’) represents the probe in the upper
part of the Eppendorf, the right bar ('Bottom’) the probe in the lower part of the Eppendorf.

Figure 3.9, shows that for all the samples, except for the sample with 10 mM GSH, the upper probe
gave higher SLP values. This indicates that at 10 mM GSH, the nanoparticles had a stronger tendency
to precipitate. This figure shows that the addition of 3 uM GSH increases the heating efficiency insignif-
icantly (0.3 W/g). The addition of 10 yM GSH increases the SLP more (6.9 W/g), while the addition of
10 mM GSH decreases the SLP by (28.4 W/g). This figure therefore shows that the nanoparticles heat
more efficiently (increase of 11%) in an environment with 10 yM GSH compared to 3 yM GSH. This
indicates that the nanoparticles heat the TME more than healthy tissue, but only with a rather small dif-
ference in heating efficiency. This difference was further analysed in Section 3.8. If these nanoparticles
are present in a 10 mM GSH environment, so inside a cancerous cell, the heating efficiency decreases
steeply.
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3.7. Effect of the pH after GSH addition

A pH analysis was performed as well to analyse the effect of the pH value on the heating efficiencies
of cysteine-coated nanoparticles. This analysis was performed at a GSH concentration of both 10 uM
and 10 mM.

3.7.1. After the addition of 10 ptM GSH

After the addition of 10 yM GSH, four suspensions were made with pH values ranging from 5.5 to 8.5.
None of these suspensions showed visible precipitation. The heating efficiencies of these four samples
were analysed and presented in Figure 3.10.
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Figure 3.10: Graph of the calculated SLP values (W/g) of the nanoparticles after addition of 10 uyM GSH and altering the pH to
5.5, 6.5, 7.5 and 8.5. The left bar ("Top’) represents the probe in the upper part of the Eppendorf, the right bar ('Bottom’) the
probe in the lower part of the Eppendorf.

Figure 3.10 shows that the upper probe gave higher SLP values than the lower probe for all samples.
This indicates that all four samples are well dispersed. The samples at pH values 5.5 to 7.5 all give
somewhat similar SLP values. At a pH of 8.5, the SLP value is slightly higher, but no clear relation
between the pH and obtained SLP values can be derived from this data. However, it was expected that
higher pH values gave higher heating efficiencies since the thiol-disulfide exchange is more favourable
at higher pH values. A possible explanation could be that the GSH concentration was much higher
than the bound cysteine concentration, which resulted in enough thiolated GSH molecules to reduce
all disulfide bonds between the cysteines.

3.7.2. After the addition of 10 mM GSH
The effect of the pH values was also analysed at a GSH concentration of 10 mM. Figure 3.11 shows
the visual analysis.
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Figure 3.11: Photograph of Eppendorf tubes containing nanoparticles coated with cysteine after addition of 10 mM GSH at pH
4.5,6.5and 10.5

Figure 3.11 shows the following. The precipitation of the particles upon the addition of 10 mM GSH
was encountered at pH 4.5 and 6.5. This was also seen at a pH value of 8.5, which was unfortunately
not photographically captured in this research. However, the addition of 10 mM GSH did not have a
precipitation effect at a pH 10.5. Also, the heating efficiencies of the nanoparticles after the addition of
10 mM GSH were analysed at pH 4.5, 6.5 and 8.5 and presented in Figure 3.12.
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Figure 3.12: Graph of the calculated SLP values (W/g) of the nanoparticles after addition of 10 mM GSH and altering the pH to
4.5, 6.5 and 8.5. The left bar ("Top’) represents the probe in the upper part of the Eppendorf, the right bar ('Bottom’) the probe in
the lower part of the Eppendorf.

It is interesting to see that the results in Figure 3.12, so at 10 mM GSH, vary significantly compared
with Figure 3.10. At 10 mM, one can see that the lower probe gave higher SLP values for all pH values.
This indicates that the nanoparticles all precipitated heavily, as was also visually established. Another
clear difference between the GSH concentrations of 10 mM and 10 uM is that the samples with different
pH values gave significantly different heating efficiencies at 10 mM. Figure 3.12 shows that the SLP
values increase as the pH increases. At 10 mM SLP with a pH of 4.5 and 6.5, SLP values of 30.7 and
46.9 W/g were obtained. In the previous step, so after addition of hydrogen peroxide, the pH value
was 5.0 and the SLP value 59.1 W/g (Figure 3.4). This SLP value is significantly higher than the SLP
values after 10 mM GSH in the same pH range. Therefore, it can be concluded that the addition of
GSH lowered the SLP value due to both the lower pH and the influence of GSH itself.

Based on these pH analyses, the following can be concluded. Differences in pH have a clear influence
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on the precipitation and heating efficiencies upon the addition of 10 mM GSH. However, this differ-
ence was not significant upon the addition of 10 yM GSH. This indicates that the samples with a GSH
concentration of 10 uM are less sensitive to pH differences.

3.8. Analysing the obtained heating efficiency

In case of hyperthermia, the tumour is heated to 44-46°C as mentioned in Section 1.3. If an average
body temperature of 37°C is assumed, hyperthermia is achieved after a temperature difference of 8°C.
To calculate how much energy would be needed to achieve this, Equation 3.1 can be used.

Q=m-C, AT (3.1)

In Equation 3.1, Q represents the heat energy in J, m the mass of the tumour in g, C, the specific heat
capacity of the tumour in J/(g K) and AT the desired temperature change (K or °C).

In the case of stage | tumours, the tumour is smaller than 2 cm [54]. So if a tumour diameter of 1 cm is
assumed, and it is assumed that the tumour is spherical, the volume of the tumour would be 0.52 cm3.
Tumour tissue typically has a density of 1.079 g/cm? [55], which makes the mass of a tumour this size
0.56 g. The heat capacity of a malignant tumour is typically between 3.6 and 3.9 J/(kg K) [56]. So the
required amount of heat energy for a 1 cm tumour, a heat capacity of 3.75 J/(kg K) and a temperature
change of 8°C is 16.8 J. In order to calculate the required amount of nanoparticles, Equation 3.2 can
be used.

SLP = Q. (3.2)
t-m

Here, t represents the time the patient is exposed to the alternating magnetic field (exposure time), and
m the mass of the nanoparticles used to achieve the heat change. So with a SLP value of 66.0 W/g
(after addition of 10 yM GSH), a required heat energy of 16.8 J and an exposure time of 5 minutes, 0.9
mg of nanoparticles would be necessary. If the SLP value after addition of 3 yM GSH is 11% is lower,
this amount of injected nanoparticles would give a 11% lower temperature change, so 7°C. This would
indicate that if the tumour would be heated to 45°C, the healthy tissue would be heated to 44°C.

It is noteworthy that 44°C in normal tissue will enhance apoptosis and induce internucleosomal cleav-
age in DNA [57]. Therefore, it is crucial to find methods to increase the difference in SLP values of
nanoparticles in healthy tissue and tumour environment.

3.8.1. Modelling the heat distribution

The increase in temperature in Section 3.8 does not take diffusion into account. However, this is not
accurate since the nanoparticles might diffuse throughout the tissue upon injection. This causes the
temperature increase to also depend on the distance from the injection site. To analyse the diffusion
and how the diffusion alters the heating efficiencies throughout the tumour, a heat distribution model
was proposed.

The diffusion was assumed to be one-dimensional. It was assumed that there would be one injection
site exactly in the middle of a 1 cm tumour. The diffusion was simulated using the finite difference
method. The tumour was divided into grids and the current concentration was calculated in each grid.
If the concentration of a neighbouring grid was different, the nanoparticles diffused to the grid with
the lower concentration with a diffusion rate depending on the concentration difference. Then, the
concentration could be updated again according to Equation 3.3.

Az?

Cn+1,i = Cn,qﬁ + Dwater : Tt

(Chyit1—2-Cpi+Chiz1) (3.3)
Where, C,, 11, represents the concentration of nanoparticles at time n + 1 and position 4, C,, ; the
concentration of nanoparticles at time n and position i, Dyater the diffusion coefficient of nanoparticles
in water, Az the distance between neighbouring grids, At the time step and C,, ;41 and C,, ;_; are the
concentrations of nanoparticles at neighbouring grids i + 1 and i — 1 at time n, respectively.
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However, to analyse how fast the particles can diffuse into a neighbouring grid, one should have knowl-
edge on the diffusion coefficient of the nanoparticles in water (Dyater). Based on Equation 1.1, the
diffusion coefficient can be calculated based on the obtained hydrodynamic radius. When analysing
the nanoparticles in TME, thus a concentration of 10 yM GSH, the obtained hydrodynamic radius was
172 nm (Figure 3.1). The diffusion coefficient is approximately 1.27 - 10~'2 m?s assuming the temper-
ature to be 298 K and the viscosity to be 0.001 Pa:-s.

The concentration and mass distribution over time were calculated for 30 and 60 minutes, see Figure
3.13. Here, a dose of 0.9 mg in 90 pL (initial concentration of 10 mg/mL) was assumed.

A 10 —— Concentration directly after injection | B —— Mass directly after injection
Concentration after 30.0 minutes Mass after 30.0 minutes

—— Concentration after 60.0 minutes. 08 —— Mass after 60.0 minutes

°
S

Nanoparticle concentration (mg/mL)
Nanoparticle mass (mg)
°
S

°
N

Z It J

0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 0.8 10
Location in tumour (cm) Location in tumour (cm)

Figure 3.13: A) Modelled nanoparticle concentration over time. An initial concentration of 10 mg/mL in the middle of a 1 cm
tumour is assumed. The concentration distribution after 30 and 60 minutes is displayed. B) Modelled nanoparticle mass over
time. An initial mass of 0.9 mg in the middle of a 1 cm tumour is assumed. The mass distribution after 0, 30 and 60 minutes is

displayed.

Figure 3.13 shows that even after an hour, the particles are mostly present within 250 um of the original
injection site. The diffusion rate is relatively low, which can be explained by the high hydrodynamic
radius and thus the low diffusion coefficient.

To analyse the combined effect of the diffusion and the heating efficiency, a model of the temperature
change over time at various distances from the injection site was made. In this model, the SLP value
of the nanoparticles in a GSH concentration of 10 uM (66.0 W/g), a tumour mass of 0.56 g and a
specific heat efficiency capacity of 3.75 J/(g K) were assumed once again. The temperature change
was calculated using Equation 3.1 and Equation 3.2. The model is presented in Figure 3.14.
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Figure 3.14: Accumulative temperature change over time at various distances from the injection site. An initial mass of 0.9 mg
is used.
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Figure 3.14 displays a significantly different temperature change after 5 minutes compared to the tem-
perature change of 8°C in Section 3.5. One can see that at the injection site, the temperature change
is 4 - 106 °C after 5 minutes. However, at merely 100 um from the injection site, 5 minutes allows for
a temperature change of 1.4 - 10° °C . These enormous temperature changes and large differences
between the various distances from the injection site are both caused by the slow diffusion of the parti-
cles. Since they diffuse very slowly, many particles are still present at the injection site after 5 minutes,
and almost none at 100 pm or further from the injection site.

So to conclude, the high hydrodynamic radius of the particles gives a low diffusion coefficient. This
causes the nanoparticles to diffuse slowly and therefore causes the heating to be very local. Because
of this, many injections would be needed, all with very low amounts of nanoparticles, which is undesired
keeping the labour intensity in mind. Therefore, another requirement of the size of the nanoparticles is
that the hydrodynamic radius of the particles should be as small as possible to allow particle diffusion
as much as possible.

3.9. Alternative approaches

Based on the aforementioned SLP values at 3 yM GSH and 10 yM GSH and the derived calculations,
achieving hyperthermia in the tumour environment would cause apoptosis in healthy tissue as well.
Besides that, the large hydrodynamic radius necessitates multiple of injection sites. Therefore, this
methodology requires many improvements prior to its application in magnetic hyperthermal therapy as
a way to eradicate tumours. Because of this, it could be interesting to analyse other methodologies.

Another promising methodology to control the heating efficiency of the nanoparticles is by encapsulating
the nanoparticles in a TME-responsive framework. Encapsulating the particles in a framework has an
additional benefit, namely that the framework aids in the recovery of the particles. Having the particles
collected in several larger frameworks prevents them from scattering individually and allows for more
efficient recovery.

An example of this would be the metal-organic framework (MOF) ZIF-8. Encapsulated iron oxide
nanoparticles in a ZIF-8 framework (Fe;O,@ZIF-8) can be relatively simply synthesised by combining
a suspension with the nanoparticles and imidazole together with zinc nitrate. ZIF-8 is TME-responsive
since its stability is highly dependent on the pH and GSH concentration of the environment. Previous
literature suggests that a ZIF-8 framework can be completely dissolved when the GSH concentration
is higher than 0.5 mM [58]. Also, a pH of 5 compared to 7.4 has been shown to increase the release of
the substance it contains by approximately 40% [59]. Hoop et al. analysed the biocompatibility of ZIF-8
frameworks in human breast cell lines and found reduced cell viability to 80% after 72 hours at a ZIF-8
concentration of 30 ug/mL [60]. Higher concentrations gave drastically lower cell viabilities, which are
caused by the released zinc ions which can influence the mitochondrial ROS production [60].

Another method to encapsulate the nanoparticles is with the use of a poly(d, I-lactide-co-glycolic acid)
(PLGA) framework. These polymers have shown promising biodegradability and biological compati-
bility [61]. Encapsulated nanoparticles in PLGA can be synthesised by slowly adding a suspension
containing the nanoparticles and PLGA to a solution with polyvinyl alcohol (PVA). Droplets of nanopar-
ticles and PLGA are present in the PVA solution, after which the PLGA solidifies to obtain solid particles
containing the nanoparticles. PLGA is also pH-responsive, and it has been shown to have a 12% higher
release rate after 48h at a pH of 5.2 compared to 7.4 in the case of encapsulated curcumin [62].

It is hypothesised that both encapsulation methods would have the following effect. In the case of
healthy tissue, so with higher pH values and lower extracellular GSH concentrations, the framework
would be relatively dense or stable. This does not allow the nanoparticles to be released and there-
fore these encapsulated particles have a low heating efficiency. In the TME, so with lower pH values
and higher extracellular GSH concentrations, the framework structure becomes less dense or slowly
degrades causing the nanoparticles to be released. This release causes a higher heating efficiency.
Therefore, the TME will be heated more than healthy tissue.

3.9.1. Results on ZIF-8 based method
Only the ZIF-8 based method was analysed on its heating efficiencies in conditions related to healthy
tissue and to cancerous tissue. Two samples were compared. The first sample contained 3 yM GSH at
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a pH-value of 7.5 and would represent healthy tissue. The second contained 10 uM GSH at a pH-value
of 6.5. The heating efficiencies are presented in Figure 3.15.
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Figure 3.15: Graph of the calculated SLP values (W/g) of the Fe30,@ZIF-8 after addition of 3 yM GSH at pH 7.5 and 10 yM
GSH at pH 6.5. The left bar ("Top’) represents the probe in the upper part of the Eppendorf, the right bar ('Bottom’) the probe in
the lower part of the Eppendorf.

As one can see in Figure 3.15, the Fe;O,@ZIF-8 displays significantly different heating efficiencies
in different pH and GSH concentrations. In the sample representing healthy tissue, a SLP value of
54.3 W/g was encountered. In the sample representing the TME, this value increased by 27% to 69.3
W/g. Besides that, the lower probe resulted in lower SLP values, meaning that the samples were both
well dispersed. The heating efficiency of the Fe;O,@ZIF-8 particles in the TME-like environment was
still lower than the heating efficiency of the nanoparticles after synthesis (73.4 W/g, Figure 3.4), which
indicates that still not all nanoparticles were fully released.

So while the difference between the two samples was larger than in case of the cysteine-based method
and the final SLP value was slightly higher, this methodology is still not ideal. Assuming that all nanopar-
ticles will be released, the hydrodynamic radius would be 67 nm, causing the diffusion coefficient to be
3.26 - 10~'2 m?/s. This diffusion coefficient would allow the particles to still be present within 500 ym
from the injection site after one hour. Once again would the low diffusion coefficient cause the heating
effect to be extremely local.



Conclusion

This thesis aimed to answer the research question ‘How does the TME-biomarker GSH influence the
magnetic hyperthermal properties of MNP for thermo-brachytherapy to treat early-stage breast cancer?’.
In the first stage of this thesis, nanoparticles were synthesised using co-precipitation. These particles
had a mean physical diameter of 104 nm (Figure 3.3.E), which is slightly smaller than the ideal diameter
of 13-15 nm. The heating efficiency was relatively high (SLP of 73.4 W/g) (Figure 3.4). After the
addition of cysteine, the hydrodynamic radius increased from 67 nm to 209 nm (Figure 3.1). This,
in combination with a decrease in heating efficiency (SLP of 61.4 W/g), could indicate aggregation to
some extent. The addition of hydrogen peroxide increased the hydrodynamic radius to 323 nm and also
decreased the heating efficiency even more (SLP of 59.1 W/g), which could indicate the nanoparticles
aggregated even more. GSH had varying effects, depending on the concentration. A concentration
of 3 yM GSH (extracellular concentration around healthy tissue) decreased the hydrodynamic radius
(183 nm) and slightly increased the heating efficiency (SLP of 59.4 W/g). When adding 10 yM GSH
(extracellular concentration in TME), the hydrodynamic radius decreased even more (172 nm) and the
heating efficiency increased as well (66.0 W/g). However, when 10 mM GSH was added (intracellular
GSH concentration in cancerous cells), the opposite effect was encountered. The hydrodynamic radius
increased to 346 nm and the heating efficiency decreased to 30.7 W/g. This could indicate that 3 and
10 uM GSH promote dispersion, while 10 mM GSH promotes aggregation, which was also visualised
with TEM (Figure 3.3.D). Another interesting result was that lower pH values had a negative effect on
the dispersion of nanoparticles in samples with 10 yM GSH, but in samples with 10 mM GSH the pH
value had no significant effect on either the dispersion or heating efficiency.

The diffusion of the cysteine-coated nanoparticles was also modelled and its influence on the tempera-
ture change at various distances from the injection site were analysed. Since the hydrodynamic radius
was relatively large, the diffusion coefficient was low. This resulted in slow diffusion and therefore
extremely localised heating (Figure 3.13, Figure 3.14).

For future research, it is strongly recommended to perform the FTIR once again with a larger amount
of nanoparticles in order to obtain a stronger signal. It would also be interesting to analyse the reaction
between cysteine itself (not bound to nanoparticles) after addition of hydrogen peroxide and GSH with
Ellman’s Test, NMR or MS for instance. This could be used as a proof of concept that the thiol/disulfide
ratio is altered by the addition of hydrogen peroxide and GSH.

The heating efficiencies at 10 yM GSH were only 11% higher than at 3 yM GSH with the cysteine-
based method. This indicates that if this methodology was used to achieve hyperthermia in TME, the
healthy tissue would also be heated immensely. For this reason, an alternative methodology was also
analysed. Uncoated nanoparticles were encapsulated in a ZIF-8 framework. The ZIF-8 based method
resulted in a heating efficiency of 69.3 W/g in the TME-like environment, which is 27% higher than in
healthy tissue-like environment (Figure 3.15). Due to time constrains, it was not possible to analyse
the particles using TEM, FTIR or DLS. TEM could for instance provide valuable information regarding
the size and geometry of the ZIF-8 structures. These frameworks could also be analysed on their
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morphology before and after incubation at lower pH and higher GSH concentrations. TEM and DLS
could provide insights in how the ZIF-8 framework might become less stable (framework shrinks or
becomes more porous in tumour-like environments). Secondly, TEM and DLS could provide insights
whether the difference in heating efficiencies is caused by the full release of nanoparticles or because
the ZIF-8 structure has become less porous. This knowledge can help determine the mechanisms
behind the ZIF-8 stability and the release kinetics of its nanoparticles. This could thereby guide the
optimisation of the framework for the use of thermo-brachy therapy.

To conclude, this thesis was able to prove a slight increase (11%) in heating efficiency when comparing
GSH concentrations related to cancerous tissue compared to healthy tissue with the cysteine-based
approach. With the ZIF-8-based approach, this difference was 27%, which would cause less thermal
damage to healthy tissue compared to the cysteine-based approach if these particles would be used
for thermo-brachy therapy. However, one of the main challenges remaining for future research is to
increase the diffusion coefficient of the nanoparticles.
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Appendix

A.l. Data Dynamic Light Scattering
Figure A.1 shows all obtained normalised correlation functions. The hydrodynamic radii from Section
3.2 and Section 3.7 were derived from these functions.

A B el D

Figure A.1: All obtained normalised correlation functions during DLS. A) MilliQ. B) After synthesis. C) After Cys addition. D)
After HoO4 addition. E) After 3 yM GSH addition. F) After 10 pM GSH addition. G) After 10 mM GSH addition.

A.2. Data heating experiments

Table A.1 to Table A.5 show the data used to calculate each SLP value. The sample, the mass (de-
termined with ICP-MS), temperature change (per probe) and SLP value (per probe) are given. Table
A.1 shows the data used for Figure 3.4 in Section 3.5, Table A.2 shows the data used for Figure 3.9
in Section 3.6, Table A.3 shows the data used for Figure 3.10 in Section 3.7.1, Table A.4 shows the
data used for Figure 3.12 in Section 3.7.2 and Table A.5 shows the data used for Figure 3.15 in Section
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3.9.1. To calculate all SLP values, Equation 2.1 was used, assuming a specific heat capacity of 4186
J/(kg K) and a heating time (At) of 290 seconds.

Table A.1: Sample Data with Probe Locations, Temperature Changes, and SLP Values used for Figure 3.4 in Section 3.5.

Sample Mass (mg) | Probe Location | Temperature Change (°C) | SLP (W/g)
After synthesis 3.6 Egv?/g: 1232 22471
After Cys 3.4 Ecﬁ’v‘jii 13:52 ?11:2
After H,0, 2.2 t’;’v‘jii 2133 22:(1)
After 10 UM GSH | 2.2 Dpper o2 e

Table A.2: Sample Data with Probe Locations, Temperature Changes, and SLP Values used for Figure 3.9 in Section 3.6.

Sample Mass (mg) | Probe Location | Temperature Change (°C) | SLP (W/g)
After H,0, 2.2 t’é’fjﬁ[ 2133 ig:;
After 3 uM GSH 2.2 Jpper g 250
After 10 uM GSH 2.2 Jpper > i
After 0OmMGSH | 2.8 Dpper oo ol

Table A.3: Sample Data with Probe Locations, Temperature Changes, and SLP Values used for Figure 3.10 in Section 3.7.1.

Sample Mass (mg) | Probe Location | Temperature Change (°C) | SLP (W/g)
omiosnpm=os | 22 | o o0
10 UM GSH, pH=6.5 | 2.2 vpper > e
10UM GSH, pH=75 | 2.2 Jpper o0 o
10 UM GSH,pH=85 | 2.2 Dpper P b

Table A.4: Sample Data with Probe Locations, Temperature Changes, and SLP Values used for Figure 3.12 in Section 3.7.2.

Sample Mass (mg) | Probe Location | Temperature Change (°C) | SLP (W/g)
10 mM GSH, pH = 4.5 2.8 ECE’V‘\’:[ g:gg gg:g
ommospnzes | 2s | U 3
ommospnzos| 2s | U 5
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Table A.5: Sample Data with Probe Locations, Temperature Changes, and SLP Values used for Figure 3.15 in Section 3.9.1.

Sample Mass (mg) | Probe Location | Temperature Change (°C) | SLP (W/g)
_ Upper 13.62 54.3
3 UM GSH, pH=7.5 3.6 Lower 9.86 39.3
_ Upper 8.68 69.3
10 UM GSH, pH =6.5 18 Lower 6.36 50.7

A.3. Source code for the concentration and mass distribution over
time
The following code presents the model used in Figure 3.13 in Section 3.8.1.

import numpy as np
import matplotlib.pyplot as plt

1

2

3

4L = 0.01 # Length of the tumor (m)

5 Nx = 100 # Number of spatial points

6 dx = L / (Nx - 1) # Spatial step size (m)

7 T = 3600 # Total simulation time (s)

8 Nt = 500 # Number of time steps

9dt =T / Nt # Time step size (s)

10 C = np.zeros ((Nt, Nx))

11 initial_concentration_mg_per_mL = 10.0 # Initial concentration in mg/mL

12 C[0, Nx // 2] = initial_concentration_mg_per_mL / 1e9 # Assume it is injected in the middle
of the tumour (kg/m?)

14 for n in range(Nt - 1): # Diffusion simulation using explicit finite difference method

15 for i in range(1l, Nx - 1):

16 Cln + 1, il = C[n, i] + D_water * dt * (C[n, i + 1] - 2 * C[n, il + C[n, i - 11) /
dx**2

17

18 C_mg_per_mL = C * le9 # concentration to mg/mL assuming a density of 1.079 g/cm?®

19 x_cm = np.linspace(0, L, Nx) * 100 # Convert x to centimeters

21 plt.figure(figsize=(10, 6))

22 plt.plot(x_cm, C_mg_per_mL[O, :], label='Concentration directly after injection')

23 plt.plot(x_cm, C_mg_per_mL[Nt // 2, :], label=f'Concentration after {T / 2 / 60} minutes')
24 plt.plot(x_cm, C_mg_per_mL[-1, :], label=f'Concentration after {T / 60} minutes')

25 plt.xlabel('Location in tumour (cm)')

26 plt.ylabel('Nanoparticle concentration (mg/mL)')

27 plt.legend ()

28 plt.grid(True)

29 plt.show()

1 D_water = 1.268e-12 # Diffusion coefficient of nanoparticles calculated based of the
hydrodynamic radius after addition of 10 pM GSH based of DLS
radius_m = 10.1 * 1.0e-9 # Radius of nanoparticles in nanometers based of TEM
mass_mg = 0.9 # Initial mass of nanoparticles in mg

Nx = 100 # Number of spatial points
dx = L / (Nx - 1) # Spatial step size (m)
T = 3600 # Total simulation time (s)
Nt = 500 # Number of time steps
10 dt =T/ Nt # Time step size (s)

2

3

4

5 L = 0.01 # Length of the tumor (m)
6

7

8

9

12 C = np.zeros ((Nt, Nx))

14 volume_element_m3 = dx**3 # Volume of each spatial element in m?®

15 # Initial condition: Mass of nanoparticles at the center

16 initial_concentration_kg_per_m3 = mass_mg / 1e6 / volume_element_m3 # Convert mg to kg and
divide by volume element (dx?)

17 C[O, Nx // 2] = initial_concentration_kg_per_m3

19 for n in range(Nt - 1): # Diffusion simulation using explicit finite difference method
20 for i in range(1l, Nx - 1):
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21 C[ln + 1, il = C[n, i] + D_water * dt * (C[n, i + 1] - 2 * C[n, il + C[n, i - 11) /
dx**2

22

23 mass_mg_grid = C * volume_element_m3 * le6 # Convert mass to mg

24

25 x_cm = np.linspace(0, L, Nx)*100 # Convert x to centimeters

26

27 plt.figure(figsize=(10, 6))

28 plt.plot(x_cm, mass_mg_grid[0, :], label='Mass directly after injection')

29 plt.plot(x_cm, mass_mg_grid[Nt // 2, :], label=f'Mass after {T / 2 / 60:.1f} minutes')

30 plt.plot(x_cm, mass_mg_grid[-1, :], label=f'Mass after {T / 60:.1f} minutes')

31 plt.xlabel('Location in tumour (cm)')

32 plt.ylabel('Nanoparticle mass (mg)')

33 plt.legend ()

34 plt.grid(True)

35 plt.show()

A.4. Source code for the heat distribution over time
The following code presents the model used in Figure 3.14 in Section 3.8.1.

1+ L = 0.01 # Length of the tumor (m)
2 Nx = 100 # Number of spatial points
3dx =L / (Nx - 1) # Spatial step size
4 T = 3600 # Total simulation time (s)
5 Nt 500 # Number of time steps
6
7
8
9

dt = T / Nt # Time step size

SLP = 66.0 # Specific Loss Power (SLP) in W/g

mass_tumor_g = 0.56 # Mass of the tumor in grams
10 specific_heat_J_gK = 3.75 # Specific heat capacity of the tumor in J/kg-K
1 time_s = np.linspace(0, T, Nt) # Time range from O to T seconds
12
13 idx_injection_site = Nx // 2 #Injected in the middle of the tumour
14 mass_np_g_injection_site = mass_mg_grid[:, idx_injection_site] * 1le-3 # Convert mg to g

15 mass_np_g_injection_site_plus100 = mass_mg_grid[:, 51] * 1le-3 # Convert mg to g
16 mass_np_g_injection_site_plus200 = mass_mg_grid[:, 52] * 1le-3 # Convert mg to g
17 mass_np_g_injection_site_plus300 = mass_mg_grid[:, 53] * 1le-3 # Convert mg to g

19 deltaT_injection_site = (SLP * time_s * mass_np_g_injection_site) / (mass_tumor_g *
specific_heat_J_gK)
20 deltaT_injection_site_plus100 = (SLP * time_s * mass_np_g_injection_site_plus100) /
(mass_tumor_g * specific_heat_J_gK)
deltaT_injection_site_plus200 = (SLP * time_s * mass_np_g_injection_site_plus200) /
(mass_tumor_g * specific_heat_J_gK)
22 deltaT_injection_site_plus300 = (SLP * time_s * mass_np_g_injection_site_plus300) /
(mass_tumor_g * specific_heat_J_gK)

2

23
24 time_minutes = time_s / 60

25

26 plt.figure(figsize=(10, 6))

27 plt.plot(time_minutes, deltaT_injection_site, label='At the injection site')

28 plt.plot(time_minutes, deltaT_injection_site_plus100, label='100 pm from injection site')
29 plt.plot(time_minutes, deltaT_injection_site_plus200, label='200 pum from injection site')
30 plt.plot(time_minutes, deltaT_injection_site_plus300, label='300 pm from injection site')
31 plt.xlabel('Time (minutes)')

32 plt.ylabel('Temperature Change (°C)')

33 plt.legend ()

34 plt.grid(True)

35 plt.show()
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