

















7.4 Discussion and Conclusion

Figure 7.4: Confocal fluorescence microscopy of live 4T1 cells exposed to 10 uM Gd-DO3A-APC. Irradiated cells
are shown in the left column with unirradiated cells on the right; the number of cells visible in each panel is not
representative of viability. Red and green dye stains correspond to lysosomal content and function (proportional
to lysosomal acidity), respectively.

behavior was observed with significantly lower lysosomal function in cells exposed to 1 mM
vs. 0.01 mM but no difference compared to control. Statistical testing was overall affected
by the large variation in measured pHLys Green to LysoPrime Red ratios. With only 5%
spread in the pHLys Green readings, most of the variation was contributed by the CV (21 %)
and LysoPrime Red (14 %) data (Fig. B.14). Confocal fluorescence microscopy was similarly
limited by substantial noise in the red channel as can be seen when comparing the irradiated

(left) and unirradiated (right) images of live cells in Figure 7.4.

With the exception of clonogenic assays, the experiments discussed here were performed
only once due to the small amount of Gd-DO3A-APC available, which limits their significance.
Additionally, because of the low concentrations used in all assays it cannot be excluded that
Gd-DO3A-APC will affect cell survival by affecting mitochondrial and lysosomal function at

higher concentrations, for example, those that are also expected to increase DNA damage.

Conclusion

In vitro assays of 4T1 cells indicated no significant synergistic effects between Gd-DO3A-APC
and 300 kV, photons for concentrations and radiation doses up to 1 mM and 6 Gy. Survival
of 4T1 cells was not affected by up to 0.1 mM, while lysosomal function appeared to be
consistent between control and exposed cells up to 1 mM. Thus, use of Gd-DO3A-APC
in those concentrations is not expected to yield significant radioenhancing or -sensitizing
effects in cells similar to 4T1. Further experiments, including with higher concentrations, are

warranted to confirm these findings.
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8 Lessons learned and future implications

Theranostic high-Z nanoparticles (NPs) have substantial potential to increase the accuracy of
radiation therapy (RT) through enhanced imaging contrast during image guided radiotherapy
(IGRT) and its efficacy by differentially increasing tumor cells’ radiosensitivity and enhancing
absorbed radiation dose. To date, few high-Z radiosensitizing or -enhancing NPs compounds
have been successfully translated from bench to bedside. NBTXR3 (HfO2) was the first
to receive marketing approval by the European Medicines Agency in 2019 and U.S. Food
and Drug Administration (FDA) fast track designation in 2020 for the treatment of patients
otherwise ineligible for cisplatin-based chemoradiation and is currently undergoing further
clinical trials (Bagley et al., 2022; Marill et al., 2014). AGulX — one of the gadolinium-based
theranostic compounds discussed in Chapter 3 — received FDA fast track designation for the
treatment of patients with malignant gliomas in May of 2024. Phase 1b/2 trials investigating
its use with MR-guided radiotherapy (MRgRT) in other body sites are currently ongoing
(NCTO04789486). With high costs for development and translation of these compounds, in
silico modeling can guide the selection of prospective compounds and help investigate their

mechanisms of action.

This thesis developed a comprehensive in silico simulation framework covering physical,
chemical, and biological aspects of radiation-gadolinium nanoparticle (GANP) interactions.
Central to this framework was the selection of an appropriate GANP compound and assess-
ment of its intra-cellular distribution to generate realistic simulation and modeling geometries.
Gd-DO3A-APC was selected from four candidates and demonstrated almost exclusive accu-
mulation within lysosomes after several hours of exposure, which was used to develop more
accurate cell models for radiolysis simulations and modeling of biological response. Multistage
simulations of physical radiation-GdNP interactions modeled a 300 kV, cabinet X-ray irradiator
to facilitate the eventual translation to in vitro studies. Their results included the phase space
of secondary photons and electrons emitted after interactions, and the additional absorbed
dose around a GdNP per interaction. They also highlighted the significant contribution to
the additional absorbed dose around a GANP by Auger electrons, which are emitted after

photoelectric and Compton interactions and whose omission from simulations could lead to a
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40-fold underestimate of the dose. Together with the biodistribution of Gd-DO3A-APC, these
results were then used to simulate the effect of GANP interactions in lysosomes on the density
and yield of molecular species during water radiolysis. These simulations showed substantial
inter-track effects in lysosomes, increasing the consumption of, for example, *OH in a way
similar to high-linear energy transfer (LET) radiation. The third aspect of the framework,
modeling of the biological response to GANP interactions, was implemented using the local
effect model (LEM) in a flat cell geometry, providing computational efficiency and modularity.
Finally, in vitro assays were performed to investigate the effect of Gd-DO3A-APC on 4T1 cells
under irradiation, including microplate-based cell viability, metabolic activity, and lysosomal
function assays in addition to a colony formation assay. Unfortunately, due to the small amount
of Gd-DO3A-APC available, assays could only be performed with <1 mM. No effect has been
observed on survival of 4T1 cells after exposure to 100 uM Gd-DO3A-APC and irradiation
with up to 6 Gy, with similarly inconclusive results from microplate-based assays. While this
somewhat limits the translation of modeling results to in vitro studies for this compound,
the absence of clear cytotoxic effects at concentrations relevant for magnetic resonance
imaging (MRI) contrast agents indicates that Gd-DO3A-APC may provide a safe alternative

to repeated injections of current gadolinium-based contrast agents (GBCAs) in MRgRT.

In the following discussion, aspects of the gadolinium theranostic compound selection and
intracellular localization are reflected on with respect to the simulation framework’s results.

Next, applications of the developed framework beyond this work are presented and discussed.

8.1 Lessons learned for nanoparticle selection and imaging

Integrating modeling results into nanoparticle selection

The minimum achievable concentration for a useful theranostic compound was estimated in
Chapter 3 to be approximately 50 uM. This was based on a published comment referencing
the work by Chithrani et al., noting that they used 0.001 % by mass of 50 nm gold nanoparticle
(AuNP) (Chithrani et al., 2010; McMahon et al., 2012). Results from the biological modeling in
Chapter 6, however, suggest a minimum concentration of 10 mM to 25 mM to observe reduc-
tions in clonogenic survival. This limit was also corroborated by comparison to publications
using either a similar photon spectrum with AuNPs (Lechtman et al., 2013), or monoenergetic
photons with GANPs (Taupin et al., 2015). This discrepancy may be due to a misinterpretation
by McMahon et al. In the original publication, Chithrani et al. stated that they used NP solutions
with a concentration of 1072 % but did not specify this to be by mass. If they instead referred to

the number concentration of 50 nm diameter AuNPs, the corresponding molar concentration
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8.1 Lessons learned for nanoparticle selection and imaging

of gold atoms is 3.86 mM. The equivalent GANP concentration is, thus, closer to 10 mM when
taking into account the ratio between gold and gadolinium reaction rates of >2 (Sec. 6.4).
While Table 3.1 gives achievable (pseudo-) equilibrium (p-EQ) concentrations of 0.03 mM for
both Gd-DO3A-APC and AGulX, these were derived from publications primarily focused on
the compound’s utility as MRI contrast agents (Bort et al., 2020; Zhang et al., 2022). Given
both compounds’ long terminal half-life of more than 72 h it is possible that substantially higher
concentrations could be achieved. This is supported by in vitro experiments in which HelLa
cells were exposed to 0.5 mM AGulX (7.5 mMgq) and subsequently irradiated with 220 kV,
and 6 MV, X-rays (Luchette et al., 2014).

Implications of GANP localization and simulation configuration

Intracellular distribution of Gd-DO3A-APC was evaluated using transmission electron mi-
croscopy (TEM), which had been chosen due to gadolinium’s high electron density. Additionally,
this high-resolution imaging has also enabled the generation of more accurate simulation
geometries with GANPs placed in specific cellular organelles. An alternative and often em-
ployed technique is confocal microscopy, which is typically able to resolve structures on the
order of several micrometers. However, cellular organelles like mitochondria and lysosomes
tend to be substantially smaller with dimensions of about 0.5 ym to 0.9 um. A perhaps not too
surprising result from multistage simulations was that mean doses (per interaction) are highest
close to the GANP — or any NP for that matter. In the case of 0.398 nm diameter GANPs
used here: 10* Gy and 102 Gy within 10 nm and 100 nm, respectively (Fig. B.4). This has
profound implications on the accuracy of simulations investigating radioenhancement from
internalized NPs. For example, extra-nuclear accumulation of NPs as identified using confocal
microscopy has led some groups to devise nuclear-targeted geometries. In those, either
discrete AuNP or a thin shell of gold were placed directly on the nucleus boundary (Engels
et al., 2020; Hahn & Villate, 2021). Notwithstanding that it may be possible to develop such
nuclear-targeting compounds, NPs tend to distribute throughout the cytoplasm or accumulate
in other organelles, both supported by the microscopy performed by Engels et al. and in this
work (Sec. 3.3). Thus, placement of NPs as done by these groups has the potential to result
in erroneously high doses to the nucleus periphery, affecting results of biological response
modeling using the LEM. This could in turn mask other radiosensitizing effects of NPs when
comparing to experimental data and highlights the need for high-resolution imaging to build

increasingly accurate models.
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Another issue encountered in simulations of targeted NPs are variations between physics
models used to simulate interactions with and inside the NP. For most radiation types and
target elements, only condensed history models exist, with which simulation results close
to the NP can vary widely depending on their configuration (Engels et al., 2020; Lazarakis
et al., 2018). In an effort to improve simulation accuracy at nanometer distances, track
structure codes have been developed and are continuously improved by the Geant4-DNA
collaboration for gold and DNA compounds (Sakata et al., 2016, 2018, 2019a). Unfortunately,
track structure models for gadolinium have so far not been developed. Thus, care must
be taken when interpreting GANP simulation results at small distances. This includes the
radiolysis simulations performed in Chapter 5, where molecule kinetics close to the GANP
(inside lysosomes) are affected by inter-track effects. These are sensitive to the number and
kinetic energy of electrons emitted from the GdANP, both of which vary depending on the
condensed history algorithm. Survival curve modeling as performed in Chapter 6 may be
somewhat less affected by differences between physics models for extra-nuclear distribution
of GdNPs. This is because only 1% of all sampled NP interaction sites were within 80 nm
of the nucleus boundary and for each molar concentration several spatial distributions were
sampled. Additionally, the stochastic nature of radiation-NP interactions is taken into account
by sampling multiple interaction distributions. This allows for a statistical treatment of the
results as was done in this thesis by calculating the median surviving fraction (SF) and

associated 95 % confidence intervals (Fig. 6.5).

8.2 Future perspectives and applications
Multistage simulations

Recently, the multistage simulations described in Chapter 4 have been employed in a collab-
oration with Rabus et al. to derive analytical weighting functions for the radial dose around
single NPs to determine effects like that of charged particle equilibrium. For this, the additional
dose per interaction (D..) around 50 nm diameter AUNP, GANP, and water nanoparticle (WNP)
has been simulated for seven monoenergetic photon energies from 50 keV to 250 keV and
two spectra: 300 kV,, from this thesis (Fig. 4.4), and 6 MV, used by McMahon et al. Results
from the nano- and microscopic stages are shown in Table 8.1 for P,,; and in Figure 8.1 for D..
Values for D, are of similar magnitude between different materials and energies. Differences
are more pronounced for lower energy photons due to larger differences in photo- and Auger
electron ranges. D, (r < 1um) is smaller in water compared to gold or gadolinium due to

a higher fluorescent yield in water, resulting in fewer Auger emissions. The similarity of D,
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Table 8.1: Variation of A,,; x 10° with photon energy and material for 50 nm diameter NPs. K-edges for gadolinium
and gold are at 50.2keV and 80.7 keV, respectively.

50keV 80keV 83keV 100keV 150keV 200keV 250keV 300kV, 6 MV,

Au | 464.79 136.60 52890 333.00 119.10 59.53 35.52 214.14 83.56
Gd 98.51 146.02 132.10 81.72 28.98 14.40 8.70 109.77 29.82
H,O 0.68 0.58 0.57 0.55 0.49 0.45 0.42 0.54 0.30
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Figure 8.1: Additional dose per interaction in 50 nm diameter AuNP, GANP, or WNP for monoenergetic photons

and 300kV, and 6 MV, spectra. The shaded area (r < 25 nm) indicates space occupied by the NP.

suggests that it may be possible to model it using a power law, which was also assumed in

Equation 6.4 in reference to Figure 4.6. This has the potential to reduce simulation times

without greatly affecting the accuracy of results. The number of interactions in a collection

of NPs is then calculated from the reaction rate (Eqn. 4.1), which for NPs of the same size

only differs in RF. Thus, the values in Table 8.1 can also be used to estimate equivalent

concentrations between similarly sized NPs. For example, 95 % and 180 % more GdNP would

be needed to obtain the same reaction rate as for 50 nm AuNP, when irradiated with the

300kV, and 6 MV, beams, respectively.
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Figure 8.2: Multistage simulation results using a realistic 6 MV, spectrum (McMahon et al., 2011b) incident on
0.398 nm diameter GANP in the cabinet irradiator geometry of Chapter 4. Left: differential photon and electron
spectra (macroscopic stage). Center: differential secondary electron spectra for Compton and photoelectric
interactions in the GANP (nanoscopic stage). Right: additional dose per interaction with distance from the GANP
(microscopic stage).

To further highlight the multistage simulations’ modularity, the 300 kV,, spectrum used in
Chapter 4 was replaced with the 6 MV, spectrum from above. Results from these macro-,
nano-, and microscopic simulations are shown in Figure 8.2 (left-to-right). Briefly, the average
photon energy reduced from 1.39MeV to 1.22MeV to the cells’ location. At this location,
(secondary) electrons with an average energy of 0.91 MeV accounted for 1.2 % of particles,
which were also included in the nanoscopic stage. The spectra of low-energy (<10keV)
electrons emitted after Compton and photoelectric interactions in the GANP are similar
to those in Figure 4.5 for 300kV,, irradiation. This is perhaps not surprising as these are
largely Auger electrons whose energies are determined by the atomic number. Electrons with
energies =350 keV were mostly from Compton interactions, which is the dominant interaction
in gadolinium for MeV photons (Fig. 2.2). The reaction rate per GANP was around two orders of
magnitude lower compared to 300 kV,, with approximately 2.473 x 10~"" Gy~'. This difference
is larger than was would be indicated by £, in Table 8.1, however, N, ¢, is also smaller
with 6 MV,,. Lastly, D, for 6 MV, was found to not vary greatly from that for 300 kV/,, as also
seen in Figure 8.1. While the relative difference appears larger without Auger emissions, this

simulation configuration is not endorsed and was only included for reference.

These applications show that the simulation framework developed in this thesis can be
applied to various photon sources, including those of clinical linear accelerator (LINAC)
beams. Furthermore, while only photon sources were considered in this work, the framework
can also be employed for particle radiation like protons. This was demonstrated as part
of benchmarking simulations published elsewhere (Velten & Tomé, 2023a). For accurate
results of simulations including protons or heavier ions, appropriate hadronic physics models

must be enabled in addition to the electromagnetic Livermore or track structure models:
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in Geant4 the recommended hadronic physics list for medical applications is QGSP_BIC_HP
(binary cascade model and high-precision neutron transport). This is necessary to include all
particles in the proton beam, especially neutrons in addition to the primary and secondary
protons. Additionally, the macroscopic simulation geometry should be adapted to describe
the different irradiation conditions. Combining charged particle therapy with GdANPs is a
particularly interesting direction for exploration due to the presence of secondary neutrons
and gadolinium’s high neutron capture cross section (°’Gd: 254 000 b; '°Gd: 60330b),
which is also utilized in neutron capture therapies combined with boron (Goorley, 2002).
In addition to the potential use of GANPs for neutron capture therapy, gadolinium neutron
capture in proton, helium, and carbon particle beams has been demonstrated to result in
dose enhancement by in silico and in vitro studies (Howell et al., 2024; Safavi-Naeini et
al., 2018). Some of this enhancement is due to the emission of deexcitation y-radiation,
which deposit their energy over larger distances, effectively increasing the average absorbed
dose. However, after neutron capture the deexcitation process in '°>1%8Gd* also results in
the emission of several internal conversion and Auger electrons (Kandlakunta et al., 2013;
Pommé et al., 2023). Thus, the simulation and modeling procedures developed in this thesis

could be used to investigate the effect of those electrons on cell survival.

Application to radioactive isotopes

Radiopharmaceutical therapy (RPT) and theranostics is a growing field within the manage-
ment of cancer (James et al., 2021). Its prospect is to combine the cytotoxic effects of
ionizing radiation with molecular targeting and systemic distribution. Several radioisotopes

90y 131 177 4, 223Ra) with many more in development,

are currently in clinical use (e.g.,
including radiolabeled and radioactive AuNPs (Daems et al., 2021; Shukla et al., 2012). Similar
to Gd-DO3A-APC and other GBCAs, radiopharmaceutical compounds can be considered
nanoparticles due to their small size. The following paragraphs show and briefly discuss
results of the physical and chemical simulation framework, developed on this thesis, when

applied to three different radioisotopes: '2°I, "’Lu, and ?*°Ac.

In simulations of physical interactions and dose deposit, macro- and nanoscopic simulation
stages are not required and the radial dose per disintegration can be directly simulated by using
the decay spectra. Figure 8.3 shows microscopic stage results for the three radioisotopes of
interest in comparison to GANP irradiated with 300 kV,, photons. Qualitatively, '*°I is perhaps
the most similar isotope to externally irradiated GANPs due to the high yield of Auger and

conversion electrons in the energy range of 2 keV to 36 keV. By comparison, 7Ly emits higher
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Figure 8.3: Dose per disintegration multiplied by distance squared around '?°I, '"’Lu, and #?®Ac. Local maxima
and edges correspond to the range of a and B particles, emitted as part of the radioactive decay where applicable.
For comparison, results from 300 kV, photon interactions with GANP are also shown.

energy B~ (Q ~ 176 keV to 497 keV) and conversion electrons accompanied by few (8.6 %)
lower-energy Auger electrons. This results in doses per disintegration that are approximately
one order of magnitude lower for <10 um but up to two orders of magnitude higher thereafter,
compared to 125| For ??5Ac, the absorbed dose also includes that of all its daughter nuclides.
The 5.6 MeV to 8.4 MeV a-particles contribute approximately constantly to dose, up to their
respective ranges of 45 um to 85 uym, accompanied by a small fraction of low-energy Auger
and conversion electrons. Beyond the range of a-particles, only longer range B~ emitted
from decaying 2*Bi and 2°°Pb contribute to absorbed dose. Importantly, the D - r? curve
shown here for 22°Ac is idealized as no dislocation of the daughter nuclei from nuclear recoil
is assumed (Oliveira-Silva et al., 2024). Additionally, the ranges of a- and B~ -particles emitted
by "’Lu and ??°Ac (including its daughters) are substantially larger than the dimensions of a
single cell. Thus, survival fractions calculated using the modeling procedure presented here
would be overestimated as contributions from surrounding cells are ignored. However, this
could be corrected for by calculating the average dose to a cell's nucleus from decays in
surrounding cells only and including this as a homogeneous background dose, similar to the

treatment of externally irradiated GANP.

Similar to the above, simulations of the water radiolysis kinetics after radioactive decay can
be performed using the methodology outlined in Chapter 5 of this thesis. Using the same cell
culture model, 10000 atoms of '2°| or '7Lu were placed in the cytoplasm of each cell and
allowed to decay. Figure 8.4 shows the yield of three molecular species in the central cell’s
substructures for decays in all cells of the culture. Briefly, yields were overall comparable
across the cell’s organelles for '"’Lu with limited variation among mitochondria. In comparison,

substantial variations were observed for 2|, specifically among individual mitochondria.
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Figure 8.4: Molecule yields (G; and G) of €49, "OH, and H;0 in cell organelles, nucleus, and cytoplasm for

10000 decays of °| or 'Lu per cell. Individual mitochondria and lysosomes are shown as thin lines while the
average is drawn as a thick line.

Additionally, yields inside the cytoplasm were lower for e;, and *OH at 1 ys compared to, for
example, the nucleus. This behavior is similar to the observations in Chapter 5 for lysosomes
containing GANPs. As discussed in the previous paragraph, the radial dose per '2°| decay
resembles more closely that of externally irradiated GdNPs. This is because its decays emit
several low energy electrons: on average 2.9 with 2keV to 36 keV (Katakura, 2011). This
increased density of electron tracks per decay (event) then results in inter-track effects in the
source volume, i.e., the cytoplasm (Velten & Tomé, 2023b). By comparison, '"’Lu decays
only emit an average of 0.27 electrons with energies below 36 keV (including the emitted )
(Kondey, 2019), resulting in limited, if any, inter-track effects. While not shown here, these
simulations can in principle also be performed for a-emitters like 22°Ac. However, one must
take care to separate the decays of 225Ac and its daughter isotopes into individual events to
avoid significant memory consumption and erroneous inter-track effects; both occur due to

the emission of several high-LET a-particles in the same event.

While interest in and clinical applications of RPT are evolving, its dosimetry and dose-response
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relationships are only poorly defined (Zanzonico, 2025). Microscopic track structure simu-
lations, including the calculation of microdosimetric quantities (Fig. B.15), will likely play an
important role in describing the biological effects of radioisotopes. Furthermore, radiolysis
simulations as shown in Figure 8.4 may help to investigate effect variations between dif-
ferent targeting mechanisms, especially for isotopes emitting many low-energy Auger and
conversion electrons. Integrating DNA models in combined simulations of the physical and
chemical stage will allow one to directly calculate DNA damage yields. Coupled with DNA
repair models, this can then be used to estimate the relative biological effectiveness (RBE)
of different radioisotopes and eventually optimize radiopharmaceutical dosing (Chatzipapas
et al., 2023; Rumiantcev et al., 2023; Sakata et al., 2020). Finally, to increase the accuracy
of these simulations it will be necessary to implement chemical interaction processes with
discrete NPs and spatial variations within the chemical environment, which currently is often
pure water. With these developments, it may become feasible to also model biochemical

processes including the catalytic activity of certain NPs.

92
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9.1 Summary

High-Z nanoparticles have the potential to increase accuracy, precision, and efficacy of
radiation therapy (RT) by serving as contrast agents and resulting in radioenhancement and
radiosensitization (Schuemann et al., 2020). With numerous combinations of NP element,
size, and functionalization the development, investigation, and eventual translation of these
compounds requires substantial resources, hampering optimization of these parameters.
Monte Carlo particle transport simulations and biological response modeling have the potential
to evaluate various combinations of NP parameters and their cellular distribution, allowing

translational researchers to identify and focus on compounds with highest potential.

This thesis has developed a comprehensive simulation framework, covering physical-, chemi-
cal-, and biological aspects of radiation-NP interactions in a cellular environment. Gadolinium
was chosen as element for its use as magnetic resonance imaging (MRI) contrast agent
and its reported radioenhancement and -sensitization. Several compounds were evaluated
after which Gd-DO3A-APC was selected and its biodistribution assessed using transmission
electron microscopy (TEM). Physical simulations were performed in multiple stages: photon
phase-spaces obtained in macroscopic simulations of a 300 kV,, cabinet X-ray irradiator were
used to simulate gadolinium nanoparticle (GANP) interactions on the nanoscale; the resulting
secondary particle spectrum was then used in microscopic track structure simulations to
calculate the radial absorbed dose per interaction. Radiolysis simulations after interactions
in GANPs were performed using a spatially-sensitive molecule counter, developed specifi-
cally for this thesis, within a cell culture model with GANP sources distributed according to
the biodistribution of Gd-DO3A-APC. Modeling of the biological response to photon-GdNP
interactions was performed using the local effect model (LEM) with cell survival probability as
endpoint. A simplified monolayer cell model was developed for increased efficiency. Modeling
was then performed in two-dimensional (2D) for various concentrations of GANP and radiation
doses. Finally, several in vitro assays were performed to investigate the selected GANP’s

effect on 4T1 cancer cells with and without radiation.
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Results of physical stage simulations highlighted the role of Auger electrons — emitted after
photoelectric and Compton interactions in the GANP — in enhancing the absorbed dose at
distances <1 um: below 10 nm the dose per interaction ranged from 103 Gy to 10° Gy and
subsequently dropped to 6.6 Gy and 0.03 Gy at 100 nm and 1000 nm, respectively. Using the
spatially-sensitive molecule counter chemical stage simulations were successful in observing
the dynamics of molecular species densities. With increasing GANP concentration these

densities increased, overall consistent with the increase in absorbed dose. Inter-track effects

aq? *OH, and H30" at 1 ys were identified in lysosomes, which

that result in reduced yields of e
contained GdNPs. These effects, otherwise observed for high-linear energy transfer (LET)
radiation, are due to a higher track density close to the GANP and high LET of low-energy
Auger electrons. 2D modeling of the biological response was used to efficiently estimate cell
survival for varying Gd-DO3A-APC concentrations using only the reaction rate per NP and
the associated dose kernel as input parameters. Its results were in line with published data
on both gold nanoparticle (AuNP) and GANP. From the results concentration thresholds for
a significant radioenhancing effect (5 % to 10 % reduction in mean inactivation dose) were
identified to be around 10 mM to 25 mM. In vitro assays were performed with concentrations

<1mM, due to only a small amount of Gd-DO3A-APC available, and demonstrated no

difference in cell viability at those concentrations when irradiated with X-rays to 6 Gy.

Using the simulation framework developed in this thesis, the feasibility of comprehensive
evaluations of radiation-NP interactions was demonstrated, with the framework’s efficiency
and modularity allowing for resource-sparing testing of varying NP parameters. This has laid
the foundation for future validation experiments using Gd-DO3A-APC and other metallic NPs,
which may also be used to refine and calibrate the modeling parameters. Additionally, the
framework’s applicability to other areas was demonstrated by simulating the physical and
chemical stages of intracellular radiopharmaceuticals. Further developments in track structure
models, implementation of molecule-NP reactions, and integration of DNA damage and repair

modeling will increase the framework’s utility for NP investigations and its general usability.
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9.2 Zusammenfassung

Diapeutische Nanopartikel (NP) mit hoher Kernladungszahl wie Gadolinium und Gold haben
das Potenzial die Genauigkeit, Prazision und Wirksamkeit der Strahlentherapie zu erhéhen.
Einerseits durch ihren Nutzen als Kontrastmittel fir die bildgestiitzte Strahlentherapie und
andererseits durch die Erhéhung der lokal absorbierten Strahlendosis auf mikroskopischen
Skalen, sowie durch die Erhéhung der Strahlenempfindlichkeit von Zellen (Schuemann et
al., 2020). Durch die zahlreichen mdglichen Kombinationen aus Element, Gré3e und Funktio-
nalisierung der Nanopartikel erfordert die Entwicklung und Umsetzung erhebliche Ressourcen,
was eine Optimierung dieser Parameter erschwert. Monte Carlo Simulationsmethoden und
Modellierung des Effekts von Wechselwirkungen zwischen Strahlung und Nanopartikeln
haben das Potenzial, verschiedenste Kombinationen von Nanopartikelparametern und de-
ren (intra-) zellularer Verteilung auszuwerten. Damit konnten Forschungsressourcen auf

Nanopartikel mit dem héchsten vermuteten Nutzen fokussiert werden.

Im Rahmen der vorliegenden Dissertation wurde ein umfassendes Simulationskonzept entwi-
ckelt mit dem sich die physikalischen, chemischen und biologischen Aspekte der Wechselwir-
kung zwischen ionisierender Strahlung und Nanopartikeln auf Zellebene untersuchen lassen.
Dieses Konzept wurde auf Gadoliniumnanopartikel (GANP) angewendet, da der Einsatz von
Gadoliniumkontrastmitteln in der Magnetresonanztomografie Ublich ist und, andererseits,
deuten publizierte Experimente auf eine Verstarkung der Strahlendosis und -empfindlichkeit
hin. Aus mehreren Gadoliniumverbindungen wurde Gd-DO3A-APC ausgewahlt und dessen
intrazellulare Verteilung durch Transmissionselektronenmikroskopie untersucht. Simulationen
der physikalischen Aspekte wurden in mehreren Stufen durchgefihrt. Zunachst wurde das
Photonentiefenspektrum in 1.25 cm Tiefe eines 300 kV, Rontgenbestrahlers in einer makro-
skopischen Simulation gewonnen. Dieses wurde dann genutzt um in einer nanoskopischen
Simulation Wechselwirkungen mit GANP zu simulieren. Deren Sekundarteilchen widerum
wurden in mikroskopischen Simulationen mit Hilfe von Spurstrukturmodellen als Quellen
genutzt, um die mittlere radiale absorbierte Strahlendosis pro Wechselwirkung zu berechnen.
Anschlietend wurden Simulationen der Radiolyse von Wasser nach diesen Wechselwir-
kungen unter Verwendung eines raumlich empfindlichen Molekulzéhlers, der eigens fur die
vorliegende Arbeit entwickelt wurde, durchgefiihrt. Dabei wurden 9261 Zellen kubisch ange-
ordnet und die GANP Quellen entsprechend der intrazelluldren Verteilung von Gd-DO3A-APC
in Lysosomen platziert. Die Modellierung der biologischen Reaktion auf Wechselwirkungen
zwischen Photonen und GdNP — zuséatzlich zu der ohnehin absorbierten Strahlendosis der

Roéntgenstrahlen — erfolgte unter Verwendung des local effect model (LEM) als Berechnung
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von Zelluberlebenskurven. Zur Reduzierung des Zeitaufwands wurde ein vereinfachtes 2D
Monoschicht-Zellmodell entwickelt, womit anschliefend molare Konzentrationen von 0 mM
bis 200 mM und Strahlendosen von 0 Gy bis 10 Gy modelliert wurden. Abschliefsend wurden
in vitro Experimente durchgefihrt, um die Wirkung von Gd-DO3A-APC auf die Zellviabilitat
und Membranpermeabilitdt von Lysosomen in 4T1 Brustkrebszellen mit und ohne Bestrahlung

Zu untersuchen.

Auger-Elektronen, emittiert nach photoelektrischen und Compton Wechselwirkungen, spie-
len eine besondere Rolle in der Strahlendosissteigerung auf Entfernungen von 1 um von
den GdNP: Unter 10 nm lag die mittlere Strahlendosis pro Wechselwirkung bei 102 Gy bis
10° Gy und fiel danach auf 6.6 Gy und 0.03 Gy bei Distanzen von jeweils 100 nm und 1000 nm.
Radiolysesimulationen zeigten einen Anstieg in der Dichte radiolytischer Molekuilarten mit
zunehmender GANP-Konzentation, was insgesamt mit der Zunahme der absorbierten Strah-
lendosis zusammenhing. Zusatzlich zeigten sie erhebliche Spur-Wechselwirkungs-Effekte in
Lysosomen, was zu einem reduzierten Ertrag (Molekuhlzahl pro deponierter Energie) von ez,
*OH, und H3O" am Ende der chemischen Phase (1 ps) fiihrte. Diese Spur-Wechselwirkungen,
die auch bei hoch-LET-Strahlung beobachtet werden, sind die Folge einer héheren Spurdich-
te in der Nahe des GANP und dem hohen LET von niederenergetischen Auger-Elektronen.
Ergebnisse der biologischen Reaktionsmodellierung zeigten eine gute Ubereinstimmung
mit veroffentlichen Daten fir GANP wie auch im Vergleich mit Goldnanopartikeln (AuNP).
Mit diesen wurden Konzentrationen um 10 mM bis 25 mM als Schwelle fir eine signifikante
Erhéhung der Strahlendosis (5 % bis 10 % Reduzierung der mittleren Inaktivierungsdosis)
identifiziert. In vitro Experimente wurden lediglich mit Konzentrationen <1 mM durchgefiihrt,
da nur eine geringe Menge von Gd-DO3A-APC verfligbar war. Bei diesen Konzentratio-
nen und Bestrahlung mit bis zu 6 Gy zeigte sich kein Unteschied in der Zellviabilitat oder

Membranpermeabilitdt von Lysosomen.

Mit Hilfe des hier entwickelten und beschriebenen Simulationskonzepts wurde die Machbar-
keit umfassender Auswertungen von Wechselwirkungen zwischen ionisierenden Strahlen
und Nanopartikeln gezeigt. Die Effizienz und auch Modularitat der Simulationen erlauben
ressourcenschonende Untersuchungen verschiedener Nanopartikelparameter. Hiermit wurde
die Basis fir zuklnftige Validierungsexperimente mit Gd-DO3A-APC oder anderen metal-
lischen Nanopartikeln gelegt, mit denen auch die Modellierungsmethoden und -parameter
verbessert werden kdnnen. Die Anwendbarkeit des Simulationskonzepts auf andere Bereiche

wurde durch die Simulation des radioaktiven Zerfalls intrazellularer Radioisotope demonstriert.
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9.2 Zusammenfassung

Fortschritte bei der Entwicklung von Spurstrukturmodellen, die Implementierung von Reaktio-
nen zwischen Molekilen und Nanopartikeln, sowie eine Integration von DNS-Schaden- und
DNS-Reparatur-Modellen in Simulationen werden den Nutzen und die Genauigkeit des hier

erarbeiteten Konzepts weiter erhdhen.
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Appendix A

Monte Carlo parameters and configuration

Table A.1: Water molecule decay channels for ionization and excitation states in the presence of neutral water
molecules during the physico-chemical stage as implemented in Geant4-DNA and TOPAS-nBio (Kreipl et al., 2008;
Ramos-Méndez et al., 2018).

Electronic State Decay Channel Mechanism Fraction

All ionization states H,O" — H;0" + *OH proton transfer 100 %
~ H,O* — *OH + H* dissociation 65 %

Excitation state Al B, 2 . ! I_ I °
H,O® — H,O + AE relaxation 35%

H20" — *OH + H3O" + e,  auto-ionization 55%

Excitation state B*A; H,O* — 2°0OH + H, dissociation 15 %
H,O* — H,O + AE relaxation 30%

Higher excitation layers H,O* — *OH + H30" + €, auto-ionization 50 %
(Rydberg states) H,O" — H,O + AE relaxation 50 %
Electron attachment H,O™ — OH™ + *OH +H, dissociation 100 %
H20jp — 2 °OH + Ha 13.65%

Excitation states H,Oy, — H® + *OH dissociation 35.75 %
after recombination H2Of, — 2H®* + 0O 15.6 %
H,O5, — H20 + AE relaxation 35%
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Appendix A Monte Carlo parameters and configuration

Table A.2: Chemical reactions and rate constants (at 25 °C) implemented in Geant4-DNA using the default
(G4EmDNAChemistry) and alternative (G4EmDNAChemistry_optionl) constructors. Optionl corresponds to the
values implemented in TOPAS-nBio.

Reaction rate constant, k/101°°M 151

Reaction
G4EmDNAChemistry G4EmDNAChemistry_optionl

2e,,+2H0 — Hy +20H™ 0.5 0.636
€59 + H* + H20 — Hy + OH™ 2.65 2.5
€59+ "OH — OH™ 2.95 2.95
€, + H30" — H® + H,0 2.1 2.1
€59 + H202 — OH™ + *OH 1.41 1.1
*OH + *OH — H,0; 0.44 0.55
*‘OH + H* — H,0 1.44 1.55
H® + H® — H, 1.2 0.503
H3O" + OH™ — 2H,0 14.3 1.3

Table A.3: Reactive species and their diffusion coefficients (at 25 °C) implemented in Geant4-DNA using the
default (G4EmDNAChemistry) and alternative (G4EmDNAChemistry_optionl) constructors. Optioni corresponds to
the values implemented in TOPAS-nBio.

Diffusion coefficient, D/10°m?s?

Species
G4EmDNAChemistry G4EmDNAChemistry_optionl

e 4.9 4.9

*OH 2.8 2.2

H* 7.0 7.0

HsO" 9.0 9.46

Ha 4.8 48

OH™ 5.0 5.3

H20O, 23 23

Table A.4: Time steps At during step-by-step simulations depending on the global time 7. Reproduced from
(Kreipl et al., 2008).

Time interval (global time) At / ps

until 10 ps 0.1
10 ps to 100 ps 1
0.1nsto 1ns 3
1nsto 10ns 10
above 10 ns 100
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Appendix B

Supplemental materials and results

B.1 Chapter 4: Multistage Monte Carlo simulations of
nanoparticle interactions with photons

d¢/dE / 10°cm?keV~?!

4
300KV, (12°), 1mmCu
Eeft=118.9keV

3 Eavg = 122.9keV

2 -

1 -

0 /I T T T T

0 50 100 150 200 250

energy / keV

300

Figure B.1: 300kV, (2.52 mmCu HVL) spectrum for
Xstrahl CIX3 cabinet X-ray irradiator generated using

SpekPy; per 1 mA's at a source-to-detector distance
of 40cm.
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Figure B.2: Comparison of differential secondary electron spectra simulated using very low energy (VLE)
Livermore and standard Penelope electromagnetic physics. Differences of bin contents are shown in the bottom
panel in the same units as the top plot.
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Figure B.3: Radial dose profiles corrected for inverse square law for an isotropic source of low energy electrons
(15eV to 5keV). With increasing energy radial dose profiles resemble Bragg curves with an initial build-up to
10 nm, a plateau region of 30 %max to 60 %max, and a characteristic Bragg peak.
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B.1 Chapter 4: Multistage Monte Carlo simulations of nanopatrticle interactions with photons
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Figure B.4: Average dose with distance from a 0.398 nm GdNP. The left panel shows the average dose within a
sphere of radius R, D.(R < r); the right panel shows the dose to spherical shells at least a distance R from the
NP, D, (R > r). Averaging over increasingly large volumes (corresponding to larger radii) has the potential to
underestimate the effect of high doses close to the nanoparticle center.
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which

includes the dependence on r~2 for the inverse square law. The gradient decreases to less than 0.1 Gy ym™" past
1 um and becomes indistinguishable from the dose gradient obtained without Auger emissions.
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Table B.1: Energy ranges of Auger electrons emitted after K-, L-, M-, and N-shell vacancies in gadolinium (which
themselves can be introduced through Auger emissions, except for K). Each series contains transitions between

various subshells (Miloshevsky et al., 2002).

Table B.2: Additional dose per interaction at several distances from the 0.398 nm diameter GANP with and without

Series  Emin/ eV Emin / eV
N-OO 52 296
N-NO 1 186
N-NN 41 53
M-NO 946 1,457
M-NN 466 1,543
M-MN 4 469
M-MM forbidden
L-MN 5,105 6,943
L-MM 3,616 5,869
L-LM forbidden
L-LL forbidden
K-LM 39,955 41,573
K-LL 33,481 35,445

Auger emissions enabled. Both, D, and D, - r* are given.

D, / Gy D, - r* / Gy nm?
r/nm w/ Auger w/o Auger w/ Auger w/o Auger
1 7.2747) x10° 9.1(1) x10° 7.274(7) x10° 9.1(1) x10°
2 2.530(2) x10° 4.12(4) x10° 1.0121(8) x 108 1.65(2) x10*
3 1.0304(8) x 10° 2.24(2) x10° 9.274(7) x10° 2.01(1) x10*
10 4.441(4) %103 2.04(1) x10? 4.441(4) x10° 2.04(1) x10*
100 6.57(1) 2.367(7) 6.57(1) x10* 2.367(7) x 10*
1000 3.345(6) x 1072 2.303(5) x 1072 3.345(6) x 10% 2.303(5) x 10*
10000 8.10(2) =107 7.10(2) x107° 8.10(2) x103 7.10(2) x10°
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B.2 Chapter 5: Monte Carlo simulations of radiolysis secondary to photon-nanomaterial
interactions

B.2 Chapter 5: Monte Carlo simulations of radiolysis secondary
to photon-nanomaterial interactions

Table B.3: Energies of secondary photons and electrons emitted from primary photon interactions in GANP for
five randomly selected, individual histories which were used as particle sources placed at nanoparticles within the
cell.

Event E, /keV E./eV

76 43.1 7256, 4159, 1231, 1026, 110, 105, 87, 86, 64, 29, 17, 14, 10
104 48.6 5256, 911, 435, 119, 118

130 43.1 12257, 5672, 659, 310, 122, 108, 61, 45, 21, 18

161 6.7 48565, 1052, 110

219 431 19257, 5886, 1026, 84, 78, 18, 13

Table B.4: Average dose to and number of primary tracks crossing an organelle X per event in Y, labeled as
X + Y. 405000 events per cell were simulated. 21° — 1 peripheral cells were used. Data was collected only
from organelles that were hit during an event with statistics reported grouped by event and individual volume. L:
lysosome, M: mitochondrion, C: cytoplasm, N: nucleus.

Doyt / mGy Norim. evt-

mean o med. min. max.
Li+L; 356.8 226.5 9 1 48
Li+ L 100.8 1135 1 1 10
L; < periphery 60.1 824 2 1 10
M; « L; 5296 6824 1 1 7
M; < periphery 2711 4281 1 1 7
C+L; 0.4 0.4 1 1 35
C < periphery 0.4 04 1 1 2
N L; 1.3 1.1 1 1 3
N < periphery 1.1 1.0 1 1 2
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Table B.5: Contributions (i.e., partial G-values) of each simulation part to total radiolytic yields for *OH and H20-
in the nucleus and lysosomes (cumulated).

é[x] / (].OOEV)_l G[x] / Gtot / %
Molecule Volume Concentration Part 1ps 1ns 1us  1ps 1ns 1ps

baseline | 3.069 2377 1542 58 60 65
50mM  central | 1.764 1.202 0.601 33 31 25
outside | 0.460 0.352 0.242 9 9 10

Lysosomes
baseline | 1.399 1.083 0.703 27 31 34
200mM  central | 2976 1.881 0996 58 53 48
*OH outside | 0.778 0556 0.391 15 16 19
baseline | 4413 3418 2217 83 83 83
50mM central | 0.229 0.178 0.115 4 4 4
Nucleus outside | 0.644 0504 0.338 12 12 13
baseline | 3.029 2.346 1521 57 57 56
200mM  central | 0.618 0.480 0.313 12 12 1
outside | 1.671 1.312 0.889 31 32 33
baseline | 0.009 0.238 0.359 45 53 55
50 mM  central | 0.009 0.181 0.247 45 40 38
Lysosomes outside | 0.002 0.034 0.050 10 8 8

baseline | 0.004 0.109 0.164 12 23 25
200 mM  central | 0.024 0.305 0398 73 64 62
H,0, outside | 0.005 0.061 0.083 15 13 13

baseline | 0.012 0.343 0516 80 84 84
50 mM  central | 0.001 0.017 0.027 7 4 4
outside | 0.002 0.048 0.072 13 12 12

Nucleus

baseline | 0.008 0.235 0.354 57 58 58
200 mM  central | 0.002 0.047 0.071 14 12 12
outside | 0.004 0.123 0.185 29 30 30
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B.2 Chapter 5: Monte Carlo simulations of radiolysis secondary to photon-nanomaterial
interactions

B.2.1 Proposition: Similarity of G, and G

Individual G-values and their average are defined in Chapter 5 as
G — 2t M,

C X B
= 1 Z[X] N[X],i N
G = — G = _— -,
n Z,: ’ z,: 21 E.i Z,: Ej
where for each volume [x] simulation parts are accumulated. We introduce the average energy
absorbed across all / volumes and the total G-value,

1
(E) = . > Epgi
[x].i

Z[x],i N[x],i _ Z,- N;
> Epi 220 E

In both sets of equations Z[X] Npq,i = N; for brevity and readability (same for £;). Multiplying

Gtot =

(E) into the expression for G:

=_ 1 (Ey ., 1 .
C-ME = E M EE N

1+6;

where 9, is also written as
1 Ej —E;
> (")
If the distribution of { £;} is sufficiently narrow with a small variance such that Var(E; E;) ~
Var (E; (E)) then §; will be small. This appears reasonable if all £; are of the same order of
magnitude. Then, the second term in G will similarly be small and may be neglected in first

order,

SN >0 N; ~
G==L _— + & =~ Giot .
Z/ Ei Z/ Ej ot
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Molecule Densities: 4 mM
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Figure B.6: Molecule densities (p;) and yields (G;) for six molecules in cell organelles and cytoplasm with 4 mM
GdNP. Simulations were performed assuming 10 Gy dose without GANP. Individual organelles, for mitochondria
and lysosomes, are shown as thin lines while the average is plotted thick.
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Molecule Densities: 50 mM
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Figure B.7: Molecule densities (p;) and yields (G;) for six molecules in cell organelles and cytoplasm with 50 mM
GdNP. Simulations were performed assuming 10 Gy dose without GANP. Individual organelles, for mitochondria

and lysosomes, are shown as thin lines while the average is plotted thick.
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Molecule Densities: 100 mM
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Figure B.8: Molecule densities (p;) and yields (G;) for six molecules in cell organelles and cytoplasm with 100 mM

GdNP. Simulations were performed assuming 10 Gy dose without GANP. Individual organelles, for mitochondria
and lysosomes, are shown as thin lines while the average is plotted thick.
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Molecule Densities: 200 mM
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Figure B.9: Molecule densities (p;) and yields (G;) for six molecules in cell organelles and cytoplasm with 200 mM
GdNP. Simulations were performed assuming 10 Gy dose without GANP. Individual organelles, for mitochondria
and lysosomes, are shown as thin lines while the average is plotted thick.
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B.3 Chapter 6: Modeling of biological response
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Figure B.11: Average (with sample standard deviation), 5"-, and 95'"-percentile distances of interaction sites to
the nucleus periphery (top panel) and azimuth angle (bottom panel) depending on the number of interaction sites
in each sample are shown in the top panel.

Figure B.12: Locations of 300 kV, photons interactions inside the cytoplasm with GANP at 4 mM concentration
and 1 Gy dose without GANP for different RNG seeds, with sixteen locations per seed.

Table B.6: Values of (average) dose without GANP (D), molar concentration of GANP (c¢), and random number
generator (RNG) seed (s) for which interaction site distributions were calculated and accumulated.

Do/Gyl|1,23,4,5,6,78,9,10
c/mM | 0.1,1,4,10, 25, 50, 100, 200
s 144, 312, 1602, 1900, 2994, 3159, 3344
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Table B.7: Average doses to the nucleus at 4 Gy and 10 Gy dose without GANP present and various molar
concentrations of GANP. Additionally, the percentage difference of the linear-quadratic (LQ) model survival
fractions calculated with Dg + X5 from those obtained with Dy is given to compare with results obtained using the
LEM taking into account the heterogeneous distribution of doses inside the nucleus. PI: percentile interval.

D, = 4Gy D, = 10 Gy
c/mM | Do+2Zp /Gy Plsy, /Gy 1—-355 | Do+ Zp/Gy Plese, /Gy 11— 355

6) 0.0012(3) <0.1%
31) 0.014(1) 0.7%
75) 0.051(4) 2.7%
97) 0.127(7) 6.7%
123) 0.320(6)  16.1%
229) 0.65(1) 30.0%
276) 1.29(2) 51.5%
434) 2.57(3) 77.5%

0.1 4.00013
1.0 4.00245
4.0 4.009 84
10.0 4.024 89
25.0 4.06205
50.0 4.12581
100.0 4.25369
200.0 4.506 84

4) 0.0007(3) <0.1% | 10.00042
16) 0.0062(8) 0.1% | 10.00627
49) 0.021(2) 05% | 10.02489
75) 0.051(4) 13% | 10.06205
97) 0.127(7) 32% | 10.15623
69) 0.262(3) 6.4% | 10.31589
157) 0.52(1) 12.6% | 10.63321

327) 1.04(1) 24.1% 11.269 21
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Figure B.13: Modeled survival fractions based on LEM accumulation (bottom left) and combinations of homoge-
neous baseline dose (D,) with average accumulated dose ¥ or 95 % and 99 % quantiles.
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B.4 Chapter 7: Experimental investigation of Gd-DO3A-APC
effects in vitro
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Figure B.14: Lysosomal acidity assay results at 48 h post 6 Gy irradiation, normalized by crystal violet readings,
for cells (un)exposed to 10 uyM and 1 mM Gd-DO3A-APC for 24 h. Lysosomal content increased after stimulating
the cells with radiation with no significant effect of Gd-DO3A-APC. Reduction in the green dye absorbance relative
to red dye indicates decreased lysosomal function and potential lysosomal membrane permeabilization (LMP).

Crystal violet MTT
c/uM 0Gy 2Gy 4Gy 6 Gy 0Gy 2Gy 4Gy 6 Gy
0 100(22) 80(10) 79(9) 64(8) 100(3) 84(9) 71(6) 75(3)
1 99(8) 72(10) 77(13) 62(9) 94(5) 78(5) 67(6) 65(3)
10 115(15) 70(8) 72(7) 63(12) 98(10) 79(5) 73(8) 69(6)

Table B.8: Average absorbance and sample standard deviations in crystal violet and MTT assays. Each well’s
reading was normalized to the average absorbance with 0 uM Gd-DO3A-APC and 0 Gy. Significant differences
between concentrations were only observed at 6 Gy in the MTT (MTT) assay with lower absorbances (p < 0.05)
compared to no exposure.
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B.5 Chapter 8: Lessons learned and future implications
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Figure B.15: Microdosimetric spectra of specific energy z and lineal energy y calculated for different cellular
substructures after 10 000 disintegrations per cell of "I and """Lu in an extended cell culture.
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