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Abstract

Gold nanoparticle (GNP) radio-enhancement is a promising technique to increase the dose
deposition in a tumor while sparing neighboring healthy tissue. Previous experimental studies
showed effects on cell survival and tumor control for keV x-rays but surprisingly also for MV-
photons, proton and carbon-ion beams. In a systematic study, we use the Monte Carlo simulation
tool TOPAS-nBio to model the GNP radio-enhancement within a cell as a function of GNP
concentration, size and clustering for a wide range of energies for photons, protons and, for the
first time, carbon-ions. Moreover, we include water radiolysis, which has been recognized as a
major pathway of GNP mediated radio-enhancement.

At a GNP concentration of 0.5% and a GNP diameter of 10 nm, the dose enhancement ratio
was highest for 50 keV x-rays (1.36) and decreased in the orthovoltage (1.04 at 250 keV)

and megavoltage range (1.01 at 1 MeV). The dose enhancement linearly increased with GNP
concentration and decreased with GNP size and degree of clustering for all radiation modalities.
While the highest physical dose enhancement at 5% concentrations was only 1.003 for 10 MeV
protons and 1.004 for 100 MeV carbon-ions, we find the number of hydroxyl (*OH) altered

by 23% and 3% after 1usat low, clinically-relevant concentrations. For the same concentration
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1.

and proton-impact, the G-value is most sensitive to the nanoparticle size with 46 times more
radical interactions at GNPs for 2 nmthan for 50 7/m GNP diameter within 1us. Nanoparticle
clustering was found to decrease the number of interactions at GNPs, e.g. for a cluster of 25
GNPs by a factor of 3.4. The changes in G-value correlate to the average distance between the
chemical species and the GNPs. While the radiochemistry of GNP-loaded water has yet to be
fully understood, this work offers a first relative quantification of radiolysis products for a broad
parameter-set.

Introduction

Radiation therapy is used in treatment of cancer to deposit a lethal radiation dose in

the tumor volume while minimizing the toxicity in the surrounding tissue. Due to their

high probability of energy absorption and subsequent emission of short-ranged secondary
electrons, high-atomic number materials such as gold (Z=79) have been suggested to locally
sensitize tumors for radiation. Monte Carlo (MC) simulation codes are used to estimate this
local dose enhancement on a nanoscopic scale [1].

While these simulations could explain the radio-enhancement of cells with the large physical
dose enhancement of keV photons, the simulated p/ysical enhancement in cells for protons
was negligibly small [2] despite evidence of radio-enhancement in cell survival curves [3,

4, 5]. Carbon-ions have been used in only a few in-vitro experiments and nanoparticle
mediated radio-enhancement has been observed but no simulation was presented to date

[6]. As recent reviews on radio-enhancement by high-Z nanoparticles [7], and particular

by gold nanoparticles (GNPs) [8], point out, chemical and biological mechanisms of

gold nanoparticle radio-enhancement [9] need to be considered, too. Chemistry of water
radiolysis has been implemented in MC simulation tools such as PARTRAC [10], Geant4-
DNA [11], TRAXchem [12], KURBUCchem [13], RITRACKS [14] and TOPAS-nBio [15].
However, these implementations do not include any surface chemistry and experimental
data on GNP mediated radiolysis is too incomplete and the processes too complex to allow
an implementation in the foreseeable future. Experiments suggest that GNPs directly and
indirectly enhanced reactive oxygen species (ROS) generation: they catalytically increase
hydroxyl ("OH) and superoxide (O;) production in water [16, 17, 18], bind ROS scavengers
inside cells [19] and inhibit regulation of redox reactions [20]. The hydroxyl production
enhancement is, however, complex and depends on GNP concentration, radiation dose and
linear energy transfer (LET) [21]. At high doses, GNPs may also protect from oxidative
damage via hydrogen peroxide (H, O,) decomposition and superoxide scavenging [22].
Disregarding any catalytic behavior, simulation studies focus on the species production by
secondary electrons. A first simulation study on chemical enhancement around a single GNP
using an early version of Geant4-DNA chemistry found enhanced radiolysis that varies as a
function of distance from the nanoparticle surface and of proton energy [23]. The production
of radical species was proportional to production of secondaries as previously observed in
pure water [10].

In this paper, we extend previous studies by simulating the physical dose enhancement of
GNPs as a function of GNP concentration, GNP size and clustering for a wide range of
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energies for photons, protons and carbon-ions. Then we compare physical enhancement
to changes in the number of chemical species produced in the presence of randomly
distributed, isolated and clustered GNPs in a simple spherical cell model.

2. Material and Methods

The simulations were performed using the TOPAS-nBio extension [24, 25] of the TOPAS
[26] Monte Carlo system version 3.1.p3. This TOPAS release is based on Geant4 version
10.3.p1 [27]. Both, the physical and chemical stage were simulated to estimate the impact of
GNPs on energy deposition and free radical production.

2.1. Geometry

Two concentric water spheres were used to represent a simple cell geometry. The outer
sphere with a diameter of 9 ym modeled the cytoplasm and contained a sphere of 5.4 y/m
diameter as the nucleus. It is the same ratio as used by Lin et al. for breast cancer cells

but with a 1.5 times smaller scale [21]. The cell was centered in a cubic water box of 12
4m side length. Cell volumes show a large variability and when assumed to be spherical
their diameter ranges from 2 gm to 200 gm. The size was chosen to be large enough to
absorb secondary electrons created within the volume and as small as possible to reduce
computation time. Following this argument, the geometry for the proton and carbon-ion
simulations was ten times smaller than for photons. The shape of the GNPs was chosen

to be spherical for which the highest uptake is expected [28]. GNPs were placed in the
cytoplasm only, because GPNs predominantly enter a cell by endocytosis and are clustered
within vesicles and other organelles within the cytoplasm [29]. The number of GNPs within
a cluster and the distance between them was independently defined in the parameter file.

The GNP diameter ranged from 2 nm to 50 nm which showed the highest uptake in cell
experiments [30, 31, 32]. The GNP concentration was defined as the weight of all GNPs
inside the cytoplasm divided by the weight of the cell and was varied between 0.001%

and 5% for photons and between 0.01% and 50% for protons and carbon-ions. Table 1
summarizes the number of GNPs inside the cytoplasm for each weight concentration and the
corresponding concentration in units of mg/ml and M. Figure 1 shows the cell geometry for
isolated and clustered GNPs of 10 nm diameter at a concentration of 5% in weight.

The radiation was chosen to be monoenergetic, plane-parallel, to have the same diameter
as the cytoplasm and to start 1.5 gmand 150 nm upstream of the cell model for the large
and small cell, respectively. Large distances would lead to secondary electron build-up,
and scattered electrons could laterally escape the region of interest and thereby falsely
increase the dose enhancement [33]. Electron contributions, spectral broadening and beam
attenuation influence the absolute dose under experimental condition but cancel within this
relative parameter study.

2.2. Physical stage

Physical interactions within Geant4 are defined in the so-called physics list that describe
processes and models in defined energy limits and materials. The most detailed track-
structure physics list at very low energies for liquid water is Geant4-DNA [27] that tracks
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electron interactions down to an thermalization energy of 7.4 eV in the default option,
including vibrational and electronic transitions in liquid water. We used the default Geant4-
DNA for the simulation of particle transport within the cell but Geant4-DNA currently does
not include cross sections for gold. Thus, we used the Livermore physics list with 10 eV
secondary electron production threshold [34, 35] and the recently implemented full Auger
deexcitation cascade process [36] to model fluorescence, Auger electron production, and
particle induced x-ray emission. The range cut for electrons was set to 1 nm and the tracking
step-size to half the GNP radius. The simulated energy range was from 50 keV to 1 MeV for
photons, from 1 MeV to 100 MeV for protons, and 10 MeV to 1000 MeV for carbon-ions.
The mean dose enhancement was defined as the ratio of the dose scored to the medium of
interest (i.e. the nucleus, cytoplasm or water box) in the presence of GNPs to that with the
GNPs replaced by equivalent volumes of water (water nanoparticles (WNPs)). Due to the
differences in the physics lists it was important to simulate these water nano-volumes with
the Livermore physics list used for the GNPs instead of Geant4-DNA used in the other water
volumes.

2.3. Chemical stage

The radiolysis of water following the initial ionization and excitation processes was
simulated using a recent implementation of chemical processes in the TOPAS-nBio
extension [15] which facilitates the use of the Geant4-DNA chemistry module. The revised
reaction diffusion coefficients and reaction rate constants for solvated (aqueous) electrons
(ez), hydroxyl (“OH), hydrogen (H"), dihydrogen (), hydroxide (OH") and hydrogen
peroxide (H, O,) as summarized by Ramos-Mendez et al. [15] were used. In the prechemical
stage, the excited (H, O") and ionized (H, O") water molecules dissociate to generate the
initial species “OH, H* and e,,. After 1 ps the chemical stage starts in which these species
diffuse freely through the water volume by Brownian motion and react following a totally-
diffusion controlled approach. After 1 usall reactive species have diffused sufficiently far
that further reactions among them are unlikely. Reactions with other solutes in the cellular
environment that can happen at any time are not included in the simulation. All MC codes
currently only consider radiolysis in a pure water environment at neutral pH and 25°C and in
this work chemical species are stopped and killed when they hit a GNP.

The time-dependent G-values (chemical species per 100 eV of deposited energy) and the
number of radical species terminated at the GNPs per picosecond were calculated for
photons, protons and carbon ions in pure water, for a GNP concentration of 0.5% in the
cytoplasm and for various GNP parameters.

The material balance equation between reducing and oxidizing species was satisfied within
1% for pure water simulated with the Geant4-DNA physics list. However, the G-value for
hydrated electrons was about 10% too low when the Livermore physics list was set as
default with Geant4-DNA physics used in water regions as in Figure 5. This discrepancy

is due to the interference of the two lists and will be solved in the upcoming Geant4-DNA
release where the implementation of gold cross sections will supersede the use of physics
lists in regions. For calculation of the average distance between radicals and GNPs (table
2), it was assumed that equidistant GNPs are surrounded by spherical volumes of water.

Phys Med Biol. Author manuscript; available in PMC 2024 July 04.
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With the radius of these water sphere r,....,... the average distance of uniform-randomly
distributed species from a GNP is then calculated as (Fuaersprere — Fnp)/2. With the diffusion
constant D, time r and distance traveled 4, the minimum time (straight line, no jitter) is

r= A%/(6- D).

3. Simulation results

3.1

Physical stage

3.1.1. GNP Concentration—Figure 2 shows electron emission spectra at the gold
surface and corresponding dose enhancement in the cytoplasm and nucleus as a function
of GNP concentration for a set of photon, proton and carbon-ion energies. The GNP size is
10 nm in diameter and GNPs are distributed randomly within the cytoplasm.

The electron spectra scored at the surface of a 10 nm GNP in figure 2a) show a strong
contribution from Auger electrons around 2 keV, that follow photo-ionization of the M-shell.
A low energy tail below 2 keV is created by the ionization of delta electrons and energy

loss of the Auger, Compton and photo-electrons as they escape the GNP bulk to the surface.
The electron range R in liquid water is around 10 nm for energies from 1 eV to 1 keV

and the range for larger energies can be described by R(E[eV]) = 0.0535 - E!"%um [1, 37]
i.e. 3 umfor 10 keV and 150 ym for 100 keV. Because electrons below 2 keV do not

reach the nucleus, the enhancement in the nucleus is at least a factor of two lower than

in the cytoplasm. This factor is 2.6 for 50 keV and only 2.0 for 100 keV photons due to

the contributions of K-shell photo electrons at 19.3 keV and KLL Auger electrons above
52 keV. For all radiation modalities, the dose enhancement increases linearly with the GNP
concentration. Its maximum is 4.63 for 50 keV photons which is a typical peak-energy for
inter-operative x-ray sources, and decreases with photon energy.

The electron emission spectra in figure 2b) and c) for proton and carbon-ion impact compare
spectra for a GNP and WNP (light colors, dotted lines). The fall-off at high electron energies
marks the maximum energy transfer to electrons which is 2.2 keV, 21.8 keV, 54.5 keV and
109.9 keV for 10 MeV, 25 MeV, 50 MeV and 75 MeV protons, and 1.8 keV, 18.2 keV and
182.5 keV for 10 MeV, 100 MeV and 1000 MeV carbon-ions. While the number of emitted
electrons is about 28 times larger for 10 MeV carbon-ions than 1 MeV protons correlating
with the 27 times higher LET (673.0 keV/umvs 26.2 keV/um), the ratio between number of
emitted electrons for a GNP and WNP is about 2:1 at 10 eV and 10:1 at 800 eV for both
modalities, so that a similar dose enhancement is to be expected and observed in figure 2¢)
and f). The maximum dose enhancement for 10 MeV for protons and 100 MeV for carbon
ions is 1.34, and 1.39, respectively, at GNP concentrations of 5%. Unlike for photons, the
dose enhancement in the cytoplasm is relatively independent of the proton energy above

10 MeV as pointed out in previous work [38, 39]. It decreases by about 20% for 1 MeV
protons, because the ratio of total emitted electron energy by a GNP and by a WNP is
around 6.3 for proton energies of 10 MeV and above but only 5.1 for 1 MeV protons. The
dose enhancement in the nucleus is about one third less than in the cytoplasm for proton
energies above 1 MeV. The range of secondary electrons generated by 1 MeV protons is too
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low to induce dose enhancement in the nucleus. For proton energies of 10 MeV and above
the dose enhancement in the nucleus amounts to only 0.2% at 5% gold concentration.

3.1.2. GNP Clustering—Dose enhancement as a function of cluster size is shown in
figure 3. The GNP diameter is 10 nm and the concentration in weight is 0.5% for photons.
The concentration for simulations with protons and carbon-ions is increased to 5% as only
a small enhancement is expected. Dose enhancement in the cytoplasm is reduced from 1.36
to 1.33 when the GNPs irradiated with 50 keV photons form clusters of 25 particles. For
the other photon energies, the change is from 1.25 to 1.24 at 100 keV, from 1.04 to 1.03

at 250 keV, and from 1.012 to 1.000 at 100 keV. The change in the nucleus is negligible.
The enhancement is up to two orders of magnitude lower for protons and carbon-ions
which makes the data appear more noisy. The decrease in the mean dose enhancement from
isolated GNPs to clustered GNPs (clusters of 25) is between 10% and 22%, however with
large uncertainties.

3.1.3. GNP Size—The dose enhancement for GNPs between 2 nm (5 nm for photons)
and 50 nm diameter is shown in figure 4 for a fixed concentration of 0.5% for photons

and 5% for protons and carbon-ions. The enhancement decreases with GNP size as self-
absorption becomes more likely. The low dose enhancement for 2 nm GNPs shown for
proton and carbon-ion irradiation is an artifact created by the 1 nm tracking step length and
1 nm range cut-off in the simulation [35]. The trend in dose enhancement with increase in
cluster size is comparable to the trend with the increase in size of a single GNP. A cluster
of 25 10 nm-large GNPs has a slightly smaller weight (2.53 - 10719 kg) than a single 30 nm
GNP (2.73 - 10719 kg) but a slightly larger dose enhancement, e.g. 33.0% vs 31.3% for 50
keV photons, because the cluster is less densely packed than a larger GNP.

3.2. Chemical stage

Figure 5a), b) and c) shows the G-values as a function of time for seven radical species for
the three radiation types at energies of their highest physical dose enhancement, namely 50
keV for photons, 10 MeV for protons and 100 MeV for carbon-ions. The results are obtained
for the small cell model filled with water and compared to the same model containing

0.5% GNP of 10 nm diameter in the cytoplasm in figure 5d), e) and f). The radicals are
terminated at the GNPs within the simulation as if the GNPs were radical-scavengers so that
the G-value is reduced once a radical hits a GNP. The number of radical species hitting a
GNP per picosecond is plotted in figure 5g), h) and i) and normalized on the number of
incident particles and binsize. As the statistics increase at later times with larger binsize, the
error bars become smaller.

Hydroxyl (“OH), solvated electrons (e;,) and hydronium (A3 O") are most abundant at 1

ps after the prechemical phase and their G-value decreases in the chemical phase while

the G-value of hydrogen peroxide (H,3), hydroxide (OH") and molecular hydrogen ()
increases as product of reactions between the radical species. The initial G-values are similar
for all three modalities and change in comparable amount for photon and proton beams but
show more pronounced changes for the carbon-ion beam. The LET in water for the 100
MeV carbon-ion beam is 172.1 keV/u compared to 4.6 keV/u for 10 MeV protons so that

Phys Med Biol. Author manuscript; available in PMC 2024 July 04.
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the changes over time are more pronounced as chemical reactions between radicals are more
likely for densely ionizing radiation.

The presence of GNPs (simulated as radical scavengers) reduces the total sum of G-values
at 1 ps by about 15%, changes the ratio between G-values of different species and causes
a faster decrease in G-value over time. In particular, the G-values for the most abundant
radicals e,,, H50", and “OH decline (by about 35%, 30% and 15%) but they initially
increase for H, Hy, H,O, and OH~ (by about 43%, 74%, 244% and 236%; values are in
the same order for the three modalities and averaged). These changes are either induced by
a redistribution of energy deposition, by the radicals not produced in regions occupied by
GNPs, by radicals being terminated at GNP surfaces or by their reaction partners missing
after termination. The number of precursor molecules (e;,), H> O’ and (H> ") have been
calculated to be independent of all GNP parameters for particle beams (data not shown),
as the dose enhancement at, for instance, 10% GNP concentration is only 0.6% and
counteracted by a missing water volume of 0.5% now occupied by GNPs.

The number of radicals hitting GNPs per unit time displayed on double-logarithmic scale in
figure 5g), h) and i) show that A#30" which has the highest diffusion coefficient [15] most
often interacts with a GNP and is terminated in the simulation. The graphs 5g), h) and i)
show changes in slope indicating whether the radical was created at the prechemical phase
or at a later time by chemical reactions. The changes are larges for the carbon-ion which has
the highest LET. The scale of each y-axis in figure 5g), h) and i) spans the same order of
magnitudes for comparison of the slops but note that the scale is five orders of magnitude
lower for incident photons in figure 5g) than for the particle beams.

Figure 6 analyzes the influence of GNP-distribution and beam parameters on the hydroxyl
production which is qualitatively similar for all seven species. Unless otherwise stated,
the parameter set comprises a 10 MeV proton beam, 0.5% GNP concentration and 10 nm
GNP diameter. The dotted blue line serves as reference depicting the G-value of hydroxyl
calculated in the pure water cell.

The concentration dependence in figure 6a) shows the G-value of hydroxyl to decrease at

a weight concentration of only 0.1%. This decrease saturates at 0.5%. The concentration
dependence in figure 6d) shows an exponential decline in the OH" count. The integrated
number of OH" within 1 usis given in the brackets within the figure legends. For the lowest
concentration of 0.01% only every tenth OH" per incident proton is hitting a GNP, one OH"
for a concentration of 0.1% and this number is linearly increasing with concentration up to
1%, then leveling off which indicates that reactions between radical species are disturbed by
the termination at the GNPs.

As the cluster size increases, the impact of nanoparticles decreases and the G-value moves
closer to the reference line (figure 6b)). Figure 6e) shows that the number of OH" terminated
at GNPs just changes after 1 ns with less OH" being terminated the larger the cluster is.

The changes introduced by smaller GNP sizes shown in figure 6¢) and f) are qualitatively
similar to an increase in concentration: more OH" hit the GNPs and the two changes in slope
move to earlier time points. For smaller GNP sizes the GNPs are more densely distributed

Phys Med Biol. Author manuscript; available in PMC 2024 July 04.
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at fixed concentration of 0.5%. The G-value is even below the saturation level shown for the
concentration dependence in figure 5¢) because species are more densely distributed and less
likely to escape cytoplasm without interaction with a GNP.

In table 2, the average distance OH" diffuses until it hits a nanoparticle, the diffusion time
in ns and total surface area of the GNPs is compared. The mean diffusion distance of OH"
in water is about 100 nm after 1 us[15]. The change in G-value is partly a surface area
effect, but an enhanced surface cannot fully account for the change: for 10 nm GNPs, a
concentration of 2.5% has the same surface area as 2 nm GNPs at a concentration of 0.5%.
The G-value for the smaller GNP size is much smaller better correlating to the almost three
times smaller distance between radicals and GNPs.

4. Discussion

4.1.

Physical stage

The physical dose enhancement is summarized in table 3 for a GNP concentration of 0.5%
for photons and 5% for particle beams. Clinically relevant nanoparticle concentrations range
from 0.001% to about 1% in weight for therapeutic applications and up to 5% for diagnostic
imaging [7]. The ratio of the mass energy absorption coefficient u../o [40] of the gold-water
mixture and pure water is a rough estimate that underestimates the dose enhancement. The
high keV x-ray dose enhancement is due to the 22 dependence in the photo ionization cross
section that leads to a more than two orders of magnitude higher cross section for gold
compared to water at 50 keV [41].

The electron emission cross section for ion-impact, on the other hand, only depends on the
target parameter via the electron binding energy and the electron velocity [42] which are in
the same order of magnitude for gold and water. The observed dose enhancement for particle
beams is, hence, negligible small. Very localized (within 10 nm) dose enhancement around
4 nm GNPs has previously been attributed to electrons from Auger cascades [43] from
M-shell electrons but was not observed at larger diameters of 10 nm as used here or 100

nm presented in reference [36] because low-energy Auger electrons are absorbed in larger
GNPs. Simulations for proton impact on larger cell geometries with biological endpoints
such as strand breaks in the nucleus [2] and corresponding cell survival [38] found little or
no effect of GNPs in proton irradiation and concluded that the number of protons in a 2 Gy
irradiation that hits a GNP and induces electron emission with a range higher than 100 nm is
negligibly small [2].

Note, however, that Geant4 uses Bethe-Bloch theory to describe electrons emission from
proton and carbon ionization with emission only above the mean ionization potential of the
medium. This potential is 78 eV for water and 790 eV for gold (excluding K and L shell)
which correlate to the peaks in figure 2b) and c). Lower electron energies stem from delta
electrons generated via ionization from proton and carbon-ion induced electron transport.
This limitation leads to an underestimation of radio-enhancement within the first 10 nm of a
GNP irradiated by proton and carbon-ion beams. An discretized ionization model based on
cross sections calculated in the Binary Encounter Approximation as used in TRAX showed
an increase of low-energy electron emission (j1 keV) of up to two orders of magnitude [44]

Phys Med Biol. Author manuscript; available in PMC 2024 July 04.
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which would increase the dose enhancement. Substituting the condensed-history models for
electron transport with discrete models would further improve the accuracy of the simulation
[34, 45].

Clustering leads to overlapping of radial dose distributions of neighboring GNPs that alters
the dose enhancement on a nano- and a micro-scale. Dependent on the cluster size, geometry
and morphology [46] and the angular emission pattern under photon [47] and electron [45]
irradiation, nanoscopic hot-spots are formed between GNPs and in the periphery of the
cluster. Outside the cluster, however, electron absorption in neighboring GNPs reduces the
energy deposition of individual GNPs and the total dose enhancement of the GNP ensemble
is decreased. In a dense hexagonal close packing cluster of 91 GNPs, the dose deposition

of the center GNP was found to be reduced by 29% and that of a peripheral GNP by 2%
[48]. The degree of this reduction depends on the solid angle that is shaded by neighboring
GNPs and by the range and angular distribution of the emitted electrons. The effect on

the dose enhancement in the cytoplasm amounted to only few percent in the presented
simulations. Absorption in gold was found to be more pronounced as a function of GNP
diameter and agrees with previously reported increased self-absorption for larger diameters
[49] and subsequently reduced dose deposition per ionization [38].

4.2. Chemical stage

The impact of multiple GNPs on radiolysis has been simulated for the first time. In the
current implementation in TOPAS-nBio the chemistry reactions are valid only for water.
Thus, the radical species are stopped at any material other than water so that the G-value for
the GNP-loaded cell is calculated to decrease as a function of GNP concentration. The lack
of reactions to describe the behavior at GNP surfaces produces results that indeed contradict
experimental findings of increased production for hydroxyl (“OH), superoxide (05), and
hydrated electrons [16, 17, 18, 50]. However, the relative deviation from the reference
G-value of a pure water model can help to quantify the influence of various nanoparticle
parameters such as concentration, size and clustering. Moreover, we show in figures 5g),

h) and i) the number radical species hitting the GNPs for photon, proton and carbon-ion
beams, and in figures 6d), e) and f) the number of hydroxyl radicals OA" hitting the GNPs
as a function of these GNP parameters. These numbers can be folded with experimentally
observed reactions to estimate realistic changes in the G-value - resulting most often in an
increase.

The simulated changes in G-value for the three radiation modalities are similar in form

and order of magnitude which may be surprising given the large differences in physical

dose enhancement. Note, however, that dose enhancement is based on the differences in the
interaction cross sections of gold and water, whereas the G-value describes the production of
radicals upon energy deposition. The G-value depends on the electron spectra and the spatial
distribution of radical production. The electron spectra shown in figure 2a) 50 keV photons,
b) 10 MeV protons and c) 100 MeV carbon-ions share a long tail of low energy electrons
and a similar maximum energy of 35.6 keV for photo-electrons, 21.8 keV for proton-impact
and 18.2 keV for carbon-ion impact. The G-value for 100 MeV carbon-ions sticks out due
to the dense distribution of radicals in the high LET beam of 172.1 keV/um compared
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to 4.6 keV/umfor 10 MeV protons (for a discussion of LET dependence see figure 6 in
reference [15]). The saturating number of radical interactions at GNPs for increasing GNP
concentration shown in figure 6d) and increased number of interaction for smaller particle
size shown in figure 6f) agrees qualitatively with experimental findings by Cheng et al. [51].
Clustering reduces the number of interactions at GNPs (figure 6e)) as the available GNP
surface decreases and the distance between radicals and GNPs increases. Dose hot-spots

in GNP cluster as origin of radical species as hypothesized by Gandoue et al. [46] would
locally increase the radical density, which would have limited impact for cluster in vesicles
[29] but would increase damage for GNP-surrounded organelles such as mitochondria [52].
The key point comparing physical and chemical “enhancement” by GNPs is that GNPs
directly interact with the primary particle for physical enhancement, whereas GNPs can
interact with any radical species created in water within the diffusion distance.

5. Conclusion

The TOPAS-nBio Monte-Carlo simulation tool to was used to systematically investigate

the dose enhancement by gold nanoparticles as a function of GNP concentration, size and
clustering for a wide range of energies for photons, protons and carbon-ions. All GNPs were
placed in the cytoplasm of a two-sphere cell model and the dose deposition in the cytoplasm
and nucleus was scored for GNPs and WNPs to calculate the dose enhancement. The dose
enhancement linearly increased with GNP concentration and decreased with GNP size and
degree of clustering for all radiation modalities. The enhancement ratio was 1.36 for 50

keV, 1.24 for 100 keV, 1.04 for 250 keV and 1.01 at 1 MeV x-ray energies for a GNP
concentration of 0.5% in weight and a GNP diameter of 10 nm. At the same concentration
and 50 keV energy, the enhancement reduced from 1.38 to 1.29 due to self-absorption when
the GNP diameter was increased from 5 nm to 50 nm, and from 1.36 to 1.33 when 10 nm
GNPs clustered with 25 GNPs inside the cluster. At clinically relevant concentrations (<5%),
the physical dose enhancement was negligible for protons and carbon-ions (<0.5%).

The radiolysis of water following the initial ionization and excitation processes for all three
radiation modalities was simulated, for the first time, for a GNP-loaded cell model. At a
GNP concentration of 0.1% in weight, one *OH interacted with a GNP per picosecond for
10 eV protons and the time evolution of the G-value started to change. The changes were
qualitatively similar for all three modalities and most pronounced for high LET. For a fixed
concentration, the G-value of *OH changed most for the smallest (2 nm) GNP diameter. It
was more influenced by isolated than by clustered GNPs. The dependency of the G-value
on GNP concentration, size and clustering correlates with the average distance between

the chemical species and the GNPs. While the actual behavior of chemical species at the
surface of gold nanoparticles cannot yet be simulated, our results show that GNPs irradiated
with particle beams may induce negligible physical dose enhancement but may interact
significantly with radical species created elsewhere in the water environment. In this way,
GNPs introduce chemical changes at very low concentrations that could in part explain the
enhancement of the biological effect.
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Figurel.
Small cell model (0.9 xm diameter) used for proton and carbon-ion simulations; the model

used for photons is ten times larger. The GNP diameter is 10 nm, the concentration is 5% in
weight and all GNPs are distributed withing the cytoplasm either isolated (left) or clustered
in groups of 25 GNPs (middle and right). The nucleus (0.54 gm diameter) is shown in red.
Tracks of ten 10 MeV protons are are drawn in blue and secondary electrons in red. The
right picture shows the diffusion of radiolysis products after 10 ns.
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Figure2.

GNP concentration in weight (%)

Energy spectra on the surface of a 10 nm GNP (solid lines) and WNP (light colors,

dotted lines) for a) photon, b) proton and c¢) carbon-ion beams of various energies. Dose
enhancement in the cytoplasm (d, e, f) and nucleus (g, h, i) as a function of GNP
concentration. Note that the GNP concentration is up to 5% for photons but up to 50%

for protons and carbon-ions. The error bars indicate the statistical uncertainty in form of one

standard deviation.
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Figure 3.

Number of GNPs in cluster

Dose enhancement in the cytoplasm as a function of GNP clustering for photons, protons
and carbon-ions of various energies. The GNP diameter is 10 nm and the concentration in
weight is 0.5% for photons and 5% for protons and carbon-ions. The error bars indicate the

statistical uncertainty.
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carbon-ions of various energies. The GNPs are not clustered. The concentration in weight is
0.5% for photons and 5% for protons and carbon-ions. The error bars indicate the statistical

uncertainty in form of one standard deviation.
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Figure5.
Temporal evolution of the G-value for all seven radical species generated by a) a 50 keV

photon beam, b) a 10 MeV proton beam and ¢) a 100 MeV carbon-ion beam in the small
water-filled cell model. The sub-figures d), e) and f) show G-values for the same radiation
modalities and the model filled with 0.5% 10 nm large GNPs in the cytoplasm. Radical
species are terminated in the simulation once they hit a GNP. The number of radicals

hitting the GNPs per picosecond is displayed in subfigures g), h) and i). These numbers are
normalized on the number of incident particles; note that the scale of the y-axis is five orders
of magnitude smaller for incident photons than for the particle beams.
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Figure 6.

Temporal evolution of the G-value for the hydroxyl radical OH" for various a) GNP
concentrations, b) number of GNPs within a cluster, and ¢) GNP diameters. The blue
dashed line is the reference for a cell volume without GNPs. The following sub-figures d),
e), and f) show the number of hydroxyl radicals OH" hitting GNPs in the GNP-loaded for
the same three variables. The integral for each curve is given in brackets in the legends.
Unless otherwise stated, the parameter set comprises a 10 MeV proton beam, 0.5% GNP
concentration and isolated GNPs of 10 nm diameter.
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Table 1.

Page 21

Number of 10 nm-diameter GNPs for the full range of concentrations in the large cell (9 gm diameter) and the

small cell (0.9 xm diameter) as used for simulations with photons and with protons and carbon-ions,

respectively.

In Weight InVolume Mass/Volume Molar number of GNPs
% % mg/ml UM =pmol/l large small
50.000 2.588 500 2.61E+06 18866
20.000 1.035 200 1.03E+06 7547
10.000 0.518 100 5.10E+05 3773

5.000 0.259 50 2.54E+05 1886646 1887
1.000 0.052 10 5.08E+04 377329 377
0.500 0.026 5 2.54E+04 188665 189
0.100 0.005 1 5.08E+03 37733 38
0.010 0.001 0.1 5.08E+02 3773 4
0.001 0.000 0.01 5.08E+01 377
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Average distances and minimum diffusion time of randomly distributed chemical species to randomly,

Table 2.

Page 22

homogeneously distributed nanoparticles of various sizes (at concentration of 0.5%) and concentrations (at a
diameter of 10 nm).

diameter /nm  NPs  distance/nm time/ns surfacearea/m?2
2 23583 7 3.4 2.96E-13

5 1509 17 215 1.19E-13

10 189 34 85.8 5.94E-14

20 24 67 339.3 3.02E-14

30 7 101 772.1 1.98E-14

50 2 152 1754.2 1.57E-14
concentration  NPs  distance/nm time/ns  surface area/m?
10.00% 3773 11 8.9 1.19E-12
5.00% 1887 14 155 5.93E-13

2.50% 943 19 26.4 2.96E-13

1.00% 377 26 52.1 1.18E-13

0.50% 189 34 85.8 5.94E-14

0.10% 38 59 265.6 1.19E-14

0.01% 4 128 1245.0 1.26E-15
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Table 3.

Dose enhancement (DE) in the cytoplasm.

Photon DE Men/p  Proton DE  Carbon DE
energy 0.5% ratio energy 5% energy 5%
kev conc. Au/H,O MeV  conc. MeV  conc.
50 1.36 1.30 1 1.002 1 1.002
100 1.24 1.17 10 1.003 10 1.004
250 1.04 1.01 25 1.003 100 1.003

999 101 1.00 50 1.003

75 1.003

100 1.003
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