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ARTICLE INFO ABSTRACT

Keywords: This paper presents a Monte-Carlo study focusing on the effects of gold nanoparticles on the energy deposition
GNP patterns produced by incident photons in the close vicinity of the mitochondrial network modeled as a tube.
Mitochondria network Spherical shaped gold nanoparticles of 30 nm diameter were placed in a micrometric (10 X 10 X 10 um?®) water
GEANT4 toolkit phantom containing a tube of 300 nm diameter and 5 um length. The tube represented a mitochondrial fragment
and nanoparticles were distributed in the water phantom outside the tube. Photons of 120 keV were simulated
using the Geant4 Livermore processes and the Geant4-DNA electron processes to account for secondary electrons
collisions. The Livermore processes took into account the Auger cascade inside the gold material. A data mining
algorithm was then used to analyze the energy deposition clusters inside the water phantom and the tube. A
comparison was made between the results obtained for a uniform distribution of nanoparticles and a vesicle
distribution model. The results including energy deposition clusters are also compared to dose enhancement

ratios.

1. Introduction

Recently the observation of gold nanoparticles (GNP) radio-
sensitizing effects studies became increasingly focused on the ex-
planation of underlying physical processes leading to the enhancement
of ionizing radiation effects in biological media. In fact, dose enhancing
agents were described in the literature since early eighties mainly re-
porting that injecting tissue with iodine enhances the radiation dose
that is absorbed during X-rays irradiation [1-4].

This effort using iodine continues to be a topic of interest mainly for
assessing any radiosensitizing effect during X-rays exposure and this
includes radiation therapy and medical imaging techniques as well [5].

Although as a first assumption, the nanoparticles enhancing effects
were attributed to increased photoelectric absorption by high-Z mate-
rials, this explanation failed for two reasons. The first is that clinically
relevant energies are relatively high and therefore, interactions are
dominated by the Compton scattering [6]. The second reason is that the
dose enhancement ratio is relatively small and does not justify the
observed increase in cell mortality ratios [7]. In fact, Lechtman et al.
[7] compared cell survival results obtained by a simple macroscopic

* Corresponding author.
E-mail address: ziad.francis@usj.edu.lb (Z. Francis).

https://doi.org/10.1016/j.ejmp.2019.10.038

dose enhancement calculations based on the linear quadratic model
versus their calculations based on the Local Effect Model [8] showing
that macroscopic dose enhancement alone does not explain enhanced
cell mortality observations.

Carter et al. [9] studied the importance of the localization of the
nanoparticles and how it might affect the so observed radio-
sensitisation. They concluded that a high concentration of electrons and
radicals is created around the nanoparticles and in order to achieve
radiosensitisation these nanomaterials must be either delivered pre-
cisely to specific sites otherwise their concentration should be in-
creased.

While most of the early studies were focused on nanoparticles ef-
fects inside of the nucleus and on nuclear DNA, recent studies started
investigating these effects outside the nucleus and on mitochondria
[10] since it appear today as the central executioner of apoptosis [11]
and mitochondrial DNA (mtDNA) is also of vital importance for the cell
[12].

The uptake and localization of nanoparticles in a cell depends
mainly on their size as well as the nature of the coating. Nanoparticles
with diameter less than 6 nm tend to be more penetrating and have
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more chances to reach the nuclear volume. For the large diameters,
exceeding 20 nm, nanoparticles are mostly located in the cytoplasm [9].
This plays a significant role on radiosensitising effect since the abun-
dant low energy electrons created around the nanoparticle have little
chance of reaching the nuclear DNA if the nanoparticle is located out-
side the nucleus. In the work of McMahon et al. [10] GNP of 40 nm
diameter were located in the cytoplasm at the surface of elliptical mi-
tochondrial structures distributed in the cell volume.

The surface accumulation of nanoparticles is justified by surface
charge properties according to Karatas et al. [13]. Peckys and de Jonge
[14] used scanning electron transmission microscopy to scan cells and
image the intracellular uptake of 30 nm diameter GNP. In their results
they showed that nanoparticles were clustered in groups, bound to
membranes of vesicles and these vesicles accumulated together to form
micrometer sized clusters after 24 h of cells incubation.

Kirkby and Ghasroddashti [15] also studied mitochondrial dose
enhancement with 13 nm diameter GNP accumulated on mitochondrial
surfaces. Their study was dedicated to radiation therapy applications
therefore they used photon energies up to 6 MV nominal acceleration
potential similar to those of clinical devices.

Therefore, according to the mentioned studies the spatial distribu-
tion and the penetration capacities of nanoparticles [16] can have an
important impact on absorbed dose enhancement.

However, the uptake can vary largely depending on different
parameters like the GNP size and the cell type [17]. Such information
along with the nanoparticles distribution within the cell volume is still
very scarce in the literature.

In this work two geometry setups were considered; one where na-
noparticles are uniformly distributed in the irradiated volume and the
second based on clustered distributions as in the experiments of Peckys
and de Jonge [14]. The dose enhancement ratios due to the presence of
GNP were determined and the energy depositions were also analyzed.
The analysis of energy depositions was carried out using a clustering
approach [18,19]. Results were obtained for both configurations using
Monte-Carlo simulations with 120 keV photons which is an energy of
interest for radiobiology studies.

2. Materials and methods
2.1. Geometry configurations

GNP were represented as gold spheres of 30 nm diameter. The si-
mulation World volume was limited to a water cube of
10x10x 10 um?>.

A mitochondrial fragment is represented by a cylinder filled with
water and placed at the center of the World volume. The dimensions of
this mitochondrial tube are 300 nm diameter and 5um length. The dia-
meter dimension was based on previous studies of Zein et al. [20]
where a realistic geometry of mitochondrial phantom was built from a
deconvolved widefield fluorescent microscopic image of the mi-
tochondrial network of a fibroblast cell. In fact, the mean chord length
of particles crossing the fibroblast mitochondrial phantom described in
Zein et al. [20] is between 384 nm and 462 nm as calculated using the
Monte-Carlo method. The length of our tube model was limited to 5 pm
to simplify the simulation conditions. In general, considering larger
volumes leads to a bigger World and therefore a higher number of na-
noparticles in order to keep the same density, this would have a direct
effect on the computing time. Therefore, we consider the described
cylindrical shape as a sufficient approximation for a comparative study
between the different nanoparticles distributions. Since the fluorescent
imaging does not provide information about the content and densities
of mitochondrial structures, water material was considered as a good
approximation since it is also compatible with the Geant4-DNA simu-
lation processes that are detailed in Section 2.2.

Nanoparticles were distributed in a random uniform pattern within
the World volume excluding the mitochondrial tube.
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Another configuration based on the experiments of Peckys and de
Jonge [14] was considered, where nanoparticles were distributed on
spherical surfaces called vesicles of 0.26 um diameter. Each vesicle
holds 57 nanoparticles and vesicles were grouped within spherical
clusters of 4.6 um diameter. Each cluster contained 152 vesicles ran-
domly distributed within the cluster volume and during the whole vo-
lume placement procedure overlapping between nanoparticles and
between vesicles was avoided.

Considering 3 clusters randomly placed in the World volume but
outside the mitochondrial tube and without overlap between cluster
volumes, the total concentration obtained was 26 nanoparticles per
um?®. This concentration is in agreement with the reference value of
0.7% mass concentration, or 7 mg Au/g in tumors, which is equal to the
concentration achieved by Hainfeld et al. in tumors in mice [21] and
also used by Sotiropoulos et al. [22] for Monte-Carlo simulations.

The source of photons is a parallel beam of circular shape with
~9 um diameter covering the whole size of the mitochondrial tube. The
initial position of the beam is randomly sampled on a virtual sphere of
5 wm radius centered at the mitochondrial tube’s center and the direction
of photons is set inward toward the water tube. From another per-
spective one can imagine that the parallel beam is fixed and the or-
ientation of the mitochondrial tube is varying randomly with each in-
cident photon.

Fig. 1 shows a schematic representation of the basic setup, the ar-
rows placed on the spherical surface represent an example of initial
directions of photons generated as described. Note that the vectors are
parallel and not directed towards a central point because this would
lead to a conical beam converging at the center of the tube which is not
realistic. In fact, maintaining a parallel beam ensures that the mi-
tochondrial tube is irradiated parallelly from all directions, which is
closer to reality since mitochondrial volumes are orientated randomly
versus the incident parallel beam. Therefore, the simulation results
represent an average on all considered irradiation angles.

Fig. 2 shows a representation of the described clusters setup
showing the vesicles of nanoparticles regrouped into three different
clusters. Since the distance separating the GNP clusters from the mi-
tochondrial tube can affect the energy deposition pattern within the
tube, clusters were placed randomly within the water cube showing
different results as reported in the results section.

MY
i

Fig. 1. Schematic representation of the irradiation geometry. The virtual sphere
surrounding the tube is displayed only to indicate the possible positions of
primary photons. Random beam positions are sampled on the sphere and
photons are shot in a parallel direction towards the inside of the geometry. For
clarity the scale and size proportions were disregarded.
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Fig. 2. GNP distribution in clusters of vesicles as described in the experiment of
Peckys and de Jonge [14]. A concentration of 26 nanoparticles per um® was
considered which corresponds to a mass concentration of 7 mg Au/g of water in
agreement with Hainfeld et al. [21]. One can distinguish 3 different clusters
(4.6 um diameter) containing the 152 spherical vesicles (0.26 um diameter) and
each vesicle contains at its surface 57 nanoparticles (30 nm diameter).

For comparison, simulations were first carried out for a water cube
without the nanoparticles. After that, each of the different nanoparticles
distributions was considered.

2.2. Particle tracks simulation

The simulations were carried out using the Geant4 Monte-Carlo
toolkit version 10.5 [23-25]. The Livermore physics processes were
used to simulate interactions of photons [26] and electrons [27] inside
gold material. These processes include the photoelectric effect, the
Compton and Rayleigh scattering effects for photons and elastic and
inelastic collisions for electrons.

The fluorescence and Auger cascade de-excitation effects were also
activated as their contribution among the Geant4 low energy processes
was validated in a previous work of Incerti et al. [28] and their im-
portance was also underlined by Xie et al.[29]. For all processes in gold,
electrons production energy cut-off was set to 50 eV.

The lowest energy recommended for electrons using the Livermore
libraries is 250 eV, however, it is of use within the Monte-Carlo com-
munity to stretch this limit down to lower energies, e.g. Sakata et al.
[30] used a secondary production cut and lowest transport energy cut
of 1 eV for simulations in gold nanoparticles. This extension is mainly
used because no other practical solution is available for Monte-Carlo
tracking of low energy electrons. In gold, 50 eV electrons have a range
around 3.5nm [31] almost 10 times smaller than the GNPs diameter,
which allows the simulation of electrons attenuation inside the gold
spheres. Electrons exiting gold spheres into the water cube were tracked
using Geant4-DNA step by step processes [32-35] taking into account
ionization, electronic excitation and elastic collisions. Below the energy
production threshold, electrons are followed until complete stop using a
continuous energy loss approach based on the linear energy transfer.

In the water volumes the cut-off energy was set to 9eV, which
means that electrons below this threshold are killed and their remaining
energy is locally deposited. The vibration and rotational excitation and
the electron attachment processes were not taken into account since
their contribution is minimal for the considered energies above the 9 eV
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cut-off.

Since the lowest excitation energy for liquid water is usually around
8.22eV [33] it is a common practice in step-by-step track structure
applications to set the tracking cut-off to a value between 8 and 10 eV.
Lower cut-offs, e.g., 0.025eV, are only used when chemical species
simulation is required, mainly because solvated electrons contribute
largely to chemical reactions. Decreasing the cut-off would also in-
crease computing time and so it is avoided if the chemical reactions are
not considered. Our study is limited to direct interactions, therefore a
value of 9 eV is a good compromise for our comparative study.

Moreover subexcitational processes can generate a huge number of
steps due to the highly dominant elastic scattering process, which is
heavy to consider from the computing time perspective. The im-
portance of these low energy processes is more justified for the che-
mical phase which is not considered in this work. Here we assume that
free radicals concentrations are directly related to the number of in-
elastic energy depositions. Therefore considering only the energy de-
positions for a comparative study should be sufficient.

2.3. Energy deposition analysis

The energy deposition points were recorded for each incident
photon and their spatial distribution was analyzed using the data
mining algorithm Density Based Spatial Clustering of Application with
Noise (DBSCAN) [18]. Data mining and pattern recognition algorithms
were widely used and reported in the literature for different applica-
tions including radiobiology and microdosimetry. Nikjoo et al. [36] and
Pszona et al. [37] used the K-means [38] algorithm to analyze energy
deposition patterns after ionizing tracks simulations. We also used
DBSCAN in previous studies for protons and ions effects on biological
DNA in order to estimate the simple and double strand break yields
induced by irradiation [19,39,40].

As we do not intend to relate this study to DNA damages we dis-
regarded all the parameters used in the previously published studies
and related to DNA characteristics such as DNA spatial distribution,
damage induction function and two strands random sampling para-
meter. In our case, the DBSCAN is an optimal choice since it enables us
to analyze particle tracks while taking into account only two para-
meters which are the minimum number of points to form what is desig-
nated as a cluster of energy deposition points and the maximum distance
that separates points within one cluster. This method allows us to have
a nanometric scale analysis of the energy deposition patterns induced
for the different irradiation conditions. The results of clustering algo-
rithms depend largely on the user input values, on the chosen input
values of the two parameters, therefore the maximum distance was
varied from 1 nm up to 400 nm (1 nm, 50 nm, 100 nm, 200 nm, 300 nm
and 400 nm) in order to analyze its impact on the obtained clusters
pattern. The results of clustering were compared between the different
geometry configurations and with a simulation where only water was
used without nanoparticles in the water. The enhancement in the
number of clusters was compared to the macroscopic dose enhancement
in order to reveal the differences between macroscopic measurements
and calculations on the nanometer scale.

3. Results and discussion

Simulations were carried out on a multicore 19 processor with 28
parallel threads using the multithreading feature of Geant4. The event
number was about 2.4 10° that is the maximum technical limit in
Geant4 for a single run. For our study, such a number of events is
considered high enough to obtain energy deposition uncertainties
below 3%. All the obtained results were then normalized per primary
photon and per unit volume (um®).

Fig. 3 shows the energy depositions clustering results in the water
box for 4 different values of the maximum distance parameter that
governs the clustering:1 nm, 50 nm, 100 nm and 300 nm. The frequency
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Fig. 3. Cluster size frequencies of energy depositions in the water cube (World volume) excluding energy depositions in the mitochondrial tube. Results are shown for
different clustering maximum distances (1 nm, 50 nm, 100 nm and 300 nm) and different nanoparticles distributions; uniform distribution noted “GNP uniform”,
clusters of vesicles distributions noted “GNP clusters pos 1” and “GNP clusters pos 2”. For comparison, the results obtained without nanoparticles are also shown (“No

GNP”).

of occurrence is displayed versus the cluster size, expressed in number
of points contained within the cluster. The resulting distributions are
then normalized as previously mentioned in this section. The results are
shown for 4 different geometry configurations; the first containing no
GNP as noted on the figure, the second geometry contains GNPs uni-
formly distributed in the water cube (noted “GNP uniform”), the third
and fourth contain GNPs in clusters of vesicles and the clusters were
positioned randomly in two different configurations but without over-
lapping (noted “GNP clusters pos 1” and “GNP clusters pos 2” respec-
tively). The uncertainties on frequencies are dependent on the clus-
tering distance; they increase for higher distances since the total
number of clusters decreases. Uncertainties for values displayed in
Fig. 3 are less than 3% for distances 1 nm, 50 nm and 100 nm, they
reach a maximum of 6% for 300 nm clustering distance.

More random positions of GNP clusters were investigated showing
that the results are highly dependent on their positioning, for clarity we
will only show two positions as an example. Naturally, the GNP clusters
would yield a higher energy deposition effect when centered and
aligned within the beam due to a higher geometrical cross section but
also if they are positioned closer to the center where all the energy
depositions are considered for clustering. For GNP clusters positioned
on the boundary of the simulation cube a part of the induced energy
depositions is carried outside the water cube (World volume) and ig-
nored, hence a lower observed effect as shown in Fig. 3. In reality, we
also expect that GNPs positioned at the boundary of a cell would have
less effect than those in the center. However, even boundary positioned
GNPs can have an important biological effect on the cell membrane. In

any clustered vesicles configuration, the calculated effect was higher
than the uniform distribution and this is seen in the example re-
presented in Fig. 3 by comparing the curves labeled “GNP uniform” and
“GNP clusters”.

Fig. 4 shows the same comparison as Fig. 3 for energy depositions
inside the mitochondrial tube. The same behavior is seen where the
lowest energy deposition frequencies are observed when no GNP are
included, and the clustered geometry setups have more enhancement
effect than the uniform GNP distribution geometry. Uncertainty values
where less than 8% for 1 nm and 50 nm distances and reached a max-
imum of 10% for 100 nm. For 300 nm, the results reveal low statistical
quality with up to 45% uncertainty, therefore they are only included to
show the general trend of the frequencies distribution. In fact, it was
very difficult to obtain better results even for higher numbers of si-
mulation events, mainly because the clustering maximum distance is
almost equal to the diameter of the mitochondrial tube itself and initially
the number of interactions scored inside the tube is relatively low due to
its small dimensions. Therefore, using a high clustering distance would
lead to a very low total number of energy clusters for each event and
this is directly related to high uncertainties.

Results represented in both Figs. 3 and 4 show that the clustering
maximum distance parameter affects the shape of the frequency dis-
tribution. Low distances, e.g., 1 nm, show a decreasing distribution for
cluster sizes between 1 and 10 points and this trend also continues for
higher cluster sizes although not shown on all the figures for clarity
reasons. The general effect of higher clustering maximum distances, e.g.,
50nm and 100 nm, is clear on Fig. 3 where there is a decrease in
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Fig. 4. Cluster size frequencies of energy depositions in the tube for different clustering distances (1 nm, 50 nm, 100 nm and 300 nm) and different nanoparticles

distributions, the legend is the same as for Fig. 3.

clusters of 2 points and relatively higher frequencies for clusters of 3
and 4 points while higher size clusters exhibit a continuous decrease in
frequencies. For clustering maximum distances above 300 nm the peak
observed for 3 and 4 points clusters disappears mainly because these
are merged with other clusters to form larger size clusters, hence the
slow decreasing distribution observed in the bottom right part of Fig. 3.
These descriptions are not clearly shown by Fig. 4 because they are
limited by the size of the mitochondrial tube, however differences can
still be noted between the different clustering distances and for the
different GNP distributions.

The enhancement ratios were calculated by dividing the integrated
frequencies of energy clusters for the different geometry configurations
over the integrated frequencies obtained for water without GNP. This
ensures that the obtained ratio is an average value considering all sizes
of energy clusters. The results obtained in the water cube volume and
the central tube are represented in Figs. 5 and 6 respectively versus the
clustering distance.

The energy depositions in both scoring volume; the water cube
(World volume) and the contained mitochondrial tube, were calculated
and the dose enhancement ratios were obtained by dividing the dose for
each geometry configuration by the configuration where only water
was used without GNPs.

Tables 1 and 2 show the dose and enhancement ratio in the water
cube and the mitochondrial tube respectively, for different geometry
configurations. These numbers are introduced in order to assess whe-
ther any difference can be observed between comparing the total en-
ergy deposition values and the nanometric scale energy deposition
clustering.
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Fig. 5. Enhancement ratios obtained from energy depositions clusters in the
water cube (World volume) versus clustering maximum distance for the 3
geometry configurations.

For small clustering maximum distances, e.g., 1 nm, the enhancement
ratios obtained from clusters in both scoring volumes are comparable to
the ratios obtained from dose calculations showing no advantage of the
clustering procedure. Enhancement ratios start to show noticeable
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Table 1
Dose deposition and enhancement ratios in the water cube (World volume).

Geometry Energy Energy deposition  Enhancement ratio
configuration deposition [eV/ uncertainty
evt]
No GNP 1.14 0.07% -
GNP Uniform 1.34 0.10% 1.17
GNP clusters pos 1 1.59 0.03% 1.39
GNP clusters pos 2 1.51 0.11% 1.32

Table 2
Dose deposition and enhancement ratios in the central mitochondrial tube.

Geometry Energy Energy deposition  Enhancement ratio
configuration deposition [eV/ uncertainty
evt]
No GNP 0.0015 0.58% -
GNP Uniform 0.0017 2.56% 1.13
GNP clusters pos 1~ 0.0019 0.72% 1.26
GNP clusters pos 2 0.0018 1.85% 1.2

differences for larger clustering distances reaching a peak of 1.7 for
clustered GNP distribution at 100 nm as seen in Fig. 5. The decrease
seen in Fig. 5 is attributed to the merging of clusters for such high
distance thus decreasing the absolute total number of clusters. In other
words, taking the extreme case of an infinite clustering maximum dis-
tance leads to an average of one single cluster per event in any irra-
diation simulation and therefore to an enhancement ratio also equal of
1. Therefore, all ratios will decrease back to unity with the increasing
clustering maximum distance.

The enhancement ratios shown in Fig. 6 for the mitochondrial tube
clusters show the same increase as in Fig. 5 up to 100 nm, followed by a
slight decrease for higher distances.

4. Conclusion

In this work Monte-Carlo simulations were carried out using Geant4
with the Livermore and the Geant4-DNA processes to assess the effects
of gold nanoparticles as radiation enhancers in a water like medium. In
order to show the effect of spatial distribution of GNPs on enhancement
ratios, 4 different configurations were simulated including one where

Physica Medica 67 (2019) 148-154

no GNPs were considered. The DBSCAN clustering algorithm was used
to analyze energy deposition patterns using different clustering dis-
tances.

The results showed a clear enhancement effect on the dose and the
number of clusters when GNP were included in the calculations.
However, a higher ratio was noticed for the number of clusters espe-
cially for the clustered GNP configurations reaching a factor of 1.7 for a
maximum clustering distance of 100 nm.

The enhancement ratios were noticeably different for the different
GNP distributions showing that clusters of vesicles containing GNPs are
more efficient than uniformly distributed GNPs. Therefore it is possible
to achieve high enhancement ratios if the configuration observed by
Peckys and de Jonge [14] is applicable to all types of cells. Our results
show the importance of information about nanoparticles uptake in the
cell and their exact distribution within the cell volume especially when
considering sensitive structures such as the nucleus and mitochondrial
DNA or the mitochondrial volume itself. However, in order to draw a
firm conclusion on nanoparticles uptake and distributions more ex-
perimental data is needed taking into consideration different cell types,
different nanoparticles dimensions and different GNP coating.

Increasing the clustering maximum distances revealed higher en-
hancement ratios, this is an important indicator that taking into account
electron thermalization and free radicals diffusion would have an im-
pact on the results. In this study electrons were stopped at 9 eV and it is
possible for such electrons to spread their energy over a track of few
tens of nanometers which is being ignored in our simulations.
Moreover, free radicals can also diffuse by few nanometers and these
distances can affect enhancement ratios and biological effects for ex-
ample when looking at DNA damage.However, it is not possible to es-
timate a prediction of these effects without a detailed simulation, since
the geometrical configuration can play a complicated role. For example
clusters of GNPs would generate local high densities of free radicals that
might have a high recombination yields among each other and the
outcome can only be estimated with adequate processes.
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