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Introduction

Modelling direct DNA damage for gold
nanoparticle enhanced proton therapyf

Marios Sotiropoulos, & *@ Nicholas T. Henthorn, 2 John W. Warmenhoven, @
Ranald |. Mackay, & ° Karen J. Kirkby 2 and Michael J. Merchant & ¢

Gold nanoparticles have been proven as potential radiosensitizer when combined with protons. Initially
the radiosensitization effect was attributed to the physical interactions of radiation with the gold and the
production of secondary electrons that induce DNA damage. However, emerging data challenge this
hypothesis, supporting the existence of alternative or supplementary radiosensitization mechanisms. In
this work we incorporate a realistic cell model with detailed DNA geometry and a realistic gold nano-
particle biodistribution based on experimental data. The DNA single and double strand breaks, and
damage complexity are counted under various scenarios of different gold nanoparticle size, biodistribu-
tion and concentration, and proton energy. The locality of the effect, i.e. the existence of higher damage
at a location close to the gold distribution, is also addressed by investigating the DNA damage at a chro-
mosomal territory. In all the cases we do not observe any significant increase in the single/double strand
break yield or damage complexity in the presence of gold nanoparticles under proton irradiation; nor
there is a locality to the effect. Our results show for the first time that the physical interactions of protons
with the gold nanoparticles should not be considered directly responsible for the observed radiosensitiza-
tion effect. The model used only accounts for DNA damage from direct interactions, whilst considering
the indirect effect, and it is possible the radiosensitization effect to be due to other physical effects,
although we consider that possibility unlikely. Our conclusion suggests that other mechanisms might
have greater contribution to the radiosensitization effect and further investigation should be conducted.

High atomic number materials have been proven to be able
to enhance the local dose of radiation, providing radiosensitiza-

Radiation is commonly implemented as treatment in cancer
therapy, in order to control or kill the malignant cells. The
effectiveness of the treatment is directly linked to the dose of
radiation absorbed by the tumour. In general, the greater the
radiation dose in the tumour the higher the tumour control
probability. However, for a specific treatment setup, the radi-
ation beam has to pass through normal tissues, depositing
unwanted dose. This dose may limit the dose delivered to the
tumour, since the normal tissues have a limited tolerance to
radiation. Therefore, methods that increase the local dose to
the tumour, improving the therapeutic ratio of radiation
therapy have recently attracted significant interest.
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tion capabilities. However, only recently have advances in the
manufacturing of nanoparticles lead to the consideration of
metallic nanoparticles as a radiosensitizing agent in radiation
therapy. In particular, gold nanoparticles (GNP) constitute a very
promising radiosensitization agent as they provide high atomic
number (Z = 79), one of the highest biocompatibility and low
toxicity, ease of fabrication into a range of sizes and shapes, and
high surface area. GNPs have demonstrated in vivo and in vitro
radiosensitization potential both for photon and ion beams.'™

The cell nucleus, and more specifically the nuclear DNA,
has been established as the main target for radiation damage.
Therefore, to understand the GNP radiosensitization the cell
survival has been investigated in relation to the dose deposited
to the nucleus and the subsequent DNA damage. Dosimetric
studies around a GNP revealed highly inhomogeneous dose
distributions,®*® rendering the macroscopic dose an unsuita-
ble predictor of the cell survival. Instead, the local effect
model (LEM) was incorporated to account for the high dose
gradient.”™

In the case of photon irradiation, McMahon® demonstrated
a good agreement between the LEM and the data from Jain

Nanoscale, 2017, 9, 18413-18422 | 18413


www.rsc.li/nanoscale
http://orcid.org/0000-0002-3267-8735
http://orcid.org/0000-0002-9670-7638
http://orcid.org/0000-0002-3638-7759
http://orcid.org/0000-0002-7329-6127
http://orcid.org/0000-0002-0901-210X
http://orcid.org/0000-0001-8422-5255
http://crossmark.crossref.org/dialog/?doi=10.1039/c7nr07310k&domain=pdf&date_stamp=2017-11-27
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7nr07310k
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR009046

Open Access Article. Published on 17 November 2017. Downloaded on 4/7/2026 11:18:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

et al."* for the MDA-MB-231 cell line when exposed to 160 kVp
X-rays and 1.9 nm GNPs. Lechtman et al.'® also found a good
agreement between cell survival and their LEM modification
for PC-3 human prostate cancer cells treated with 300 kvp
X-rays and 30 nm GNPs. Although the LEM linked the dose
distributions produced by the GNPs to the cell survival, it
renders difficulties in understanding the underlying radiosen-
sitization mechanisms. To further elucidate the physical
mechanisms and study the molecular radiosensitization effect
in the nucleus, Xie et al.'® implemented the biophysical Monte
Carlo code PARTRACK. They showed that for X-rays ranging
from 60 to 200 kVp a significant DNA double strand break
enhancement is produced only when the GNPs are located on
the nucleus surface.

Chithrani et al.” reported an increase in the y-H2AX and
53BP1 foci number of 1.84 (1.45), at 4 h, and 1.28 (1.34) at
24 h post-irradiation, when HeLa cells were treated with 220
kvp X-rays and 50 nm GNP. At the same conditions the
enhancement ratio (ER), which is the ratio of the survival
fraction with and without GNPs at a specific dose and can be
calculated from the cell survival curves, was 2.24 at 4 Gy. For
A375 melanoma cells treated with 6 MV X-rays and gold nano-
rods (~15 nm x 44 nm), a y-H2AX foci number increase of
2.10 was observed at 2 Gy, while the ER can be calculated
from the data reported by Xu et al.'* to be 1.14. In contrast,
Jain et al.? found no significant 53BP1 foci number increase
either 1 h or 24 h post irradiation for MDA-MB-231 breast
cancer cells exposed to 160 kVp X-rays and 1.9 nm GNPs. For
the same conditions the ER was calculated to be 1.22 at
1.5 Gy. In an attempt to understand the variations between
theoretical calculations and experimental measurements,
McQuaid et al.'® implemented two separate models. The first
model accurately predicted the short term DNA damage,
while the second model was in good agreement with the long
term cell survival. The need for two models suggests that
different mechanisms may operate at different timescale. The
fact that the DNA damage was not sufficient to account for
the cell survival allowed the speculation of other
mechanisms.

Polf et al.* first demonstrated experimentally the radiosensi-
tization effect under proton irradiation. Specifically they
showed an ER of 1.12 at 2 Gy when DU145 prostate cancer
cells loaded with 44 nm GNPs were exposed in a 160 MeV
proton spread out Bragg peak. Liu et al.® found an ER of 1.06
at 2 Gy for EMT-6 murine breast cancer cells treated with
3 MeV protons and 6.1 nm GNPs. Li et al.'® studied the effect of
1.3 and 4 MeV protons with 5 or 10 nm GNPs to A431 epider-
moid carcinoma cells. They found an ER of 1.22-1.43 at 2 Gy
for the 1.3 MeV beam depending on the GNP size, but no sig-
nificant enhancement for the 4 MeV beam. Similarly, Jeynes
et al.'” did not see any radiosensitization effect when RT-112
bladder cancer cells were irradiated with 3 MeV protons,
although their result may be an outcome of the relatively low
GNP concentration used. In spite of the experimental vali-
dation of GNP enhanced proton therapy, computational
models have suggested a much lower radiosensitization effect.
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For instance, Lin et al.'" predicted a significant enhancement
in the case of proton irradiations only when the GNPs were
inserted in the cell nucleus.

The DNA damage induction in the case of GNP enhanced
proton therapy has not been systematically investigated, creat-
ing a gap between the observed effect and the related mecha-
nisms. In this work we apply Monte Carlo simulations in order
to calculate for the first time direct single and double strand
break (SSB and DSB) induction and investigate the effect on
the damage complexity in the presence of GNPs. A cell model
complete with chromosomal territories and detailed nuclear
structure are adopted. A realistic GNP distribution is used,
arranging the GNP in clusters of vesicles that contain the GNP.
The results provide further evidence that the radiosensitization
effect in gold nanoparticle enhanced proton therapy should
not be attributed, at least exclusively, to the physical inter-
action mechanisms but alternative or supplementary mecha-
nisms should be considered.

Methods

Monte Carlo simulations

Simulations were performed using the Geant4 toolkit,"®"°

version 10.2. Only the physical stage (direct damage) of the
radiation-DNA interactions was simulated. The geometry was
based on the Geant4 WholeNuclearDNA example*® and con-
sisted of an ellipsoid nucleus, with half axes 11.83 pm x
8.52 pm x 3 pum, containing the DNA structures. More specifi-
cally, a total of 6 x 10° base pairs are divided into five different
organization levels; DNA double helix (containing the amino
bases and the backbone region) representing a B-DNA arrange-
ment, nucleosomes, chromatin fibres, chromatin fibre loops,
and chromosomal territories. The nucleus was positioned in a
32 pm x 26 pm x 16 pm water box representing the cytoplasm
and the extracellular environment. The cytoplasm was defined
as the ellipsoidal area surrounding the nucleus with half axes
13.00 pm % 10.00 pm x 5.00 pm. The geometry is illustrated in
Fig. 1. GNPs were distributed inside the cytoplasm as
described in the next section.

A second geometry consisting of a chromosomal territory of
the first geometry was also used to study the effects on a loca-
lized area. The chromosomal territory is a cube with an edge
of 3.114 pm. In front of the chromosomal territory a box with
dimensions 3.114 pm x 3.114 pm and variable length and
filled with GNPs (length: 1 pm) or solid gold (length: 0.5 pm)
is placed. The chromosomal territory was also filled with GNPs
(while the box remained empty) in order to study the effect of
the nuclear internalization of the nanoparticles.

A combination of two physics lists was used as follows: for
the gold material the “Livermore” models and for the water
material constituting the cell and DNA material the Geant4-
DNA physics models were implemented. No nuclear inter-
actions were included in the simulations. The “Livermore”
physics list was considered more suitable since we expect the
GNPs to be situated close enough to the DNA structures.>

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The simulation geometry: (A) cell model comprising an elliptical
cell with cytoplasm (green) and nuclear area (blue), (B) chromosomal
territory (blue) with a box filled with gold nanoparticles (green). The
source plane is represented with dashed lines.

In this study the free radical production was not taken into
account, scoring DNA damage only from the direct effect. This
decision was based on the premise that the free radicals gener-
ated are proportional to the secondary electrons produced.
Indeed, in the study by Xie et al.'® the inclusion of the free
radical production did not change the trends of radiation
enhancement but affected only the absolute numbers of single
and double strand breaks. We are unable to accurately model
the indirect effect at this time, and acknowledge that this
limitation prevents prediction of absolute values of radiation
enhancement using this simulation.

GNP size and distribution

In a realistic scenario the GNPs are not uniformly distributed
inside the cell, but clusters of vesicles containing the GNPs are
formed.?**® In this work, in addition to a uniform distri-
bution, we implemented the GNP distribution measured by
Peckys and de Jonge.”® More specifically, the vesicle size was
sampled from the vesicle size distribution histogram.>® The
number of nanoparticles in a vesicle was calculated from the
density of GNPs on the vesicle surface (267 GNP per pm?), mul-
tiplied by the occupancy factor (67%). This results to a depen-
dence of the GNP number in a vesicle only from the vesicle
radius. Then the GNPs were positioned randomly on the inner
surface of the vesicle. Finally, the vesicle was positioned ran-
domly into the cytoplasm.

The majority of the formulations available do not allow
accumulation of the GNPs into the nucleus. Therefore, we
assumed that the gold nanoparticles did not enter the
nucleus,"'” and all the nanoparticles were located in the cyto-

This journal is © The Royal Society of Chemistry 2017
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Table 1 Number of GNP distributed into the cytoplasm for each size, at
the reference concentration 0.7% wt/wt gold

Radius (nm) Number of GNPs in cytoplasm

6 587200
15 38000
30 4700

plasm. The concentration of 0.7% wt/wt gold was used as refer-
ence, similar to the concentration achieved in a tumour in a
mouse model;" the effect of higher GNP number was also
studied (5%, 10x, 20, and 100x the reference GNPs at the 0.7%
gold wt/wt reference concentration, ie. about 3.4%, 6.6%,
12%, and 42% gold wt/wt) since large variations in the
number of GNP uptake has been observed.*® The GNP sizes of
6, 15, 30 nm were studied, with the number of GNPs used for
each size given in Table 1. As some nuclear accumulation has
been demonstrated,””*® the chromosomal territory was filled
with 1x; 10x, and 20x the GNP number at the reference con-
centration in an attempt to address the effect of the nuclear
accumulation.

Cell irradiation

In order to represent linear energy transfer (LET) values found
in clinical proton spread-out Bragg Peak (SOBP), proton ener-
gies of 1, 10, and 50 MeV (LET = 26.90, 4.80, 1.30 keV pm™"
respectively) were simulated. In the first geometry the protons
entered the simulation from an ellipsoidal surface with half-
axes 15 pm and 12 pm, 7 pm away from the cell centre. In the
second geometry, the source is placed on the cube’s surface.
All irradiations were equivalent to a dose of 2 Gy to the cell or
chromosomal territory.

Scoring process

Due to the complexity of the mechanisms leading to strand
breaks and the approximations made on the DNA geometrical
representation any ab initio calculation of the strand breaks is
not possible. Instead assumptions have to be made to convert
energy deposition to strand breaks. In this work it was
assumed that any energy deposition inside the DNA material
can be converted to a strand break with linear probability.
Energy deposition of less than 5 eV was not enough to create a
strand break, while 25.0 eV or more would always create a
break. As discussed by Pater et al.> there is large dependence
of the SSB and DSB yield on the selection of these values. Our
values were selected in such a way to provide better agreement
with reference values of SSB and DSB yields (see discussion in
section 2 of ESI{). On the other hand the choice of the DNA
model does not seem to have major influence on the strand
break yields.>®* Two or more SSB at a distance of less than
3.3 nm (equivalent to 10 base pairs) and on opposite strands
were considered as a DSB. For identifying the DSBs the
density-based spatial clustering of applications with noise
(DBSCAN) algorithm was incorporated.’' The number of SSBs
composing a DSB was defined as the complexity of the
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damage. In this study we classified DSBs as simple where two
SSBs were involved, and complex, where more than two SSBs
were involved. The total SSB, DSB numbers and damage com-
plexity for each simulation were scored; and each simulation
scenario was repeated 1000 times, to get mean values and the
standard error of the mean. The DSB enhancement ratio
(ERpsg), defined as the DSB induction at a scenario to the
control scenario, was also presented.

Results

The SSB, DSB and damage complexity in the case of a cell
model with detailed DNA structure were calculated. The study
also focused in a smaller region comprising a GNP filled box
next to a chromosomal territory to study the effect at a more
localized scale.

Cell model

The cell model with the detailed nuclear DNA material was
used to study the dependence on the SSB and DSB induction,
and damage complexity of the GNP size, distribution, and con-
centration, and proton energy.

Dependence on GNP size and distribution

The SSB and DSB absolute yields for 6, 15, and 30 nm GNP
size for the uniform and “Peckys” distribution when irradiated
with 10 and 50 MeV protons are presented in Fig. 2. Only a
small increase in the DSB production is observed for all sizes
and distributions, with a direct DSB yield of around 33 and 27
for the 10 and 50 MeV protons respectively. The percentages of
the simple and complex DSBs contributing to the DSB yield
are shown in Fig. 3. Neither the GNP size nor the distribution
has a significant effect on the DSB complexity for both the 10
and 50 MeV irradiation.

Dependence on GNP concentration

Fig. 4 shows the SSB and DSB yields produced by GNPs of 15
and 30 nm radii, when irradiated with 10 or 50 MeV protons.
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Fig. 3 Percentage of the contribution of the simple (DSBg) and
complex (DSB,) double strand breaks for the irradiation conditions
described in Fig. 2.

The reference concentration of 0.7% wt/wt or 5, 10, 20, and
100 times the GNPs at the reference concentration were used.
The concentration of the GNP does not seem to have any effect
on the SSB and DSB yield independently of the GNP size, or
proton energy, although a small increase of the SSBs might be
present at the highest concentration.

Dependence on proton energy

Fig. 5 presents the SSB and DSB yields for a 15 nm GNP when
irradiated with 1, 10, and 50 MeV protons. In all cases the
ERpsp is close to unity, suggesting no observed increase in the
DNA damage (Fig. 6). The 1 MeV protons create a higher
number of DSBs and higher complexity, although the presence
of the GNPs does not have any influence (Fig. 7).

Chromosomal territory

To further investigate the locality of the effect, the DNA
damage to a chromosomal territory was investigated. In the
previous results we showed that there is not any increase in
the average damage enhancement in the presence of GNPs to a
cell nucleus by proton irradiation. However, we suspect that
there might be a locality to the effect, since the produced sec-
ondary electrons have a limited range.
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Fig. 2 Direct (A) SSB and (B) DSB yield for 2 Gy irradiation of the cell model with 10 and 50 MeV protons. GNP with radius of 6, 15, 30 nm were
used, distributed either uniformly (Uni) or with the “Peckys” distribution (Peckys). Error bars represent the standard error of the mean between 1000

repeats. The plotted line is a guide for the eye.
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Fig. 6 DSB enhancement ratio (ERpsg) in the case of 0.7% wt/wt 15 nm
GNP irradiated with 2 Gy of 1, 10, and 50 MeV protons. The linear energy
transfer (LET) values of the initial proton energy are also presented. Error
bars represent the standard error of the mean between 1000 repeats.
The plotted line is a guide for the eye.

GNP or solid gold filled box close to the chromosomal territory

Fig. 8 and 9 present the SSB and DSB yields produced in the
case of the GNP or solid gold filled box impinging the chromo-
somal territory respectively. When the box is filled with GNPs
the SSB and DSB yields have only small variations, indepen-
dently of the concentration or size. In the case of the solid
gold filled box, an increase in the SSBs is observed for both
energies, suggesting that more secondary electrons are pro-

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Percentage of the contribution of the simple (DSBs) and complex
(DSB,) for the reference concentration (0.7% wt/wt gold) of 15 nm GNP,
when irradiated with 2 Gy of 1, 10, and 50 MeV protons.

duced in the presence of the gold, mainly due to the very high
interaction probability. On the other hand, the DSB are similar
to the control case, suggesting that there is not any clustering
of the additional electrons generated.

Gold nanoparticles inside the chromosomal territory

Although there is limited availability of formulations that
allow the GNPs to enter the nucleus and localize close to the
DNA, it is interesting to study this case. Here we should note

Nanoscale, 2017, 9, 18413-18422 | 18417
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that the GNPs in our model may enter the nucleus but cannot
attach to the DNA, so that the closest proximity to the DNA is
about 100 nm.

Fig. 10 presents the results for 15 nm GNP at the reference,
10%, and 20x times the GNPs at the reference concentration
(0.7% wt/wt), under 10 and 50 MeV proton irradiation. In
addition, for the same cases the DNA damage complexity is
shown in Fig. 11A. The results show that, under proton
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irradiation, even when the GNPs are inside the nucleus they do
not increase the DNA damage. Although we believe that our
model underestimates the strand break yields in the case
photons, it is interesting to include a photon irradiation test
case. Fig. 10 presents the DSB yield by mono-energetic photon
beam of 25 keV, where about a 2, and 25 fold increase in the
DSB damage is observed for the 1x and 20x times the reference
GNPs, in line with previous findings."* Notably, for the photon
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Fig. 10 Direct (A) SSB and (B) DSB yields when 15 nm GNPs are internalized in the chromosomal territory and irradiated with 2 Gy of 10 and
50 MeV protons, or 25 keV photons. GNP numbers are depicted as multiples of the GNPs at the reference concentration (0.7% wt/wt gold). Error
bars represent the standard error of the mean between 1000 repeats. The plotted line is a guide for the eye.
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test case, as shown in Fig. 11B higher concentration increases
also the damage complexity.

Discussion

We have shown for the first time that the DNA damage
enhancement from the physical interactions should not
account for the radiosensitization observed under proton
irradiations, at least at clinically relevant concentrations. Our
results indicate that the DNA DSB number and DSB complexity
do not change when GNPs are present in the cytoplasm or
chromosomal territory, even when high concentration of GNPs
are used. On the other hand considering a control case, when
the GNPs are inside the chromosomal territory and irradiated
with photons a substantial increase in the DSB formation and
complexity is observed.

According to our results, the radiosensitization effect under
proton irradiation does not depend on the size or distribution
of the GNPs. McQuaid et al.,” for photon irradiation, found a
better estimation of the dose enhancement with the local
effect model (LEM) when larger GNP were used in the model
instead of the nominal value. They attributed this discrepancy
to “the aggregation of the gold particles in to clusters and the
formation of biological vesicles”. In this study we
implemented a realistic distribution allowing GNP to form
vesicles (“Peckys” distribution) and we did not find any differ-
ence in the DSB induction between the uniform distribution
and the formation into vesicles, independently of the GNP size
or proton energy. The introduction of a higher amount of gold,
even at unrealistic concentrations, did not increase the DNA
damage. Interestingly, we found no dependence on the DNA
damage enhancement to the proton energy or LET values
studied. We suspect that the number and range of the elec-
trons produced are not enough to create a measurable effect.

Since we expect the number and range of the produced sec-
ondary electrons to be limited, we hypothesize that the effect
may be localized in regions close to the GNP distribution.
Therefore, the effect may average over the whole nucleus
making the identification of the DNA damage enhancement
more difficult. To study the locality of the effect the damage to

This journal is © The Royal Society of Chemistry 2017

a chromosomal territory by a GNP or solid gold filled box was
investigated. In the case of the GNP filled box impinging the
chromosomal territory, no substantial increase in SSB or DSB
was observed. We attribute the effect mainly to the low geo-
metrical interaction probability. It is worth noting that
although for the high concentration of 100 times the reference
GNPs we have 42% gold wt/wt, only 3.7% of the cytoplasm
volume is actually gold. When the box is filled with gold, we
observe an increase in the SSB for both irradiation energies,
but the DSB yield does not increase. This indicates that not
only the increase of ionizations is important but the spatial
distribution as well. Indeed, the SSBs are directly linked to the
ionization number but the DSBs are related to the spatial dis-
tribution of the ionizations through the clustering of the SSBs.

Relative to the previous claim is the suitability of dose
enhancement as an index of the damage enhancement. In pre-
vious works, the macroscopic quantity of dose deposition has
been utilized to compare the damage enhancement at the
micro-scale, in the presence of the GNPs. We suggest that dose
enhancement might have limited applicability when we focus
our interest to cell fate; similar to the need for accounting for
the relative biological effectiveness in ion therapy.

Unlike photon irradiations, in a proton irradiation a small
number of protons are needed to deliver a clinically relevant
dose. As a result, the geometrical interaction probability of a
proton with a GNP might be extremely low. In addition, not
every particle that crosses the GNP will interact with it. This
makes the production of secondary electrons a very rare
process. To further support our findings we calculated (see
section 1 at the ESIt) the (i) geometrical, and (ii) physical inter-
action probability in the case of the GNP filled box impinging
the chromosomal territory. We estimate that 0.5 and 1.7
protons will cross a GNP on average, while 9 and 1.4 more elec-
trons with range higher than 100 nm will be generated for the
10 and 50 MeV proton irradiation respectively, at the dose of
2 Gy. As a result we believe that in the case of proton
irradiation the physical contribution to the DNA damage is
expected to be very low. Indeed, Martinez-Rovira and Prezado®?
with Monte Carlo simulations, and Cho et al.>* with experi-
mental and Monte Carlo calculations studied the physical
dose distribution produced by GNPs irradiated with protons
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and showed that there is no, or very little, physical contri-
bution to the radiosensitization effect, a conclusion that we
also see when considering the strand break yields. The
absence of DNA damage from the physical interactions of the
protons with the GNPs points out to the presence of chemical
or biological factors.

In our simulations we took into account only damage
resulting from direct interactions of radiation with DNA only,
i.e. the free radical production was not simulated. We expect
our observations to be similar when the free radical pro-
duction is taken into account. It has been demonstrated*
under ion irradiation that the inclusion of free radicals mainly
affects the absolute numbers of single and double SBs, with
minimal effect in the damage complexity. Similar observation
can be made on Xie et al.,"* where the inclusion of free rad-
icals resulted to similar trends in the observed single and
double SBs. Regardless, since in the case of proton irradiation
the probability of an electron generated by the physical inter-
actions with the gold to reach the nucleus is very low, much
lower than the case of photon irradiation, we believe that the
inclusion of the free radicals might not have a strong effect.
Free radicals, on the other hand, might play an important role
in the radiosensitization properties of the GNPs which do not
relate with DNA damage. Nonetheless, the inclusion of the
indirect damage could shed some additional light into the
chemical pathway of the radiosensitization, especially when
combined with a model of free radical-GNP coating reaction.
Sicard-Roselli et al.’® showed that the free radicals react with
the GNP coating and produce even more free radicals, with the
possibility of contributing to the oxidative stress.

As has been mentioned in the scoring process section and
discussed in more detail in section 2 of the ESI} (dependence
of the clustering algorithm to the energy threshold values),
there is a high sensitivity of the predicted SSB and DSB to the
threshold values selected, the conversion scheme, and in par-
ticular DNA geometry. This dependence on the parameters
and assumptions made in each model has resulted in different
threshold values being used between different models. The
parameters are optimized in a way that consistency is achieved
when compared with well-established experimental values.
Our model was mainly developed for proton irradiation, there-
fore was optimized to achieve consistent yields under protons.
Under photon irradiation of the GNP filled chromosomal terri-
tory a substantial underestimation of the SSB and DSB yields
is observed, implying a track structure dependence of the
model. While under photon irradiation our model requires
further optimization to ensure agreement with experimental
yields, those results provide an indirect validation that our
model is sensitive enough to account for the increased DNA
damage observed in the presence of GNPs. We expect that a
conversion scheme based on the accumulation of energy depo-
sition, rather than the conversion of the energy deposition
events at the sugar-phosphate group will produce a more con-
sistent model at a wider radiation quality range.

Since the GNP radiosensitization effect under proton
irradiation has been experimentally established in vivo and
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in vitro,%>"® it is interesting to speculate possible mechanisms
that might be responsible for the effect. Our work and pre-
vious studies®*** make clear that the radiosensitization under
proton irradiations, unlike photon irradiations where physical
interactions can also contribute to the effect, is highly unlikely
to originate from direct or indirect damage to the DNA. As a
result, the alternative or supplementary mechanisms that have
been proposed for photon irradiations, such as increased oxi-
dative stress, mitochondria function disruption,*®*” and lyso-
somal rupture,®® might be more important in the case of
proton irradiations, and ultimately the key to understanding
radiosensitization with heavy metal nanoparticles bombarded
with ions.

Conclusion

A cell model with detailed DNA structure and realistic GNP dis-
tribution was implemented to study the DNA damage under
proton irradiation. We showed that independently of the
proton energy, and GNP size, concentration and distribution
the DNA damage from the physical interactions is very low to
account for the radiosensitization effect. This is an important
addition to a growing body of evidence supporting that cyto-
plasm mediated radiosensitization may exist. We expect our
findings to support the identification of new mechanisms of
radiosensitization, away from the well-established pathway of
radiation induced direct DNA damage.
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