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Abstract

Purpose: The scientific community shows great interest in the study of DNA damage
induction, DNA damage repair, and the biological effects on cells and cellular systems
after exposure to ionizing radiation. Several in silico methods have been proposed so
far to study these mechanisms using Monte Carlo simulations. This study outlines
a Geant4-DNA example application, named “molecularDNA’, publicly released in the
11.1 version of Geant4 (December 2022).

Methods: It was developed for novice Geant4 users and requires only a basic under-
standing of scripting languages to get started. The example includes two different
DNA-scale geometries of biological targets, namely “cylinders” and “human cell”. This
public version is based on a previous prototype and includes new features, such as: the
adoption of a new approach for the modeling of the chemical stage, the use of the stan-
dard DNA damage format to describe radiation-induced DNA damage, and upgraded
computational tools to estimate DNA damage response.

Results: Simulation data in terms of single-strand break and double-strand break yields
were produced using each of the available geometries. The results were compared with
the literature, to validate the example, producing less than 5% difference in all cases.
Conclusion: “molecularDNA” is a prototype tool that can be applied in a wide variety
of radiobiology studies, providing the scientific community with an open-access base
for DNA damage quantification calculations. New DNA and cell geometries for the

“molecularDNA” example will be included in future versions of Geant4-DNA.
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1 | INTRODUCTION

It is extensively recognized in the scientific community that the
quantification of DNA damage induction and complexity in the cell,
produced by charged particles, including heavy ions, is paramount.~8
lonizing radiation influences several aspects of everyday life due to
natural radiation background (cosmic and terrestrial sources), medical
intervention (imaging and therapy), and space exploration (astronauts’
missions and space tourism).? Thus, it is important to achieve a better
understanding of the fundamental mechanisms that are initiated by the
interaction of radiation with living organisms.

At the subcellular scale, Monte Carlo simulations have proven to
be useful for the quantification and assessment of radiation-induced
damage, particularly to the DNA molecule. Several tools are cur-
rently available, such as PARTRAC,® KURBUC,!! and RITRACKS!2,
Geant4-DNA, 3716 gMicroMC,17-18 TOPAS-nBIO, 1720 MPEXS-DNA,%!
and IDDRRA,?2 that either are based on Geant4-DNA or include some
of its features. Kyriakou et al. carried out a review of such tools.!
They can simulate the physical interaction pathways of ionizing par-
ticles with biological media, also known as the physical stage, as well
as the physico-chemical and chemical stages, where free radicals are
produced by the deposition of energy in matter and interact with
macromolecules, such as DNA. Monte Carlo simulations and the com-
parison of their results with experimental (or real-life) data, allow an
insight into the impact of each stage during an irradiation procedure.
These in silico tools are continuously upgraded to include new param-
eters and refine their models, in particular based on newly available
empirical data.

The present study presents the “molecularDNA” example of
Geant4-DNA, which has been included in the extended examples

23-25 “molec-

category of Geant4 public release 11.1 (December 2022).
ularDNA”" is a user-friendly example for novice level Geant4 users that
can be used to simulate radiation-induced damage at the DNA scale.
It does not require more than a basic level of knowledge on scripting
languages. This example currently includes two different DNA-scale
designs of biological targets. The first design is a simple geometry
called “cylinders”, and, as the name suggests, it contains small DNA
fragments placed in cells, modeled for simplicity as cylinders; its main
purpose is to provide a simple setup for Geant4 regression testing of
the “molecularDNA” functionality. This implementation may also be
used for small-scale DNA geometries, such as plasmids. The second
design is a simplified human cell that may be used to investigate the
impact at nanoscale of radiation environments of interest (i.e. during
exposure to radionuclides, or in the context of the search of traces of
life in the solar system).

This public version of “molecularDNA”, based on a non-public pro-
totype by Lampe et al.,2¢27 has been significantly upgraded from its
previous development iterations.28-34 In particular, it includes the new
chemistry model (Synchronous Independent Reaction Time model, so-
called “IRT-sync”),3> the “G4EmDNAChemistry option3” Geant4-DNA
chemistry list based on Plante and Devroye,®¢ as well as an upgrade
of computational tools to estimate DNA damage response (DDR), such
as repair kinetics and survival probability of cells. In addition, in this

study, simulation results are benchmarked against results available in
the literature.

More extended information on the features of “molecularDNA” and
its use may be found in https://geant4-dna.github.io/molecular-docs or
inthe Geant4-DNA website (http://geant4-dna.org).

2 | MATERIALS AND METHODS

2.1 | Physical stage
The step-by-step modeling of physical interactions of primary and sec-
ondary ionizing particles with biological matter is named as the physical
stage of Geant4-DNA simulations. These physical interactions may
induce direct DNA damage, by directly depositing energy in DNA in
the form of excitations and ionizations of the water molecule, as well
as solvated electrons. In the present study, the damage is calculated
individually for each event, which includes the tracking of a primary
particle and of all its secondaries. The DNA geometry was defined
as being composed of DNA materials, for which the current public
version of “molecularDNA” does not include cross sections, meaning
that no physical interactions are simulated within the DNA volumes.
Cross sections for DNA materials will be included in future releases of
Geant4.

For simulating physical interactions, the Geant4-DNA option4

t13 was utilized, based on previous studies by the Geant4-

physics lis
DNA collaboration. Option4 is the recommended physics list for
studying physics interactions at the DNA level. Option4 physics mod-
els provide a more consistent treatment of the energy loss function
for liquid water, compared with option2, which was used in earlier
studies.>” Electrons and protons were simulated as primary par-
ticles, irradiating the “cylinders” and the “human cell” geometries,

respec.

2.2 | Pre-chemical and chemical stage
During the pre-chemical stage, the excited H,O* and ionized H,O%
water molecules, which were produced at the physical stage, are dis-
sociated into radical species based on dissociation channels used in the
study by Shin et al.32 within 1 ps after the irradiation. Once the pre-
chemical stage is completed, chemical species are diffused and react
with each other or with the DNA targets to produce indirect damage.38
The reaction rates and diffusion coefficients are incorporated in the
default chemistry list of “molecularDNA’, G4EmDNAChemistry_option3.
Currently, Geant4-DNA can simulate radiolysis in water that
may include other substances, such as scavengers. However, in this
approach, only the very early DNA damage is simulated, during which
nucleotides that may be found very close to the track structure can
be damaged by radical species. The simulated chemistry duration is
short (<5 ns). During this period, most of the reactions occur between
radiation-induced species, due to the high concentration of radiation

spurs.
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The chemical stage simulated in this work is based on the IRT-
sync model that was recently released in Geant4 11.0.3° This model
is an upgraded version of the prototype approach that combined the
Independent Reaction Time (IRT) model with a maximum time step
limitation, and its implementation in Geant4 is described in other
studies.?”-30:33.39.40 |RT-sync calculates a time step to the next chem-
ical reaction using the IRT®®> method. At the end of the reaction, both
the reactive products and the remaining molecules are considered to
be synchronized when they are diffused for the next time step. By
considering the diffusion of all species at the same time (synchroniza-
tion process), IRT-sync provides the spatiotemporal information of the
reactive species after each time step, which is used to calculate the
interactions with the DNA geometry. IRT-sync is more efficient com-
putationally, when compared with the step-by-step chemistry model,
described in detail by Karamitros et al.33*1 Because of its detailed anal-
ysis of chemistry interactions of all chemical species, the step-by-step
model is extremely demanding in terms of computing time compared
with the IRT and IRT-sync models.

The G4EmDNAChemistry option3 is a chemistry constructor
implemented explicitly for IRT chemistry models. This model
includes 15 molecular species, seven more when compared with
the G4EmDNAChemistry constructor used for step-by-step radiolysis
simulations. G4EmDNAChemistry_option3 includes 72 chemical reac-
tions, 63 more than what is available in G4EmDNAChemistry. These
differences have been described in detail elsewhere.*°

2.3 | Simulation configuration

To benchmark the “molecularDNA” example with respect to previous
studies of the Geant4-DNA collaboration, as well as to experimen-
tal data, this study kept the physical and chemical parameters as well
as the damage definitions as close as possible to their previously
established values. Histones were also considered for ensuring the
completeness of the DNA nucleus geometry, as previously described
by Sakata et al.28 Histones tend to act as scavenging material, which
means that they tend to absorb the reactive radicals. Therefore, it was
important to take into consideration their impact.

2.3.1 | Cylinders geometry

The “cylinders” geometry was inspired by Charlton et al.*2 and was
first implemented by Nikjoo et al.*® Such simple geometry was imple-
mented to explore how parameters that influence physical damage are
related. It contains cylinders filled with DNA at random positions and
directions. Using this design, users can calculate the number of radi-
cals that are produced due to the interaction of radiation with water
(i.e. radiolysis process). The “cylinders” geometry consists of a 3-um
radius water sphere filled with 200,000 individual 216 bp long straight
DNA segments, as seen in Figure 1. Each segment is placed inside a

cylindrical volume of 15-nm radius and 100-nm height.2®

FIGURE 1 Schematic representation of the “cylinders” geometry.
A large water sphere (blue sphere in the figure) contains 200,000
cylinders including 216 bp of DNA as shown (in magnification) in the
right-hand side corner. 4.5-keV electrons are randomly generated
inside a sphere of 500-nm radius, as done by Lampe et al.2® (red
sphere).

Diffusion time was investigated for the durations of 1 ns and 1 us.
The maximum time step was set to 0.5 ns. All produced radicals were
considered, without using any kind of particle production cut. Radical
kill distance (dﬁ’lf’“), which is the distance away from the DNA that the
radicals are not tracked anymore to mimic scavenging, was set in the
range of 0-9 nm. The range for direct interaction (Rg;), which is the
maximum distance away from the DNA that energy deposits count as
DNA damage, was set to 7 A. To produce direct damage, the minimum
(Ef’,:‘fi,”k) and maximum (Eﬁ{gﬁk) energy thresholds, which refer to the
accumulated energy in a specific area (e.g. a sugar or a sphere/cylinder)
of the DNA, were both set to 17.5 eV. Electrons of 4.5 keV kinetic
energy were utilized to irradiate the spherical world containing the
cylinders. They were randomly generated inside a sphere of 500-nm
radius, as done in the study by Lampe et al.2% (red sphere in Figure 1).
The Geant4-DNA option4 was used as physics list. These parameters
are consistent with those from previously published data and can be
found in Table 1.26

2.3.2 | Human cell geometry

The final set of simulations focused on using a geometrical model
of a human cell (“human cell”). This part of the study focused on
regression testing with a previous version of the example, described in
detail by Sakata et al.3% More specifically, the implemented geometry
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TABLE 1
the “cylinders” geometry
KURBUC PARTRAC
Rair (V) 1.7-3.25 2VDWR
break
EPreak (V) 17.5 5
Ebreak (ev/) 17.5 375
phreak 0.13 0.7
Tchem (ns) 1 10
dchem (nm) 4 12.5

kil

VDWR, van der Waals radius.

FIGURE 2 Simplistic 2D representation of the “human cell”
geometry. The black lines inside the ellipsoid water cell represent the
fractal path of DNA (Hilbert curve). Two segments of chromatin fibers,
including histones, are shown, a straight one as well as a turned one
(not in scale with the rest of the geometry in the figure). The red disk
represents the source of radiation.

consists of a continuous Hilbert curve fractal-based DNA chain com-
posed of straight and turned chromatin sections, including histones.2’
The continuous DNA chain structure is approximately 6.4 Gbp long
and is placed inside an ellipsoid of 7.1um x 2.5 um x 7.1 um semi-
axes that imitates the human cell nucleus (Figure 2). This setup results
in an effective nucleus density of ~0.015 bp/nm?3.** The Geant4-DNA
option4 physics list was selected for calculating electron and proton
energy transport, using a 40% probability cut for the DNA strand break
induction by OH-. The 40% probability cut to induce a strand break was
chosen based on the assumption made in earlier studies, which consid-
ered that ~13% of all reactions between DNA and OH- induce a double
strand break, which has been proposed in other studies.**4> A maxi-
mum diffusion time of 5 ns (equivalent to 9-nm diffusion distance) was
implemented. Histones were considered as perfect scavengers, which
translates to killing free radical species that enter the histone region.
The results of this simulation study were compared with both

28,30.31.33 in terms of cal-

experimental?®~>> and other simulation data,
culation of the number of strand breaks (SB) and of direct/indirect
damage. To generate a direct DNA damage lesion, the energy deposited

during a physical interaction should be closer than 3.5 A to a DNA base

Parameters used in this study during the simulations of the “human cell” geometry compared with previous studies, as well as with

Geant4-DNA_2020/this study Cylinders
3.5 7

5 17.5

375 17.5
0.405 1

5 1-1000

9 0-9

(Rgir)- This distance corresponds to the radius of nucleotide molecules
and takes into account the charge transfer effect in the hydration
shell.3% The generation of a direct DNA damage lesion is also energy
dependent, and a linear probability model was implemented over an
energy range (Ef:]'i‘;"k to ELreok) of 5-37.5 eV (0%-100% change), in line
with the work of Lampe et al.2” The parameters utilized in the “human
cell” simulation are summarized in Table 1.

VDWR stands for the atomic van der Waals radius (1.2, 1.7, 1.5, 1.4,
1.9 A for H, C, N, O, P, respectively). During PARTRAC simulations, to
adjust for a cross-section of molecules and consider the hydration shell,
VDWR was multiplied by 2.

2.4 | Damage classification

The simulation quantifies several types of DNA damage according to
the level of complexity and the interaction type (i.e. physical or chem-
ical). The damage classification scheme of Nikjoo et al.*® is adopted;
single strand breaks (SSB), double strand breaks (DSB), their dam-
age complexity (denoted as SSB,, DSB,, and DSB, . ), and the source
of damage (namely direct, indirect, mixed, and hybrid) are calculated.
This information may be used to investigate different processes/yields
of DNA damage induction, and enables the user to focus on specific
damage repair mechanisms of interest.

A DSB is defined as two SSBs on two opposite DNA strands within
a distance of 10 bp, with two additional complexity classifications,
namely DSB-plus (DSB,,.) and DSB-plus-plus (DSB,_, ). ADSB, requires
aDSB and at least one additional break within 10 bp, whereas aDSB, ,
requires at least two DSBs along the chromatin fiber segment. During
post-processing analysis, the DNA segment length may be optimized
to produce results comparable with other studies; in Geant4-DNA, we
consider a default length of 100 bp.

Regarding the complexity classification, which is based on the
source of the damage (direct or indirect), a DSB is classified as DSB
hybrid (DSBy,;) if a DSB contains both direct and indirect damage. If
both direct and indirect breaks are included in a complex DSB (DSB,,
or DSB, ), itis classified as DSB mixed (DSB;y ). All other simple DSBs
are classified as DSB direct (DSBg4) or DSB indirect (DSB;).

To be more accessible to the community, “molecularDNA” can now

produce DNA damage simulation results in the recently proposed
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Standard DNA Damage data format (SDD; see Schuemann et al.®).
In this sharable datafile format, “molecularDNA” accumulates infor-
mation regarding the radiation source, the target object, and the
simulation environment, based on the guidelines set by Schuemann
et al.>® Additionally, the SDD file includes information about the dam-
age type (single or double strand break), its spatial position, and its
complexity, as produced after processing every single simulation event.
A recent update to the SDD file has been included in the “DSB type”
field to store information important for repair and survival estimation
models. This update extends the scale of damage type, which in the
original version is either O or 1, meaning whether a DSB exists or not.
“molecularDNA” further extends this scale up to 5, where 1 stands for
DSB-direct damage, 2 stands for DSB-indirect damage, 3 stands for
DSB-hybrid damage (i.e. including both direct and indirect breaks), 4
stands for DSB ., and 5 stands for DSB, . . Users may use either the out-
put from the simulation in ROOT file format,’” or the SDD file format,

or even both of them, to save their results.

2.5 | Repair model

The Geant4 11.1 (December 2022) version of the “molecularDNA”
example includes a DNA damage repair model for irradiated cells,
based on the mathematical framework that was proposed by Belov
et al.’® and was further investigated with Geant4-DNA by Sakata
et al.%% This model calculates the accumulated repair protein yield
through the consideration of four principal DSB repair pathways.
More analytical discussion on repair pathways can be found in the

literature.>? These pathways are:

The non-homologous end-joining (NHEJ).
The homologous recombination (HR).
The single-strand annealing (SSA).

a0 T o

The alternative end-joining mechanism (Alt-NHEJ).

This model takes into account both the number of repairable
(Nnepsg) and non-repairable (N.psg) DSBs per unit of dose and per cell
(DSB/Gy/cell). The rate of the population change of the repair proteins
can be mathematically expressed by Equation (1):

o _ )40

= (L) ENCDSB = VNHES — VHR — Vssa — Vinicrossa (1)
No is the total number of DSB (N,.psg + Ncpsg), which is pro-
portional to the population of repair proteins. The parameters
VNHES VHRs Vssa, and Vipicrossa characterize the way that each repair
model affects the remaining repair proteins. D is the dose (Gy). a(L)
describes the DSB induction per unit of dose in each cell (Gy~? cell~1)
and depends on the linear energy transfer (LET).

The repair model described in Equation (1) utilizes the mass-action
kinetics approach to simulate the DNA damage response (DDR) by
repair proteins. This equation describes the balance between the
increasing damage term (a(L)), compared with the decreasing follow-
ing terms (VNpes, Vir, Vssa, and Vigicrossa). This model is based on two

major assumptions:

1. The sample isirradiated at a clinical dose rate (Gy/s).

2. At t =0, which corresponds to the moment right after the irradi-
ation, the dose has been already deposited to the target, meaning
dD/dt = D with no new DNA damage induced after this initial time
point.

It is important to state that most of the rate constants are evalu-
ated by fitting to the experimental data on the kinetics of different
stages of DSB repair.”® By solving these differential equations, the
model may estimate the yield of the target repair proteins as the sys-
tem evolves in time (this study focused on the yield of y-H2AX foci).
y-H2AX is involved in the steps leading to chromatin response after
DSBs have been produced. Because of that, y-H2AX may be used as
a biomarker of radiation exposure, and, if correlated with time, the
number of remaining foci reproduces the repair time curve. More infor-
mation about this may be found in other studies.?%¢0 In the present
study DSB, and DSB,, are considered to be non-repairable dam-
age, and they are calculated using the following assumption: Npsg =
Npsg+ + 2+ Npsgy.+-

Python was used to apply this model to the results of “molecu-
larDNA” in post-processing, after the simulation is completed. This tool,
without any modification, can also be applied by users to data found in
the literature, independently from the simulation environment. Python
was used for two main reasons. It is a user-friendly object-oriented lan-
guage that can be easily used, and, most importantly, can be modified to
meet the needs of the user. Additionally, there is no need for installing
other software or libraries to solve differential equations. This trans-
lates to the fact that the tool can easily be used in any computer
system.

2.6 | Cell survival function
To estimate the clonogenic surviving fraction (SF) of specific cells, the
two-lesion kinetics model proposed by Stewart et al.® was utilized in
this study. The two-lesion kinetics model includes kinetic processes of
fast- and slow-DNA repair, and, based on lethal DNA damage, it can
calculate the SF of a cell population. Both repair mechanisms consider
simple rejoining of damaged base pairs at the same position and are
described by the term L(t). This model also includes multiple-lesion
repairs (second-order repairs), which are expressed by L2(t). It must
be stated that multiple-lesion repairs mechanism may lead to complex
aberrations due to incorrect rejoining.

The two-lesion kinetics model consists of a set of equations, which

are presented in Equations (2)-(4).

dL;t(t) = D(t) YZq — AL (t) = L1 [L1 (t) + Lo (8)] 2)
chzlt(f) = D(t) YZ5 — AoLo (t) = Lo [L1 (t) + Lo (1)] 3)
dL¢ (t

oflt( D 1 AaLs (0 + Barol 8+ 7olLs (0 + Ly (017 ()
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These equations include several parameters, namely:

a. Repair probability coefficients, which represent the rate of rejoined
lesions (1 and 7).

b. Lethality probability coefficients, which represent the probability
that a residual lesion may lead to cell death (8 and y).

To validate the newly developed algorithm, the present study
implemented the same parameter values adopted by Sakata et al.3?

Additionally, L(t) is the number of lesions per cell in the fast-
repair process at a given time t after the beginning of the irradiation
procedure. Ly(t) is the number of lesions per cell in the slow-repair
process at a given time t. L¢(t) is the number of lethal lesions that
may lead to cell death at time t. D(t) is the dose rate, Y is the size of
the cell in Giga bp (Gbps). £4 corresponds to the number of simple
DSB, whereas ¥, corresponds to the number of irreparable damage
(complex DSB — N¢psg)-

A4, A2, and 5 correspond to fast-, slow-, and binary-rejoining pro-
cesses, respectively (expressed in h~1). Similarly, 81, 82, and y cor-
respond accordingly to each rejoining process. As in the previous
studies,3161 8; was set to 0, because simple DSBs do not affect cell sur-
vival more than 2 weeks after the irradiation session. After integrating

the produced yields, the SF is calculated by:
SF(t) = In(=L¢ (1))
t
=In <—{ (/31/11’-1 (t) + Badala (t) + yylLe (t) + Lo (0]2) df) (5)

The present study assumes that the SF is calculated 336 h after irra-
diation, as followed in the experimental procedure,®? which considered
that any colony with more than 50 cells, after a 14-day incubation in
5% CO, incubator at 37°C, had survived. D(t) is set to 60 Gy/h until
the target dose is delivered, and the time step of the integration is set
to 1 x 1072 h, following the methodology of Sakata et al.3! For this
public release, the differential equation is solved numerically via the
fourth-order Runge-Kutta method using the Scipy Python library.t3
Thislibrary is already included in the Python default library. This model,
implemented in Python, can be used with any type of data, regard-
less of the way that they have been produced or their format, meaning
that it may be used independently from the Geant4-DNA simulation

environment.

3 | RESULTS AND DISCUSSION

Figure 3 shows the number of radicals, SSB and DSB, produced as a
function of the radial kill distance, plotted for different end times (1 us
and 1 ns), in the “cylinders” geometry, when irradiated with 4.5 keV
electrons. The results are obtained using the default chemistry list
of the “molecularDNA” (IRT-sync) and the one documented in Lampe
et al.2. 10° histories were simulated to obtain a statistical uncertainty
lower than 0.01%.
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FIGURE 3 (A) The number of chemical reactions produced as a
function of the radical kill distance for incident 4.5 keV electrons,
when the simulation stops at 1 us (left) and at 1 ns (right) using both
the default chemistry list that is included in “molecularDNA” (opt3-
G4EmDNAChemistry_option3) and the chemistry list used in Lampe
et al.26 (G4EmDNAChemistry). (B) Single-strand break (SSB) and
double-strand break (DSB) yields obtained using the default
chemistry, and (C) SSB and DSB yields plotted considering the source
of the damage using the default chemistry for “cylinders” geometry.

The first set (A) presents the difference observed in the number
of induced radicals between three different setups. The first setup
(squares) is the data published by Lampe et al.2¢ and acts as the ref-
erence. The second setup (stars) represents the data produced using
“molecularDNA” together with the G4EmDNAChemistry constructor,
which is the one used by Lampe et al.2® to have a direct comparison
with the reference. The third setup (dots) represents the data produced
by “molecularDNA” using the G4EmDNAChemistry_option3, which is the
default chemistry list for “molecularDNA”, released in the 11.1 version
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FIGURE 4 Double-strand break (DSB) yield for incident protons
as a function of linear energy transfer (LET) for “human cell” geometry.
Both simulation and experimental data are included.3046-5>

of Geant4. No significant difference between the three different cases
is observed.

The last two plots (B and C) show the SSB and DSB yields, using the
default chemistry list of “molecularDNA’, while considering the com-
plexity of the damage, as well as the source of the damage (direct and
indirect), respectively. The maximum statistical difference between the
results set obtained with the two chemistry physics list was found to be
5%, which is deemed to be a satisfactory agreement.

The next step of the present study was the investigation of the dam-
age that may be induced to human cells by ionizing radiation, in the
“human cell” geometrical configuration. The human cell geometry con-
sists of an ellipsoid cell nucleus (semi-axes a = 7.1 um, b = 2.5 um,
¢ = 7.1 um) and DNA of ~6.4 Gbp length.®* The “human cell” was
irradiated using protons with energies in the range of 0.15-66.5 MeV,
corresponding to the range of LET from 73.5 to 1 keV/um (i.e. 73.5,
62.5, 47, 36.7, 28, 26, 24, 19.5, 14.5, 9.6, 5, 2.5, 1 keV/um). Both
SSB and DSB vyields, as well as their ratio were calculated. Figure 4
shows the DSB yield and its comparison with previously published
data. Error bars have been included in the size of the bullet or line, as
they were smaller than 0.01%. The comparison of the SSB/DSB ratio
calculated in the context of the present study, against previously pub-
lished data, is presented in Figure 5. Simulation results produced the
same curve trend as other studies where the DSB yield is in direct
relation with LET of incident particles. As expected, when the LET
of incident particles increases, particle interactions, as well as the
consequently produced free radicals, are denser, resulting in denser
particle/radical-DNA interactions, which produce a higher probability
for DSB occurrence.

Furthermore, this is reflected in the SSB/DSB ratio of Figure 5,
where SSBs have a higher probability of regrouping into DSB, lower-
ing the ratio as the LET of incident particles increases. However, for
very low LET, no significant influence was observed on the SSB yield as
a function of LET. The results of the present study are consistent with

data previously published by the Geant4-DNA collaboration,?8:30.33

as
well as experimental data available in the literature.
“Human cell” was also implemented in a simulation that produced an

accumulated absorbed dose of 100 Gy. To this purpose, 1 MeV protons
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FIGURE 5 Ratio Single-strand break (SSB)/double-strand break

(DSB) for incident protons as a function of linear energy transfer (LET),
for “human cell” geometry. Both simulations and experimental data
are included.30:52
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FIGURE 6 Histograms of the fragment length frequency
distribution for 1-MeV incident protons. The results of simulation
(lines) are overlaid with the experimental measurements
(squares).30-21.53 Statistical uncertainties are within the size of the
bullet or line.

irradiated the target. Figure 6 shows the fragments’ length distribution
frequency obtained with the updated “molecularDNA’, against avail-
able dataincluding experimental datafound in the literature, PARTRAC
simulation data, as well as previously published data by the Geant4-
DNA collaboration. Fragments are defined as broken segments of a
DNA chain. Uncertainties are included in the size of the bullet or line.
It should be noted that the present study utilized the same example
(“molecularDNA”), geometry, radiation field, and set of parameters of
Sakata et al.?% This regression test shows a mean difference in the
results of 2% between the old and new version of the extended exam-
ple (higher than the simulation statistical uncertainty of 0.1%), due to
the different chemistry model that was adopted (IRT-sync here and
prototype IRT in Sakata et al.).

The statistical uncertainty of DSB yield calculated by this study’s
simulations is less than 0.1%. These differences are the result of the
different chemistry model (IRT-sync), as well as the use of a different
chemistry list during the simulations.

In the context of the present study, an additional in silico tool (that
is included in “molecularDNA”) was developed in Python, which calcu-
lates DNA damage kinetics for the y-H2AX type of cells using the NHEJ
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FIGURE 7 Damage kinetics presented as y-H2AX yield as a
function of repair time, using Belov et al. differential equations for the
NHEJ model.2° Normal human skin fibroblast cells (HSF42) were
irradiated with 137 Cs, for an absorbed dose of 1 Gy, as described by
Asaithamby et al.®®

TABLE 2 Modified values used in the implementation of the repair
model in the context of this study

Parameter Value Units

a 30.5 DSB/Gy/cell
Nir 0.115

Ky 11.052 M~1h-t

Kg 0.1932 h=t

P, 0.39192 h-t

The complete list of the values can be found in Belov et al.>® DSB, double-
strand break.

model, based on the equations proposed by Belov et al.3%8 shown
in Figure 7 together with previously published data, based either on
in vitro or in silico studies. The y-H2AX yield was plotted as a function
of time after irradiation, up to 25 h. In this specific case, the results
were obtained with 10° incident electrons of 0.662 MeV kinetic energy.
Modified parameters used in our implementation are shown in Table 2.
The rest of the parameters have been set as presented by Belov et al.>®

The results were compared with the experimental data obtained in
the case of normal human skin fibroblasts (HSF42) exposed to gamma
rays emitted by a 137Cs source, for a 1-Gy dose.”?¢> They are in good
agreement with data previously published by the Geant4-DNA col-
laboration and with experimental data. The calculated y-H2AX yield
with optimized rate constants leads to a very good agreement with the
experimental data (within a 1.6% difference on average). The decrease
of the y-H2AX yield matches reasonably well the experimental data.

In Figure 8, the survival fractiondelive of the cell is plotted against
the absorbed dose, under irradiation with 70 keV protons. Data in the
literature were used to validate our new implemented tool for the
calculation of the survival of cells. More specifically, the early DNA
damage is summarized in Table 3. It must be stated that the experimen-
tal and simulation setup was constituted by the parallel proton source,
aPMMA block as well as the target being the cell DNA. A type of normal
human skin fibroblast cells, named NB1RGB (No. RCB0222) and dis-
tributed by the RIKEN BioResource Center Cell Bank (RIKEN, Ibaraki,

—Sakata et al. 2021, PMMA 0 mm
@ This study, PMMA 0 mm
+ Exp. PMMA O mm

—Sakata et al. 2021, PMMA 32 mm
@ This study, PMMA 32 mm
+Exp. PMMA 32 mm
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FIGURE 8 Surviving fraction of NB1RGB cell line as a function of
delivered dose.*°

TABLE 3 Damage data used with the survival model

PMMA 0 mm PMMA 32 mm
Simple DSB yield (Gy~! Gbp~1) 411+0.14 4.69+0.17
Complex DSB yield (Gy~! Gbp~1) 0.74+0.11 1.04 +0.12

DSB, double-strand break

Japan), was used as the reference. A very good agreement is observed
between the new “molecularDNA” simulation and the previously pub-
lished results. Compared with data published by the Geant4-DNA
collaboration by Sakata et al.3! no difference was observed, whereas
with experimental data published by Suzuki et al.,®? the average differ-
ence is less than 6%. To note, the same input parameters were adopted
here and by Sakata et al.3! (see Section 2.6).

4 | CONCLUSION

This is the first time that “molecularDNA” is made publicly available in
Geant4, since the release 11.1 (December 2022). This simulation has
evolved in time since its first prototype.2427 Novel features include the
adoption of the IRT-sync chemistry model,> the adoption of SDD data
format, as well as tools to further investigate the DDR of cells. We have
presented in detail the way that “molecularDNA” may be used by inter-
ested users to produce data on DNA damage induction, foci repair, and
survival fraction.

To summarize, the present study evaluated the Geant4-DNA
“molecularDNA” example against data available in the literature,
including previous versions of the example2?-3! for regression test-
ing purposes. “molecularDNA” is particularly suitable for novice users
of Geant4 to establish complex multilevel studies, starting from the
modeling of simple DNA molecules, such as the DNA included in the
“cylinders” geometry, up to the level of complexity found in the “human
cell” geometry; followed by the simulation of the irradiation of these
geometries, and eventually analyzing their outcome and the response
of living cells to the produced damage. The “molecularDNA” example
may produce data on DNA damage quantification taking into consider-
ation both physical and chemical interactions, namely direct or indirect
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damage. The implementation of IRT-sync made the “molecularDNA”
significantly faster when compared with previous versions and other
available examples that use the step-by-step chemistry model. The user
may also adopt the SDD datafile format to estimate the complexity of
the damage and/or to share the simulation output.

Furthermore, the simulation output may be analyzed not only to cal-
culate the number of SSB, DSB, complex damage, and DNA fragments,
but also to study the way that a cell responds to early DDR. Response
may be calculated in terms of damage kinetics based on specific mod-
els (NHEJ, HR, SSA, Alt-NHEJ), as well as in the more commonly used
quantity of survival function of cells. The survival function, in general,
has been used in clinical practice to investigate the way that radiation
therapy is applied, as it is important to estimate the probability of cells
to survive after one or multiple irradiation procedures.

It is important to remind readers that the tools, which were devel-
oped to calculate damage kinetics, as well as the survival function of
cells, can be used independently from the Geant4 simulation. Thus,
they can be applied universally to experimental studies or other in sil-
ico methods. They can be applied directly to SDD files produced in any
way, following the SDD guidelines.”® SDD files may also be used to
be applied on different models, such as the Medras, which has been
described and implemented in other studies.®4¢” A future work will
compare models described in this article with other models, including
Medras and NanOx.%8

“molecularDNA” is an original complete “chain” from fundamental
physics interactions to biological end-points, for specific cell lines, dose,
and dose rates. Only a basic knowledge of any scripting language is
necessary to use this Geant4-DNA simulation. For the future, physics,
chemistry, damage repair kinetics, and survival function models will be
refined and incorporated in the “molecularDNA”" example. New DNA
and cell geometries are being prepared to be included in the near
future, and give access to investigate systems with higher complex-
ity. New models are also in development to implement interactions in
other mediums than water. In addition, assemblies of cells will be inves-
tigated to access systems that imitate multicellular organisms or even

human tissues in a well-defined radiation environment.
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