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ABSTRACT

Objective. Time-dependent yields of chemical products resulting from water radiolysis play a great
role in evaluating DNA damage response after exposure to ionizing radiation. Particle and Heavy lon
Transport code System (PHITS) is a general-purpose Monte Carlo simulation code for radiation
transport, which simulates atomic interactions originating from discrete energy levels of ionizations
and electronic excitations as well as molecular excitations as physical stages. However, no chemical
code for simulating water radiolysis products exists in the PHITS package. Approach. Here, we
developed a chemical simulation code dedicated to the PHITS code, hereafter called PHITS-Chem
code, which enables the calculation of the G values of water radiolysis species ("OH, e.q, H2, H2O:
etc.) by electron beams. Main results. The estimated G values during 1 pus are in agreement with the
experimental ones and other simulations. This PHITS-Chem code also simulates the radiolysis in the
presence of OH radical scavengers, such as tris(hydroxymethyl)aminomethane and dimethyl sulfoxide.
Thank to this feature, the contributions of direct and indirect effects on DNA damage induction under
various scavenging capacities can be analyzed. Significance. This chemical code coupled with PHITS
could contribute to elucidating the mechanism of radiation effects by connecting physical,

physicochemical, and chemical processes.
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1. INTRODUCTION

When the human body is exposed to ionizing radiation, biological effects such as apoptosis,
mutation and carcinogenesis are occasionally induced (Joiner et al 2009). Such radiation effects are
predominantly attributable to DNA damage induction by physical interaction with radiation and
chemical reactions of water radiolysis species with the DNA in cells, which are called direct and
indirect effects (Hall & Giaccia 2006). Amongst these, indirect effects within cells can induce more
DNA lesions compared to direct effects under low linear energy transfer (LET) irradiation (Lampe et
al 2018), which is mainly attributed to OH radicals (Peak et al 1995, Tomita et al 1998). To precisely
understand the mechanisms underlying the biological effects by ionizing radiation, it is essential to
mechanistically evaluate the time-dependent yields (generally noted as G values, that is, the chemical
products yield per 100 eV) of chemical products generated by water radiolysis.

To evaluate the yield of the chemical species, the spatial distribution of each atomic interaction
along radiation track is essential (Kai et al 2023). There are several Monte Carlo simulation codes for
physical processes, such as PARTRAC (Friedland et al 2011), Kyushu University Radiobiology Unit
Code (KURBUC) (Uehara 1986), Geant4-DNA (Incerti 2010), RITRACK (Plante & Cucinotta 2008),
TRACEL (Tomita et al 1997), WLTrack (Date et al 2007), and Particle and Heavy lon Transport code
System (PHITS) (Sato et al 2018). They allow the simulation of atomic interactions, such as ionization,
electronic excitation, and dissociative electron attachment (DEA) (Boudaiffa et al 2000). Chemical
simulation codes have been also developed in conjunction with physical codes, such as PARTRAC
(Kreipl et al 2009), KURBUC (Uehara & Nikjoo 2006), TRACEL (Tomita et al 1997), and
Geant4-DNA (Shin et al 2019, 2021), however, the initial yields of chemical products (particularly
hydrated electron e.q") estimated by the most of codes are adjusted to reproduce yields using models of
ionizations, excitations, geminate recombination (¢- + H.O" — H,O", so called electron-hole
recombination), and relaxation (Tomita et al 1997, Uehara & Nikjoo 2006, Kreipl et al 2009, Shin et
al 2019, 2021). Amongst the physical simulation codes, PHITS is a general-purpose code for radiation
transport, in which electron track structure until down to 1 meV can be simulated in liquid water (Kai
et al 2015a, 2015b). This modality is known as the PHITS-ETS mode (Matsuya et al 2019). Therefore,
the PHITS-ETS mode is expected to precisely provide the initial yield of e~ in the physical stages (Kai
et al 2023). However, a chemical code for simulating products of water radiolysis does not exist in the
PHITS code.

We developed a chemical code dedicated to PHITS (PHITS-Chem code), that allows calculating
G values of various types of chemical products ("OH, e.q , H2, H>O, etc) as a function of time after
irradiation using a step-by-step (SBS) method (Plante 2021). We validated the PHITS-Chem code by
comparing the simulated G values in a wide time scale, ranging from 1 ps to 1 us with the
experimental values and other simulations. One of the advantages of the PHITS-Chem code is its
ability to handle OH radical scavengers, such as Tris (hydroxymethyl)aminomethane (Tris) and
dimethyl sulfoxide (DMSO), and it is useful for analyzing the initial yields of DNA damage for
various scavenging capacities. We present the characteristics of the PHITS-Chem code, which can

contribute to precisely understanding induction mechanisms of DNA damage.
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2. METHOD

The electron track-structure mode PHITS-ETS (Matsuya et al 2019) was used to obtain the
spatial distribution of each atomic interaction along the electron track. In this study, we developed the
PHITS-Chem code that includes models of physicochemical and chemical stages. It should be noted
that the formation of hydrated electron and the electron-hole recombination have been already
considered in the physical stage simulation of PHITS-ETS mode (Matsuya et al 2019, Kai et al 2023).
Figure 1 summarizes the simulation flow of the physical and chemical stages of the PHITS code. This
chemical code will be included in the PHITS package in the near future. As shown in Fig. 1, PHITS
track-structure simulation has to be performed first to output coordinates and types of atomic
interactions (physical stage), and then chemical stage simulation can be performed by reading the
output data into external chemical code. N, is the number of radiation particles and 7% is the tracking
end time in the chemical simulation. The time-dependent G values can be graphically obtained using
the ANGEL software included in the PHITS package (see Fig. S1 in the Supplementary file). In this
study, the benchmark tests of comparing experimental time-dependent G values and the
energy-dependence on primary yield (G value at 1 ps) calculated by other codes with those results
calculated by the developed chemical code were performed. The developed code was also applied to
DNA damage analysis for indirect effects. The setup of the PHITS-ETS mode (physical stage) and
details of PHITS-Chem code (physicochemical and chemical stages) are described as below.

2.1.Physical stage

The PHITS-ETS mode must be activated in certain regions in the PHITS simulation world. In
the PHITS-ETS mode, ionization (1bi, 3ai1, 1by, 2a;, and 1ai), electronic excitations (A'Bi, B'Aj,
Rydberg, and collective), DEA, intramolecular vibrational excitation, phonon (intermolecular
vibration) excitation, rotational excitation, and elastic scattering were considered (Matsuya et al 2021).
The interactions related to the chemical products are ionization, excitation, and DEA (which is
described in the below section 2.2). The electron cutoff energy of the PHITS-ETS mode has to be set
lower than 4.3 eV, which corresponds to the lowest energy of the DEA cross section (Matsuya et al
2021). We reduced the DEA cross-section of gas phase (Itikawa & Mason 2005) by a factor of 1/6
because only a negligible DEA frequency in an aqueous solution has been reported (Wang et al 2009).
In the PHITS-ETS mode, the minimal cut-off energy is 1 meV. The transport of electrons down to
thermal energies was validated by comparing results obtained by the PHITS-ETS mode to
experimental values reported elsewhere (Konovalov et al 1988). However, because scientific data of
thermal energy electrons is insufficient, it is needed to further investigate the low-energy electrons in a
future study. Therefore, it is sufficient to set the cut-off energy to 1 eV when using the PHITS-Chem
code because it uses a correction model for the spatial distribution of the thermalized electrons to
reduce the calculation time. To obtain the three-dimensional coordinates and the type of atomic
interactions, we used a tally named “t-userdefined” that allows the output of any physical quantity that

cannot be output by the other tallies in the default setting of PHITS.
3
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Figure 1. Simulation flow of physical and chemical stages in the PHITS code. In this simulation system,
PHITS track-structure simulation has to be performed first to output coordinates and types of atomic
interactions (physical stages by the PHITS-ETS mode), and then physicochemical and chemical stage
simulations (the PHITS-Chem code) can be performed by reading the output data into an external chemical
code.

2.2.Physicochemical stage

In the physicochemical stage, the product H,O*, H,O™, and H.O" can be immediately converted
into other molecular products. However, little is known about the quantitative and qualitative
production procedure of chemical species starting from each excited state of water molecule. There are
several types of dissociation schemes (Turner et al 1988, Tomita et al 1997, Hamm et a/ 1989, Hill &
Smith 1994, Kreipl et al 2009, Uehara & Nikjoo 2006, Shin et al 2021, Baba et al 2021). Recently,
initial yields at time after irradiation within 300 fs has been proposed based on the origin of the
PHITS-ETS mode (so called dynamic Monte Carlo code (DMCC)) (Kai et al 2023), which can
reproduce the experimental initial yields of e, . Based on the previous studies, we made the different
assumption on the branching ratios in order to produce consistent initial yields (G value at 1 ps) for
various radical species (see Table 1). Note that the branching ratios listed in Table 1 is a new model
dedicated to the PHITS code and a part of the PHITS-Chem code that is not considered in PHITS-ETS
mode.
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Table 1. Dissociation scheme and associated probability in the PHITS-Chem code

Physical type Decay Channel Fraction (%)
lonization
1b1, 3as, lbz, 2a1, 1ag H3;O*+'OH + e 100.0
Electronic excitation
A'B; H + ‘OH 75.0
H,+ 'O 25.0
B'A; H +°OH 50.0
H, + H,0» 50.0
Rydberg H +"OH 100.0
diff bands HsO*+'OH + e~ 90.0
H' +OH 10.0
Collective H;O* +'OH + e~ 100.0
Dissociative electron attachment
OH™ production H + OH" 3.0
O~ production O +H; 115
H™ production® ‘OH + Hy + OH™ 11.4
‘OH + 2H" + OH~ 74.1

"H,0 + e~ — H,0” — H +'OH, and H,0 + H™ — Ha (or 2H") + OH™

The branching ratios are listed in Table 1. All ionizations (1bs, 3ai1, 1b, 2a;, 1a1) were assumed
to produce H,O* cations following decay of H,O'+H,0 — H;0" +'OH (Hamill 1969). The
displacement of H,O" from the ionization site is sampled from a Gaussian distribution with a mean
displacement of 1.25 nm (Tomita et al 1997). The HsO* was assumed to be at the same position as the
H>O" and the "OH is positioned with random orientation at a mean distance of 0.29 nm (Uehara &
Nikjoo 2006, Tomita et al 1997). Like ionizations, 100% collective excitation and 90% diffuse band
excitation were assumed to produce HzO* and ‘OH, because the excitations can release secondary
electrons (Kai et al 2023). In the dissociation of an excited water molecule into H* and "OH radicals,
the products were assumed to be separated by 0.87 nm on a randomly oriented line centered at the
excitation site (Tomita et al 1997, Uehara & Nikjoo 2006), and as well as in the case of H, and O by
0.58 nm (Tomita et al 1997). The rest 10% of diffuse band excitation was also assumed to be excited
state A'B;. The two H atoms are positioned at 0.8 nm from the O atom (Cobut et al 1998). The
production positions of these radicals follow a Gaussian distribution with a standard deviation (s.d.)
that has been modelled in other simulation codes (Kreipl et a/ 2009, Bernal et al 2015). Furthermore,
the dissociation scheme of the DEA and the associated probabilities are also listed in Table 1. The
DEA scheme remains uncertain as well as the role of inducing DNA damage (in water solution). In
this regard, we assumed the three branches, namely, OH-, O, and H™ productions (Matsuya et al 2021).
The percentages of three production pathways correspond to the ratios of integral cross sections of
three types of DEA (i.e., 3% for OH™ (4.3 eV), 11.5% for O™ (4.43 eV) and 85.5% for H™ (5.5 eV)).
Based on the previous models (Bernal et al 2015), we assumed that H™ radicals can immediately react
with to H.O and generate H, (or 2 H’), and OH™ (H.O + &= — H,O" — H + 'OH, and H:O + H" - H;
(or 2H") + OH") as shown in Table 1. Note that the DEA scheme was designed to reproduce the initial

yields of minor products such as H,, H°, O7, and OH", so when the role is clarified, there is a
5
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possibility to revise the scheme in the future.

Electrons with kinetic energy less than the 7 eV (here called subexcitation electron (esu))
thermalize losing their energy by molecular excitations (such as vibrational, rotational and photon
excitations), leading to the formation of hydrated electrons eaq. The cutoff energy must be set in the
PHITS code in the same manner as other Monte Carlo codes. The full simulation of electrons down to
10 eV allows the estimation of the position of e, ; however, the computational time is very long. We
then used a model for the thermalization distance. The thermalization distance depends on the cut-off
energy. In this model, assuming that the multi-step thermalization process can be approximated by a
single-step motion traveling the mean thermalization distance in a random direction and its s.d.
(Terrissol & Beaudre 1990, Uehara & Nikjoo 2006). Based on those studies, the thermalization
distance r (nm) as a function of the cutoff energy ec.: can be approximately expressed as r = 3.151 +
0.964 ecyt +1.362 ecu® — 0.134 eq® with its uncertainty of + 50%. In general, the esw can recombine
their parent cations (with ~4% of all ionizations) (Uehara & Nikjoo 2006), which is well known as
electron-hole recombination (esus~ + H.0* — H2O"). The excited water molecule is assumed to be
reorganized as excited state H,O" (Beaudre 1988). However, in the PHITS-ETS mode, the
recombination of ey, with their cations has already been considered in the track-structure model
based on the DMCC code (Kai et al 2023). Therefore, the PHITS-Chem code does not require an
empirical model for recombination.

2.3.Chemical stage

In the chemical stage, using an SBS approach, the PHITS-Chem code enables the simulation of
chemical reactions 1071?s after irradiation. This SBS approach is time-consuming; however, it enables
the calculation of the positions of all species at all times. The details of the chemical model are
described below.

The timestep z of chemical reactions in the PHITS-Chem code is a constant value of 1 ps.
During each time step of z, water radiolytic species and their products were allowed to diffuse
randomly. The diffusion coefficients D for the 16 species are listed in Table 2, in which most of the
values were obtained from the previous chemical code (Tomita et al. 1997, Uehara & Nikjoo 2006). In
the chemical model, the reactions of the chemical products to H,O and OH radical scavengers are
considered using the reaction rate constant listed in Table 3. During the simulation, the
root-mean-square distance traveled 1 was calculated following 2 = +/6Dz, and the actual distance was
determined sampling a Gaussian with 10% s.d. (Uehara & Nikjoo 2006). After diffusion for each time
step of z, the pair of species closer than their reaction radius can be replaced by the reaction products.
We calculated the reaction radius a (nm) for each pair of interacting species A and B, following the
relationship a = k/4n(Da+Dg), where k is the reaction rate constant (neutral pH, 1 atm, 25°C) listed in
Table 3 (Tomita et al. 1997, Uehara & Nikjoo 2006). Using a value calculated from the k value (listed
in Table 3), the reaction was performed if the distance between A and B (Da+Dg) is shorter than 2a
(Uehara & Nikjoo 2006). As shown in Table 3, 16 species and 35 chemical reactions including the

scavenging processes of ‘OH by Tris and DMSO (Tomita et al. 1997). By considering the chemical
6
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reaction of the OH radical scavenger, this code has the advantage of analyzing DNA damage induction
mechanisms by indirect effects.

Table 2. Chemical species and value of diffusion coefficients D in the PHITS-Chem code

Species D (x10° m?st) Reference Note (previous chemical code)
€ag” 45 Uehara & Nikjoo 2006 KURBUC code

‘OH 2.8 Tomita et al. 1997, Uehara & Nikjoo 2006 DBREAK system, KURBUC code
H* 7.0 Tomita et al. 1997, Uehara & Nikjoo 2006 DBREAK system, KURBUC code
HsO* 9.3 Tomita et al. 1997 DBREAK system

H2 5.0 Tomita et al. 1997, Uehara & Nikjoo 2006 DBREAK system, KURBUC code
H202 2.3 Tomita et al. 1997 DBREAK system

HO2 2.0 Tomita et al. 1997 DBREAK system

02 24 Tomita et al. 1997 DBREAK system

OH- 5.0 Tomita et al. 1997, Uehara & Nikjoo 2006 DBREAK system, KURBUC code
(073 2.1 Tomita et al. 1997, Uehara & Nikjoo 2006 DBREAK system, KURBUC code
HO2 1.4 Tomita et al. 1997 DBREAK system

‘o 2.0 Tomita et al. 1997 DBREAK system

O 2.8 Tomita et al. 1997 DBREAK system

tris 1.0 Tomita et al. 1997 DBREAK system

DMSO 11 Tomita et al. 1997 DBREAK system

H20 0.0 Tomita et al. 1997 DBREAK system

2.4.OH radical scavenger model

In the PHITS-Chem code, we adopted the SBS approach for simulating radiolysis (Plante &
Devroye 2017). When considering the radical scavengers following the SBS approach, it is needed to
consider the spatial positions of the scavengers (i.e., Tris and DMSQO). However, when considering
individual scavengers within the whole water (e.g., a water sphere with 61.8 pum that at least 1% of the
electron Kkinetic energy was deposited in this region), the generation of the scavengers in the case of
the high scavenging capacity exceeds the memory of the computer. In this study, we developed a
model for OH radical scavengers that reduces the need for computer memory.

In the physicochemical model, the scavengers were generated along the track to save the
computation memory. In detail, first, the initial coordinates of OH radicals at 1 ps were detected and
the space along the track was divided into 3D grids (i.e., 50 x 50 x 50 nm?®). Second, depending on the
scavenger capacity, the scavengers were generated inside one segment. Recording the coordinates of
the radical scavengers for all segments exceeds the computer memory. Thus, the coordinates of the
scavengers in one segment were memorized during the simulation and were used for the subsequent
chemical simulation.

In the chemical model, the diffusions of the radical scavengers in one segment were considered
using the diffusion coefficients D of Tris and DMSO (see Table 2). In addition to the physicochemical
model, to save the computer memory further, the coordinates after the diffusion inside one segment for
each timestep (in other words, the spatial distribution of the scavengers memorized in the

physicochemical stage calculation) were used for each segment divided in the physicochemical stage
7
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calculation. This technique can significantly reduce the computer memory and realize the SBS

simulation of radical scavengers even for the case of high scavenging capacity such as 10'° s, In the

same manner as the other chemical species, using a value calculated from the k value (see Table 3),

the reaction was performed if the distance between A and B (Da+Dg) is shorter than 2a.

Table 3. Chemical reactions and value of reaction rate constants k and radius a

Reaction (A + B) Products k (10® dmé®molts?t) a(nm)
‘OH + ‘OH — H202 0.550 0.129
€aq + €aq” - H, + 20H" 0.500 0.0734
H + H - H> 1.000 0.0944
‘OH + €aq” - OH- 2.50 0.453
‘OH + H — H.0 2.00 0.270
H;O0* + OH- — H.0 14.3 1.32
H* + H20: - ‘OH 0.0160 0.00227
€aq + H:0* —  H 1.70 0.163
eq + H: - H, + °OH 2.50 0.287
€aq” + 0, — (07 1.90 0.364
€aq” + Oy - OH- + HO,~ 1.30 0.260
€aq” + HO, - HO, 2.00 0.407
H + O — ‘OH 2.00 0.294
H* + 0, - HO> 1.90 0.267
H + (07 - HO> 2.00 0.290
H + HO, - H.0; 2.00 0.294
H;O0* + Oy — HO; 3.80 0.441
‘O + o) - 0O, 2.20 0.727
‘OH + ‘O — HO; 2.00 0.551
‘O + HO; — ‘OH + 0, 2.00 0.661
‘OH + (0P - 0O, + OH- 1.20 0.324
‘OH + HO; - 0O, 1.20 0.330
‘OH + OH - O 1.30 0.220
H- +  OH = e 0.00210 0.000231
'OH +  HO, —  HO, 0.00330 0.000855
OH + O - HOz 1.80 0.425
'OH + HO;y —  HO +  OH 0.750 0.236
&g + HO;r — 20 + H, 0.350 0.0784
e - OH +  OH 2.20 0.398
H + O - OH 2.00 0.270
HO* + O - OH 5.00 0.546
HO* +  HOy —  HO: 5.00 0.618
"OH + Tris - scavenged 0.150 0.0522
"OH + DMSO — scavenged 0.660 0.224
HO, + 0y = 0O +  HO, 1.00 0.300

2.5. Benchmark test of the chemical code

To verify the chemical code developed in this study, we simulated the time-dependent G values

of major products (i.e., "OH, e.q , H2, HO) under the exposure to electrons with kinetic energy of 1

MeV, and compared them to the experimental values (Buxton 1972, Wolff et al 1973, Johna et al 1973
1976 1977, Draganic & Draganic 1975, Sumiyoshi & Katayama 1982, Belloni et al 1983, LaVerne &
Pimblott 1991, Pastina & LaVerne 1999, Bartels et al 2000, LaVerne 2000; Muroya et al 2005; Wang

8
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et al 2018) and other simulation results (Tomita et al 1997, Pimblott & LaVerne 1997, Kreipl et al
2009, Uehara & Nikjoo 2006, Shin et al 2021, Baba et al 2021). In this benchmark test, the
PHITS-ETS mode was activated in a water sphere positioned at the origin in the PHITS simulation
world. We used the electron gamma shower EGS mode (Hirayama et al 2005) in the region outside the
water sphere. The cutoff energies of the electrons inside and outside of the water sphere were set as 1
eV and 1 keV, respectively. 1 MeV electrons were generated at the origin and simulated in the water
sphere whose center was located at the origin (see Fig. S2 in supplementary file). The radius of the
water sphere was set to be 61.8 um. The radius was defined to be sufficiently large that at least 1% of
the electron kinetic energy was deposited in this region. The chemical simulation based on SBS
approach is a time-consuming calculation, so we simulated more than 50 independent electron tracks.
We also calculated the primary yields of "OH, e.q, and H,O, (G values at 1 ps after irradiation)
for various incident electron energies. In this calculation, the electrons were transported until they
were fully stopped within liquid water. The estimated primary yields were compared with previous
simulations using DBREAK system (Tomita et al 1997, Watanabe et al 2021). In addition, we
calculated the dynamics of *OH for various scavenging capacities (i.e., 0, 10°, 107, 108, 10° and 10"
s") of Tris. From the calculations, we verified the performance of this chemical code for OH radical

scavenging.

2.6. DNA damage analysis using this chemical code

To test the applicability of this chemical code for biological study, we also applied the
PHITS-Chem code for DNA damage analysis. To analyze the relationship between DNA damage
yields and G values, we first obtained electron spectra generated by 150 kVp X-rays using the EGS
mode and transported the electrons until they were fully stopped within the actual dimension of the
sphere using the PHITS-ETS mode assuming secondary electron equilibrium. The reason why we
adopted the electron spectrum is that the experimental yields of various DNA damage types are
available under the irradiation condition of 150 kVp X-rays (Shiina et a/ 2013). Second, we calculated
the time-dependent G value of ‘OH from 1 ps to 1 us under various scavenging capacities csca (i.€.,
10°-10'°s?) and calculated the time-integral G value for a certain scavenging capacity (Gint(Csca)
[/100 eV]) using the following equation,

Gint(esca) = f G(csca, t)dt (D

where G(Csca, t) is the G value of "OH at time ¢ (s) after irradiation for certain scavenging capacity
Csca. The G value of "OH at 1 us under 150 kVp X-rays is lower than 0.6 per 100 eV, and it takes a
long calculation time to obtain G value of ‘OH at 1 ps. Considering these, as an application example,
we decided to integrate the G values from 1 ps to 1 ps in this study.

We assumed that total DNA damage yields Yprsipe are composed of the yield by direct effects
(DE) Yo, that is independent on scavenging capacity Csca, and that by indirect effects (IDE) as a
function of scavenging capacity Yipe(Csca). Using the Gint(Csca) (given by Eq. (1)), we calculated the
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total yields as a function of scavenging capacity Ypesine(Csca) for various types of DNA damage, that
is, the single-strand break (SSB), the double-strand break (DSB), the base damage (BD), and the
apurinic/apyrimidinic (AP) site following the steps.

1) The value of Ypg for each DNA damage was approximately determined from the yield in
the presence of Tris with 10'%s! scavenging capacity (Ypr = Yprepe(10'°)), based on the
experimental report (Shiina et al 2013).

2) The Yipe(csca=10°) value for each damage type was obtained by subtracting the Ype
(obtained by step No. 1) from total yields (Ypeeine(Csca=10°)). We then determined the
coefficient of the Ginr(Csca) to calculate the Yipe(Csca) (17 in 100 eV/Gy/Da) by dividing
the Yipe(10°) by Ginr(10°).

3) Using the Ype, Ginr(Csca), and 7, the total yields Ypesine(Csca) for each DNA damage
type by the following formula.

Yoesioe(csca) = Yoe + Yipe(esca) = Yoe + 7Gint(csca) 2)

Using Eq. (2), we estimated the yields of various DNA damage types (i.e., SSB, DSB, BD, and AP
site) as a function of scavenger capacity, and compared the estimated yields with the experimental data
(Fulford et al 2001, Shiina et al 2013) and other simulation values (Fulford et a/ 2001). It should be
noted that these experimental values were measured using pUC18 plasmid DNA (Fulford et a/ 2001,
Shiina et al 2013), whereas we calculated the yields using the simple formula (see Eq. (2)) without
considering DNA type.

3. RESULTS AND DISCUSSIONS
3.1. Verification of the chemical code for PHITS

Figure 2 shows the time dependence of the (A) "OH, (B) ex, (C) Hz, and (D) H:0: vyields,
where the G values estimated by PHITS (blue circle) were compared to the experimental values
(Buxton 1972, Wolff et al 1973, Johna et al 1973 1976 1977, Draganic & Draganic 1975, Sumiyoshi
& Katayama 1982, Belloni et al 1983, LaVerne & Pimblott 1991, Pastina & LaVerne 1999, Bartels et
al 2000, LaVerne 2000; Muroya et al 2005; Wang et a/ 2018) and other simulation results (Tomita et
al 1997, Pimblott & LaVerne 1997, Kreipl et al 2009, Uehara & Nikjoo 2006, Shin et a/ 2021, Baba et
al 2021). From Fig. 1, the PHITS simulation shows that the initial yields of "OH, and e, are 5.12 and
4.50, respectively, and the dynamics of ‘OH, e, H2, and H,O, are similar to the experimental data
and other simulation results. Amongst the comparisons, the G value of H,O, calculated using the
PHITS-Chem code was lower than the measured data and other simulation results. The experimental G
values were measured using high-energy electrons with > 1 MeV electrons or y-rays, whereas the
PHITS simulation selected 1 MeV mono-energetic electrons. The stopping power, which is
intrinsically related to the intra-spur distance, depends on the kinetic energy of the electron (Matsuya
et al 2019). Considering the subtle differences in electron energy between simulation and experiments,
the accuracy of the PHITS-Chem code was found to be good. In the PHITS-Chem code, the SBS
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approach with a constant timestep of 1 ps, leading to long calculation time when calculating the G
values at 1 ps. Other codes, e.g., PARTRAC, uses variable time steps (Kreipl et al 2009). As one of

the future developments, the variable time steps can reduce the computational time of the
PHITS-Chem code.
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Figure 2. Time dependence of the (A) "OH, (B) eaq, (C) Hz, and (D) H20: yields. In the PHITS physical
simulation, atomic interactions under 1 MeV electrons were simulated, and the energy deposition was
approximately 1% of the electron kinetic energy. Note that the simulation timestep is a constant value of 1
ps and the PHITS-Chem simulation data were thinned out to a factor 10 per decade. The G values
calculated using PHITS were compared with the experimental values (Buxton 1972, Wolff et al 1973,
Johna et al 1973 1976 1977, Draganic & Draganic 1975, Sumiyoshi & Katayama 1982, Belloni et al 1983,
LaVerne & Pimblott 1991, Pastina & LaVerne 1999, Bartels ef al 2000, LaVerne 2000; Muroya et al 2005;
Wang et a/ 2018) and other simulation results (Tomita et a/ 1997, Pimblott & LaVerne 1997, Kreipl et al
2009, Uehara & Nikjoo 2006, Shin et al 2021, Baba et al 2021).

3.2. Characteristics of the PHITS chemical code

The estimated G-values of *OH, e, H202, H°, and O as a function of the incident electron
energy are depicted in Fig. 3, where (A) is the initial yields (G values at 1 ps) and (B) is the primary
yields (G values at 1 ps). The PHITS simulation (dotted lines) was compared to previous simulation
results (Tomita et al 1997, Watanabe et al 2021, Uehara & Nikjoo 2001). As shown in Fig. 3(A), the
initial yields of the four products ("OH, eaq", H", and O) calculated by the PHITS code agreed well with
the other simulation results. The PHITS results showed almost the same initial yields of ‘OH as the

recent estimation using Geant4-DNA (Shin et al 2021). Meanwhilst, as shown in Fig. 3(B), the
11



343  primary yields of three products ("OH, ey, and H.O.) calculated by PHITS were in reasonable
344  agreement with other simulation results for the electron energies higher than 1 keV. However, there
345  are some differences in the energy range of < 1 keV compared with the DBREAK system (Watanabe
346 et al 2001). This difference is due to the unique cross-sections of molecular excitations in the
347  PHITS-ETS mode, which was developed based on the DMCC (Kai et al 2015a, 2015b). Considering
348  these comparisons (Figs. 2 and 3), it was verified that the PHITS-Chem code could reproduce the
349  chemical product yields as functions of both time after irradiation and incident electron energy.
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352 Figure 3. Initial and primary yields as a function of incident electron energy. (A) is initial yields (G
353 values at 1 ps) of four products (such as ‘OH, eag—, H*, and O) and the primary yields (G values at 1ps) of
354 three products (such as "OH, e4, and H»0,). In the PHITS physical simulation, the entire kinetic energy of
355 the electrons was absorbed in liquid water. The PHITS simulations were compared with the previous
356 simulation results (Tomita et a/ 1997, Watanabe et a/ 2021, Uehara & Nikjoo 2001).
357
358 An advantage of the PHITS-Chem code is the time dependence of the G values in the presence of

359  "OH radical scavengers, such as Tris and DMSO. Figure 4 shows the time course of ‘OH under various
360  scavenging capacities (i.e., 0, 10%, 107, 108, 10° and 10'°s™"). As shown in Fig. 4, the G value of "OH
361  decreased with increasing scavenging capacity. The dynamics estimated by the PHITS-Chem code are
362  based on the SBS approach, which is time-consuming but calculates the positions of all species at all
363  times. As a preliminary test, we compared the G values for each track (PHITS simulation) to those
364  calculated by the DBREAK system (Tomita et al 1997), as described in Fig. S3 in the Supplementary
365  file. In the test, the "OH calculated using the DBREAK system decreased more quickly than the PHITS
366  calculation. This is because the PHITS-Chem simulation adopts a single-track calculation, whereas the
367 G value by the DBREAK system was calculated for the case of 100 Gy. In general, chemical reactions
368 in the inter-tracks are induced by high-dose radiation. Therefore, the G value calculated using the

369 DBREAK system is lower than that calculated using the PHITS-Chem code.
370
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Figure 4. Time dependence of OH in the presence of OH radical scavengers. The scavenging capacities
were set to be 0, 10°, 107, 108, 10°, and 10° (1/s). In the PHITS physical simulation, atomic interactions
under 1 MeV electrons were simulated, and the energy deposition was approximately 1% of the electron
kinetic energy in the same manner as Fig. 2.

3.3. Application of this chemical code to DNA damage analysis

Finally, we applied the PHITS-Chem code to DNA damage analysis. Figure 5 shows the
relationship between scavenging capacity and the yields of DNA lesions, where lines and symbols
represent the estimated yields and the experimental values (Fulford ef al 2001, Shina et al 2013).
When estimating the DNA damage yields, we used the electron energy spectrum of 150 kVp X-rays,
which was depicted in Fig. S4 in Supplementary Material. The coefficients # for SSB, DSB, BD, and
AP site were 7.65x10°"%, 1.37x107'¢, 1.16x10"'4, and 4.09x10°"%, respectively. The Ype values for the
SSB, DSB, BD, and AP site were obtained as 1.90x10°'°, 1.60x10!!, 8.20x10°'°, and 9.70x10!!,
respectively. As shown in Fig. 5, regardless of the DNA damage type, the indirect effects of OH
radicals (G) were proportional to the yields of all DNA lesions (i.e., SSB, DSB, BD, and AP site) in
the range of scavenging capacity 10°-107 s, In this regard, this chemical simulation suggests that
indirect effects play an important role in DNA damage induction at a low scavenging capacity of < 10’
s't. Meanwhilst, the direct effects are the main cause of DNA lesions at high scavenging capacity of >
107 s. The contribution of OH radicals to DNA damage induction can be discussed using the
PHITS-Chem code.

As shown in Figs. 3 and 4, the PHITS-Chem code in PHITS can simulate the time-dependent
yields of chemical products resulting from water radiolysis as functions of the electron energy and
scavenging capacity of OH radicals. It has been known that scavenging capacity in mammalian cells is
higher than that of the pure liquid water, i.e., 3 x 108 s (Fulford et al 2001). Thus, the contribution of
chemical products to DNA damage induction can be discussed using this chemical code considering
their scavenging capacity. In contrast to OH radicals, the lifetime of e, with OH radical scavengers
can be longer than that without the scavenger, because the number of ‘OH + e, reactions decreases in
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the presence of OH radical scavengers. A clustered DNA lesion, defined as multiple DNA lesions
induced within a 10-bp separation, might be mainly influenced by OH radical scavengers (Tomita et al
1998). Meanwhilst, our previous modelling of DNA damage estimation suggested that analyzing the
spatial distribution of ionizations and electronic excitations is sufficient to estimate DNA damage
yields without any chemical simulations (Matsuya et al 2019, 2020, 2021, 2022). Considering the SSB
and DSB yields under the cell condition (i.e., 3 x 108 s), the contribution of the indirect effects seems
to be smaller than that in the pure liquid water (i.e., < 1 x 10° s). As shown in Fig. 5, this chemical
code would be useful for proving our modelling and mechanistically evaluating the impacts of indirect
effects on DNA damage induction in the human body. However, it is essential to consider the reaction
rate constant, k, of OH radicals with DNA in chemical simulations. Further development and modeling
should be conducted in future studies.
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Figure 5. DNA damage yields and time-integral G-values of OH radicals as a function of scavenging
capacity of Tris. The G values were integrated from 1072 to 10 sec, and the relationship between the time
integral G-value and the experimental DNA damage yields (Fulford et al 2001, Shiina et al 2013) was
depicted.

4. CONCLUSIONS

In this study, we developed a chemical code dedicated to PHITS (PHITS-Chem code), that
allows the calculation of the G values of 16 products (e.g., ‘OH, e.q, H2, and H,O,) and 35 chemical
reactions as a function of time after irradiation (> 1 ps). The calculated G values of the major products
‘OH, e.y, H2, and H,O; for the interval from 1 ps to 1 ps agreed well with typical data (i.e.,
experimental data and other simulation results). Amongst the chemical reactions, the two types of OH
radical scavengers (i.e., Tris and DMSO) are considered in this chemical code and found to be useful
for discussing the induction mechanisms of various DNA lesions such as SSB, DSB, BD, and AP site.
The PHITS-Chem code would be useful for evaluating the relationship between the direct and indirect
effects of radiation exposure. The PHITS-Chem code is currently designed to be used in combination
with PHITS-ETS mode. In the PHITS code, the ion track-structure mode, well known as the
PHITS-KURBUC mode (Matsuya et al 2021), is available, so further development of the chemical
code to handle proton- and carbon-induced chemical species is required in the near future. This
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PHITS-Chem code will be included and make available in the future version of the PHITS code.
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