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Abstract
Objective. Radiation biophysical modelling of the spatio-temporal events following energy depos-
ition in a tissue-like medium is a useful tool for investigating mechanistic features of radiobiolo-
gical processes. The present study focuses on the description of complex milieux and long time
domains. Approach. Monte Carlo (MC) chemical track structure algorithms allow the formation,
transport, and recombination of radical species under various irradiation conditions to be fol-
lowed. This feature has been proposed to have outermost relevance, e.g. in the comprehension
of the FLASH effect. Nevertheless, to extend the simulations predictability range in both tem-
poral scales and realistic environments, while avoiding prohibitive running times, computation-
ally lighter approaches have to be used in combination with the accurate step-by-step descriptions
provided by MC. To this end, TRAX-CHEMxt has been implemented.Main results. We propose
here an upgraded version of the code, capable now to investigate the chemical effects of radiation
up to 1 s and in a more complex environment, featured not only by oxygenated water, but also by a
representative biomolecule, RH, and an antioxidant component, XSH. The robustness of the code
in this new configuration has been proven. Its predictions are compared with both full MC coun-
terparts at the overlapping time scale, (1–10)µs, and available experimental data at longer tem-
poral points, showing in all cases good agreements. The change in the chemical yields due to the
presence of RH and XSH is then investigated, as a function of primary particle type, energy, LET,
and target oxygenation. Significance. TRAX-CHEMxt can thus be effectively applied to study the
impact of radiation-induced radicals at larger time scales on more complex systems, allowing for
specific biological targets simulations.

1. Introduction

Damage contributions induced by various radiation qualities to biological targets can be grouped into
two main categories. On one hand, the direct interaction between primary particles, with secondary elec-
trons, and biomolecules. On the other hand, the indirect effect of intermediate-produced radicals follow-
ing interaction with the solvent (i.e. water radiolysis), especially OH•, H•, and e−aq. The evolution of this
‘indirect damage’ at the track structure level can in turn be divided in various stages. Due to the initial
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energy deposition by the radiation beam, ionised and excited water molecules, together with a substan-
tial high amount of secondary electrons, are produced. The resulting species are highly unstable, and will
then dissociate and thermalise with the surrounding environment until equilibrium is attained. Around
1 ps after the initial physical interactions, the products begin diffusing away from the track core and
reacting with themselves. The initial dissociation of water in radicals and molecules is, however, quite
independent on the primary radiation type (LaVerne 2000, Pastina and LaVerne 2001). Instead, the spa-
tial location of the species determine their subsequent evolution (Boscolo et al 2018). During this ‘het-
erogeneous’ chemical stage, a non-uniform distribution of the chemical species is registered. The denser
the track, the closer the produced radicals, and the more frequent the intratrack recombinations will be
(Burns and Sims 1981). After around 1µs, the species have dispersed from the core area of the track,
and the actual ‘track structure’ dependence has become more loose. Henceforth—‘homogeneous’ bio-
chemical stage—their reaction partners will principally be additional molecules present in the environ-
ment. These include not only biological targets, such as DNA, proteins, amino acids, nucleotides, and
lipids, but also other important interacting species, like antioxidants (Meesat et al 2012), as glutathione
(GSH), ascorbate (AscH−, vitamin C), and superoxide dismutase (SOD). Nonetheless, this so-called
homogeneous stage is, in fact, not entirely homogeneous in reality (Camazzola et al 2023). Rather, it
exhibits a more continuous structure at the nanoscale level, with fewer localised clusters as compared
to the previous stage.

From a chemical perspective, via the indirect action the radicals will react with generic biomolecules
in the target (RH) through

OH•/H•/e−aq +RH→ R• + side-products, (1)

inducing the creation of a damaged site, R•. This latter species can then be either repaired by the pres-
ence of enzymatic antioxidants (XSH) via hydrogen donation

R• +XSH→ RH+XS•, (2)

or ‘fixed’ and made less repairable by the combination with oxygen (when present)

R• +O2 → ROO•. (3)

The resulting peroxyl radicals ROO•, non-restorable forms of the original target molecules
(Favaudon et al 2022), can in turn induce a peroxidation chain reaction, where hydrogen atoms are
‘stolen’ from other RH in a recursive way. Only the intervention of another antioxidant will block this
loop, resulting in the formation of a stable organic hydroperoxide, ROOH. This may therefore be con-
sidered a potential indicator of the amount of harmed biological species{

ROO• +RH→ ROOH+R• (chain propagation)

ROO• +XSH→ ROOH+XS• (chain termination)
. (4)

Hence, a single species may be featured by multiple possible routes. For instance, OH• can either
react with other products from water radiolysis, can extract an electron from a target biomolecule, or
can be scavenged by an antioxidant

OH• +XSH→H2O+XS•. (5)

Simulations can be useful tools to inspect the kinetics of complex system’s dynamics, since they
provide temporal information regarding chemical species that are arduous to determine experimentally
(Wasselin-Trupin et al 2002). Moreover, they can help testing hypotheses to understand several unex-
plained mechanisms, such as the FLASH effect (Favaudon et al 2014). The study of diffusion and reac-
tion processes featuring radicals and molecules can be conducted through Monte Carlo (MC) track
structure codes, focusing on an ‘event-by-event’ description of all single interactions happening in the
target. For the high degree of precision and level of details provided, following all secondary electrons
released from water molecules down to very low energies, the computing time can be high. This lim-
its their applications to small volumes and to the description of track segments of the primary radi-
ation. Most of currently available codes focus on oxygenated water environments (Boscolo et al 2020,
Lai et al 2021, Zhu et al 2021, Hu et al 2022, Chappuis et al 2023). A more detailed overview on the
current state of the art of track structure/analytical algorithms can be found in Camazzola et al (2023).
For a more realistic description of the indirect damage on cells, the inclusion of biological components
(Plante 2021), together with the coverage of longer time scales, is necessary. Due to high computational
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costs, MC approaches alone are suboptimal to explore the biochemical stage. However, mathematical
shortcuts can be exploited to reduce running times and extend simulations up to the domain of seconds.
This is the direction where algorithms are moving at present time (Tran et al 2021, Favaudon et al 2022,
Camazzola et al 2023, Chappuis et al 2023, Shin et al 2024, D-Kondo et al 2025).

The purpose of this study is to simulate how the interactions of chemical species with the biological
environment are affected by initial particle quality, energy, LET, and target oxygenation. Both TRAX-
CHEM (Boscolo et al 2018, 2020), chemical integration of the MC track structure code TRAX (Krämer
and Kraft 1994, Wälzlein et al 2014), and its recent extension to the homogeneous stage TRAX-CHEMxt
(Camazzola et al 2023), have been updated to account for the presence of additional background spe-
cies. An extended time coverage, to 1 s, has been achieved as well, as reactions can happen even after
some ms from the initial physical interactions (Shin et al 2024). After presenting the new features intro-
duced in the code, section 2, the findings of the analyses are showcased in section 3. A detailed discus-
sion of the outcomes can be found in section 4. To conclude, some investigations that can be performed
by exploiting TRAX-CHEMxt are proposed in section 5.

2. Methods

2.1. Code description
Detailed descriptions of TRAX-CHEM and TRAX-CHEMxt can be found, respectively, in Boscolo et al
(2018, 2020) and Camazzola et al (2023). In what follows, only a brief summary of the algorithms’
major features is given.

TRAX-CHEM is a step-by-step MC code, able to simulate the stochastic and highly track-structure
dependent initial chemical track evolution. It offers the possibility to score all single radicals’ and
molecules’ positions produced around the primary particle track, at all times spanning from 1 ps to 1µs,
extending to 10µs if necessary, at the expenses of higher calculation costs. Only when an acceptable
degree of homogeneity is reached by the system (at around 1µs), it is possible to ‘switch’ the inform-
ation to a simplified and less computationally demanding procedure for simulating the chemical pro-
cesses. TRAX-CHEMxt (Camazzola et al 2023) accomplishes so by employing an approach that utilises a
continuous representation of the molecules’ and radicals’ locations as concentration distributions. They
are assigned one per each species, and are derived by converting the spatial positions produced around
the particle track. The tedious step-by-step procedure testing for possible reactions between all the com-
binations of individual reactants, together with their displacement in space, can now be replaced by a
much faster set of differential equations. These describe both diffusion and reaction events, and are
based on the respective one-dimensional, radial concentrations. A Crank–Nicolson scheme was applied
to approximate the derivatives featuring the diffusion process (Fick’s second law), while the explicit
forward Euler method was exploited to describe the reactions (Camazzola 2024). The hypothesis of
local homogeneity employed in the implementation of the algorithm, associated with the condensed
information along the longitudinal direction (1D), is the foundation upon which the distributions are
constructed.

From the pure computational point of view, the core of the algorithm is the chemical kinetics sim-
ulation of the environment under analysis, achieved by looping between reaction and diffusion events.
Furthermore, the flatness of each concentration distribution is subject to periodic monitoring. This pro-
cess is performed to speed up the computation, once a regime is reached where only reactions describe
the system’s dynamics. By selecting appropriate ‘temporal steps’ for the simulations, where temporal step
denotes the virtual time of the simulation used to describe the evolution of the track, times exceeding 1 s
can be reached. The small time step is, in fact, increased according to the interval covered. For instance,
1 ns samples the domain (1–10)µs, whilst 100 ns is exploited when computations exceed 1 s. As in the
previous analysis (Camazzola et al 2023), the studies are performed under ‘track segment’ conditions,
meaning that projectile LET and energy do not vary within the simulation volume. ‘Track average’ sim-
ulations on a MC base are prohibitive, due to the high computational costs required. Within the simu-
lation settings, a cylindrical target is considered, with 5µm radius and (1–10)µm height, depending on
the primary particle LET. The projectiles are simulated as point sources, and directed towards the main
axis at the centre of the cylinder. To guarantee secondary electrons equilibrium at the borders, thin water
phantoms before and after the main one are also included.

The contributions of singular reaction channels to the overall increase (or decrease) of a chemical
species can now be provided by TRAX-CHEMxt. These outputs need to be specified by the user, and
have been introduced to infer the preferred production (or consumption) pathways featuring the desired
radicals/molecules at specific time points. They provide information on how, when, and to which extent
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Table 1. List of biological components and respective concentration values used in this work.

Biological component Concentration (mM) References

Proteins 10 Davies (2016), Hawkins and Davies (2019)
Amino acids 30 Piez and Eagle (1958), Davies (2016)
Nucleotides 3 Traut (1994)

RH 43

Glutathione 3 Kosower and Kosower (1978), Wardman and von Sonntag (1995),
Mikkelsen and Wardman (2003), Nauser et al (2015), Wardman
(2022)

Ascorbate 1 Wardman and von Sonntag (1995), Nauser et al (2015), Wardman
(2022)

XSH 4

different reactions compete with one another (Cobut et al 2005), determining for instance the propor-
tion of neutralisation versus damaging contributions of a specific radical.

2.2. Biological environment implementation
The simulation of a system mimicking the cellular environment is not trivial, due to the lack of consist-
ency in literature (Shin et al 2024), to the enormous amount of different molecules present, and to their
inhomogeneous distributions. Reactions in these solutions are very complex, and may depend on several
parameters such as oxygen or antioxidant concentrations and medium acidity. To overcome this obstacle,
in the present work, the biological environment is described through a ‘generic’ biomolecule RH and a
‘generic’ antioxidant XSH.

The list of biological components considered for the definition of RH and XSH, together with their
respective concentration values, is summarised in table 1.

A concentration of 43mM is assigned to RH, representing a cumulative effect of three categories:
proteins, amino acids, and nucleotides. Proteins constitute roughly 70% of the dry mass of the organic
material within the cell (Hawkins and Davies 2001, Liu and Gebicki 2012, Koch et al 2023). For their
abundance and high reaction rate coefficients (Gebicki and Gebicki 1993, Liu and Gebicki 2012, Davies
2016, Hawkins and Davies 2019, Wardman 2022), they are deemed to be the main biological target of
oxidation by primary water radicals. These are studied as monomer units, and their complete 3D struc-
ture is not accounted for. All orientations of the 3D molecules relative to the chemical species will occur,
therefore as a first approximation their structure can be disregarded. The antioxidant scavenger XSH,
instead, represents the contributions from glutathione and ascorbate, as performed in other studies
(Colliaux et al 2011, Liu and Gebicki 2012, Nauser et al 2015), resulting in an overall concentration of 4
mM. Although being the most prominent small antioxidant molecules in a cellular system, their abund-
ances vary significantly depending on the tissue considered (Liu and Gebicki 2012). Other enzymes such
as SOD, catalase (CAT) and α-tocopherol (vitamin E) play also a role in the chemical reaction network.
Nevertheless, these are featured by concentration values at least 3 orders of magnitude smaller than
GSH/AscH−.

Due to the limited amount of experimental data available, the determination of reaction rate con-
stants is a particularly challenging process. Several reaction channels require relatively crude approxim-
ations or empirical derivations, as performed, e.g. in Tan et al (2023). The list of all reactions imple-
mented in this work, together with the respective rate coefficients, can be found in table 2. The reaction
constants κ featuring the oxygenated water environment are the same ones used in the previous analysis
(Camazzola et al 2023), and can be found in the supplementary material of such work.

The orders of magnitude for primary water radicals with biomolecules are consistent with those
reported in D-Kondo et al (2025), and in a similar fashion, it was decided to stop at the main stable
products of reactions stemming from RH, without considering ‘later generations’. As reported by Liu and
Gebicki (2012) in the context of protein peroxidation, it is indeed challenging to ascertain which spe-
cific (protein) site reacts with the primary water radicals, and to understand the subsequent dynamics,
through experimental means. Consequently, only global damages, such as ROOH yields, can be quanti-
fied. Following the same logic, the products of the reactions with XSH, i.e. XS•, HS−, and X•, are not
followed, and attention is given just to the first-order neutralisation mechanisms. Concurrently, certain
approximations are made with regard to the reaction products. Some species from table 2, such as H2

and OH− in reaction (xxxiii), have been introduced in accordance with stoichiometric principles (mass
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Table 2. List of reactions and respective reaction rate constants assumed for the biological environment. The κ values are determined
under normal conditions, i.e. neutral pH and 25◦C. The numbering sequence continues that used for the oxygenated water scenario (cf
table SM1 in the supplementary materials).

Reaction κ [1010 dm3 mol−1 s−1] References

(xxvii) OH• +RH→ R• +H2O 0.1 Michaels and Hunt (1978), LaVerne
and Pimblott (1993), Huie (2003),
von Sonntag (2006), Liu and
Gebicki (2012)

(xxviii) R• +O2 → ROO• 0.023 Neta et al (1990), Hawkins and
Davies (2001, 2019), von Sonntag
(2006), Liu and Gebicki (2012),
López-Alarcón et al (2014), Nauser
et al (2015)

(xxix) R• +R• → R2 0.01 Davies (2016), Leinisch et al (2017),
Labarbe et al (2020)

(xxx) R• +ROO• → ROOR 0.01 Leinisch et al (2017), Labarbe et al
(2020)

(xxxi) ROO• +RH→ ROOH+R• 0.000 05 Neta et al (1990)
(xxxii) ROO• +ROO• → ROOR+O2 0.01 Neta et al (1990), Huie (2003),

Wardman (2022)
(xxxiii) e−aq +RH+H2O→H2 +R• +OH− 0.05 Michaels and Hunt (1978), Huie

(2003), von Sonntag (2006)
(xxxiv) H• +RH→H2 +R• 0.001 Michaels and Hunt (1978), LaVerne

and Pimblott (1993), Huie (2003),
von Sonntag (2006)

(xxxv) OH• +XSH→ XS• +H2O 1 von Sonntag (2006), Davies (2016),
Labarbe et al (2020), Tan et al
(2023)

(xxxvi) e−aq +XSH→HS− +X• 0.3 Huie (2003)
(xxxvii) H• +XSH→H2 +XS• 0.7 Colliaux et al (2011)
(xxxviii) R• +XSH→ RH+XS• 0.0005 Huie (2003), von Sonntag (2006),

López-Alarcón et al (2014),
Labarbe et al (2020), Wardman
(2022)

(xxxix) ROO• +XSH→ ROOH+XS• 0.00 005 Neta et al (1990), Huie (2003),
Labarbe et al (2020), Wardman
(2022)

Table 3. List of diffusion coefficients featuring the biological environment.

Species D [10−9 m2 s−1] References

RH & products 0.6 Boyer and Hsu (1992), Ma et al (2005), Torres et al
(2012), Wang et al (2012), Romero et al (2019), Yu
et al (2019), Miyamoto and Shimono (2022), Tang
et al (2022)

XSH & products 1 Stricks and Kolthoff (1952), Shamim and Baki
(1980), Jin and Chen (2000), Ganesh et al (2018),
Soriano et al (2018)

conservation). While the biological products like R• are consistently generated, the vast plethora of pos-
sible byproducts depends on the specific biomolecule under examination Koch et al (2023). To conclude,
a remark is due for reaction (xxviii): in literature (see table 2) consistent values of 1 · 109 dm3mol−1 s−1

are reported for oxygen depletion from protein radicals, but no reliable data exists for amino acids and
nucleotides. Therefore, the final κ is derived from a weighted mean, with the scaling coefficient derived
from the ratio between proteins and overall RH concentrations. Nevertheless, the ultimate yield of
ROO•—and ROOH—was found to strongly depend on this reaction rate, even under small variations
in its value. A sensitivity analysis is presented in section 4.3.

Diffusion coefficients are assigned both to the major reactants, RH and XSH, and all respective
products. These are summarised in table 3.
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The final value for RH is derived from a weighted mean, computed in the same manner as the one
described above to get the κ for reaction (xxviii) in table 2. It has been rounded up also to partially off-
set the fact that the algorithm treats only point-like radicals, implying that the migration of damaged
sites along the molecule (Liu and Gebicki 2012)—intramolecularity effect—that results in an increased
mobility, can not be directly considered. Diffusion coefficients for both GSH and AscH−, instead, are
found to be quite similar. The majority of collected values are experimentally derived under water condi-
tions. They are preferred, for consistency with the other chemical species, and because the entire calibra-
tion and validation process in TRAX-CHEM has been performed in H2O. The introduction of a viscous
environment would have necessitated significant modifications, already at the dissociation/thermalisation
level during the physico-chemical stage.

From the computational point of view, the two new scavengers are treated as homogeneously distrib-
uted (Michaels and Hunt 1978, Autsavapromporn et al 2007, Labarbe et al 2020, Plante 2021, Wardman
2022, D-Kondo et al 2025), in the same manner as oxygen (Boscolo et al 2020). This means that their
concentrations are large enough to maintain their values constant throughout the simulation, and at
the same time sufficiently lower than that of water to avoid direct interaction with the primary ionising
radiation (Colliaux et al 2011, Ramos-Méndez et al 2020, Chappuis et al 2023). For the homogeneous
stage simulated with TRAX-CHEMxt, this resulted in a simple update of the reaction network scheme
and the pool of simulated species. For the heterogeneous chemical stage (MC), the introduction of the
new scavengers required substantial modifications at the code level. The reaction probabilities are defined
in the same way as for O2. However, a selection procedure needs to be introduced. The probability of
a reaction between a radical and a specific scavenger (if applicable) can be expressed as PO2 , PXSH, and
PRH. All the probabilities are considerably less than 1, such that their sum is lower as well. Concurrently,
the radical can also interact with other species surrounding it. For each time step, only one reaction
pathway can occur, in a sort of ‘competition’ between the other reactants, and it is not granted than the
radical will react at all. Hence, for each simulation loop, a random number is extracted, x, to assign to
the radical its possible reaction partner:

(i) If 0 < x < PO2 , then the radical reacts with O2.
(ii) If PO2 < x < (PO2 + PXSH), then the radical reacts with XSH.
(iii) If (PO2 + PXSH) < x < (PO2 + PXSH + PRH), then the radical reacts with RH.
(iv) Otherwise, it may react with another species, depending on their distance and the respective

reaction radius (Boscolo et al 2018).

3. Results

3.1. Code validation
3.1.1. Experimental data in water environment at extended time scales
This section presents a comparative analysis between two experimental findings, derived under neut-
ral pH conditions from the data of Roth and LaVerne (2011), and TRAX-CHEMxt predictions. The G-
value of H2O2 is selected as the final endpoint, being a stable molecule within the considered frame-
work (Shin et al 2024). Around 1Gy s−1 was delivered for both radiation qualities, 60Co γ and proton,
with doses of up to 1350Gy for the former and 300Gy for the latter. A time scale of 15min is therefore
deemed sufficient for saving the computational yields. Projectiles’ energies are simulated, such that their
respective track segment LETs (in cylindrical targets with heights ≈5µm) correspond to the track aver-
age ones associated with the relative experimental beams. The uncertainties for the final computed val-
ues are derived from a quadratic summation between the ones related to the concentration distribution
algorithm (σxt)—supplementary material in Camazzola et al (2023), and the MC ones (σMC)—standard
error from all independent simulated tracks:

√
σ2
MC +σ2

xt.
In the first experimental set-up (Roth and LaVerne 2011), a 60Co γ source was employed for the

irradiation of a fully aerated water environment. A 500 keV electron track in a target with pO2 = 19%
is simulated for the chemical yields comparison, due to the similar LET, 0.2 keVµm−1 (Camazzola
et al 2023). Figure 1 summarises both the radicals’ and molecules’ trends predicted by TRAX-CHEMxt,
as well as the data from Roth and LaVerne. The final experimental yield is G-value(H2O2)exp =
(0.96± 0.05)molecules/100 eV, whereas G-value(H2O2)theo = (1.2± 0.2)molecules/100 eV is the theoret-
ical one. Differences might be due to the physical properties of the two radiation qualities. In fact, 60Co
γ is featured by an energy spectrum, with two energy lines at 1.17MeV and 1.33MeV. In general, the
two values exhibit reasonable compatibility.

In the second experimental scenario (Roth and LaVerne 2011), a 5MeV proton beam, with track
average LET = 20.7 keVµm−1 (Pastina and LaVerne 1999), was employed. Since TRAX works in a track
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Figure 1. H2O2 yields comparison between the experimental data from Roth and LaVerne (Roth and LaVerne 2011), and the the-
oretical prediction from TRAX-CHEMxt. Whereas the former employed a 60Co γ source, for the computation a 500 keV electron
track in a water environment with pO2 = 19% is simulated, due to their similar LET, around 0.2 keVµm−1. The uncertainty of
the experimental value is smaller than the symbol and therefore not visible.

Figure 2. H2O2 yields comparison between the experimental data from Roth and LaVerne (2011), and the theoretical prediction
from TRAX-CHEMxt. Whereas the former employed a 5MeV proton beam, for the computation a 1.5MeV proton track in a
water environment with pO2 = 19% is simulated, due to their similar LET, around 20 keVµm−1. The uncertainty of the experi-
mental value is smaller than the symbol and therefore not visible.

segment condition, to compare with this data, a 1.5MeV monoenergetic proton track with a constant
LET of 19.7 keVµm−1 is simulated, still in a fully aerated environment. The G-values are reported in
figure 2. In this case the final yields are G-value(H2O2)exp = (1.27± 0.07)molecules/100 eV for the
experiment, and G-value(H2O2)theo = (1.40± 0.04)molecules/100 eV for TRAX-CHEMxt. Also here, the
two values exhibit a good agreement.

3.1.2. MC simulations in biological environment at overlapping time scales
The objective is now to demonstrate the reliability of TRAX-CHEMxt in conveying the information
provided by the MC counterpart, in the context of a more complex environment. This is accomplished
by monitoring the deviations between the two algorithms’ predictions at an overlapping time scale.
TRAX-CHEM outputs (both G-values and concentration distributions) recorded up to 10µs and from
different primary particle qualities, LETs, and O2 levels, are compared with those obtained by the com-
bination of TRAX-CHEM (up to 1µs) and TRAX-CHEMxt. With respect to the previous analysis
(Camazzola et al 2023), due to the change in the kinetics and to let the system achieve the local homo-
geneity within each bin of the concentration distributions, the information transition between TRAX-
CHEM and TRAX-CHEMxt is set to 1µs. The primary water radicals, i.e. OH•, e−aq, and H•, are not
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Table 4.Maximum differences associated with TRAX-CHEMxt, for the four initial conditions simulated. Each deviation is derived by
taking the biggest value from the absolute differences between the total number of every radical and molecule predicted by the
extension (with initial concentrations taken fromMC at 1µs) and the respective quantities produced by TRAX-CHEM, divided by the
latter.

Particle type Energy pO2 (atm) Max difference at 10µs

Electrons 500 keV 0.5% 5%
Electrons 500 keV 21% 5%

Carbon ions 90MeVu−1 0.5% 3%
Carbon ions 90MeVu−1 21% 3%

shown, as they are all already fully consumed before the switching time. Also HO−
2 , R2, and ROOR are

not considered, due to their very low yields.
A 500 keV electron track and a 90MeV u−1 carbon track are examined, irradiating a target at two

extreme oxygenation levels, 0.5% and 21%. All final G-values show differences below 5% with respect to
the MC counterparts, as documented in table 4. In figure 3, examples of TRAX-CHEMxt concentration
distributions, saved at 5µs and 10µs, are compared with the respective TRAX-CHEM ones. Good agree-
ments are registered for all chemical species and all initial conditions investigated. Overall, a preserved
level of accuracy by TRAX-CHEMxt is evident.

3.1.3. Experimental data in biological environment at extended time scales
A final benchmark is performed by comparing TRAX-CHEMxt predictions with the experimental data
from Karle et al (2024), in the context of radiolytic oxygen depletion (ROD) within a biological target.
Different conventional radiation types are selected for testing, i.e. proton, helium, carbon, and oxygen
ions. Their simulation energies are retrieved using the same approach proposed in section 3.1.1 to match
the reported LETs, so respectively 8MeV (≈5.1 keVµm−1), 11MeVu−1 (≈14.9 keVµm−1), 25MeVu−1

(≈66.5 keVµm−1), and 30MeVu−1 (≈101 keVµm−1). The simulated biological system is implemented
to mimic the experimental condition, meaning that the RH molecule stands now for the bovine serum
albumin (BSA), and is present at a concentration of 5% (or 750µM). On the other hand, XSH is set
to 0µM as no enzymes are considered. Following the same logic, new reaction rate constants are intro-
duced as well, and listed in table 5. The diffusion coefficient assigned to BSA and its radical is derived
from Gaigalas et al (1992), and amounts to 6 · 10−11m2 s−1. All radiation qualities are tested for a set of
8 different oxygenation levels: (0.1%, 0.2%, 0.3%, 0.5%, 0.8%, 2%, 5%, 13%). Figure 4 summarises both
the theoretical and experimental ROD.

As a general trend, the oxygen depletion values decrease with increasing particle LET. Similarly, the
fluctuations between the experimental data points reduce as well. TRAX-CHEMxt’s outputs have been
recorded up to 1 s post irradiation, in accordance with the time resolution of the OxyLite system used
(Karle et al 2024). The ROD values in the saturation regions seem to be reproduced fairly acceptably by
simulations, showing also a lowering tendency when passing from low to high LETs. However, a very
steep increase under low oxygenations is registered, while the data from Karle and co-authors show a
slower ‘shoulder’ formation with increasing initial oxygen level. Some possible reasons for the discrep-
ancy are proposed in section 4.1.

3.2. Medium impact on chemical yields
The G-values produced in different environmental conditions by two radiation qualities, 500 keV elec-
trons and 90MeVu−1 carbon ions, are compared. The data on H3O+, OH−, and H2 are not shown,
as their yields depend on the stoichiometric decisions made to conserve the reactants’ masses (i.e. to
preserve the amount of each element in both reactants and products, cf the two sides of the ‘Reaction’
column in table 2). Also the yields of HO−

2 , R2, and ROOR are not reported, due to their low amounts.
Conversely, both XS• and HS−/ X• are still considered to be of value, since they provide useful informa-
tion on the actual amount of XSH that ‘intervened’ within the chemical network. The G-values for HS−

and X• have been depicted with the same colour, because they are produced always in the same amount
as evidenced by reaction (xxxvi) in table 2.

Figures 5 and 6 report the primary chemical yields produced up to 1 s under pO2 of 0.5% and 21%,
for both a water and a biological environment. The following considerations can be applied to both
radiation qualities simulated. As far as the H2O target is concerned, the primary radicals are completely
consumed at (1–10)µs for H• and e−aq, reaching (0.1−>1) s for OH•. The respective products, H2 and
H2O2, exhibit a constant increase. Concomitantly, the oxygen present in the target starts to play a prom-
inent role in the network at approximately 1µs for 0.5% pO2, shortening to 10 ns for 21% pO2, as both
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Figure 3. Examples of compared radial concentration distributions for H2O2, R•, O•−
2 , and XS•, produced by a 500 keV electron

track (a), (c) and a 90MeVu−1 carbon track (b), (d), under oxygenations of, respectively, 0.5% (a), (b) and 21% (c), (d).

Table 5. List of reactions and respective reaction rate constants assumed for the comparison with the experimental data in Karle et al
(2024). In this context, RH stands for BSA (750µM), while no XSH is included.

Reaction κ [1010 dm3 mol−1 s−1] References

(i) OH• +RH→ R• +H2O 3 Adhikari and Gopinathan (1996)
(ii) e−aq +RH+H2O→H2 +R• +OH− 1 Schuessler and Davies (1983)
(iii) R• +O2 → ROO• 0.01 El Khatib et al (2022)
(iv) R• +R• → R2 0.01 Labarbe et al (2020)

HO•
2 and O•−

2 are produced in a considerable increasing amount. Some long-lasting reactions at times
>1ms can be spotted as well, for both oxygenations, mostly consuming the hydroxyl radicals (OH•)
and superoxide anions (O•−

2 ), producing further H2O2 and HO•
2 . The situation changes drastically when

dealing with the biological milieu. All primary water radicals are fully consumed already around 100 ns,
due mostly to reactions with both RH and XSH at times as small as 1 ns. To correctly describe these
reaction network dynamics, the biomolecules have to be included within the MC algorithm, for both
particle tracks. Some species such as H2O2, HO•

2 , and O•−
2 , are produced in lower yields with respect to

the oxygenated H2O targets, due to the scavenging of primary water radicals. Concurrently, the increase
of the biological radicals, R•, XS• and HS−/ X•, is evident. A slightly lower R• peak is registered for the
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Figure 4. Radiolytic oxygen depletion values predicted by TRAX-CHEMxt and reported in Karle et al (2024), for respectively
8MeV protons (a), 11MeVu−1 helium ions (b), 25MeVu−1 carbon ions (c), and 30MeVu−1 oxygen ions (d).

Figure 5. G-value curves for the major species produced by a 500 keV electron track in a water (a), (c) and biological (b), (d)
environment, with pO2 = 0.5% (a), (b) and 21% (c), (d), recorded up to 1 s.

21% pO2 case with respect to 0.5%, because some H•/ e−aq are converted into HO•
2 / O

•−
2 , respectively.

Similarly, also the HS−/ X• yields are a bit smaller at full oxygenation. A higher final XS• G-value is
registered for the hypoxic condition, meaning that here XSH interacts mostly with R•. Vice versa, at full
oxygenation, the fixation reaction between R• and O2 prevails. The ROO

• level increases, with a pro-
duction that starts before 1µs for the environment at 21%. Additionally, the R• curve ‘slows down’ its
decreasing slope, around 30µs. This behaviour is due to the chain propagation reaction reported in (4),

10



Phys. Med. Biol. 70 (2025) 245023 G Camazzola et al

Figure 6. G-value curves for the major species produced by a 90MeVu−1 carbon track in a water (a), (c) and biological (b), (d)
environment, with pO2 = 0.5% (a), (b) and 21% (c), (d), recorded up to 1 s.

where the organic peroxyl radicals and other RH molecules react, not only producing hydroperoxides,
but reintroducing in the system new R• as well. In this situation, the intervention of XSH would be
mostly against ROO•, to terminate the chain propagation. A clear indication of these chemical interac-
tions is the great increase in the ‘damaged’ end-product ROOH. In section 3.3, an analysis is carried out
to understand the dependence of this yield on LET, whereas in section 4.2, the reason behind this rise
is investigated. With respect to the water milieu, the O2 impact is shifted to later times, and the effects
of the aforementioned reactions prove the necessity to simulate longer time scales. The introduction of
the biological species has therefore impacted significantly the species yields (Shin et al 2024, D-Kondo
et al 2025).

3.3. Organic hydroperoxide dependence on LET
The organic peroxyl radical ROO• is a non-restorable form of the target RH, resulting from the damage
fixation performed by oxygen (Favaudon et al 2022). Its amount can therefore be treated as an indicator
of the indirect damage, as proposed by Thomas et al (2024). Consequently, the yield of ROOH has to
be monitored (El Khatib et al 2022), representing the final stable altered biomolecule (Liu and Gebicki
2012). This section is dedicated to the investigation of the influence of LET on the ultimate yield of
organic hydroperoxide. A biological environment under different oxygenation conditions, respectively
1%, 4%, 7%, and 15% pO2, is simulated. Table 6 summarises all the LET considered, together with the
related particle types and energies. The data are saved at 1 ms, to ensure that the saturation of ROOH is
reached in the various scenarios. The resulting G-values are summarised in figure 7.

The competition between oxygen fixation and intratrack recombination effects is evident. After
the delivery of low LET radiations, water radicals are distributed far apart, favouring reactions with
the environment—first with RH and XSH, later with O2, due to their different concentrations.
This leads to the subsequent chain cascade, reactions (xxviii) and (xxxi) in table 2. Final values of
(0.54± 0.02)molecules/100 eV, (2.06± 0.01)molecules/100 eV, (3.43± 0.01)molecules/100 eV, and
(6.53± 0.02)molecules/100 eV, for increasing pO2, are registered. As the LET rises, so do the radical
recombination rates, due to the enhanced proximity between the chemical species. Consequently, the
amount of radicals available for reacting with the biomolecules is reduced, limiting the final ROOH
formation. In all oxygenation conditions, it is decreased by roughly 70%. These results corroborate the
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Table 6. Particle qualities and respective energy and LET values used in the simulations.

Particle type Energy LET (keVµm−1)

Electrons 500 keV 0.2

Protons 65MeV 1

Helium ions 150MeVu−1 2
Helium ions 50MeVu−1 5

Carbon ions 300MeVu−1 10
Carbon ions 150MeVu−1 20
Carbon ions 40MeVu−1 50
Carbon ions 20MeVu−1 90

Oxygen ions 16MeVu−1 200

Neon ions 17MeVu−1 300

Figure 7. G-values of the organic hydroperoxide ROOH as a function of LET. The environment simulated is kept at a constant
oxygen level of 1% (a), 4% (b), 7% (c), and 15% (d). The data are recorded at 1ms.

assertion that there are significant differences in the proportion of indirect damage with respect to the
primary radiation quality under consideration. To monitor the oxygen effect in the ROOH yield, the
ratios of the G-values at various oxic conditions to the one in hypoxia are computed. The outcomes are
shown in figure 8.

An increase in the oxygenation from 1% to 4%, 7%, and 15% induces a rise in the ROOH yield of
around 3.5 fold, 6 fold, and 12 fold respectively, regardless of the LET simulated. Consequently, within
this pO2 domain, different levels of oxygen—ubiquitous in the target—simply anticipate/delay (time-
wise) the reactions with the R• radicals, but do not unlock other new channels.

4. Discussion

4.1. Code validation
With the new environment implemented both in TRAX-CHEM and TRAX-CHEMxt, it has been pos-
sible to investigate the chemical effects of radiation in a biological target, probing on top longer time
scales. To ascertain whether TRAX-CHEMxt provides reliable outcomes, its predictions have to be bench-
marked first with experimental findings. This, however, represents a challenge (D-Kondo et al 2025). On
the one hand, TRAX-CHEMxt is featured by inherent limitations associated with initial conditions that
can be currently simulated, such as treatment of low dose rates and constant LETs. On the other hand,
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Figure 8. Increment in the G-values for the organic hydroperoxide ROOH as a function of LET, when passing from 1% to,
respectively, 4%, 7%, and 15% pO2. The data are recorded at 1ms.

the amount of experimental data pertaining to chemical yields produced by ionising radiations at long
temporal domains, even in a simple water target, is modest.

Literature data from Roth and LaVerne (2011) have been used as a benchmark for the the-
oretical predictions within an oxygenated water target. The final H2O2 yields reported, after the
delivery of 60Co γ and protons beams, were (0.96± 0.05)molecules/100 eV for the former, and
(1.27± 0.07)molecules/100 eV for the latter. These, together with the theoretical calculations—final out-
comes of respectively (1.2± 0.2)molecules/100 eV and (1.40± 0.04)molecules/100 eV, were documented
in figures 1 and 2. Overestimations from TRAX-CHEMxt appeared. One reason can be referred to the
approximation used regarding the track segment LETs chosen. Taking the proton case as an example, for
achieving the same LET, around 20 keVµm−1, as that reported in the experiment (i.e. under track aver-
age conditions, with a beam of 5MeV), the energy assigned to the projectile simulated in a track seg-
ment set-up was 1.5MeV. This means that, while from the simulation a 1:1 relation between the proton
energy and the H2O2 amount can be established, the final yield from the experiment is related to the
total energy deposited by the primary beam, from 5MeV until it stops. Consequently, in this latter scen-
ario there will invariably be a greater contribution from lower LET components with respect to the track
segment one, as the energy domain (1.5–5)MeV is larger than the (0–1.5)MeV one, resulting in a net
reduction of the molecular yields. An additional cause of discrepancy can be the reaction scheme imple-
mented, since low rate coefficients featuring specific channels are disregarded in the one currently used
in TRAX-CHEMxt. As postulated by Pastina and LaVerne (2001), Roth and LaVerne (2011), ‘higher-
order’ reactions, characterised by relatively low values of κ, may become relevant at longer time scales.
Finally, the acid-base equilibrium has to be addressed. Within the experimental environment, the pH
was neutral, and since the acid dissociation constant for the pair HO•

2 / O
•−
2 is 4.9 (Labarbe et al 2020),

some of the hydroperoxyl radicals actually convert into their respective conjugated base. This mechanic
is not yet implemented in TRAX-CHEMxt, therefore an overestimation of HO•

2 is expected, with a con-
sequently larger production of hydrogen peroxide via HO•

2 +HO•
2 →H2O2 +O2. Overall, the results are

satisfactory, emphasising the significance of higher-order reactions on the final products yields due both
to species spatial distributions and their concentration values.

A well-constructed computational model can facilitate the distinction between disparate primary pro-
jectile qualities, from a physical and chemical standpoint. This is an important characteristic that has
been highlighted by Favaudon et al (2022), Thomas et al (2024). The implementation of new species in
the reaction network, RH and XSH (tables 1–3), enabled a radiation chemistry analysis in a target which
was more complex than simple oxygenated water. The objective was to examine species that are ubiquit-
ous within the cell, so no specific biomolecules were targeted (e.g. a specific protein type). Similarly, also
the attack on DNA was not considered. This is due to the fact that DNA is highly site-specific, neces-
sitating the division of the implemented environment into a ‘nucleus’ and a ‘cytosol’, with lipid mem-
branes in between. The actual simulation of this conformation is a highly complex undertaking, and
the crucial approximation of concentration distributions would have been challenged around the lipid
bilayers, necessitating a different approach for computing radicals’ diffusion. Since this was a preliminary
study on the effects of new species in a water target, the dynamics’ parameters were deemed suitable for
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the analysis, given that the precise nature of the biomolecules was not a primary concern. In fact, rate
constants for, e.g. dimerisation processes like R• +R• → R2, are very molecule-dependent (Hawkins and
Davies 2001, Shin et al 2024). It is therefore complicated to determine a representative value for κ.

Still from the validation standpoint, outcomes from TRAX-CHEM and TRAX-CHEMxt in the over-
lapping time frame, (1–10)µs, were compared. Good agreements were found for both concentration dis-
tributions, figure 3, and G-values, table 4, regardless of the initial conditions considered or the specific
chemical species under investigation. Only in cases of particularly low yields (<0.1molecules/100 eV)
uncertainties arose. Two main reasons can be discerned. First, TRAX-CHEM is capable of tracking
chemical species that exit the volume of interest, both laterally and longitudinally. However, in the cur-
rent implementation, there is no ‘equilibrium’ at the borders of the target. This means, from the chem-
ical point of view, that the species going out are not balanced by others coming in. The track density
(concentration distributions) and the related reactions will be different depending on whether a balance
is maintained or not, mostly along the longitudinal direction of the primary ion. It is clear that a species
has a higher chance of reacting with others produced by the track if it is kept within the target (ricochet
at the boundaries), rather than if it is let go outside of it, due to different local densities encountered. As
a consequence of the approximation employed in TRAX-CHEMxt, the balance of species along the lon-
gitudinal and radial directions is always maintained. This difference became effectively evident only when
dealing with very low numbers, as for instance R2 and ROOR, which are featured by yields represent-
ing less than one actual radical/molecule, having practically no meaning. The yields related to the most
important final species, ROOH, that actually derives from a series of reactions (R• → ROO• → ROOH)
always resemble the MC ones, with deviations <3%. A second reason can be due to differences in the
resolution of the reactions between the two algorithms. In the MC case, the reaction radii act as a lim-
iting factor. Once a species has reacted, it is removed from the milieu. Conversely, this sort of binary
behaviour is not present when a concentration representation is considered. Minor discrepancies may
then arise between the ‘quantised’ approach of TRAX-CHEM (step-by-step), and the ‘continuous’ con-
centration distributions approach of TRAX-CHEMxt (1D conversion). Small deviations aside, keep-
ing monitored the track structure dependence enabled the formulation of a reliable and comprehens-
ive description of the chemical dynamics, encompassing a wide range of radiation and environmental
conditions.

A further set of experimental data, from Karle et al (2024), was considered for benchmarking the
simulations, this time within a biological milieu. The reaction system was modified to account for the
presence of BSA, with new reaction rate coefficients reported in table 5. In figure 4, the ROD values
along the four plateau fall within the range of the experimental data, showing an overall decrease while
increasing the projectile LET. The discrepancies observed in the carbon and oxygen cases can be attrib-
uted to the approximation employed to simulate the respective tracks. Indeed, the experiment repor-
ted mean dose-averaged LETs of 65 keVµm−1 and 100.3 keVµm−1, respectively, with actual ranges
of (56–153) keVµm−1 and (88–235) keVµm−1, whereas the simulated (instantaneous) track segment
ones were found to be 66.5 keVµm−1 and 101 keVµm−1. Additional secondary reaction channels that
have not been included in the present simulations might also contribute to the different outcomes.
Conversely, the theoretical RODs at low oxygenations overestimated the experimental ones. One obser-
vation that emerged during the course of the simulations was that the final recording time had a decisive
impact on the formation of the shoulder. No explicit time was documented, however, 1 s was deemed
sufficient, due to the resolution of the OxyLite system utilised. In this regard, a comparison between
the outputs of instruments with different time resolutions would be interesting, to provide valuable
insight into whether this final time can be reduced. It is also conceivable that the reaction scheme cur-
rently employed was not complete, potentially lacking some secondary reactions that could play a sig-
nificant role under low oxygenation conditions. Although there is room for improvement, this eval-
uation demonstrated a positive aspect of algorithm, namely its capacity to emulate diverse biological
environments.

4.2. Medium impact on chemical yields
In figures 5 and 6, a comparison between the yields produced under different oxygenations and environ-
mental conditions, by a 500 keV electron and a 90MeVu−1 carbon ion tracks, was carried out. For the
pure water target, the chemical species behaved as expected: radicals were consumed, and the respect-
ive products were generated. Also HO•

2 and O•−
2 were formed, once the species distributions were more

diffused and could be affected by O2. Some long-lasting reactions (millisecond to second frame) were
present as well, with a temporary equilibrium recorded for H2O2 and HO•

2 at 1 s. Hydroperoxyl radicals
recombinations are expected at later times. As far as the biological milieu is concerned, incorporating
both RH and XSH components already in the MC stage was crucial, since all primary water radicals
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were consumed in less than 1µs, as observed in Liu and Gebicki (2012). The system dynamics can be
divided into three principal and partially overlapping temporal domains. The initial one, spanning from
1 ps to 100 ns, is characterised by reactions involving OH•, H• and e−aq, which predominantly interact
with the biological environment. Some products that will remain stable are formed, namely H2O2 and
HS−/ X•. During the second time domain, from 1 ns to 1ms, the chemical network is dominated by
the biological radicals, which exert a major influence on the reaction events. R• reached a maximum
of approximately 3.5molecules/100 eV if stemming from the electron track, and 2.5molecules/100 eV if
from the carbon ion, at 100 ns. It will subsequently decrease due to the presence of oxygen, whose effect
started to be discernible after 1µs (Spitz et al 2019, Cao et al 2021, Favaudon et al 2022). A delay in
the formation of ROO• was observed, likely attributable to competing reactions with antioxidants (Liu
and Gebicki 2012). Although a considerable amount of XSH intervened already at the ns time scale, the
majority reacted with R• at later times, between tens and hundreds of µs. During this final time domain,
10µs to 1 s, a significant increase in reaction activity was observed for all scavengers. Under full oxygen-
ation, the final amount of ROOH was greater than the initial yields of primary water radicals, suggest-
ing a decisive contribution stemming from oxidation events occurring within chain reactions (Liu and
Gebicki 2012).

To clarify why ROOH increases so much, the focus should be given to the specific network imple-
mented, and more in detail to the reactions featuring the three scavengers at times longer than the µs,
deemed to be responsible for the aforementioned outcome. In other terms, the competition between
R• +O2 (fixation) and R• +XSH (neutralisation), and between ROO• +RH (chain propagation) and
ROO• +XSH (chain termination)

R• +O2 → ROO• κ= 2.3 · 108 dm3mol−1s−1

ROO• +RH→ ROOH+R• κ= 5 · 105 dm3mol−1s−1

R• +XSH→ RH+XS• κ= 5 · 106 dm3mol−1s−1

ROO• +XSH→ ROOH+XS• κ= 5 · 105 dm3mol−1s−1

(6)

have to be studied. The first two events in (6), taken from table 2, enable the continuation of the reac-
tion activity, whereas in the latter ones, the antioxidant intervenes to decelerate it. TRAX-CHEMxt can
save the contributions of the various reactions within one simulation loop, and figure 9 shows examples
of these contributions. Both major and minor channels featuring the biomolecules are considered, com-
paring as well the cumulative final effects on the various species produced by a 90MeVu−1 carbon ion
track in an environment with a 21% pO2. Because the concentrations which define the reactions depend
on the selected bin and change over time due to the effects of diffusion, absolute values are not mean-
ingful. The data reported, for simplicity, relates to the first bins of each distribution. The minor chan-
nels contribute to their respective species at least three orders of magnitude less than the major ones.
They are only presented for the sake of completeness. Referring to panel (d) in figure 6, two time frames
are chosen: one around the ROO• peak, ≈30µs, the other when R• and ROO• are converging to zero,
≈300µs. The contributions stemming from the various reactions are almost constant as time proceeds,
with only an overall decrease in absolute magnitude, due to a lower amount of active radicals, and a
reduced oxygen intervention at longer temporal scales.

At 30µs, oxygen depletion due to R• is the most significant reaction with respect to all the oth-
ers in the system. The high O2 consumption is explained by the fact that R• and ROO• register a very
slow decrease. As a consequence of chain reactions, the net impact on the radicals depletion is dimin-
ished, with around 70% to 90% of the reacted species that are reintroduced in the milieu. The new R•,
in turn, have high chances to consume other O2. Only at later times, after 1ms, both R• and ROO•

are entirely consumed. Consequently, the yield of ROOH increases rapidly, with the primary contribu-
tion arising from the loop reaction with the substrate RH. Although having the same rate coefficient as
the reaction with the antioxidant, the concentration of RH is one order of magnitude larger than that
of XSH (table 1). This results in a contribution to the total ROOH yield of approximately 90% from
ROO• +RH, with the remaining 10% derived from ROO• +XSH.

4.3. Organic hydroperoxide dependence on LET
An investigation was also conducted to examine the impact of LET on the final ROOH yield, repres-
enting the stable end product stemming from the non-restorable form of the original target RH, i.e.
ROO•. An inverse relation was found for all four oxygenation levels tested, figure 7, representing the
competition between oxygen fixation and radicals (intratrack) recombination. Under low LETs, reac-
tions with the milieu occurred with a higher frequency, due to the broader distribution of the radicals.
For denser energy depositions, recombination events between the chemical species dominated the system
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Figure 9. Reactions contributions (positive/production upwards and negative/reduction downwards) affecting the major biolo-
gical species generated by a 90MeVu−1 carbon track released in a biological environment with pO2 = 21%. They are saved at
30µs (a) and at 300µs (b). The results are obtained from the contributions associated to the first bin of the various concentration
distributions. The minor channels contribute at least three orders of magnitude less to the respective species count than the major
ones.

dynamics, resulting in lower interactions with RH. The slopes of the curves underwent indeed a change
at approximately 2 keVµm−1, transitioning from a constant amount to a linear decrease. This resulted
in G-values of the organic hydroperoxide for the largest LET simulated, 300 keVµm−1, around 70%
lower with respect to the ones observed at low LETs. The indirect damage therefore changes consider-
ably with respect to the radiation considered. An increase in the target oxygenation, from 1% to 4%, 7%
and 15%, resulted just in a change of the final ROOH yield, by a constant factor of respectively 3.5, 6,
and 12, regardless of the LET (figure 8).

During the analysis, it was observed that the ROOH yield exhibited a correlation with the reaction
rate constant attributed to the oxygen depletion by R•—reaction (xxviii) in table 2. A further study was
thus conducted to ascertain the sensitivity of the G-value(ROOH) to different κ values. As demonstrated
in figure 10 for the lowest LET simulated, 0.2 keVµm−1, the organic hydroperoxide yield at physiological
oxygenation conditions (4% pO2) is significantly influenced by the reaction rate constant. It can thus be
concluded that for particular reactions, as R• +O2 → ROO•, precise κ values are imperative to replicate
the observed phenomena under experimental conditions.
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Figure 10. Variations in the ROOH G-value as a function of κ for the lowest LET simulated in figure 7, 0.2 keVµm−1. The envir-
onment is kept at a constant oxygen level of 4%, and the data are recorded at 1ms.

4.4. Final remarks
It is crucial to reiterate that all the findings in this work are exclusively associated with the simulated
(generalised) environment, encompassing (for the chemical species considered) concentration val-
ues, reaction rate constants, and diffusion coefficients. Aside from the sensitivity analysis proposed in
figure 10, two additional studies were carried out to evaluate the effects of variations in both concentra-
tion values and diffusion coefficients on the final molecular yields. The outcomes can be found in the
Supplementary Materials of this work.

TRAX-CHEMxt limits to a few reactions and classes of biochemical species, and does not discrim-
inate between them (proteins, amino acids and nucleotides, or GSH and AscH−). In reality, the rad-
icals can have different degrees of affinity with each specific substrate, resulting in possible variations
in the final chemical yields, as pointed out by Favaudon et al (2022), Koch et al (2023). To achieve an
optimal analysis of the indirect damage via the exploration of the biochemical stage, some possible
future improvements can be made. Additional reactions can be contemplated, to observe potential effects
of higher-order kinetics at the (µs–s) time scale. Within the context of an oxygenated water environ-
ment, noteworthy are the reaction schemes proposed by Pastina and LaVerne (2001) and Elliot and
McCracken (1990), where more than 70 different reactions are reported, together with data on acid-
base equilibria. Moreover, the actual separation of the various biological components can be performed,
regarding both RH and XSH, in order to gain a more detailed understanding of the primary pathways
involved in the induction and neutralisation of the damage. Ascorbate, as an example, demonstrated to
be more effective than glutathione in restoring protein radicals back to RH (Liu and Gebicki 2012). The
discrimination of different concentration values and reaction channels for antioxidants could also assist
in distinguishing the effects between healthy and tumour environments, due to their differing abilities in
restoring R• to its unaltered state (Favaudon et al 2022). As reported in Koch et al (2023), the rates of
antioxidant intervention change as a function of the substrates under consideration. More specific reac-
tions can be included as well (Winterbourn 2016). In fact, within living cells, XSH is capable of under-
going a switching state process. This phenomenon occurs when a molecule reacted, prompting the activ-
ation of another one via signalling events, effectively ‘filling the gap’ and thereby maintaining its equi-
librium. Taking for instance glutathione, its amount is ‘restored’ by a new synthesis or by the reduction
of glutathione disulfide (GSSG) (Liu and Gebicki 2012). Furthermore, other species can be introduced
in the system. Candidates are SOD, CAT, vitamin E as antioxidants, with also CO•−

3 —which is shown
to play an important role in DNA damage without irradiation (Fleming and Burrows 2020), NO•, and
Fe2+ (iron), Cu+ (copper) or other metallic ions participating in the Fenton reaction. In presence of
transition metals, H2O2 can generate OH• via H2O2 + Fe2+/Cu+ →OH• +OH− + Fe3+/Cu2+. Further
beneficial improvements may include the consideration of an appropriate buffer, with the function of
maintaining constant the pH of the system, and different acidity conditions, affecting both reaction rate
constants, acid-base equilibria, and the final molecular yields (Roth and LaVerne 2011). Antioxidants
are also only effective within a specific pH range. The explicit consideration of acid-base pairs, which
according to Pastina and LaVerne (2001) are particularly relevant at longer time scales, along with the
assessment of intermediate and high dose rates, may facilitate the enhancement of the predictions preci-
sion with respect to the experimental results, see figures 1, 2, and 4.
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5. Conclusion

The objective of this study was to present the new features implemented in TRAX-CHEMxt, namely the
ability to probe longer time scales (until s) and the introduction of biological species, monitoring the
chemical effects under a wide range of radiation qualities, energies, LET values, and oxygenation condi-
tions. The proven reliability of TRAX-CHEMxt depends on a computationally efficient algorithm, based
on concentration distributions, which demonstrated to be of pivotal importance for the accurate treat-
ment of the diverse reactants observed around the track centre of different particle qualities. A possible
next application could be the analysis of the species yields dependencies on dose rate. The simulation of
multiple tracks can be performed in both TRAX-CHEM and TRAX-CHEMxt, with some investigations
already carried out within the MC framework (Castelli et al 2025). The simulations could assist in com-
prehending special and, to some extent, counterintuitive findings associated with FLASH experiments,
as the observed decrease in H2O2 (Montay-Gruel et al 2019, Blain et al 2022). The code could also elu-
cidate whether LET effects impact FLASH (Favaudon et al 2022). To conclude, a noteworthy potential
application of TRAX-CHEMxt is in the context of precise chemotherapy. This promising treatment mod-
ality exploits the radiation-induced chemical activation of cancer prodrugs by primary water radicals,
achieving a combined chemo-radio effect at the tumour site (Geng et al 2021). As a result, indirect and
prodrug damages enhance the therapeutic effect, with an improved (selective) targeting and reduced tox-
icity. The current approach, predominantly performed with photon irradiations (Farrer et al 2022, Li
et al 2022), can be therefore simulated, to both facilitate the understanding of the underlying mechan-
isms, and to test if different particle beams achieve the same outcomes.
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