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Abstract: (1) Background: Radioprotective agents have garnered considerable interest due to their
prospective applications in radiotherapy, public health medicine, and situations of large-scale acci-
dental radiation exposure or impending radiological emergencies. Cystamine, an organic diamino–
disulfide compound, is recognized for its radiation-protective and antioxidant properties. This study
aims to utilize the aqueous ferrous sulfate (Fricke) dosimeter to measure the free-radical scavenging
capabilities of cystamine during irradiation by fast carbon ions. This analysis spans an energy range
from 6 to 500 MeV per nucleon, which correlates with “linear energy transfer” (LET) values ranging
from approximately 248 keV/µm down to 9.3 keV/µm. (2) Methods: Monte Carlo track chemistry
calculations were used to simulate the radiation-induced chemistry of aerated Fricke–cystamine
solutions across a broad spectrum of cystamine concentrations, ranging from 10−6 to 1 M. (3) Results:
In irradiated Fricke solutions containing cystamine, cystamine is observed to hinder the oxidation
of Fe2+ ions, an effect triggered by oxidizing agents from the radiolysis of acidic water, resulting in
reduced Fe3+ ion production. Our simulations, conducted both with and without accounting for
the multiple ionization of water, confirm cystamine’s ability to capture free radicals, highlighting its
strong antioxidant properties. Aligning with prior research, our simulations also indicate that the
protective and antioxidant efficiency of cystamine diminishes with increasing LET of the radiation.
This result can be attributed to the changes in the geometry of the track structures when transitioning
from lower to higher LETs. (4) Conclusions: If we can apply these fundamental research findings to
biological systems at a physiological pH, the use of cystamine alongside carbon-ion hadrontherapy
could present a promising approach to further improve the therapeutic ratio in cancer treatments.

Keywords: cystamine; radioprotector/antioxidant; aerated aqueous ferrous sulfate (Fricke)
dosimeter; high-energy carbon ions; linear energy transfer (LET); radiolysis; chemical yields (G
values); Monte Carlo track chemistry simulations; hadrontherapy

1. Introduction

Cancer remains a pressing global health issue, accounting for a substantial number
of deaths worldwide. Yet, recent progress in its detection and treatment has resulted
in improved outcomes for many patients. Of the different treatment options available,
radiation therapy (RT) has proven to be a particularly effective approach for treating
cancer [1]. Approximately 50% of all cancer patients undergo antitumor radiotherapy
at some point during their treatment, which accounts for about 40% of curative cancer
interventions [2]. The primary objective of radiation therapy is to inhibit the ability of
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cancer cells to multiply, leading to their eventual elimination. To optimize tumor control,
it is crucial to deliver the maximum radiation dose while protecting the surrounding
healthy tissue from radiation-induced damage. The use of radioprotective agents, which
operate via a variety of mechanisms, has been advocated to lessen both acute and delayed
radiation toxicities to normal tissues, subsequently decreasing patient morbidity and
mortality [3–7]. Radioprotectors here aim to protect normal tissues without markedly
affecting tumor cells. As such, they play a significant role in clinical radiotherapy as well
as in nuclear medicine practices [8–10]. Radioprotective drugs may also serve to protect
large populations during wide-spread radiation exposure events, including nuclear power
plant accidents, nuclear weapon deployment, radiological terrorism, or astronauts on long-
distance space exploration missions. Moreover, these drugs can benefit workers involved
in the decontamination of fallout regions or radioactive accident sites [11,12].

In light of this, gaining a thorough understanding of the molecular mechanisms
driving the actions of cytoprotective compounds is essential to more effectively control
and optimize their biological impacts. This becomes particularly vital considering that
transient radiation-induced free radicals are precursors of radiobiological damage in the
intricate pathways that ultimately lead to cellular and tissue changes after irradiation. For
instance, many potent radioprotectors effectively scavenge water-derived free radicals,
thereby reducing their concentration in the medium and consequently safeguarding vital
biological molecules like DNA, proteins, and membrane lipids [13–15].

1.1. Radiolysis of Water: Formation of Primary Radical and Molecular Products and Influence of
the Quality of the Radiation

Aqueous systems have attracted substantial interest in radiobiology applications.
Given that water is by far the most abundant component in cells and tissues (accounting
for around 70–80% of their mass), the reactive species produced from its radiolysis play a
major role in radiation-induced damage [16–18]. In the absence of oxygen, these include
the hydrated electron (e−aq), the hydroxyl radical (•OH), the hydrogen radical (H•), the
molecular hydrogen (H2), the hydrogen peroxide (H2O2), the hydronium ion (H3O+), the
hydroxide ion (OH−), the oxygen atom O(1D) and •O•(3P) in both its singlet 1D excited
and triplet 3P ground states, etc. (e.g., see [19–23]). Among these, H3O+, •OH, and e−aq are
produced in the highest concentrations [24]. Notably, •OH is considered to be the primary
species responsible for radiation damage to DNA through the indirect effect [16].

In the presence of oxygen, e−aq and H• atoms are rapidly converted to superoxide
anion/hydroperoxyl (O2

•−/HO2
•) radicals, where O2

•− exists in a pH-dependent equilib-
rium with its conjugate acid (pKa = 4.8 at 25 ◦C) [25]. Under normal irradiation conditions,
where dose-rate effects are absent, individual radiation tracks essentially do not overlap
and develop independently over time [26]. In this case, the quality of the radiation (i.e., the
type and energy of the radiation used), a measure of which is given by the “linear energy
transfer” (or LET, also referred to as “stopping power” by physicists and expressed in
keV/µm) [27,28], is then considered the main determinant of the yields (or G values) of the
various chemical species created and their initial, spatially nonhomogeneous geometrical
distributions [29,30]. For low-LET radiation (e.g., Compton electrons produced by 60Co
γ-rays, fast (e.g., MeV) electrons, or a few hundred MeV protons with typical LET values of
~0.3 keV/µm), the tracks are initially made up of strings of small, well-separated Magee-
type “spurs” (“clusters” of reactive species, of spherical shape) [31,32] that develop in time
without interference from the adjacent spurs. Under these conditions, the predominant ef-
fect of radiolysis is the generation of radicals. In the case of radiations of high LET, however,
the average separation distance between neighboring spurs becomes so small that the string
of spurs forms a dense, continuous, and axially homogeneous column (of cylindrical shape)
of the species [29,30,33]. This allows more radicals to form in close proximity, promoting
radical–radical combination or recombination reactions in the diffusing tracks. It follows
that densely ionizing radiation results in the increased production of molecular products or
the reformation of water, while reducing the yields of free radicals.
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Depending on diffusion, the different radiolytic products may react within the spurs
or tracks as they evolve over time, or they might escape and disperse into the bulk of the
medium. In water at 25 ◦C, for low-LET radiations, the spur/track expansion is essentially
complete by ~0.2 µs [34]. At this point in time, which marks the transition from nonho-
mogeneous track kinetics to homogeneous kinetics within the bulk solution, the radiation
“track structure” no longer exists. Consequently, species that have escaped from spur/track
reactions are now homogeneously distributed throughout the entire system [35,36]. The
main reactive species remaining after the dissipation of spurs/tracks include e−aq, H•, and
•OH (the “radical” products), along with H2 and H2O2 (the “molecular” products). While
commonly referred to as “primary” species, this designation is not entirely accurate [26].
Nevertheless, the yields of these species are frequently termed “primary” or “escape”
yields, symbolized by g(e−aq), g(H•), g(•OH), g(H2), and g(H2O2). (It is worth noting that
the lower-case ‘g’ denotes these primary yields; experimentally measured or final yields
are always represented as G(X) [20]). Once homogeneity is reached, these species become
available to react with the dissolved solutes that were present in either low or moderate
concentrations during the irradiation process.

Throughout this article, radiation chemical yields are expressed in units of molecules
formed (or consumed) per 100 eV of absorbed energy. For conversion into SI units (mol/J):
1 molecule/100 eV ≈ 0.10364 µmol/J [20–23].

1.2. Employing the Aqueous Ferrous Sulfate (Fricke) Dosimeter as an Indicator of Cystamine’s
Radioprotective and Antioxidant Properties in the Context of Irradiations by Fast Carbon Ions in
the Energy Range of 6–500 MeV per Nucleon

At the molecular level, chemical (i.e., nonbiological) radioprotectors for low- and high-
LET ionizing radiation exert their protective effects in cellular systems through diverse
mechanisms. Of particular significance are the suppression of indirect radiation damage
through water-derived free-radical scavenging and the repair of direct or indirect damage
through H• atom transfer or donation (e.g., see [4,7,10,16]). In the first mechanism, radio-
protector compounds remove or “scavenge” the highly reactive intermediates produced by
water radiolysis before they can interact with and damage target biomolecules, especially
DNA, thereby mitigating the harmful effects of radiation. In the second mechanism, ra-
dioprotectors with sulfhydryl (–SH) groups, known for their labile hydrogen atoms, can
also provide cytoprotective action. They do so by donating H• atoms, chemically repairing
both direct and indirect molecular lesions in target macromolecules. This repair occurs
after lesion formation but before the damage becomes irreversible due to the addition of
O2 and the subsequent formation of peroxyl radicals, which prevent the regeneration of
the original compound. In this latter scenario, sulfhydryl molecules effectively compete
with oxygen for interactions with DNA free radicals, thereby minimizing DNA damage
and enhancing cell viability [37].

The majority of chemical radioprotective agents that have been developed and tested
are aminothiols. Cystamine (RSSR, where R = NH2–CH2–CH2) is the disulfide form of cys-
teamine (also known as 2-mercaptoethylamine or 2-aminoethanethiol, RSH), a member of
the same aminothiol family, renowned for its radioprotective properties [38,39]. Depending
on the local redox environment within cells, this disulfide undergoes in vivo reduction,
resulting in the formation of two cysteamine molecules following the cleavage of its highly
unstable disulfide bond [40,41]. The current understanding of the mechanisms by which
cystamine exerts its action in vivo [42,43] suggests that cysteamine is the key intermediate
involved in the radiation-protective properties of this compound.

Below pH 8, cystamine is predominantly in the form of a doubly protonated molecule,
represented by the symmetric formula NH3

+–CH2–CH2–S–S–CH2–CH2–NH3
+ (with pKa

values of 8.7–9 for both of the –NH3
+ groups) [44,45]. The mutual Coulomb repulsion

between the two positively charged groups at opposite ends of the molecule promotes an
open conformation with a high accessibility of the –S–S– center to approaching radicals [44].
This conformational feature is a significant determinant of this compound’s ability as a
water-based free-radical scavenger, which explains its strong antioxidant profile. In addition
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to its role as a radical scavenger in protecting against cellular oxidative stress, cystamine
also exhibits antiapoptotic properties. These properties have the potential to delay, halt,
or even reverse the progression of neuronal degeneration seen in central nervous system
disorders, such as Huntington’s disease, Alzheimer’s disease, and Parkinson’s disease,
as demonstrated in animal models [40–43,46,47]. Cystamine has also demonstrated the
ability to reduce brain swelling, cell death, and neurological deficits in rats following
intracerebral hemorrhages [48]. Moreover, it has been shown to significantly suppress
HIV replication in cultured lymphocytes and macrophages [49]. Nevertheless, the exact
molecular mechanisms through which it operates remain unclear.

Several prior studies [50,51], our own included [13], have employed the well-known
radiolytic oxidation of ferrous (Fe2+) to ferric (Fe3+) ions in the aqueous ferrous sulfate,
or Fricke, chemical dosimeter [20,52,53] to evaluate the radical scavenging abilities of
cystamine and, consequently, its potential as a radioprotective/antioxidant. Although the
Fricke dosimeter was initially designed as a dose-measuring device, it also serves as a
valuable tool at the molecular level for investigating the impact of adding any scavenger
of the primary chemical species of water radiolysis on the radiolytic ferric ion, or Fricke,
yield G(Fe3+) (e.g., see [54–57]). By inference, if a scavenger molecule, such as cystamine,
is present in the Fricke solution during irradiation, it will competitively react with the
products of the radiolysis of water before they can react with Fe2+, leading to a reduced
yield of Fe3+ (i.e., there will be protection of Fe2+). The observed reduction in G(Fe3+) with
cystamine present was further corroborated by Monte Carlo simulations of the radiolysis
of Fricke–cystamine solutions, both with and without oxygen [13–15].

In our previous research, we initially utilized our IONLYS-IRT Monte Carlo track
chemistry computer code [58–60] to simulate the radiolysis of Fricke–cystamine solutions
by using 300 MeV incident protons, mimicking the low LET of cobalt-60 γ-rays or fast elec-
trons [13]. These simulations covered a wide range of cystamine concentrations (10−6–1 M).
Following that, we investigated the influence of radiation’s LET on cystamine’s radiopro-
tective ability by adjusting the energy of the irradiating protons from 150 keV to 500 MeV.
This adjustment corresponds to LET values that range from approximately 72.3 keV/µm
down to 0.23 keV/µm [14]. Lastly, we investigated the influence of dose rate on G(Fe3+) by
employing a multitrack irradiation model along with an extended version of our IONLYS-
RT code [61]. This enabled us to simulate the radiolysis of Fricke–cystamine solutions with
single and instantaneous (Dirac) pulses of 300 MeV incident protons [15]. This scenario is
pertinent to the “FLASH effect” in radiobiology [62–64] or, for example, a nuclear power
plant accident [65].

In this study, our goal is to build on our previous research to further elucidate the
mechanisms that underlie the protective and antioxidant efficacy of cystamine against expo-
sure to irradiation by fast carbon ions (12C6+ nuclei, i.e., carbon atoms stripped from all their
electrons). We aim to investigate a wide energy spectrum, specifically from 6 to 500 MeV
per nucleon, aligning with LET values from ~248 keV/µm to 9.3 keV/µm. Through this,
we aspire to unravel the complex effectiveness of cystamine in counteracting the detrimen-
tal effects of high-energy heavy charged particles. Notably, this range encompasses the
energies commonly utilized in clinical carbon ion hadrontherapy, typically around 400 MeV
per nucleon. The LET is generally under 10 keV/µm at the “entrance channel” but can
ascend to above 80 keV/µm within the tumor core [66], offering a significant overlap with
our investigative range.

In the field of cancer treatment, especially for deep-seated and traditionally radioresis-
tant local tumors, carbon ion hadrontherapy (currently, there are 10 centers actively treating
patients with carbon ions and more under development worldwide) is recognized for its
superior tumor control capabilities compared to conventional photon radiotherapy or even
proton therapy [67–71]. This superiority is due to its enhanced sparing effects on healthy
tissues and greater biological effectiveness, meaning that at a given dose of radiation, it
kills tumor cells more efficiently than conventional radiation modalities [4]. These advanta-
geous properties are attributed to the densely ionizing nature of carbon ions in the so-called
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“Bragg peak” region (e.g., see [72–74]), where they deposit most of the therapeutic dose at
a specific depth within the tumor volume. Such a characteristic depth–dose distribution
of ions makes carbon ion therapy highly effective in treating hypoxic (i.e., radioresistant)
tumors [66].

Throughout this study, we assumed that the dose rates are low enough to avoid
overlap between the tracks of different incident carbon ions. Under these conditions of a
lack of dose-rate effects, the space–time history of just a single track needs to be considered.
The effects of high dose rates will be examined in a later work.

2. Results and Discussion

2.1. Kinetics of Fe3+ Formation in Fricke–Cystamine Solutions Subjected to 6–500 MeV per
Nucleon Carbon Ion Irradiation

In Figure 1a–d, we examine the effect of LET on the formation kinetics of Fe3+ ions,
as derived from our simulations of the radiolysis of aerated Fricke–cystamine solutions
subjected to 6–500 MeV carbon ion irradiation, with varying concentrations of cystamine
(see Section 3, “Materials and Methods”).
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Figure 1. Time evolution of G(Fe3+) (expressed in molecules per 100 eV) from our Monte Carlo sim-
ulations of the radiolysis of Fricke–cystamine solutions (containing 1 mM of FeSO4 in aerated 0.4 M 
H2SO4) with varying concentrations of cystamine. We employed 12C6+ ions at incident energies of 500 
MeV per nucleon (panel (a)), 300 MeV per nucleon (panel (b)), 70 MeV per nucleon (panel (c)), and 

Figure 1. Time evolution of G(Fe3+) (expressed in molecules per 100 eV) from our Monte Carlo
simulations of the radiolysis of Fricke–cystamine solutions (containing 1 mM of FeSO4 in aerated
0.4 M H2SO4) with varying concentrations of cystamine. We employed 12C6+ ions at incident energies
of 500 MeV per nucleon (panel (a)), 300 MeV per nucleon (panel (b)), 70 MeV per nucleon (panel
(c)), and 6 MeV per nucleon (panel (d)), corresponding to LET values of approximately 9.3, 11.7,
34.5, and 248 keV/µm, respectively. All calculations were conducted at a constant temperature of
25 ◦C. The various lines in the figures represent five different cystamine concentrations, as follows:
10−5 M (dashed black line), 10−4 M (dash-dot blue line), 10−3 M (solid blue line), 10−2 M (dashed
red line), and 1 M (solid olive line). These concentrations are indicated to the right of the figures.
For reference, the solid black lines show the simulated kinetics of Fe3+ ion formation for the Fricke
dosimeter without any added cystamine, under identical irradiation conditions.
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As can be seen, G(Fe3+) drops at ~200 s as the cystamine concentration increases, re-
gardless of whether the source of irradiation is low-LET 500 MeV per nucleon (~9.3 keV/µm)
or high-LET 6 MeV per nucleon (~248 keV/µm) carbon ions. However, this decrease is
notably more significant during low-LET irradiations. Specifically, under 500 MeV per
nucleon carbon ion irradiation, G(Fe3+) falls from roughly 13.3 to about 4.4 molecules per
100 eV–a 8.9 G-unit reduction–when comparing a Fricke solution without cystamine against
one containing 1 M of the disulfide (Figure 1a). Conversely, for 6 MeV per nucleon carbon
ion irradiation, G(Fe3+) decreases from about 7.2 to 3.1 molecules per 100 eV, equating
to a smaller ~4.1 G-unit reduction (Figure 1d). These diminished Fe3+ ion yields in the
presence of cystamine during irradiation clearly suggest that this molecule can neutralize
the primary products of acid water radiolysis, mainly H• atoms and •OH radicals (see
Section 3.2), which are responsible for the radiolytic oxidation of ferrous ions in the absence
of cystamine. From a mechanistic perspective, the ability of cystamine to capture radicals
underlines its potent “antioxidant profile”. This allows the compound to compete with
Fe2+ ions for the free radicals produced during the irradiation of the surrounding water.

Figure 1a–d also show that G(Fe3+) is time-dependent due to the varied reaction
time scales of Fe2+ oxidation reactions, which contribute to the formation of Fe3+ in the
radiolysis of the Fricke–cystamine system under aerated conditions (see Section 3.2). For
illustrative purposes, we selected the kinetics of Fe3+ formation in 1 mM of cystamine
solutions exposed to incident carbon ions with energies of 500 MeV per nucleon and 6 MeV
per nucleon, as depicted in Figures 2 and 3, respectively. In both specified incident carbon
ion energy scenarios, Figures 2a and 3a show that the oxidation process of Fe2+ ions to
Fe3+ predominantly occurs through reactions with HO2

•, H2O2, and the cystamine-derived
radical species RS• and RSSR•+.

Notably, the most rapid reaction occurs between Fe2+ ions and thiyl radicals, RS•, which
proceeds in just a few microseconds. This is clearly demonstrated in Figures 2b and 3b,
where we show the temporal profiles of the extents ∆G(Fe3+) pertaining to each reaction
that leads to the formation of Fe3+, as derived from our simulations for irradiating carbon
ions at energies of 500 MeV per nucleon and 6 MeV per nucleon, respectively (see Section 3).
These thiyl radicals primarily originate from the (RSSR + H•) Reaction (11). The H• atoms
that remain unreacted with cystamine subsequently react with oxygen on the microsecond
scale to yield HO2

•. These hydroperoxyl radicals are responsible for the subsequent
oxidation of Fe2+ ions to Fe3+, a process that is comparatively slower, requiring ~10 ms
for completion, as illustrated in Figures 2b and 3b. Ultimately, beyond ~1 s, two further
reactions predominantly account for the formation of Fe3+. These reactions are nearly
superimposed: Reaction (8), which involves H2O2 and Fe2+ and Reaction (20), where
RSSR•+ reacts with Fe2+. Both reactions reach completion by about 200 s. Notably, these
two reactions are interlinked; the H2O2 produced contributes to the yield of Fe3+ in Reaction
(8) and also to the formation of an equivalent yield of •OH radicals. In this specific scenario,
with solutions containing 1 mM of Fe2+ ions and 1 mM of cystamine, virtually all the •OH
radicals so generated are scavenged by cystamine before they can react with Fe2+. Indeed,
at the same concentration, cystamine outcompetes Fe2+ for •OH due to the significantly
higher rate constant of Reaction (12) (1.7 × 1010 M−1 s−1), which is 50 times larger than
that of Reaction (6) (3.4 × 108 M−1 s−1).
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Figure 2. Panel (a) depicts the temporal evolution of G(Fe3+) expressed in molecules per 100 eV, for
500 MeV per nucleon incident carbon ions with an LET of ~9.3 keV/µm in the radiolysis of aerated
Fricke dosimeter solutions. These solutions consist of 1 mM of FeSO4 and 1 mM of cystamine in
aqueous 0.4 M H2SO4 at 25 ◦C. The concentration of dissolved O2 assumed in the simulations is
0.25 mM. The solid blue curve illustrates our simulated kinetics for the formation of Fe3+ ions. Panel
(b) shows the time-dependent extents ∆G(Fe3+), expressed in molecules per 100 eV, of the various
reactions contributing to the generation of Fe3+ ions. These outcomes, calculated via our Monte
Carlo simulations over the interval from 10−10 to 200 s, indicate that the oxidation of Fe2+ to Fe3+

predominantly occurs through reactions with HO2
• (dashed magenta line), H2O2 (short-dashed blue

line), and the radical species derived from cystamine RS• and RSSR•+ (depicted by dashed green and
red lines, respectively). Detailed mechanisms of these reactions are discussed in Section 3.
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Figure 3. Panel (a) illustrates the time-dependent evolution of G(Fe3+) (in molecules per 100 eV) for 
6 MeV per nucleon incident carbon ions with an LET of ~248 keV/µm in the radiolysis of aerated 
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Figure 3. Panel (a) illustrates the time-dependent evolution of G(Fe3+) (in molecules per 100 eV) for
6 MeV per nucleon incident carbon ions with an LET of ~248 keV/µm in the radiolysis of aerated
Fricke dosimeter solutions. These solutions are composed of 1 mM of FeSO4 and 1 mM of cystamine
dissolved in aqueous 0.4 M sulfuric acid at 25 ◦C. The concentration of dissolved O2 used in the
simulations is 0.25 mM. Similar to what is depicted in Figure 2, the solid blue curve represents our
simulated kinetics of Fe3+ ion formation. Panel (b) shows the time-dependent extents ∆G(Fe3+),
expressed in molecules per 100 eV, of the various reactions contributing to the generation of Fe3+ ions.
The results, obtained from our Monte Carlo simulations covering the interval from 10−10 to 200 s,
demonstrate that the oxidation of Fe2+ to Fe3+ mainly occurs via reactions with HO2

•, H2O2, and the
cystamine-derived radicals RS• and RSSR•+ (see the caption of Figure 2 for details).

2.2. Effect of Cystamine Concentration on the Fricke Yield

The effect of cystamine concentration on the Fricke yield is further illustrated in
Figure 4. Here, our calculated G(Fe3+) values at ~200 s are shown for different energies (or
LETs) of the irradiating carbon ions, with cystamine concentrations ranging from 10−6 to
1 M. From the data presented, several observations can be made.

Firstly, in the absence of cystamine, G(Fe3+) (expressed in molecules per 100 eV)
decreases from 13.3 at 9.3 keV/µm to 13.0 at 11.7 keV/µm, further reducing to 11.2 at
34.5 keV/µm, and lastly, dropping to 7.2 at 248 keV/µm (see Figure 1). Remarkably, these
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values are in close agreement with the experimentally reported yields of Fe3+ ions for the
Fricke dosimeter under high-energy carbon ion irradiations, as documented in studies
by Christman et al. [75] and LaVerne and Schuler [76]. The marked reduction in G(Fe3+)
with higher LET primarily stems from changes in the spatial distribution of radiation-
induced radicals (i.e., in the “track structure”) when moving from low- to high-LET ionizing
radiations [14,20,28,29,35,77,78]. In fact, this behavior can theoretically be attributed to the
increased importance of intratrack processes when dealing with more densely ionizing
radiations at high LET. These processes amplify radical–radical combination reactions,
resulting in the formation of molecular products. Then, when a scavenger, such as Fe2+

ions, is present, this increased molecular product yield reduces the occurrences of radical
scavenger reactions at long times. In other words, the lower the number of free radicals
that manage to escape from the carbon ion tracks, the lesser the oxidation of ferrous ions.
According to Equation (5), this, in turn, leads to reduced Fricke G values. Our results
are consistent with the many experimental data found in the literature, which discuss the
influence of LET on the chemistry and yields of the Fricke dosimeter (e.g., see [20,53,77–79]).
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(LET~11.7 keV/µm), 70 MeV per nucleon (LET~34.5 keV/µm), and 6 MeV per nucleon (LET~248 
keV/µm), without considering dose-rate effects and under aerated conditions at 25 °C. The vertical 
dotted line at ~10−4 M cystamine concentration marks the shift between the two distinct radiopro-
tective effects: the first primarily influenced by the LET itself (at concentrations < 10−4 M) and the 
second chiefly driven by the presence of cystamine (at concentrations > 10−4 M) (see text). For refer-
ence, the dashed black curve shows the G(Fe3+) values we calculated for 300 MeV irradiating protons, 
simulating the effects of 60Co γ-radiolysis [13–15]. The arrow to the left of the figure indicates the 

Figure 4. Dependence of the Fe3+ ion yield (in molecules per 100 eV), obtained from our Monte
Carlo simulations of the carbon ion radiolysis of Fricke–cystamine solutions at ~200 s after ionization,
upon the concentration of added cystamine in the range 10−6–1 M. These results were obtained
using varying carbon ion energies, namely: 500 MeV per nucleon (LET~9.3 keV/µm), 300 MeV per
nucleon (LET~11.7 keV/µm), 70 MeV per nucleon (LET~34.5 keV/µm), and 6 MeV per nucleon
(LET~248 keV/µm), without considering dose-rate effects and under aerated conditions at 25 ◦C.
The vertical dotted line at ~10−4 M cystamine concentration marks the shift between the two distinct
radioprotective effects: the first primarily influenced by the LET itself (at concentrations < 10−4 M)
and the second chiefly driven by the presence of cystamine (at concentrations > 10−4 M) (see text).
For reference, the dashed black curve shows the G(Fe3+) values we calculated for 300 MeV irradiating
protons, simulating the effects of 60Co γ-radiolysis [13–15]. The arrow to the left of the figure indicates
the accepted value (15.5 ± 0.2 molecules per 100 eV) of the yield of the aerated Fricke dosimeter
when exposed to 60Co γ-rays or fast electrons, without the addition of cystamine.

Secondly, Figure 4 indicates that the decrease in G(Fe3+) can be attributed to two
(additive) radioprotective effects: one stemming from the effect of LET itself (as described
above) and the other due to the presence of cystamine. At lower cystamine concentrations
(below, say, ~10−4 M), cystamine exhibits limited efficacy in reducing the Fricke yield. As
the LET increases, its efficiency declines gradually. Notably, G(Fe3+) becomes more or less
independent of the cystamine concentration at the lowest carbon ion energy (6 MeV per
nucleon, corresponding to ~248 keV/µm, our highest LET) considered. This can be easily
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understood by the fact that higher LET values lead to the generation of fewer radicals (the
ones with which cystamine reacts) and an increased production of molecular products
like H2O2, H2, and reconstituted water. These molecular products are largely nonreactive
with cystamine. Within this concentration range of cystamine, it can thus be inferred that
the significant reduction in G(Fe3+) seen in Figure 4 is primarily due to the effect of LET,
rather than the presence of cystamine. In essence, LET itself acts as a radioprotector for the
Fricke dosimeter solution. Conversely, at these lower cystamine concentrations, cystamine
offers less protection at high LET, a conclusion previously noted in the literature (see,
e.g., [4,11,80]).

Thirdly, when cystamine concentrations exceed ~10−4 M, there is a pronounced decrease
in G(Fe3+), regardless of the LET value. This significant drop in G(Fe3+) suggests that at these
high concentrations, it is the presence of cystamine, not the LET, that primarily contributes
to the observed radioprotection of Fe2+ ions during the radiolysis of Fricke–cystamine
solutions. This is because, under these conditions, cystamine progressively intervenes in the
carbon ion tracks before they fully expand. Indeed, for 10−4 M cystamine, we can estimate
the time scales during which the scavenging of e−aq, H•, and •OH by RSSR is occurring
(Reactions (10)–(12)). By using the inverse of the “scavenging power”, defined as the product
k[RSSR] (with units of s−1) [20], we determined that these reactions with cystamine take place
at ~0.25, 1.25, and 0.6 µs, respectively. Each of these times falls within the microsecond range,
which precisely aligns with the moment when the tracks dissipate, allowing the remaining
radicals to react with Fe2+ ions in the main body of the solution. As a result, cystamine
will be able to effectively scavenge the early formed free radicals in the columnar regions
of the carbon ion tracks, regions with very high radical concentrations. This activity, in
competition with the inter-radical combination reactions in the radiolysis track stage, further
diminishes the radicals available to oxidize Fe2+ ions. As the concentration of cystamine
increases further, this competition between intratrack radical combination and capture by
the cystamine is increasingly in favor of the cystamine–radical reactions. Consequently, at
moderate to high concentrations of cystamine (above about 10−3 M), the production of Fe3+

is less and less influenced by changes in the track structure’s geometry. This, in turn, leads
to a reduced LET effect at these concentrations, as shown in Figure 4.

Let us highlight two final observations. First, as can be seen in Figure 4, G(Fe3+)
remains largely unchanged when the cystamine concentration exceeds ~0.1 M, regard-
less of the LET value. Building on previous studies related to proton irradiation under
high-LET [14] and high dose-rate [15] conditions, the data suggest that even at the highest
cystamine concentrations considered in this study, the compound cannot neutralize all
initially-formed radicals in the high-LET carbon ion tracks quickly enough (within picosec-
onds or faster), thus impeding its capability to counteract the radical–radical combination
reactions. Second, and of significant note, it has been reported that at high concentrations
(>1 M), cystamine acts as a “dry” (nonhydrated) electron scavenger during the subpi-
cosecond physicochemical stage of radiolysis [81]. It can capture low-energy electrons,
specifically those with energies below the lowest electronic excited states of water, including
subexcitation, quasi-free epithermal, and thermal electrons [82,83]. This occurs before these
electrons, which, from a quantum-mechanical perspective, lie near the bottom of the lowest
conduction band of water, become trapped and stabilized within their “hydrated” potential
energy wells, often termed as “cages” or “cavities”, and represented as e−aq [28]. At a
concentration of 1 M, the ability of cystamine to scavenge dry electrons could significantly
influence its radioprotection properties. This can readily be seen from Equations (10)–(12):
the reaction of cystamine with dry electrons can decrease the number of e−aq and, conse-
quently, the quantity of H• atoms in the irradiated Fricke solution, potentially reducing
G(Fe3+) (see Equation (5)). In our current simulation model, we did not account for this
dry electron scavenging property of cystamine. Yet, based on a procedure we previously
developed [84], there is ongoing research aiming to evaluate how incorporating the ultra-
fast capture of e−aq precursors by cystamine affects the formation of Fe3+ ions when the
concentration of cystamine exceeds 1 M.
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2.3. Monte Carlo Track Chemistry Simulations of the Radiolysis of Fricke–Cystamine Solutions:
Effect of Multiple Ionization under 6 MeV per Nucleon (~248 keV/µm) Carbon Ion Irradiation

We now focus on understanding the impact of very high LETs on cystamine’s radiopro-
tective and antioxidant properties, considering the multiple (primarily double) ionization
(MI) of water in our study. This scenario is especially relevant in the context of 6 MeV per
nucleon carbon ion irradiation, where the LET reaches ~248 keV/micron. It is important
to remember that the MI mechanism is suggested to play a key role in the formation of
superoxide anion/hydroperoxyl.

(O2
•−/HO2

•; pKa = 4.8) radicals, as well as molecular oxygen, during the heavy
ion radiolysis of liquid water at high LET [30,77,85–87] (for a review, see [60]). In short,
our model accounts for the direct MI effects on the outer (loosely bound) electron shells
of the target by incorporating double ionization processes in single-ion-water collisions.
Ionizations of higher multiplicity are not included because they are much less probable
at the specific LET of interest. The double ionization cross-section values for carbon ions
employed in our track structure simulation modeling have previously been described in
detail [30,60,88] and are therefore not discussed further here. While infrequent compared
to single ionizations, these doubly ionized water molecules are “extremely effective chemi-
cally” due to their pronounced instability in solution [89]. Here, the rearrangement of these
thermodynamically unstable water cations was treated according to the general mecha-
nism suggested by Ferradini and Jay-Gerin [86], which asserts that, in liquid water, H2O2+

undergoes dissociation at very short times, driven by the overall acid–base re-equilibration
reaction (see Table 14.3 in Meesungnoen and Jay-Gerin [60]):

H2O2+ + 2H2O→ 2H3O+ + •O•(3P), (1)

followed by
•OH + •O•(3P)→ HO2

•, (2)

in the heavy ion track due to the very high local concentration of radicals.
Figure 5 shows our calculated kinetics of Fe3+ formation during the radiolysis of

aerated Fricke–cystamine solutions subjected to 6 MeV per nucleon carbon ions at 25 ◦C,
spanning the time range of ~1 ps to 200 s after ionization. These are presented for different
concentrations of cystamine: 0, 10−3, and 1 M selected for illustration purposes. Solid lines
depict the outcomes from our simulations that incorporate the MI mechanism of water,
while dashed lines represent those without the inclusion of MI (as depicted in Figure 1d).

As can be seen, incorporating the multiple ionization of water in the simulations
tends to lower the Fricke G values. For instance, at a concentration of 10−3 M cystamine,
G(Fe3+), expressed as molecules per 100 eV, decreases from 5.86 without MI to 5.56 with
MI, reflecting a reduction of about 5%. As the concentration of cystamine increases, this
decrease in G(Fe3+) becomes increasingly less pronounced, and it is almost negligible at
1 M. Figure 6 further illustrates these results by comparing the impact of varying cystamine
concentrations, ranging from 10−6 to 1 M, on G(Fe3+) during the 6 MeV per nucleon carbon
ion radiolysis of Fricke–cystamine solutions, both with and without MI of water molecules.

The decrease in Fe3+ ion formation upon the incorporation of MI of water molecules is
largely due to the marked reduction in H2O2 yield (see Equation (5)), as seen earlier in the
radiolysis of liquid water by carbon ions at LETs greater than ~180 keV/µm (see Figure 3
of Meesungnoen and Jay-Gerin [30]). Given that H2O2 is formed almost entirely within the
tracks through the combination of two •OH radicals:

•OH + •OH→ H2O2, (3)

the reduction in g(H2O2) can be attributed to a lowered initial yield of •OH, a result of
Reaction (1), which does not generate •OH radicals, thereby overshadowing the proton
transfer reaction:

H2O+ + H2O→ H3O+ + •OH, (4)
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which takes place after the formation of singly ionized water molecules. An additional fac-
tor contributing to the reduced H2O2 yield, in 248 keV/µm 12C6+ tracks, is the competition
between Reactions (2) and (3).
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Figure 6. Dependence of the Fe3+ ion yield (expressed in molecules per 100 eV), obtained from our
Monte Carlo simulations of the 6 MeV per nucleon carbon ion radiolysis of aerated Fricke–cystamine
solutions at ~200 s after ionization, upon the concentration of added cystamine, which ranged from
10−6 to 1 M. The solid line represents the results of our simulations that include the mechanism of
multiple ionization of water. For comparison, the dashed line represents the same calculations but
without taking MI into account.
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3. Materials and Methods
3.1. The Ferrous Sulfate, or Fricke, Chemical Dosimeter

In chemical dosimetry, the dose is determined by measuring the chemical changes
induced by radiation in a suitable medium. Any well-characterized quantitative chemical
reaction can serve as the basis for a dosimeter. One of the most extensively studied
systems in radiation chemistry, and arguably the best understood, is the air-saturated
(~2.5 × 10−4 M O2) solution of 1 mM of ferrous sulfate in aqueous 0.4 M H2SO4 (pH~0.46)
commonly referred to as the (standard) “Fricke dosimeter” [20,52,53]. The chemistry of
this system is based upon the oxidation of Fe2+ to Fe3+ ions, driven by oxidizing species,
such as •OH, HO2

• (primarily because of the very rapid conversion of e−aq to H• at low
pH and to HO2

• in the presence of oxygen), and H2O2, which arise from the radiolytic
decomposition of (acidic) water [19–23,79].

Summing all sources of Fe3+ ions (e.g., see Table 1 (Reactions (1)–(8)) of Sepulveda
et al. [14]; details are provided below), the yield of Fe3+ ions in an irradiated Fricke dosime-
ter can be expressed in terms of the primary (or escape) yields of radical and molecular
species resulting from the radiolysis of the solution by the following stoichiometric equation
(e.g., see [20,90]):

G(Fe3+) = 3 [g(H•) + g(HO2
•)] + g(•OH) + 2 g(H2O2). (5)

For 60Co γ-irradiated 0.4 M H2SO4 aqueous solutions at room temperature, g(H•) =
3.70, g(•OH) = 2.90, g(H2O2) = 0.80, and g(HO2

•) = 0.02 [22]. Using these primary yield
values in Equation (5) gives a value of G(Fe3+) which is well within the range of 1–2% of
the experimentally observed Fe3+ ion yield of 15.5 ± 0.2 ions per 100 eV for 60Co γ-rays,
i.e., for radiation tracks consisting only of isolated spurs (LET~0.3 keV/µm) [20,53,91–94].
Because of its accuracy, reproducibility, and the linearity of its response to absorbed dose,
the Fricke dosimeter is commonly used in radiation chemical work [91,92].

Equation (5) indicates that Fe3+ ion production is greatly affected by factors altering
the primary radical yields, especially the yield of H• atoms, which, in the presence of 0.4 M
H2SO4, combines the yields of H• generated directly by radiolysis and those formed by the
protonation of e−aq. A key factor is the LET, which defines the radiation beam quality. Data
from a number of authors have shown that G(Fe3+) consistently decreases as LET increases
(see, for instance, [14,20,75–79,90]). This trend primarily stems from the enhanced role of
radical–radical recombination reactions that yield molecular products—a characteristic
inherent to the dense ionizing nature of high-LET radiation. Essentially, high-LET radiation
lowers the number of free radicals that can migrate from the tracks to oxidize ferrous ions.

Interestingly, high-dose-rate radiation also reduces G(Fe3+) similarly to high-LET
radiation [15,20,93,95,96], though their mechanisms of action are distinct. For high dose
rates, there is an increased probability of radical–radical reactions (involving the H•, •OH,
and HO2

• radicals either with themselves or with one another) in the bulk of the solution
due to intertrack reactions. In contrast, during high-LET irradiations, this probability
increases within individual radiation tracks because of intratrack reactions [61].

3.2. Monte Carlo Track Chemistry Simulations of the Radiolysis of Fricke–Cystamine Solutions
Using High-Energy Carbon Ions

To simulate the radiolysis of aerated Fricke–cystamine solutions at 25 ◦C with high-
energy carbon ion irradiation, we used our Monte Carlo track chemistry computer code,
IONLYS-IRT [58–60]. As this code has been described in detail elsewhere [13,14], we will
offer only a brief summary of its primary features below.

Our “IONLYS” step-by-step program initially simulates the early physical and physico-
chemical stages of radiation action up to ~1 ps in track development within a 3D geometric
environment. The intricate and highly nonhomogeneous spatial distribution of reactants
generated by this program then directly serves as the starting point for the subsequent
chemical stage, which occurs after 1 ps. In this third stage, the different radiolytic species
diffuse randomly at rates determined by their diffusion coefficients, reacting with each
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other or, competitively, with dissolved solutes, such as oxygen in aerated Fricke solution or
cystamine in the present study. This stage is covered by our “IRT” program [59], which uses
the “independent reaction times” (IRT) method [97,98], a computationally efficient stochas-
tic simulation technique that calculates reaction times without tracking the trajectories of
each diffusing species. The ability of this method to generate reliable time-dependent chem-
ical yields has been thoroughly validated over a broad spectrum of irradiation conditions
by comparison with full random flight Monte Carlo simulations that do follow reactant
trajectories in detail [99]. It is also important to highlight that our IRT program can describe
reactions that occur over extended periods of time, well after the tracks have dissipated
and when the radiolytic products are homogeneously distributed throughout the solution.
This is especially relevant to simulations of the radiolysis of the Fricke dosimeter, where
the Fe3+ ions are generated at various moments up to ~200 s (see, e.g., Figure 1 of Meesat
et al. [13]) [13–15,90,100].

In simulating the radiolysis of Fricke–cystamine solutions, we employed in our IRT
program the same chemical reaction scheme, rate constants, and diffusion coefficients for
the reactive species as those in previous studies [13–15]. In summary, we added to the
radiolysis reaction scheme for pure liquid water (as detailed in [23,59,60,90]) the reactions
from Table 7 of Tippayamontri et al. [90], which account for species, such as HSO4

−,
SO4

2−, SO4
•−, and S2O8

2−, present in irradiated 0.4 M H2SO4 aqueous solutions. To model
the chemistry of the Fricke dosimeter in the IRT program, we incorporated the reactions
involving the Fe2+ ions and the oxidizing species •OH, HO2

•, and H2O2 that are produced
in the water of irradiated solutions under aerated conditions, namely:

•OH + Fe2+ → Fe3+ + OH− k = 3.4 × 108 M−1 s−1 (6)

HO2
• + Fe2+ → Fe3+ + HO2

− k = 7.9 × 105 M−1 s−1 (7)

H2O2 + Fe2+ → Fe3+ + •OH + OH− k = 52 M−1 s−1 (8)

H• + Fe2+ (+ H+)→ Fe3+ + H2 k = 1.3 × 107 M−1 s−1, (9)

where the rate constants (k) for the individual reactions are well established at 25 ◦C (see
Table 1 of Sepulveda et al. [14]). Note that while some H• atoms might directly interact with
Fe2+ via Reaction (9), the influence of this reaction on Fe3+ formation in an aerated solution
with a 1 mM of ferrous ion concentration is minimal and can be overlooked. Moreover,
under the irradiation conditions of our study, concentrations of radiolytic products are
relatively low compared to the background levels of H+ (~0.4 M), Fe2+ ions (1 mM), and O2
(~2.5 × 10−4 M) in the solution. As a result, their reactions can be treated as pseudo-first-
order within the IRT program.

Lastly, to simulate the radiolysis of aerated Fricke solutions supplemented with cys-
tamine (RSSR), we included the twenty-seven chemical reactions from Table 2 of Meesat
et al. [13]. Among these reactions, those most important for Fe3+ production are [13,14]:

RSSR + e−aq → (RSSR)•− k = 4.1 × 1010 M−1 s−1 (10)

RSSR + H• → RS• + RSH k = 8 × 109 M−1 s−1 (11)

RSSR + •OH (+ H+)→ (RSSR)•+ + H2O k = 1.7 × 1010 M−1 s−1 (12)

(RSSR)•− + H+ → RS• + RSH k = 4.2 × 109 M−1 s−1 (13)
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RS• + O2 → RSOO• k = 2 × 109 M−1 s−1 (14)

RSOO• + Fe2+ (+ H+)→ Fe3+ + RSOOH k = 107 M−1 s−1 (15)

RS• + Fe2+ → Fe3+ + RS− k = 2.5 × 108 M−1 s−1 (16)

RS• + RSSR→ RSSSR + R• k = 106 M−1 s−1 (17)

R• + O2 → ROO• k = 2 × 109 M−1 s−1 (18)

ROO• + Fe2+ (+ H+)→ Fe3+ + ROOH k = 7.9 × 105 M−1 s−1 (19)

(RSSR)•+ + Fe2+ → Fe3+ + RSSR k = 2 × 106 M−1 s−1 (20)

(RSSR)•+ + (RSSR)•+ → (RSSR)2+ + RSSR k = 2.5 × 109 M−1 s−1, (21)

where the rate constants mentioned here for reactions between ions are derived from
conditions of infinite dilution, where no ion–ion interactions take place. In fact, within the
IRT program, we accounted for effects stemming from the ionic strength of the solutions in
all reactions between ions. The only exception is the self-recombination of e−aq, for which
there is no apparent evidence from ionic strength effect [101]. We adjusted the reaction rate
constants for ionic strength using the procedure previously used by Sepulveda et al. [14].

Additionally, we did not account for the “direct” action of ionizing radiation on the
solutes present in the solution. Given the concentrations of H2SO4 (0.4 M), ferrous ions
(1 mM), dissolved oxygen (2.5 × 10−4 M), and cystamine (ranging from 10−6 M to 1 M),
this approximation seems reasonable [13,14]. For instance, in a 0.4 M H2SO4 solution, only
a small fraction (3.6%) of the total energy deposition is initially absorbed by the H2SO4

−

ions. This fraction increases to 14.7% for a 1 M cystamine solution, which is the highest
RSSR concentration we studied.

It is worth highlighting that our proposed reaction model for the aqueous radiation
chemistry of cystamine enabled us to precisely match—without resorting to any free
adjustable parameters—the experimental yields of Fe3+ observed in irradiated Fricke–
cystamine solutions with X- and 60Co γ-rays [13,50,51]. This accuracy was consistent
across a broad range of cystamine concentrations, irrespective of the presence or absence
of oxygen [13–15]. Such a consistency between our simulated G(Fe3+) values and those
observed underscores the validity of the overall reaction scheme we adopted to describe
the radiation chemistry of cystamine in Fricke solutions.

We performed all calculations by simulating short (~1.5–30 µm) 12C6+ ion track segments.
Within these segments, the energy (6–500 MeV per nucleon) and LET (~248–9.3 keV/µm) of
the incident ion are well defined and stay nearly unchanged. Depending on the irradiating
ion energy, typically 5000 to 100,000 reactive chemical species are generated within these
simulated track segments. This not only ensures minimal statistical variations in calculating
average chemical yields but also keeps computational durations within reasonable limits.

4. Conclusions

In this study, we examined the radical scavenging capability of cystamine from a
purely radiation chemical perspective. We specifically studied its interaction with respect
to the primary chemical species formed during the radiolysis of the ferrous sulfate (Fricke)
dosimeter when subjected to high-energy carbon ions of varying linear energy transfer
(LET) values. As a measurable indicator of cystamine’s radioprotective effectiveness, we
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employed the radiolytic oxidation of Fe2+ to Fe3+ ions in Fricke solutions. Our objective
was to delve deeper into the underlying molecular mechanisms driving cystamine’s actions
under 6–500 MeV per nucleon carbon ion irradiation. This encompasses LET values
from ~248 to 9.3 keV/µm, and we investigated a wide range of cystamine concentrations
from 10−6 to 1 M. The radiation-induced chemistry of the Fricke–cystamine solutions was
simulated at 25 ◦C under aerated conditions, employing our Monte Carlo track chemistry
computer code IONLYS-IRT.

In our simulations, we initially demonstrated that the marked reduction in G(Fe3+)
at our lowest cystamine concentration (10−6 M) with increasing LET primarily arose
from the increased importance of intratrack radical–radical processes in denser ionizing
radiations. Indeed, these processes decrease the number of radicals escaping from the tracks,
subsequently reducing the occurrences of radical–Fe2+ reactions and, in turn, G(Fe3+). This
observation closely aligns with many experimental findings in the literature that address
the influence of LET on the chemistry and yields of the Fricke dosimeter.

We then confirmed the ability of cystamine to neutralize free radicals generated
during the irradiation of neighboring water, highlighting its robust antioxidant properties.
Specifically, we found that the oxidation of Fe2+ ions to Fe3+ mainly happens via reactions
with HO2

•, H2O2, and radicals originating from cystamine, namely RS• and RSSR•+.
The observed decrease in G(Fe3+) could be traced back to two synergistic radioprotec-

tive effects: one largely influenced by LET (especially evident at cystamine concentrations
below ~10−4 M), and the other from cystamine’s presence (more dominant at higher
concentrations). Based on our analysis, we concluded in particular that at reduced concen-
trations, cystamine offers only limited protection at high LET, aligning with findings from
earlier studies. Conversely, at cystamine concentrations beyond ~10−4 M, a significant
decrease in G(Fe3+) was observed, regardless of the LET value. This marked reduction
suggested that at these concentrations, the radioprotection of Fe2+ ions during the radi-
olysis of Fricke–cystamine solutions is driven more by the presence of cystamine than
the LET. To account for these findings, we proposed that cystamine increasingly interacts
with carbon ion tracks prior to their complete expansion. In these conditions, cystamine
scavenges early-formed free radicals within the columnar regions of the tracks, competing
with inter–radical combination reactions. This, in turn, reduces the number of radicals
available for Fe2+ ion oxidation. At even greater concentrations of cystamine (exceeding
~10−3 M), these cystamine–radical reactions become increasingly prevalent, substantially
reducing the influence of LET at these levels. Ultimately, when the cystamine concentration
surpasses ~0.1 M, G(Fe3+) was found to stay largely unchanged regardless of the LET
value, suggesting that the compound might not neutralize all the initially formed radicals
in high-LET carbon ion tracks rapidly enough to effectively counter the radical–radical
combination reactions.

Finally, we examined the influence of very high LETs on cystamine’s radioprotective
and antioxidant capabilities, with particular attention to the multiple (primarily double)
ionization (MI) of water molecules. This is especially pertinent for 6 MeV per nucleon
carbon ion irradiation, where the LET reaches ~248 keV/µm. Incorporating MI into the
simulations yielded Fricke G values approximately 5% lower than those obtained without
MI consideration. Our analysis indicates that this decrease is largely due to a significant
reduction in the H2O2 yield during the track stage of radiolysis.

In summary, these study’s results carry substantial predictive significance. The align-
ment between the calculated yields and the available measured values, achieved without
requiring adjustable parameters, strongly validates the kinetic schemes, reaction rate con-
stants, diffusion coefficients, and pathway parameters utilized in our Monte Carlo track
chemistry computational approach. This approach effectively portrays the radiolysis of
cystamine in aerated Fricke solutions when exposed to 6–500 MeV per nucleon carbon
ion irradiation. Furthermore, assuming that our fundamental research findings at pH
0.46 are applicable to biological systems operating at a physiological pH, incorporating
cystamine into carbon ion hadrontherapy could be a promising approach to further enhance
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therapeutic efficacy in cancer treatments. Specifically, in carbon ion therapy, the entrance
channel or “plateau” region of the ion depth–dose distribution, corresponding to “normal”
tissue, exhibits a low LET. Cystamine significantly protects these tissues from radiation in
this region. Conversely, in the “Bragg peak” region, at the end of the ion’s range within
the “tumor” volume, the radiation’s LET is elevated. This increased LET diminishes the
effectiveness of cystamine, in turn enhancing cell-killing efficacy.
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