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Abstract

Motivation: Clustered DNA-lesions are predominantly induced by ionizing radiation, particularly
by high-LET particles, and considered as lethal damage. Quantification of this specific type of
damage as a function of radiation parameters such as LET, dose rate, dose, and particle type

can be informative for the prediction of biological outcome in radiobiological studies. This study
investigated the induction and complexity of clustered DNA damage for three different types of
particles at an LET range of 0.5-250 keV/um.

Methods: Nanometric volumes (36.0 nm3) of 15 base-pair DNA with its hydration shell was
modeled. Electron, proton, and alpha particles at various energies were simulated to irradiate

the nanometric volumes. The number of ionization events, low-energy electron spectra, and
chemical yields for the formation of °OH, H°, e;,, and H,O, were calculated for each particle

as a function of LET. Single- and double-strand breaks (SSB and DSB), base release, and clustered
DNA-lesions were computed from the Monte-Carlo based quantification of the reactive species
and measured yields of the species responsible for the DNA lesion formation.

Results: The total amount of DNA damage depends on particle type and LET. The number of
ionization events underestimates the quantity of DNA damage at LETs higher than 10 keV/um.
Minimum LETs of 9.4 and 11.5 keV/pum are required to induce clustered damage by a single track
of proton and alpha particles, respectively. For a given radiation dose, an increase in LET reduces
the number of particle tracks, leading to more complex clustered DNA damage, but a smaller
number of separated clustered damage sites.
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Conclusions: The dependency of the number and the complexity of clustered DNA damage on
LET and fluence suggests that the quantification of this damage can be a useful method for the
estimation of the biological effectiveness of radiation. These results also suggest that medium-LET
particles are more appropriate for the treatment of bulk targets, whereas high-LET particles can be
more effective for small targets.

Keywords

clustered damage; DNA-radical; LET; fluence; radiation; low energy electron; RBE; strand breaks;
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1. Introduction

The biological impact of ionizing radiation on living organisms causes detrimental outcomes
such as lethality, carcinogenesis, and mutagenesis [1-6]. The prediction of the biological
outcome has always been an imperative need for a wide range of medical and industrial
applications, such as radiation therapy for cancer patients and protection from radiation
sources in medicine, nuclear reactors, and space travel. Relative Biological Effectiveness
(RBE) is an empirical parameter, which has widely been used in radiobiological studies

to approximate biological outcomes from different types and qualities of radiation [1].

The use of RBE in practical applications such as clinical practice is, however, limited

due to the uncertainty in measuring the RBE value, which results from its dependency on
multiple parameters in addition to radiation dose, such as LET, fluence, and fluence rates
[1]. With nuclear DNA being known as the principal cellular target of radiation, numerous
studies have reported that physical and chemical changes in DNA resulting from irradiation
can have substantial effects on cellular function, thereby nuclear DNA damage has been
correlated with the biological effectiveness of radiation [2-4]. As an alternative to RBE
measurement, the characterization of early biological events, i.e., radiation-induced DNA
damage and its repair processes, have also been investigated to estimate biological responses
to radiation [5].

Radiation-induced DNA damage is categorized into isolated and complex lesions with
respect to their biological impact. Isolated damage such as single-strand break (SSB) and
base lesions are known as sublethal damage that can be repaired efficiently by cellular
mechanisms [3-5]. Complex damage known as clustered damage is the formation of two

or more lesions on opposing DNA strands within a critical length of DNA, which is
suggested to be within 10 to 20 adjacent base-pairs (bp), equivalent to one or two turns

of the DNA helix [6]. The proximity of these lesions makes them less accessible to repair
enzymes and their repair processes are consequently impeded [7]. The significant extent of
clustered damage is observed to be the non-DSB (double-strand break) lesions (i.e., other
type of lesions but not DSB e.g., base damage, abasic (AP) sites, and SSBs) [8]. High-LET
radiations such as alpha particles are suggested to increase the complexity of clustered
damage by inducing a high number of lesions in the critical length of the DNA-helix [9,10].
We note that the track of a high-LET particle has a very short mean free path that produces
high ionization density along its track [1,2,9]. These ionization events initiate the generation
of low-energy electrons (LEES), free radicals (cation, anion, and neutral), and other reactive
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species that may react with DNA and induce various types of DNA-lesions [11]. It is well
established that clustered DNA-lesions are predominantly induced by ionizing radiation
[12,13]. The quantification of this damage and its complexity, including the type and extent
of the lesions, has been studied to estimate the biological effects of radiation, particularly for
high-LET particles and ions [14]. The experimental measurement of the clustered lesions is,
however, challenging due to the variety and proximity of lesions along with their distribution
throughout the genome [10].

Computational methods, such as the Monte-Carlo (MC) track structure, have been developed
to estimate clustered DNA damage by calculating spatial energy deposition in nanometric
(nm) volumes and estimating ionization distribution [15]. These calculations are typically
performed in a single medium, most commonly in water, due to the limited data for the
interaction cross-sections in different materials and calculation time in complex media. To
estimate the spatial distribution of energy deposition and ionization events in DNA, the
track structure calculations are superimposed on DNA-geometry models that have been
developed at high molecular and atomic resolution within the nucleosome and chromatin
structures [16,17]. In these simulations, each ionization overlaid on DNA is assumed to
induce an SSB and the proximity of ionizations is considered for the DSB formation.

These assumptions overlook the variety of radiation-induced DNA-lesions and the role

of the physico-chemical, chemical, and biochemical processes involved in DNA damage
formation [18,19]. Nevertheless, these assumptions are presently required to simplify the
radiation-induced DNA damage simulation in the absence of accurate and time-efficient
models for the calculation of different DNA-lesions induced by each reactive species such as
LEEs and free radicals [20,21].

Calculations based on track structure simulate elastic and inelastic interactions of primary
and secondary particles with matter, event by event, until the energies of the particles reach,
theoretically, to the thermalization energy. At present, these calculations involve particle
transport to the particle’s sub-ionization energy (e.g., 17.5 eV for electrons [22]) due to

the lack of an efficient model for low-energy particle transport in matter. These low-energy
particles, especially LEES, are generated copiously (on the order of 5 x 1016 LEEs per Gy
(Gy (Gray) is defined as the absorbed energy per unit mass of the object; Gy is the Sl unit
of absorbed dose)) in biological matter and can induce a variety of DNA-lesions via the
rupture of chemical bonds between DNA-subunits [23]. The track structure can calculate
the production of LEEs and their initial energy spectrum resulting from ionization events
in a well-defined medium [24]. However, it does not include further inelastic interaction

of LEE with a molecule through resonant and non-resonant scattering, e.g., dissociative
electron attachment (DEA) [25,26]. Physico-chemical and chemical models have also been
developed for the MC track structure to calculate the production of water radiolysis species
and their diffusion in water [27,28]. The free radical species, particularly the hydroxyl
radical (°OH), hydrogen atom (H°®), and hydrated electron (e,), are highly reactive toward
DNA and induce a variety of lesions such as base modifications, sugar damage leading

to unaltered base release and strand breaks, alkali-labile sites, tandem lesions, inter- and
intra-strand crosslinks, and DNA-protein crosslinks [19,29,30].
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Although water represents a considerable fraction of cellular mass and the water radiolysis
species are highly reactive, the DNA-helix in a cell nucleus is highly packed with histone
proteins and a higher order chromatin structure. In this configuration, nuclear DNA has a
closely-bound hydration shell with less than 25 water molecules per nucleotide [31]. This
structure reduces the indirect effects of radiation by protecting DNA from diffusible radicals.
In addition, °OH rapidly reacts with other biomolecules and cellular components at rates
close to its diffusion-controlled rates, thereby only those °OH created in the immediate
vicinity of DNA have a significant probability to induce damage [32]. Track structure
simulations have modeled physico-chemical and chemical stages in water to calculate the
production of water radiolysis species, their diffusion, and reaction with each other [27,28].
However, to develop a specific model for accurate calculation leading to the formation of
different types of DNA damage, the polymeric nature of the biomolecules as well as the
proximate concentration of the reactive species and their corresponding rates of reactions
with DNA have not yet been implemented in the MC track structures.

In the absence of accurate and time-efficient models to calculate probabilities for the
formation of different types and amounts of DNA-lesions induced by the chemical reactive
species and LEEs, measured yields and cross-sections of the polymer for the formation of
the DNA-lesions can be utilized to quantify the lesions as a function of radiation parameters.
The work presented in this report employs a semi-empirical approach to investigate the
complexity and frequency of clustered damage in an nm-volume of hydrated DNA as a
function of LET for three different particles including alpha particles, proton, and electron.
This approach utilizes MC track structure to calculate the number of ionization events and
the generation of LEEs and chemical reactive species with their distribution in the hydrated
DNA. Then, experimentally measured yields for the formation of various DNA-lesions are
used to estimate DNA damage complexity and variety. Two parameters named cluster size
and damage site per single voxel volume, due to a single track, are defined to characterize
the impact of particle LET and fluence on the complexity, type (variety), and frequency of
clustered damage.

Materials and Methods

Radiation Transport Calculation

MC simulation was performed to model physical and physicochemical stages for the passage
of electron, proton and alpha particles at different energies and LETSs through hydrated DNA
using the Geant4DNA toolkit (V.11.01) [33]. This Geant4dDNA toolkit has both physics and
chemistry models to calculate the stochastic partial energy deposition for both low- and
high-energy particles, energy spectrum of the LEEs, reactive species from water radiolysis,
and chemical reactions between the species followed by the radiolysis in nm-volumes [34].
This study used the GAEmDNAPhysics_option2 and GAEmDNAChemistry_option3 for the
radiation transport calculation [35-38]. For these experiments, radiation beam was defined
in a parallel plane field at the surface of the voxel with a straight direction into the voxel.
The width of the field was one third of the length of the voxel side and located at the central
region of the voxel side. Each experiment had at least 1000 independent histories.
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Depending on the stage of the cell cycle in a eukaryotic cell nucleus, DNA exists in a variety
of organizational states. However, in compact chromosomes, bulk water is largely excluded
from the vicinity of the DNA [11,18,19]. Moreover, the very high global concentration (65
to 220 mg/mL) of macromolecules (DNA, RNA, proteins etc.) in the cell nucleus makes

the role of direct-type effects of radiation in cells of crucial importance [39,40]. Therefore,
hydrated DNA was modeled as a biological medium in a high-resolution nm-grid. Each
voxel is a cube and has a volume of 36.0 nm3 to approximate the volume of 15bp DNA with
its hydration shell including 20 water molecules per nucleotide. This, takes into account of
the first and second layers of hydration in DNA [11,18,19].

This nm-volume was assumed as a critical volume, in which two or more lesions

have the proximity to form clustered DNA damage. Each nucleotide was composed

of tetrahydrofuran (THF), thymidine-monophosphate (TMP), and either purine (PU) or
pyrimidine (PY) molecules. Every voxel contains 30 THF, 30 TMP, 15 PU, 15 PY, and

600 H,0 molecules. These compounds with H,O molecules are uniformly distributed in the
voxel to build 15 bp hydrated DNA. The DNA density was adjusted to 1.4 g/cm3 [41,42].

The primary radiations of electron, proton, and alpha particles were simulated to irradiate
the hydrated DNA. Ten different energies for each particle were considered to characterize
the effect of LET on the formation of the reactive species and DNA damage. Table 1 shows
the energies and LETSs of the particles simulated in this study. The maximum energies of
500 keV for electrons and 100 MeV for protons were considered in this study as low-LET
particles, representing higher energy electrons (6—-15 MeV) and protons (200-250 MeV)
that are commonly used for therapeutic applications. Since the voxel has nm dimension,
LET distribution from a monoenergetic particle is not expected to change significantly in
the voxel. However, the LET of the incident particle, referred to as initial LET, and track-
averaged LET have been calculated and summarized in Table 1. lonization and excitation
cross-sections for the electron and proton impact on the DNA were utilized at energies >15
eV and >70 keV, respectively. For the alpha particle, the cross-sections for liquid water with
the density scaled to 1.4 g/cm3 were used in the simulation since the cross-section data were
not available for DNA.

Upon irradiation of the hydrated DNA at each particle energy, several parameters including
the number of ionization events, energy spectrum of LEEs (<25 eV), and chemical yield

of reactive species were scored in each nm-voxel. The number of ionization events in

each voxel was used to estimate the quantity of DNA-radicals (i.e., cation radical). These
ionization numbers were calculated based on the ratio of volumes between non-hydrated
and hydrated DNA. This ratio was 0.5 with the assumption that the average volumes of
hydrated DNA and each water molecule were 36 nm3 and 0.0299 nm3, respectively. LEEs
and DNA cation radicals were considered to calculate the direct action of radiation on
DNA damage formation. The generation and temporal distribution of initial water radiolysis
reactive species including °OH, H°, and e, as well as H,O, were scored in each voxel in
different time scales from picoseconds (ps) to microseconds (Us). These reactive species
were considered to estimate the indirect action of the particles on DNA damage formation.
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2.2. DNA Damage Calculation

Experimentally measured cross-sections and yields for the impact of LEEsand the chemical
reactive species on the formation of DNA damage were utilized to quantify different types
of DNA lesions including SSB, DSB, and base damage in the DNA voxels. These measured
data were used in the absence of a realistic model for the calculation of DNA damage
induced by LEEs and the chemical species. Mean cross-sections for sub-ionization LEEs
(1-15 eV) impact on the DNA double helix leading to stand break and base lesions were
considered as 3.8 x 1072 and 4.8 x 102 per nm?, respectively [43,44]. Yields for SSB
induction by DNA cation radicals and the water radiolysis reactive species (i.e., °OH,

He, and e;,) were considered to be 2.1 x 1072 and 1.2 102 per eV energy deposition,
respectively [45-49]. The yield for the formation of base lesions by the radicals from water
radiolysis was 1.36 x 1072 per eV energy deposition [46]. By calculating the quantity of
intermediate species in each voxel and the yield for the formation of each specific type of
damage, the numbers of the different DNA-lesions were calculated.

The complexity of clustered damage in a cellular nucleus was also simulated as a function of
track-averaged LET. A spherical nucleus with a 4.0 um diameter was modeled to contain the
nm voxels. The irradiation of the nucleus by each primary particle at the different energies
was simulated to deposit a fixed energy of 260 keV, equivalent to 2.0 Gy, in the nucleus.

The radiation field for nucleus irradiation was also a parallel plane located at the surface of
the nucleus. The number of voxels with at least one lesion (i.e., damage site) and quantity

of lesions in each damage site (i.e., cluster size) were scored to evaluate the complexity of
clustered DNA damage and the number of independent damage sites.

2.3. Statistical Uncertainty

All simulations were run on an OSX system with an M1 Max processor including a total
number of 10 cores. Statistical uncertainties for the MC simulations of ionization events,
LEE spectra and quantity, yields of reactive species as a function of time, LET, and
particle type were within 3%. The uncertainty in the measured yields of DNA-lesions were
considered to be in the range of 3-20%, according to the published reports [43,44,50-53].

3. Results

3.1. lonization Density

The number of ionizations as a function of LET is calculated for various particle energies.

In Figure 1, the ionization events due to the passage of a single track of alpha particles,
protons, and electrons at different LETs through the nm-voxel containing the hydrated DNA
is shown. lonization number increases linearly with LET at the rates of 0.10, 0.11, and 0.14
per keV/um for alpha particles, protons, and electrons respectively. The regression linear
model fits well to the data with the coefficient of determination (R2) higher than 0.995 in all
cases. In a single nm-voxel, one track of protons and electrons at their maximum LET can
induce 9.4 and 4.4 ionizations, respectively. The number of ionizations for the alpha particle
at the LETSs of 162 keV/um is calculated as 17.0 in the voxel. At a given LET, the number
of ionization events is higher for electron than proton and alpha particles, especially at LETs

DNA (Basel). Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rezaee and Adhikary Page 7

larger than 8.5 keV/um. Similarly, protons at LETSs higher than 27.0 keV/um generate more
ionization events compared to alpha particles at a corresponding LET.

3.2. Characterization of LEEs

The energy spectrum and quantity of the LEEs within the range of 1-25 eV are evaluated

as a function of LET in the nm-voxel of hydrated DNA. Figure 2A shows the total number
of LEEs generated by the passage of a single track of electron, proton, or alpha particles at
different LETs through the hydrated DNA voxel. As expected, the number of LEES increases
with LET; however, this increase differs among the particle types.

At agiven LET, electron and alpha particles produce the most and the least quantity of
LEEs, respectively. Figure 2A also shows that the increase in the number of LEEs has a
quadratic relationship with LET for all three particles.

Figure 2B,C show the energy spectra of the LEEs generated by the passage of a single

track of proton and alpha particles at different energies through the nm-voxel. These spectra
have similar shapes including a shallow and broad peak between 2-6 eV, a large narrow
peak at the energies of 8-11 eV, and a rapid decrease in the number of LEEs beyond 15

eV. The number of LEES reduces at higher energies of the incident particles because of the
smaller LETs of these high-energy particles, resulting in the lower number of ionizations in
the voxel. Our calculations predict that alpha particles generate a higher number of LEEs
compared to protons due to its larger LET that is in agreement with experiment [54]. Figure
2B,C also show that the shape of LEE spectra is independent of the type, energy, and LET of
the incident particles.

3.3. Reactive Species from Water Radiolysis

Yields for the formation of several reactive species including °OH, H°, e;,, and H,O, are
calculated at different time scales and LETSs in the nm-voxel. Based on time-dependent
radical formation, G-values remain almost constant after 10 nanoseconds (ns). Figure 3A-D
indicate the yield of formation of these reactive species as a function of particle LET in the
nm-voxel of liquid water at 100 ns after irradiation. At this time scale, the G-values of the
reactive species are independent of time (refer to Supplementary Materials); this allows us
to evaluate the effect of LET on the formation of the species. Our calculations point out
that the yields of °OH rapidly increase with LET, up to 66 keV/um, then decrease slowly

at higher LETS; similar trends were observed in experiments [55]. The rapid increase in the
°OH yields with LET are at the rates of 0.047 and 0.054 per keV/um for proton and alpha
particles, respectively. Similarly, the yields for the formation of H® and e, (Figure 3B,C)
show a rapid increase at lower LETSs followed by a slight decrease at higher LETSs. These
results also represent that the LET required to produce the maximum yields of these reactive
species is different. Among these reactive species, the maximal yield for e, is at LETs as
low as 30 keV/um range, whereas the LET formaximal H° yield is as high as 100 keV/um.

As expected, the yield for H,O, formation in the nm-voxel increases with LET since H,0,
is a secondary species, primarily produced via the recombination of °OH [25,30]. Figure
3D shows that H,O5, yield increases linearly with LET, up to 100 keV/um, then its increase
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continues at a lower rate. These results indicate that the probability of H,O, formation due
to intra-track recombination is negligible (<4%) at LETs lower than 5 keV/um.

At a given LET, protons produce a higher yield of H,O, compared to that of alpha particles.
The maximum G-values of H,0, formation are calculated as 1.15 and 1.44 for proton and
alpha particles at their maximum LET, respectively, in the nm-voxel. Electrons expectedly
produced the least amount of H,O, due to their low LET relative to proton and alpha
particles, with yields under 0.3 molecules per 100 eV. Yields for the formation of °OH,

H°, and e, in the nm-volume decrease with time due to subsequent reactions after their
production. As opposed to these species, the yield for the formation of H,O, increases with
time and reaches a maximum level at times longer than 10 ns. The results of these yields as a
function of time for each particle LET are presented in the Supplementary Materials.

3.4. Quantification of DNA Damage

In this work, we have calculated different types of DNA-lesions including SSB, DSB, base
damage, and clustered lesions in the DNA-voxels (see Section 2.2). DSBs and the total
number of DNA-lesions are quantified in the nm-voxel of hydrated DNA. Figure 4A-C
show the number of DSBs from the direct and indirect actions of the electron, proton, and
alpha particles as a function of LET and compares them with the total number of DSBs.
Both direct and indirect actions of the particles for the induction of DSBs increase with
particle LET but at different rates. The rates of direct action with LET are higher by about
an order of magnitude than those of indirect action. These theoretical predictions support the
proposition of significant involvement of direct effect in radiation damage to cellular DNA
that were obtained from electron paramagnetic studies and product analyses of irradiated
hydrated DNA [11,19,50,51]. The total number of DSBs was mainly formed from the direct
action of the particles at high LETs. The minimum track-averaged LETs of 9.0, 11.8, and
15.2 keV/um are required to induce one DSB in a single voxel (volume = 36 nm3) by

a single track of electron, proton, and alpha particles, respectively. This result suggests

that electrons and protons are more efficient than alpha particles in the induction of DSBs
at a given LET. Figure 4A—C also show that the total number of DSBs has a quadratic
relationship with LET for each of the three particles.

Figure 4D shows the number of DSBs per giga base-pair with respect to the fluence

and LET for electron, proton, and alpha particles. Since dose is a deterministic parameter
and cannot be used for nm-voxel, the results of this figure can be used for comparison

of DSB yield with those obtained from other reports. For example, a recent report on

the microdosimetry of alpha particles using TOPAS-nBio shows a DSB yield [56] that is
comparable to this study.

The total number of DNA damage was quantified by the summation of all base lesions

and strand breaks in the nm-voxel. Figure 5A shows total DNA damage resulting from the
passage of a single track of the particles at different LETs through the hydrated DNA-voxel
(volume = 36 nm3). Similar to DSB formation, the total number of DNA-lesions induced
by electrons is calculated to be higher than those induced by proton and alpha particles

at a given LET. Protons also induce a higher number of DNA-lesions compared to alpha
particles, particularly at LETs higher than 20 keV/um. The minimum LET required to
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induce a clustered damage containing at least two lesions due to a single track of electrons,
protons, and alpha particles are 7.1, 9.4, and 11.5 keV/um, respectively.

Figure 5B-D compare the total DNA damage with the total number of ionization events
for each of the particles. These results show that both DNA damage and ionization events
increase with LET but at different rates. Increases in DNA damage can be fitted with

a quadratic function whereas ionizations have linear fits. This finding corroborates the
experimental observations on the DNA-lesions observed in 193 nm laser irradiated plasmid
DNA (pTZ18R) at higher intensity [57]. This linear-quadratic nature of the DNA damage
could occur by two-event induction (e.g., cation radical coupled with excited states and
excited anion radical in close proximity) along with, e.g., the radical swing-over process
(similar to the Siddiqui-Bothe mechanism that was originally proposed for indirect effect)
via one-event induction [19,25,47,48]. Also, a pulsed electron-electron double resonance
(PELDOR) spectroscopic study of ion-beam irradiated DNA showed that there was an
average of 17.7 + 0.7 radicals per spherical cluster with a cluster radius of 6.79 nm in
agreement with the track structure calculations [11,19,58].

3.5. Cluster Size and Damage Site

Cluster size represents the number of lesions in a single nm-voxel (volume of each voxel =
36 nm?3 (see Section 2)), and its value depends on the particle LET. Damage site describes
the quantity of the nm-voxels with at least one DNA-lesion, and it predominantly depends
on the number of particle tracks (i.e., fluence).

These two parameters are defined to characterize the impact of LET and fluence of incident
particles on the complexity of DNA lesions and distribution of the nm-voxels containing
DNA damage. Figure 6A—-C show the cluster size and number of damage sites from a

260 keV energy deposition in a cellular nucleus from the alpha particles, protons, and
electrons at different energies assuming the particle tracks pass through chromosomes and
DNA molecules. This energy deposition is equivalent to the therapeutically relevant 2.0 Gy
absorbed dose in a 4 um diameter nucleus. Electrons are not included in Figure 6 because
the energies required for electrons passing through the nucleus are higher than 30 keV. At
these energies, electrons have low LETs (<1 keV/um).

At 10 MeV and higher energies that are equivalent to LETs smaller than 5 keV/um, protons
have a similar number of damage sites to the concomitant cluster size of one or lower
(Figure 6A). These results also suggest that the largest number of DNA-lesions induced

by the high-energy protons should lead to one damage site in the critical nm-volume of
hydrated DNA. This agrees with other studies on low-LET radiations [49-53,56]. With the
decrease in the proton energy under 10 MeV (LET > 5 keV/um), the cluster size increases
exponentially, while the damage sites decrease linearly. Figure 6B shows similar behaviors
for cluster size and damage sites induced by alpha particles. At high energies (>150 MeV)
where LET is smaller than 7 keV/um, alpha particles induce a large number of damage
sites with minimum cluster size (<1.5). Cluster size increases exponentially at energies less
than 100 MeV (>9 keV/um) and the number of damage sites decreases linearly from 30

to 1. It should be noted that the inter-track recombination of reactive species is negligible
in this experimental setup. At the lowest LET radiation (i.e., 0.2 keV/um for 500 keV
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electrons), the number of tracks passing through the nucleus is about 320 to deliver the 2

Gy dose. Regarding the volume of the nucleus and LET of the tracks, the nominal distance
between two inelastic interactions from two adjacent tracks is about 0.1 um. At this distance,
the probability of inter-track recombination is very low. This finding supports the basis to
explain the steady state radiolysis (e.g., gamma radiolysis) results using the results obtained
employing pulse radiolysis provided the dose/pulse is not too high [30,59,60]. Moreover,
this finding establishes that the yields of radiation-produced radicals are independent of
dose rates and dose levels which were employed recently in ultrahigh dose-rate (FLASH)
radiotherapy studies such as those reported by Favaudon et al. [61].

Figure 6C compares cluster size and damage sites for proton and alpha particles at energies
less than 7 MeV. These particle energies represent the descending end of Bragg peak in

the depth dose distribution of proton and radiopharmaceutical therapy using alpha particle-
emitting radionuclides [62,63]. This comparison along with the results shown in Figure 5
show that alpha particles induce a lower number of damage sites with a larger number

of DNA-lesions in each site, whereas protons produce more damage sites containing less
DNA-lesions. Within the energy range of 10 MeV to <1 MeV, cluster size in the nm voxel
increases to 26 and 69 for proton and alpha particles, respectively. In this energy range,

the number of damage sites decreases from 33 to 3 for proton and from 5 to 1 for alpha
particles. This trend has been observed experimentally in irradiated skin fibroblast cells
[64]. In this work, the authors reported lower number of radiation-produced clusters or
radiation-induced foci (RIF per Gy) for low-LET (e.g., X-rays) and very high LET particles
(i.e., 600 MeV/n 5Fe).

4. Discussion

The biological effects of high-LET radiations have received much attention since last
decade due to substantial growth in their therapeutic applications for external beam particle
therapy and radiopharmaceutical therapy [65,66]. In these applications, the primary metric
used in treatment planning systems for the prediction of treatment response is absorbed
dose, similar to the therapeutic applications of low-LET radiations (e.g., megavoltage X-
rays). Absorbed dose is derived from the deposition of ionization energy under specific
conditions [67,68] and it does not include the spatial distribution of the ionization and
reactive species generated by the ionization events. Thus, this metric does not describe the
effects of radiation quality such as LET and dose rate. At present, clinical practices have
adapted overly simplified qualifying factors such as dose modifying factor or RBE dose to
approximate treatment outcome by scaling delivered dose. The proton treatment planning
system, for example, considers a dose modifying factor of 1.1 for the tissue volumes located
at the Bragg Peak of proton beam. The characterization of LET effects on biological systems
using experimental measurement contains significant uncertainties and cannot be quantified
reliably for practical applications [1]. The uncertainties partially arise from the sample
dimension and continuous changes in the energy and LET of the particle track within the
sample due to consecutive inelastic interactions. Therefore, results on biological outcome
employ a range of particle LETs in which an average LET may not accurately represent

the LET distribution in the irradiated sample and are used for the characterization of LET
effects [69]. Selecting biological targets at the molecular level can alleviate this issue due to
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the small dimension of the target. In addition, the nm-voxel of hydrated DNA as the target
provide a novel method for including high scavenging capacity of cellular environment on
the radiation-mediated water-derived radicals. Current simulation methods limit diffusion
of the water radicals to mimic the a few ns lifetimes of the radicals during the early track
expansion for low LET radiation [33,38].

It is well known that high-LET particles induce complex molecular damage, e.g., clustered
DNA-lesions, which may have a different biological response compared to simple damage
induced by low-LET radiations [8,64,70,71]. The characterization of the damage as a
function of LET can then be the initial step in their biological quantification due to high-
LET radiations.

This study has introduced two parameters of cluster size and number of damage sites to
better elucidate the relationship of clustered DNA damage with LET. Our results in Figure
6 suggest that each track of proton at LETs up to 9 keV/um, i.e., equivalent to energies
higher than 4.0 MeV, has a very low probability of inducing clustered damage (i.e., cluster
size of two or more). With respect to the depth dose distribution of clinical beams, protons
reach this energy at the Bragg peak. At a higher proton LET, which is produced at the end
of the Bragg peak, clustered damage has a high probability of formation and its complexity
increases exponentially with LET.

Larger cluster size (i.e., more complex damage) expectedly enhances the probability of

cell death; however, the delivery of a high-LET particle beam to a target tissue such as

a macroscopic volume of solid tumor raises two important radiobiological concerns. First,
each high-LET track delivers a large amount of dose per track, resulting in a reduction in
the number of tracks compared to the number of low-LET tracks for delivering a given
dose. This means that a partial volume of the target does not directly interact with radiation.
Secondly, the range of the high-LET tracks is very short and may pass through only a

few cells. This makes very high-LET radiation such as alpha particles more appropriate for
targeted delivery to microscopic volumes. With respect to the clustered DNA damage and
its biological response, tissues located within a spread-out Bragg peak may have a complex
response to the radiation because both low- and high-LET protons interact with the tissue in
this region. This complicates the characterization and prediction of the biological response
in irradiated tissue. Table 2 shows examples of alpha particles and protons at different
energies, ranges, and LETs for the comparison of cluster size and number of damage sites in
the high- and low-energy regions.

The limited number of tracks and short range of high-LET particles can reduce the number
of irradiated cells in a tissue, which may cause a lower biological effectiveness of radiation
in tissue. This would suggest a tradeoff between fluence and LET to achieve the optimum
biological effectiveness by irradiating the majority of target cells with particle LET sufficient
to induce clustered damage. Furthermore, these findings provide additional evidence that
neither dose nor LET alone are an appropriate descriptor for the RBE or biological
effectiveness of radiation [15,16].
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We note here that recent study on clustered damage formation in plasmid DNA (pUC19)
solution irradiated by Fe ion-beam (LET = 200 keV/um) reported 2—-3 damage sites with
cluster size of 2—4 induced by a single track of the ion passing through a single plasmid
DNA molecule [13]. Our calculations support this observation by predicting the formation
of more than one damage site containing cluster size of 2 or more due to impact of a single
track of alpha particles on the hydrated DNA.

This study also calculated the number of ionization events as a function of LET in the
medium of hydrated DNA at the nm resolution. Our results in Figures 1 and 5 indicate

that an increase in total DNA damage with LET follows the ionization number only at

LETSs lower than 3 keV/um for electrons and 10 keV/um for alpha and proton particles. At
higher LETS, relevant to the Bragg Peak of charged particles and ions, total DNA damage
deviates substantially from ionization number depending on the LET and particle type.
Therefore, the number of ionization events underestimates the total number of DNA lesions
for high-LET particles, suggesting that the scaling of absorbed dose using a modifying
factor cannot accurately estimate the total amount of DNA damage. This finding accentuates
the development of new approaches to compute and quantify DNA damage due to high-LET
radiations.

LEEs are the most abundant and important reactive species for the induction of DNA
damage, particularly for high-LET particles [23,72]. The energy distribution of LEES in
hydrated DNA, shown in Figure 4B,C, is similar to those simulated in water by Pimblott
and LaVerne using the differential dipole oscillator strength distribution of water and DNA
for electron and heavy particles [24,73]. A pronounced peak at 8-11 eV suggests the most
probable electron energy for the interaction with the DNA. At these energies, LEES can
induce both isolated and clustered DNA damage [74,75]. The number of LEES expectedly
increases with LET due to the higher number of ionization events regardless of the type of
incident particle. This study considered measured cross-sections for the formation of stand
breaks and base damage at 9-10 eV, the most probable electron energy, as the nominal
values for all LEES in our first approximation. Research for the measurement of partial
cross-sections at each electron energy for each DNA-subunit have been conducted for pure
DNA and protein-DNA complexes [76—78]. These cross-section values can be incorporated
into the DNA damage simulation for more accurate analysis, and to provide insight on the
contribution of a single LEE in the formation of clustered damage.

In addition to LEEs, chemical reactive species formed from water radiolysis induce different
types of DNA-lesions [30]. The yields for the formation of the reactive species have been
measured and calculated as a function of dose and LET, mainly in bulk water [74]. Our
results show that the yields for the reactive species in the nm-volume differ from those in
bulk water. Both theoretical and experimental studies have shown that °OH, H°, and e, have
the highest yield for low-LET radiation in bulk water and the yields reduce with an increase
in LET [79,80]. In the nm-volumes containing a limited number of water molecules, as
shown in Figure 3, the yields at 100 ns increase with LET to a maximum value, then
decrease at very high LETSs. Increases in LET to very high values shorten the mean free path
of the particle track, which reduces the distance between the radicals and reactive species,
thereby enhancing the probability of their recombination. Consequently, the probability

DNA (Basel). Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rezaee and Adhikary

Page 13

of the radiation-produced radicals that can diffuse and thereby leave the nm voxel gets
reduced. Absolute values of the yields are time-dependent because of the diffusion and
reaction rates (see Supplementary Materials) [81,82]. When the probability of the radical
recombination (e.g., °OH) increases, the yield of the corresponding diamagnetic product
(e.g., HoO») also becomes higher. This increase in the yield with LET agrees with those
observed in the measurement [83,84]. Work is underway to extend this model to take into
account the experimental conditions (e.g., see ref. [45,48,49,85]) for the prediction of stable
DNA-radical yields and their correlations with the diamagnetic products [11,19,45,47-51]
in the chromatin structure [86]. Thus, this Radiation Track Structure Model would enable
us to understand how the initial stochastic physical, physicochemical, and chemical events
of radiation impact on biomolecules lead to damage that are determined experimentally.
Moreover, as evident from the results presented in this work, our approach of combining
modeling and experiments have important implications towards elucidating the mechanisms
involved in new radiotherapy techniques such as FLASH radiotherapy and high-LET
Particle Radiotherapy.

5. Conclusions

This study characterizes particle LET and fluence within nano-volume and their influence
on the radical yields. These results affect the type, size, and extent of the clustered DNA
damage. Furthermore, for the first time, this work investigates the simulation of LEE and
the prediction of different types of DNA damage induced by LEE within the nano-volume
due to a single track. With consideration of the stochastic nature of physicochemical

and chemical processes involved in the interaction of radiation with DNA, our finding
suggests that the quantity and spatial distribution of ionization events underestimate the
number and complexity of DNA-lesions induced by high-LET particles. In addition, our
work emphasizes that the interplay between LET and fluence should be considered in
radiobiological studies. Consequently, the RBE of very high LET radiations can reduce due
to the low fluence at a fixed dose delivered to a large target. As a result, medium-LET
particles should be more appropriate for the treatment of bulk tumors, whereas high-LET
particles can be more effective for small tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments:

Funding:

A.A. acknowledges support from J.L. Shepherd & Associates, the travel support from IntraOp and the same from
DNA (MDPI). A.A. also thanks the Université Paris-Saclay for the Visiting Professorship at the Institut de Chimie
Physique. The authors also acknowledge Michael D. Sevilla, Peter Wardman, and Peter O’Neill for their critical
comments.

A.A. acknowledges the support from the National Cancer Institute of the National Institutes of Health (Grant
RO1CA045424) and the National Science Foundation under Grant No. CHE-1920110.

DNA (Basel). Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rezaee and Adhikary

Page 14

Data Availability Statement:

The original data are available for share upon request to the authors by email.

References
1.

10

11.

12.

13.

14.

15.

16.

17.

Paganetti H Relative biological effectiveness (RBE) values for proton beam therapy. Variations as a
function of biological endpoint, dose, and linear energy transfer. Phys. Med. Biol 2014, 59, 419.

. Goodhead DT Initial events in the cellular effects of ionizing radiations: Clustered damage in DNA.

Int. J. Radiat. Biol 1994, 65, 7-17. [PubMed: 7905912]

. Blakely EA The 20th gray lecture 2019: Health and heavy ions. Br. J. Radiol 2020, 93, 20200172.
. Goodhead DT Molecular and cell models of biological effects of heavy ion radiation. Radiat.

Environ. Biophys 1995, 34, 67-72. [PubMed: 7652153]

. Nikjoo H; Emfietzoglou D; Liamsuwan T; Taleei R; Liljequist D; Uehara S Radiation track, DNA

damage and response—A review. Rep. Prog. Phys 2016, 79, 116601. [PubMed: 27652826]

. Lomax ME; Folkes LK; O’Neill P Biological consequences of radiation-induced DNA damage:

Relevance to radiotherapy. Clin. Oncol 2013, 25, 578-585.

. Johnston PJ; Bryant PE A component of DNA double-strand break repair is dependent on the spatial

orientation of the lesions within the higher-order structures of chromatin. Int. J. Radiat. Biol 1994,
66, 531-536. [PubMed: 7983441]

. Eccles LJ; O’Neill P; Lomax ME Delayed repair of radiation induced clustered DNA damage:

Friend or foe? Mutat. Res./Fundam. Mol. Mech. Mutagen 2011, 711, 134-141.

. Lorat Y; Brunner CU; Schanz S; Jakob B; Taucher-Scholz G; Rilbe CE Nanoscale analysis of

clustered DNA damage after high-LET irradiation by quantitative electron microscopy—The heavy

burden to repair. DNA Repair. 2015, 28, 93-106. [PubMed: 25659339]

. Hada M; Georgakilas AG Formation of clustered DNA damage after high-LET irradiation: A
review. J. Radiat. Res 2008, 49, 203-210. [PubMed: 18413977]

Adhikary A; Becker D; Sevilla MD Electron spin resonance of radicals in irradiated DNA. In
Applications of EPR in Radiation Research; Lund A, Shiotani M, Eds.; Springer International
Publishing: Cham, Switzerland, 2014; pp. 299-352.

Nakano T; Akamatsu K; Tsuda M; Tujimoto A; Hirayama R; Hiromoto T; Tamada T; Ide H;
Shikazono N Formation of clustered DNA damage in vivo upon irradiation with ionizing radiation:
Visualization and analysis with atomic force microscopy. Proc. Natl. Acad. Sci. USA 2022, 119,
€2119132119.

Xu X; Nakano T; Tsuda M; Kanamoto R; Hirayama R; Uzawa A; Ide H Direct observation of
damage clustering in irradiated DNA with atomic force microscopy. Nucleic Acids Res. 2020, 48,
e18. [PubMed: 31840169]

Gulston M; de Lara C; Jenner T; Davis E; O’Neill P Processing of clustered DNA damage
generates additional double-strand breaks in mammalian cells post-irradiation. Nucleic Acids Res.
2004, 32, 1602-1609. [PubMed: 15004247]

Chatzipapas KP; Papadimitroulas P; Emfietzoglou D; Kalospyros SA; Hada M; Georgakilas

AG; Kagadis GC lonizing radiation and complex DNA damage: Quantifying the radiobiological
damage using monte carlo simulations. Cancers 2020, 12, 799. [PubMed: 32225023]

Bertolet A; Ramos-Méndez J; McNamara A; Yoo D; Ingram S; Henthorn N; Warmenhoven J-W;
Faddegon B; Merchant M; McMahon SJ; et al. Impact of DNA geometry and scoring on monte
carlo track-structure simulations of initial radiation-induced damage. Radiat. Res 2022, 198, 207—
220. [PubMed: 35767729]

Sakata D; Belov O; Bordage M; Emfietzoglou D; Guatelli S; Inaniwa T; Ivanchenko V; Karamitros
M; Kyriakou I; Lampe N; et al. Fully integrated monte carlo simulation for evaluating radiation
induced DNA damage and subsequent repair using Geant4-DNA. Sci. Rep 2020, 10, 20788.
[PubMed: 33247225]

DNA (Basel). Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rezaee and Adhikary

18

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 15

. Alizadeh E; Orlando TM; Sanche L Biomolecular damage induced by ionizing radiation: The
direct and indirect effects of low-energy electrons on DNA. Annu. Rev. Phys. Chem 2015, 66,
379-398. [PubMed: 25580626]

Becker D; Kumar A; Adhikary A; Sevilla MD Gamma- and ion-beam DNA radiation damage:
Theory and experiment. In DNA Damage, DNA Repair and Disease: Volume 2; Dizdaroglu M,
Lloyd RS, Dizdaroglu M, Lloyd RS, Eds.; The Royal Society of Chemistry: London, UK, 2020;
pp. 426-457.

Muraro S; Battistoni G; Kraan AC Challenges in monte carlo simulations as clinical and research
tool in particle therapy: A review. Front. Phys 2020, 8, 567800.

Baba K; Kusumoto T; Okada S; Ogawara R; Kodaira S; Raffy Q; Barillon R; Ludwig N; Galindo
C; Peaupardin P; et al. Quantitative estimation of track segment yields of water radiolysis species
under heavy ions around Bragg peak energies using Geant4-DNA. Sci. Rep 2021, 11, 1524.
[PubMed: 33452450]

Nikjoo H; O’Neill P; Wilson WE; Goodhead DT Computational approach for determining the
spectrum of DNA damage induced by ionizing radiation. Radiat. Res 2001, 156, 577-583.
[PubMed: 11604075]

Sanche L Interaction of low energy electrons with DNA: Applications to cancer radiation therapy.
Radiat. Phys. Chem 2016, 128, 36-43.

Pimblott SM; LaVerne JA Production of low-energy electrons by ionizing radiation. Radiat. Phys.
Chem 2007, 76, 1244-1247.

Narayanan SJJ; Tripathi D; Verma P; Adhikary A; Dutta AK Secondary electron attachment-
induced radiation damage to genetic materials. ACS Omega 2023, 8, 10669-10689. [PubMed:
37008102]

Ma J; Kumar A; Muroya Y; Yamashita S; Sakurai T; Denisov SA; Sevilla MD; Adhikary A;

Seki S; Mostafavi M Observation of dissociative quasi-free electron attachment to nucleoside via
excited anion radical in solution. Nat. Commun 2019, 10, 102. [PubMed: 30626877]

Tian Z; Jiang SB; Jia X Accelerated monte carlo simulation on the chemical stage in water
radiolysis using GPU. Phys. Med. Biol 2017, 62, 3081. [PubMed: 28323637]

Friedland W; Dingfelder M; Kundrat P; Jacob P Track structures, DNA targets and radiation
effects in the biophysical monte carlo simulation code PARTRAC. Mutat. Res 2011, 711, 28-40.
[PubMed: 21281649]

Halliwell B; Adhikary A; Dingfelder M; Dizdaroglu M Hydroxyl radical is a significant player in
oxidative DNA damage in vivo. Chem. Soc. Rev 2021, 50, 8355-8360. [PubMed: 34128512]

von Sonntag C Free-Radical-Induced DNA Damage and Its Repair: A Chemical Perspective;
Springer: Berlin/Heidelberg, Germany, 2006.

Milano MT; Bernhard WA The effect of packing and conformation on free radical yields in films of
variably hydrated DNA. Radiat. Res 1999, 151, 39-49. [PubMed: 9973082]

Purkayastha S; Milligan JR; Bernhard WA The role of hydration in the distribution of free radical
trapping in directly ionized DNA. Radiat. Res 2006, 166, 1-8. [PubMed: 16808596]

Kyriaknu I; Sakata D; Tran HN; Perrot Y; Shin WG; Lampe N; Zein SA; Bordage M; Guatelli

S; Villagrasa C; et al. Review of the GEANT4-DNA simulation toolkit for radiobiological
applications at the cellular and DNA level. Cancers 2022, 14, 35.

Adjei D; Trinh ND; Mostafavi M Application of Geant4-DNA for simulating water radiolysis
induced by auger electron-emitting radionuclides. J. Radiat. Res 2023, 64, 369-378. [PubMed:
36702611]

Villagrasa C; Francis Z; Incerti S Physical models implemented in the GEANT4-DNA extension of
the GEANT-4 toolkit for calculating initial radiation damage at the molecular level. Radiat. Prot.
Dosim 2011, 143, 214-218.

Zein SA; Bordage M; Tran HN; Macetti G; Genoni A; Cappello CD; Incerti S Monte carlo
simulations of electron interactions with the DNA molecule: A complete set of physics models for
Geant4-DNA simulation toolkit. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater.
Atoms 2023, 542, 51-60.

DNA (Basel). Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rezaee and Adhikary

Page 16

37. Champion C; Incerti S; Tran HN; Karamitros M; Shin J; Lee S; Lekadir H; Bernal M; Francis Z;

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Ivanchenko V Proton transport in water and DNA components: A Geant4 monte carlo simulation.
Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 2013, 306, 165-168.
Incerti S; Kyriakou I; Bernal MA; Bordage MC; Francis Z; Guatelli S; Ivanchenko V; Karamitros
M; Lampe N; Lee SB Geant4-DNA example applications for track structure simulations in liquid
water: A report from the Geant4-DNA project. Med. Phys 2018, 45, e722—e739.

Hancock R (Ed.) The Nucleus—Volume 1: Nuclei and Subnuclear Components; Methods in
Molecular Biology 463; Humana Press: Totowa, NJ, USA, 2008.

Khanduri D; Adhikary A; Sevilla MD Highly Oxidizing Excited States of One-Electron Oxidized
Guanine in DNA: Wavelength and pH Dependence. J. Am. Chem. Soc 2011, 133, 4527-4537.
[PubMed: 21381665]

Smiatek MA; Jones NC; Hoffmann SV; Mason NJ Measuring the density of DNA films using
ultraviolet-visible interferometry. Phys. Rev. E Stat. Nonlinear Soft Matter Phys 2013, 87, 060701.
Fasman GD Handbook of Biochemistry and Molecular Biology, 3rd ed.; CRC Press: Cleveland,
OH, USA, 1977.

Rezaee M; Cloutier P; Bass AD; Michaud M; Hunting DJ; Sanche L Absolute cross section for
low-energy-electron damage to condensed macromolecules: A case study of DNA. Phys. Rev. E
Stat. Nonlinear Soft Matter Phys 2012, 86, 031913.

Kouass Sahbani S; Sanche L; Cloutier P; Bass AD; Hunting DJ Loss of cellular transformation
efficiency induced by DNA irradiation with low-energy (10 eV) electrons. J. Phys. Chem. B 2014,
118, 13123-13131. [PubMed: 25325149]

Ito T; Baker S; Stickley C; Peak J; Peak M Dependence of the Yield of Strand Breaks Induced by
v-rays in DNA on the Physical Conditions of Exposure: Water Content and Temperature. Int. J.
Radiat. Biol 1993, 63, 289-296. [PubMed: 8095278]

Greenberg MD Radical and Radical lon Reactivity in Nucleic Acid Chemistry; John Wiley &
Sons: Hoboken, NJ, USA, 2009.

Sevilla MD; Becker D; Kumar A; Adhikary A Radiation-Induced Free Radical Mechanisms in
DNA. Radiat. Phys. Chem 2016, 128, 60-74.

Siddigi MA; Bothe E Single- and Double-Strand Break Formation in DNA Irradiated in Aqueous
Solution: Dependence on Dose and OH Radical Scavenger Concentration. Radiat. Res 1987, 112,
449-463. [PubMed: 3423212]

Isabelle V; Prévost C; Spotheim-Maurizot M; Sabattier R; Charlier M Radiation-induced Damages
in Single- and Double-stranded DNA. Int. J. Radiat. Biol 1995, 67, 169-176. [PubMed: 7884285]
Becker D; Adhikary A; Tetteh ST; Bull AW; Sevilla MD Kr-86 lon-Beam Irradiation of Hydrated
DNA: Free Radical and Unaltered Base Yields. Radiat. Res 2012, 178, 524-537. [PubMed:
23106211]

Kant M; Jaruga P; Coskun E; Ward S; Stark AD; Baumann T; Becker D; Adhikary A; Sevilla MD;
Dizdaroglu M Ne-22 lon-Beam Radiation Damage to DNA: From Initial Free Radical Formation
to Resulting DNA-Base Damage. ACS Omega 2021, 6, 16600-16611. [PubMed: 34235332]
Cadet J; Ravanat J-L; TavernaPorro M; Menoni H; Angelov D Oxidatively generated complex
DNA damage: Tandem and clustered lesions. Cancer Lett. 2012, 327, 5-15. [PubMed: 22542631]
Dizdaroglu M; Coskun E; Jaruga P Measurement of oxidatively induced DNA damage and

its repair, by mass spectrometric techniques. Free Radic. Res 2015, 49, 525-548. [PubMed:
25812590]

Kim H-K; Titze J; Schoffler M; Trinter F; Waitz M; Voigtsberger J; Sann H; Meckel M; Stuck C;
Lenz U; et al. Enhanced production of low energy electrons by alpha particle impact. Proc. Natl.
Acad. Sci. USA 2011, 108, 11821-11824. [PubMed: 21730184]

LaVerne JA The Production of OH Radicals in the Radiolysis of Water with 4He lons. Radiat. Res
1989, 118, 201-210. [PubMed: 2727254]

Bertolet A; Ramos-Méndez J; Paganetti H; Schuemann J The relation between microdosimetry and
induction of direct damage to DNA by alpha particles. Phys. Med. Biol 2021, 66, 155016.
Gurzadyan GG; Gdrner H Photolesions in DNA upon 193 nm excitation. Photochem. Photobiol
1993, 58, 71-80. [PubMed: 8378435]

DNA (Basel). Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rezaee and Adhikary

58

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73

74.

75.

76.

77.

78.

Page 17

. Bowman MK; Becker D; Sevilla MD; Zimbrick JD Track Structure in DNA Irradiated with Heavy
lons. Radiat. Res 2005, 163, 447-454. [PubMed: 15799701]

Wardman P Radiotherapy using high-intensity pulsed radiation beams (FLASH): A radiation-
chemical perspective. Radiat. Res 2020, 194, 607-617. [PubMed: 33348369]

Jonah CD; Hart EJ; Matheson MS Yields and Decay of the Hydrated Electron at Times Greater
Than 200 Picoseconds. J. Phys. Chem 1973, 77, 1838-1843.

Favaudon V; Caplier L; Monceau V; Pouzoulet F; Sayarath M; Fouillade C; Poupon MF; Brito I;
Hupe PH; Hall J; et al. Ultrahigh dose-rate FLASH irradiation increases the differential response
between normal and tumor tissue in mice. Sci. Transl. Med 2014, 6, 245ra93.

Guan F; Peeler C; Bronk L; Geng C; Taleei R; Randeniya S; Ge S; Mirkovic D; Grosshans D;
Mohan R; et al. Analysis of the track- and dose-averaged LET and LET spectra in proton therapy
using the geant4 Monte Carlo code. Med. Phys 2015, 42, 6234-6247. [PubMed: 26520716]

Liberal FDCG; Moreira H; Redmond KM; O’sullivan JM; Alshehri AHD; Wright TC; Dunne
VL; Campfield C; Biggart S; McMahon SJ; et al. Differential responses to 223Ra and Alpha-
particles exposure in prostate cancer driven by mitotic catastrophe. Front. Oncol 2022, 12, 877302.
[PubMed: 35965568]

Penninckx S; Cekanaviciute E; Degorre C; Guiet E; Viger L; Lucas S; Costes SV Dose, LET and
Strain Dependence of Radiation-Induced 53BP1 Foci in 15 Mouse Strains Ex Vivo Introducing
Novel DNA Damage Metrics. Radiat. Res 2019, 192, 1-12. [PubMed: 31081741]

Particle Therapy Co-Operative Group (PTCOG). Available online: https://www.ptcog.site/
index.php/facilities-in-operation-public (accessed on 16 December 2023).

James SS; Bednarz B; Benedict S; Buchsbaum JC; Dewaraja Y; Frey E; Hobbs R; Grudzinski J;
Roncali E; Sgouros G; et al. Current Status of Radiopharmaceutical Therapy. Int. J. Radiat. Oncol
2021, 109, 891-901.

Paul JM; Koch RF; Philip PC AAPM Task Group 21 protocol: Dosimetric evaluation. Med. Phys
1985, 12, 424-430. [PubMed: 3929049]

Almond PR; Biggs PJ; Coursey BM; Hanson WF; Hug MS; Nath R; Rogers DWO AAPM’s
TG-51 protocol for clinical reference dosimetry of high-energy photon and electron beams. Med.
Phys 1999, 26, 1847-1870. [PubMed: 10505874]

Kalholm F; Grzanka L; Traneus E; Bassler N A systematic review on the usage of averaged LET in
radiation biology for particle therapy. Radiother. Oncol 2021, 161, 211-221. [PubMed: 33894298]
Danforth JM; Provencher L; Goodarzi AA Chromatin and the Cellular Response to Particle
Radiation-Induced Oxidative and Clustered DNA Damage. Front. Cell Dev. Biol 2022, 10,
910440. [PubMed: 35912116]

Prise K Use of Radiation Quality as a Probe for DNA Lesion Complexity. Int. J. Radiat. Biol 1994,
65, 43-48. [PubMed: 7905908]

Rezaee M; Hill RP; Jaffray DA The Exploitation of Low-Energy Electrons in Cancer Treatment.
Radiat. Res 2017, 188, 123-143. [PubMed: 28557630]

. LaVerne JA; Pimblott SM Electron Energy-Loss Distributions in Solid, Dry DNA. Radiat. Res
1995, 141, 208-215. [PubMed: 7838960]

Sahbani SK; Girouard S; Cloutier P; Sanche L; Hunting DJ The Relative Contributions of DNA
Strand Breaks, Base Damage and Clustered Lesions to the Loss of DNA Functionality Induced by
lonizing Radiation. Radiat. Res 2014, 181, 99-110. [PubMed: 24397439]

Luo X; Zheng Y; Sanche L DNA strand breaks and crosslinks induced by transient anions in the
range 2-20 eV. J. Chem. Phys 2014, 140, 155101. [PubMed: 26792947]

Wang X; Liao H; Liu W; Shao Y; Zheng Y; Sanche L DNA Protection against Damages Induced
by Low-Energy Electrons: Absolute Cross Sections for Arginine-DNA Complexes. J. Phys. Chem.
Lett 2023, 14, 5674-5680. [PubMed: 37314381]

Lemelin V; Sanche L High-resolution electron energy loss spectroscopy: Absolute cross section
measurements for low energy electron scattering from biomolecules. In Radiation in Bioanalysis:
Spectroscopic Techniques and Theoretical Methods; Pereira AS, Tavares P, Lim&o-Vieira P, Eds.;
Springer International Publishing: Cham, Switzerland, 2019; pp. 3-42.

Zheng Y; Sanche L Effective and absolute cross sections for low-energy (1-30 eV) electron
interactions with condensed biomolecules. Appl. Phys. Rev 2018, 5, 021302.

DNA (Basel). Author manuscript; available in PMC 2024 March 01.


https://www.ptcog.site/index.php/facilities-in-operation-public
https://www.ptcog.site/index.php/facilities-in-operation-public

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Rezaee and Adhikary

79

80.

81.

82.

83.

84.

85.

86.

Page 18

. Yamashita S; Taguchi M; Baldacchino G; Katsumura Y Radiation chemistry of liquid water with
heavy ions: Steady-state and pulse radiolysis studies. In Charged Particle and Photon Interactions
with Matter; Hatano Y, Katsumura Y, Mozumder A, Eds.; Taylor and Francis Group: Boca Raton,
FL, USA, 2010.

Smith M; Pimblott SM; LaVerne JA Hydroxyl radical yields in the heavy ion radiolysis of water.
Radiat. Phys. Chem 2021, 188, 109629.

El Omar AK; Schmidhammer U; Jeunesse P; Larbre J-P; Lin M; Muroya Y; Katsumura Y; Pernot
P; Mostafavi M Time-Dependent Radiolytic Yield of OH Radical Studied by Picosecond Pulse
Radiolysis. J. Phys. Chem. A 2011, 115, 12212-12216. [PubMed: 21970432]

Taguchi M; Kimura A; Watanabe R; Hirota K Estimation of Yields of Hydroxyl Radicals in Water
under Various Energy Heavy lons. Radiat. Res 2009, 171, 254-263. [PubMed: 19267552]
Pastina B; LaVerne JA Hydrogen Peroxide Production in the Radiolysis of Water with Heavy lons.
J. Phys. Chem. A 1999, 103, 1592-1597.

Wasselin-Trupin V; Baldacchino G; Bouffard S; Hickel B Hydrogen peroxide yields in water
radiolysis by high-energy ion beams at constant LET. Radiat. Phys. Chem 2002, 65, 53-61.
Krisch RE; Flick MB; Trumbore CN Radiation Chemical Mechanisms of Single- and Double-
Strand Break Formation in Irradiated SV40 DNA. Radiat. Res 1991, 126, 251-259. [PubMed:
1850853]

Schipler A; lliakis G DNA double-strand-break complexity levels and their possible contributions
to the probability for error-prone processing and repair pathway choice. Nucleic Acids Res. 2013,
41, 7589-7605. [PubMed: 23804754]

DNA (Basel). Author manuscript; available in PMC 2024 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Rezaee and Adhikary Page 19

30
 Alpha y = 0.1049x RS, ]
25 e Proton R? = 0.9989 '

e ®
() » Electron
©
—
= 20
|
[()] .
o 2
- "
o 15
© y =0.1129x
c R?=0.9975 .-
2 10 5
g y=0.1436x 4
> R?=0.9964 .~

5 o,

[
[ 20
0 ’”
0 50 100 150 200 250
LET (keV/um)
Figure 1.

Number of ionizations as a function of track-averaged LET for a single track of electron,
proton, and alpha particles passing through a critical volume of hydrated DNA (36.0 nm?3)
containing 15 base-pairs of DNA with water molecules.
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as a function of LET and (B) the energy spectrumof LEES generated by alpha and (C) proton

particles at different energies.
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Yield (G-value) as a function of LET for the formation of oOH (A), e, (B), Ho (C), and
H,0, (D) from 100 eV energy deposition in the nanometric voxels by proton and alpha
particles at 100 ns.
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nanometric volume of hydrated DNA. Comparison between total amount of DNA damage
and total number of ionizations for a single track of alpha particles (B), protons (C), and
electrons (D) in the nanometric volume of hydrated DNA.
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Figure 6.

Cluster size and damage site as a function of the incident energy of proton (A) and alpha
particles (B). DNA damage induced by the 260 keV energy deposition (i.e., 2 Gy) of these
particles in a 4-um diameter nucleus. (C) Cluster size and damage site induced by proton
and alpha particles at incident energies less than 7 MeV. Here the number of cluster size is
per voxel volume (i.e., 36 nm3) and the damage sites are per 4 um diameter. The volume of
a voxel was assumed as a critical volume, in which two or more proximate lesions form a
clustered DNA damage (see Section 2).
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Energy and LET of particles used in this study. Initial LET is the LET of the incident particle at the entrance
of each voxel and track-averaged LET is calculated within each voxel.

Alpha Proton Electron
s Track- . Track- i Track-
o S V. i S Ve N v QR VR
pm) pm) pm)
0.75 233.8 262.2 0.1 70.6 81.5 0.1 28.7 28.7
1 219 221.7 0.2 66.0 66.2 0.2 26.6 28.5
2 161.4 162.4 0.5 41.0 41.3 0.5 17 18.6
4 101.3 103.4 1 26.7 28.0 1 11.2 125
7 67.4 69.5 2 15.9 16.9 2 7.1 7.3
10 51.5 53.4 5 7.9 8.8 5 3.6 3.8
20 30.6 314 10 4.8 5.0 10 2.1 2.2
50 14.6 15.2 20 2.6 2.8 50 0.7 0.7
100 8.1 8.6 50 1.2 1.3 100 0.4 0.4
200 45 4.9 100 0.7 0.7 500 0.2 0.2
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Table 2.

Cluster size and number of damage sites resulting from low- and high-energy electron, proton and alpha
particles irradiating a 4 um diameter nucleus. Cluster size is the number of lesions per voxel volume (i.e., 36
nm3, Section 2). The volume of a voxel was assumed as a critical volume, in which two or more proximate
lesions form a clustered DNA damage (see Section 2). The damage sites are per 4 um diameter. The nucleus
received 2.0 Gy dose from each of the particles considered in this work.

Low Energy, High LET Particles High Energy, Medium- and Low-LET Particles
. Cluster Cluster
Particles LET Range . Number LET Range : Number of
Energy (keV/ (keV/ Size per of Damage Energy (keV/ (keV/ Size per Damage
(MeV) um) um) Voxel Site (MeV) um) um) Voxel Site
Volume Volume
2 162.4 11.2 39.8 1.6 50 15.2 1.8 2.8 17.3
a
4 103.4 27.1 23.1 25 100 8.6 6.4 14 30.3
0.5 41.3 8.9 10.8 6.3 50 1.2 22.3 <1 47.4
p
1 26.1 24.6 6.3 10.1 100 0.7 712 <1 47.1
0.1 0.4 0.14 <1 67.9
e NA NA NA NA NA
0.5 0.2 1.8 <1 86.7
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