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The effects of cell displacement on
DNA damages in targeted radiation
therapy using Geant4-DNA

Ali Azizi Ganjgah & Payvand Taherparvar™

Charged particle radiation can, directly and indirectly, affect cells by breaking DNA strands. This effect
includes DNA single-strand breaks (SSB) and DNA double-strand breaks (DSB), which may cause cell
death and mitotic failure. Thus, using short-range charged particles such as Auger electrons (AEs) not
only leads to the destruction of the target cell but also prevents the nearby healthy cells from exposing
to ionizing radiation. In this study, two spherical cells (C and C,) and their cell nucleus, both made

of liquid water, were modeled. An atomic DNA model constructed in the Geant4-DNA Monte Carlo
(MC) simulation toolkit was placed inside the nucleus of the C and C, cells. The number of direct and
indirect SSB, DSB, and hybrid DSB (HDSB), caused by some of the most widely-used Auger electron-
emitting (AEE) radionuclides, including ®°™Tc, In, 1231, 125], and 201T|, distributed within different
compartments of the C cell, was calculated in the C and C, cells, considering the distance between the
surface of the two cells ranges from 0 to 5 um. The present work aimed to investigate the biological
effects of AEE radionuclides and their potential for cancer treatment through targeted radiation
therapy. The results indicate the impact of 2°1T| > 125 > 123] > 11| > 99mT¢ on DNA damage when the
target is C (first spherical cell). On the other hand, for C, at distances of 0 to 5 um, the impact of ™Tc >
123] > 111 > 2017| > 125] on DNA damage is observed.
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Targeted radionuclide therapy (TRT), also known as molecular radiotherapy, is an innovative approach to
radiation therapy. TRT uses beta-emitting and alpha-emitting radionuclides to specifically affect target cells by
disrupting the cell cycle and specific signaling pathways, resulting in tumor regression while minimizing damage
to surrounding tissues’. In this technique, Auger electron-emitting (AEE) radionuclides are interesting tools for
the selective administration of the optimal dosage to the tumor area while sparing the non-affected tissues?. The
energy range of Auger electrons (AEs) spans from several eV to keV, with travel distances of only a few nanometers
in the biological tissues, which potentially leads to a highly localized energy deposition®™. AEE radionuclides
can be attached to a targeting ligand through the use of molecular imaging agents or nanoparticles®. However,
due to the significant linear energy transfer (LET) coupled with a short effective range, AEs are required to be
brought close to the cell targets. While traditional studies of ionizing radiation effects focus primarily on nuclear
DNA as the main target for inducing cytotoxicity, emerging evidence highlights that other cellular sites, notably
the cell membrane, can also be highly sensitive to ionizing radiation, particularly AEs. The cell membrane
is a critical target for ionizing radiation, often exhibiting greater sensitivity to AE-induced damage than the
cytoplasm. AEs can contribute to the elimination of cancer cells by inducing cytotoxicity through mechanisms
such as bystander or cross-dose effects. Although radiation does not directly disrupt cellular membranes, the
high LET of AEs can result in significant biological damage within targeted cells, ultimately leading to cell death.
This heightened sensitivity is due to intense, localized energy deposition within the membrane, which triggers
signaling pathways that regulate apoptosis and cell survival. Emphasizing this point before focusing solely on
the nucleus acknowledges that significant cytotoxicity can arise from targeting the membrane, not just from
nuclear DNA damage. Some common AEE radionuclides used in TRT are *™Tc, 1!In, 23], 12°], and 20'T16-11.
Optimizing the effectiveness of the radiation therapy techniques requires an understanding mechanisms of
radiation interactions with cellular systems and the subsequent biophysical implications for biological targets.
DNA molecule is regarded as the most critical target for inducing radiation-mediated cytotoxicity. It has been
proven that the probability of fatality escalates with the extent of unrepaired DNA impairment'>!3. The energy
deposition of the AEs can lead to some biological effects and damage to the DNA molecules through direct,
deposition of energy directly onto DNA strands, and indirect, interaction with water molecules to produce
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reactive species mechanisms. DNA damage can typically classify into two primary types: SSB and DSB. Although
cellular repair mechanisms can repair the majority of SSBs, DSBs present significant challenges in the repair
process and frequently culminate in cellular apoptosis. Hence, the DNA situated in the cell nucleus is regarded
as the principal target of the effects of radiation, commonly referred to as “targeted effects”'*!°. The study of
radiation damage at the molecular scale has garnered much attention in recent years, particularly focusing on the
constituents of the cell. Among these constituents, DNA molecules are considered the most vital due to their role as
carriers of genetic information. Understanding the DNA damage processes is essential for accurately uncovering
the biological foundations of radiation sensitivity. This understanding serves as a crucial fundamental factor in
assessing the influence of radiation and ionizing therapies. Molecular-scale interactions are complicated and
cannot be easily investigated through standard analytical techniques. Today, advanced radiotherapy techniques
necessitate the use of theoretical analysis and experimental methods to determine radiation track structure at
the nanoscale and assess radiation effects on DNA molecules at the cellular and subcellular levels*'**°. Since
all effects related to the radiation-induced damage in the cell scale have not yet been thoroughly assayed by
experimental procedures, performing the simulation techniques is helpful to gain more knowledge of ionizing
radiation effects at the cellular and subcellular levels. Consequently, numerous studies employing Monte Carlo
simulations (MCS) have served as the gold standard for the evaluation of radiation measurement applications?.
Today, with the progress made in the field of MC technique, the radiation transport and interactions as well as
the distribution of its energy deposition at the subnuclear level or further at the scale of DNA molecules, can be
calculated elaborately. It makes more accurate predictions of the biological effects of radiation on healthy cells
by simulating complex physical and chemical interactions as well as radiation-induced DNA damage. In this
way, some MCS codes are designed for accurately predict of DNA damage. These MC codes can be classified
into two categories: Condensed-History (CH) and Track-Structure (TS)?1?2. In CH codes, such as MCNP?*24
and Penelope?® multiple interactions are considered as one Step which leads to simulating fewer secondary
particles and results in faster computation. However, these codes do not explicitly model interactions at the
nanometer scale and are suitable to simulate overall macroscopic dose deposition. On the other hand, TS codes
like Geant4-DNA26?7, PARTRAC?3, Penelope, CPA100%, and MOCA8*® simulate step-by-step interactions at
the molecular scale. They considered total and differential interaction cross-sections for particle processes with
matter. Nowadays, the Geant4-DNA toolkit is frequently utilized to calculate radiation doses at the molecular
scale and for radiobiological applications. Geant4 is an open-source and free MC toolkit that accurately
simulates particle transport in matter such as medical physics, hadron therapy, nuclear physics, high-energy
physics, and astrophysics?”3!. The Geant4-DNA, an extension of Geant4, is one of the evaluated and powerful
TS codes specifically developed for simulating the ionizing radiation track and the electromagnetic interactions
of charged particles with structures of the biological environment?2. It contains detailed physical and chemical
models to simulate radiation interactions with the geometric configurations of living tissues®. It provides a
detailed simulation of charged particle transport in liquid water and DNA constituents at the molecular scale
and allows for the simulation of both direct and indirect damage to DNA. This MCS toolkit provides high-
precision tracking structure simulation across energy ranges from low (approximately eV) to high (MeV).

Although there have been some reports about discrepancies between simulation results and measurements
during the implementation of MCS techniques in dosimetric evaluations in cell culture studies™, these
discrepancies can be addressed by adopting a more accurate geometric model for the biological medium.
Configurations of DNA model in the MC simulations include three categories: Linear cylinder model, volumetric
model, and atomic model. In the linear model, cylindrical shapes are used to model the DNA structure?®. In the
volumetric model, simple shapes are used to represent the nucleobases, sugar-phosphate backbones, and other
relevant structures®. In the atomic model, which is also used in this research, the basic atoms that compose
DNA are simulated by spheres with van der Waals radius®”-%. It is considered as a more accurate model than
others. The importance of assuming the real model as much as possible for the DNA shape is undeniable in
evaluating DNA damages®. Several studies have been done to evaluate DNA strand breaks resulting from both
physical (direct) and chemical (indirect) mechanisms induced by the AEE radioisotopes in DNA model using
the Geant4-DNA.

Moradi and Shirani calculated the mean number of SSB and DSB induced by both direct and indirect
mechanisms for some widely utilized AE emitters (¥’Ga, **™Tc, !1n, '2°[, 1?°[, and 2°'TI) and a beta-particle
emitter (3'1), as well as an alpha-particle emitter (*!'!At). The findings demonstrate that the structural form of
the sugar-phosphate backbone may significantly influence the frequency of SSBs and DSBs in DNA. Moreover,
they stated that the 20177 and 1251 radioisotopes, unlike therapeutic ones, demonstrated the most influence on the
quantity of SSBs and DSBs, respectively.

Adjei et al.*! simulated the radiolytic yields induced by six AEE radionuclides including *’Ru, 1°Pd, 193mRh,
Un, 127, and 13! in the water model. The study illustrated that the kinetic energies emitted by the electrons
affect the transient yield of the radiolytic species. They indicate that nearly all AEE radioisotopes, with the
exception of 13T, deliver a higher energy deposition in their vicinity resulting in the induction of a high density
of spurs to interact with the medium.

Maria et al.%? studied the dosimetric behavior of ®™Tc and !*I at nanoscale, given the DNA-intercalation
properties of Acridine Orange. They showed that the two classes of compounds can induce DNA DSB, but the
DSB yield strongly depends on the linker used to attach the AE emitters to the Acridine Orange moiety.

In a study by Moradi and Shirani on the cell scale®, the S-values for six AE emitters (¥’Ga, *™Tc, !In, 2%,
125], and 2°!T1) and two targeted radionuclide therapy, including 3T and 2!!At, incorporated into three varied
geometric cell configurations were evaluated using Geant4-DNA. Moreover, they presented the mean frequency
of SSBs and DSBs attributable to both direct and indirect effects associated with the radionuclides. The findings
indicated that at the cellular level, the S-values for the AEE radionuclides were predominantly higher than
those for the therapeutic radionuclides '3'I but lower than those for 2!!At. At the DNA level, simulations were
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conducted using two distinct geometries of the DNA molecule, and the results were compared with each other.
The findings further highlighted that the geometry configuration of the sugar-phosphate groups significantly
influences the rate of DNA strand breaks.

Shamsaei Zafarghandi et al.!! provided a detailed calculation of DNA damage by six AE emitters at the
cellular scale, using the Geant4-DNA toolkit. They showed that the significant damage is identified at a distance
of about 2.5 nm between an AE emitter atom and the target DNA, with a consequent 50% reduction in damage
observed when the distance extends to approximately 3.5 to 4 nm.

Furthermore, some attempts have been devoted to the investigation of DNA damage induced by therapeutic
proton beams using an atomic DNA model (such as Chen et al. and Ebrahimi Loshab et al. studies). Accordingly,
in this study, we considered several widely-used AEE radionuclides in TRT, including **™Tc, !!!In, 21, 1%], and
201 11,4247

The present study was conducted in two steps. The initial stage entailed the validation of the Geant4-DNA
MCS code for cellular dosimetry and DNA damage prediction was performed by comparing its estimation of
S-values, as well as SSBs and DSBs in the spherical cell geometry with the MIRD database and literature. Then,
in the second step, by simulating two adjacent cells containing DNA fragments in their nucleus, the calculations
of DNA damage caused by AEE radionuclides (**™Tc, !'In, 2], 12], and 2°!'T1) were carried out at different
distances between the two cells. One of the cells was considered to be the source of ionizing radiation and the
other was taken as the target. Considering the cell nucleus (N) as the target, these radionuclides were considered
to be uniformly distributed across the entire cell (C), on the cell surface (CS), within the cytoplasm (Cy), or
specifically in the nucleus (N).

Materials and methods

The MC code Geant4-DNA version 11.1.1 has been used to simulate the interactions of particles at the molecular
scale. In the present study, two homogeneous spheres of unit-density liquid water were considered for cell
modeling. Based on the typical dimensions for lymphocytes and the V79 Chinese hamster cells*® and also the
MIRD report?’, the radius of the cell and its nucleus was chosen to be 5 and 4 pm, respectively. The electron
spectra of the five AEE radionuclides (Table 1) were taken from AAPM report No. 2%, For the assessment of
electronic emissions’ effects on DNA damage, we only focused on AE emissions with a probability greater than
0.001, whereas photon emissions were neglected. Photon emissions generally do not produce a high density of
ionizations in the cellular environment at energies relevant to auger therapy; thus, their emissions are considered
negligible for cellular dosimetric purposes**->!. Energy sampling of AEs from each radioisotope was performed
using the G4GeneralParticleSource (GPS) class. For each radioisotope, we implemented a user-defined histogram
energy distribution to represent the distinct AEE radioisotope spectrum. This methodology ensures that the
sampled electron energies accurately the distinct energy spectrum of AEE from each radioisotope, preserving
both the precise energy values and their corresponding emission probabilities. Each characteristic AE energy line
was represented in the histogram, with the yield of each bin corresponding to the relative emission probability of
that specific auger transition. Taking either the cell nucleus or the entire cell as the target, the AEE radionuclides
were assumed to be uniformly distributed - as random emission points - within C, CS, Cy, and N. Then for
verification purposes, the self-dose results - based on the S-values criteria — were calculated for five source-target
(target¢-source) combinations including S(C<C), S(C«CS), S(N¢N), S(N«Cy), and S(N«CS), which is similar
to our previous work?. In this way, the mean absorbed dose to a target region rr from cumulated activity in a
source region 7 is given by

D (T’T < Ts) = ACS(T‘T < T’s) (1)

where A. is the cumulative activity in the source region rs,and S(rt < rg) is the absorbed dose to the target
region 7T per unit cumulative activity in the source region rs. S(rt < rg), which is known as S-value (in
unit Gy/Bq-s), is a useful dosimetry-related physical quantity™.

Our results were compared with the corresponding MIRD data taken from MIRDcell v2.0*. After verification
of the amount of transferred deposited dose from source to target in the cell, the DNA damage results were
verified through a comparison of the results of average SSBs and DSBs reported by literature!! with our results. In
this way, the 1bna model (selected from the Protein Data Bank library), containing 12 base pairs, was simulated
in a configuration similar to that of Shamsaei Zafarghandi et al.''. The 1bna model was enclosed in a bounding
box of liquid water and 10° decays were generated with isotropic particle emission.

For the evaluation of the cross-dose situation, where the absorbed dose received from emission by decays
in the neighboring cell and its effects on the DNA damage, a second similar cell was located in the positive x-
axis direction assuming the center of first one at the origin of the Cartesian coordinate. The distances between
the surfaces of the two cells were considered to be 0 to 5 pum with a step size of 1 um (as shown in Fig. 1).
The verification of the cross-dose was performed based on our previous work?’. After verification analysis, the
nucleus of the cells was filled with 125,000 chromatin fibers which were randomly distributed in the spherical
regions. Construction of chromatin fiber was done based on the studies of Bernal and co-workers*® and Ahmadi
Ganjeh and co-workers™. In this way, the nucleotide pair was defined as a base pair (bp), which consists of
63 atoms. The properties of the atoms such as chemical element, position, and base of nitrogen were chosen
according to the information provided by Bernal and co-workers*. Following a double helix of 154 bps (Fig. 2-a)
constructed by rotating each bp by 4 36°, the nucleosome was made by folding two double-helical loops around
a histone sphere (Fig. 2-b). The histone protein has a positive charge that reacts with the phosphate groups of
the DNA with a negative charge. Histones prevent DNA binding and protect against DNA damage. After the
nucleosome, chromatin fiber was made by a helix with 6 nucleosomes (Fig. 2-c), and by repeating this chromatin

Scientific Reports |

(2024) 14:30015 | https://doi.org/10.1038/s41598-024-81863-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Process ‘ Energy ‘ Yield | Process ‘ Energy ‘ Yield
99m 125]

CK NNX 0.0334 | 1.98 CK 00X 0.006 | 3.66
CKLLX 0.0429 | 0.0193 | CK NNX 0.0299 | 3.51
CK MMX 0.116 0.747 | Auger NXY |0.0324 | 10.9
Auger MXY | 0.226 1.1 CK MMX 0.127 1.44
IC1M,N... | 1.82 0.991 | CKLXX 0.219 | 0.264
Auger LMM | 2.05 0.0868 | Auger MXY | 0.461 3.28
Auger LMX | 2.32 0.0137 | Auger LMM | 3.05 1.25
Auger LXY | 2.66 0.0012 [IC1K 3.65 0.797
Auger KLL | 15.3 0.0126 | Auger LMX | 3.67 0.34
Auger KLX |17.8 0.0047 | Auger LXY | 4.34 0.0211
IC2K 119 0.0843 | Auger KLL | 22.4 0.138
IC3K 122 0.0059 | Auger KLX | 26.4 0.059
IC2L 137 0.0136 | Auger KXY | 30.2 0.0065
IC2M,N... | 140 0.0037 [IC1L 30.6 0.11
IC3L 140 0.0025 | IC1M,N... | 347 0.0284
n 2017]

Auger NXY | 0.00847 | 7.82 Auger OXY |0.0161 |17.6
CK NNX 0.0388 | 2.54 CK 00X 0.0453 | 2.84
CK MMX 0.125 0.915 | Auger NXY |0.0644 |7.93
CKLLX 0.183 0.151 | CKNNX 0.172 | 4.41
Auger MXY | 0.35 2.09 CK MMX 0.406 | 0.923
Auger LMM | 2.59 0.835 | CKLLX 0.773 ] 0.322
Auger LMX | 3.06 0.19 IC1M,N... |0.895 |0.608
Auger LXY | 3.53 0.0109 | Auger MXY | 1.83 2.03
Auger KLL | 19.1 0.103 | Auger LMM | 7.58 0.541
Auger KLX {223 0.0394 | Auger LMX | 9.85 0.235
Auger KXY | 25.5 0.0036 | Auger LXY |12 0.0191
IC1K 145 0.0824 | IC2L 12.2 0.0022
IC1L 167 0.01 IC3L 15.9 0.0861
IC1IM,N... | 171 0.0014 [IC4L 17.4 0.0724
IC2K 219 0.0521 | IC3 M, N... | 27.7 0.0236
IC2L 241 0.0091 | IC4M,N... | 29.4 0.0237
IC2M,N... | 245 0.0019 [IC5K 52.2 0.0797
1231 Auger KLL |55 0.0268
CK NNX 0.0298 | 2.1 Auger KLX | 66.3 0.0153
Auger NXY |0.0325 |6.54 Auger KXY |77.5 0.0015
CK MMX 0.127 0869 |[IC6K 82.8 0.0025
CK LLX 0.213 0.156 |IC7K 84.3 0.159
Auger MXY | 0.461 1.97 IC5L 121 0.0152
Auger LMM | 3.04 0.751 |IC5M,N... | 133 0.0027
Auger LMX | 3.66 0202 |IC7L 153 0.0269
Auger LXY | 4.28 0.013 [IC7M,N... | 165 0.0094
Auger KLL | 22.4 0.0838

Auger KLX | 26.3 0.0384

Auger KXY |30.2 0.0035

IC2K 127 0.13

IC1L 154 0.0179

IC1M,N... | 157 0.0053

Table 1. Average electron energies (in keV) and yields (per decay) of AEE radionuclides used in the

simulations (taken from

43y
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Fig. 1. The model depicts the spherical geometry of a simulated cell using the Geant4-DNA toolkit. The cell
has a radius of 5 um shown in white, with a nucleus of 4 um radius depicted in red. In (a), the surface of cell C
is on the surface of cell C, (the distance between cells is zero), and in (b) the distance between the surfaces of
the two cells is 5 um.

fiber structure, the cell nucleus was simulated (Fig. 2-d). A visualization of the simulated model is provided
in Fig. 1-a. In the cross-dose case, four configurations were considered for the evaluation of DNA damages:
(N,<C), (N,«CS), (N,¢N), and (N,«Cy). In all the stages of the simulation, the cell C (the first/original cell) was
selected as the source. A visualization of the simulated model is provided in Fig. 1-b.
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Fig. 2. 3D view of different parts (a—d) that constructed in the Geant4 toolkit in the present study. (a). B-DNA
double-helix. (b) The nucleosome, two helical loops are folded around a histone. (¢) Fragment of a chromatin
fiber - containing six nucleosomes. (d) A chromatin fiber consists of 15 sets of fragments.

Calculation of DNA strand breaks

From a computational perspective, DNA damage from an AEE radiation source can occur through both direct
and indirect mechanisms. Direct damage originates from disrupting the DNA structure because of energy
deposition in direct hits. It is generally accepted that if the energy deposited in the DNA structure exceeds the
threshold value of 8.22 eV, SSBs will occur. DSB is counted when two SSBs happen on the two strands with a
distance of less than 10 base pairs. Moreover, HDSB is counted when two SSBs happen (one SSB directly and one
SSB indirectly) on the two strands with a distance of less than 10 base pairs. For consideration of DNA damage
simulation by direct interaction, we utilized the G4EmDNAPhysics_option6 model. This model enables us to
simulate some physical processes such as ionization (relativistic binary encounter Bethe model from CPA100
code (11 eV- 256 keV)), electronic excitation (inelastic) (Dielectric model from CPA100 code (11 eV- 256 keV)),
elastic scattering (independent atom method model from CPA100 code ((11 eV- 256 keV)), vibrational
excitation (inelastic sub-excitation) and attachment (inelastic sub-excitation) for electrons. The default tracking
cut for this model is 11 eV. In the recent study by Zein et al.>*, an update of the Geant4-DNA physics constructor
“option 67, including electron interactions with all constituents of the DNA molecule in addition to those already
publicly available for liquid water, is introduced. Zein and co-workers expanded electron interactions in Geant4-
DNA beyond just water to also include DNA constituents. Besides, they introduced a new sampling method
to estimate secondary electron energy without the need for the classical interpolation method that requires
large differential cross-section data tables. Considering the physical interactions of particles down to energies of
about eV, recording and presenting details of interactions, accumulation energy and coordinates of primary and
secondary particles are among the other capabilities of the Geant4-DNA code. Hence, this physics list has been
used for the interactions of the electrons with the DNA.

Furthermore, in indirect DNA damage (chemical stage), radiation interacts with water molecules in the
medium. Indeed, the interactions produce reactive species, known as free radicals, like hydroxyl radicals (OH),
hydrogen peroxide (H,O,), hydrogen atoms (H*), and superoxide radical anions (O,’) to damage the DNA
indirectly. Among these, OH radicals have the highest capacity to interact with sugar and base groups of the
DNA®. In this study, we used the GAEmDNAChemistry_option3 physics lists with independent reaction times
(IRT) to estimate the indirect DNA damage by considering only OH radicals with a probability of 13% (P,
= 13%) in the target volume!!. The energy threshold of 8.22 eV is generally considered for evaluating both
direct and indirect DNA damage mechanisms. By considering both the direct physical and indirect chemical
stages, computational models can provide insights into the fundamental mechanisms of radiation-induced DNA
damage and how damage levels correlate with initial radiation exposure conditions. The number of primary
particles simulated was 10° electrons and the statistical error in the results was less than 2%.
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Results

In the present work, the number of SSBs, DSBs, and HDSBs were calculated using Geant4-DNA in one- and
two-cell configurations. At first, the self-dose and cross-dose results were verified through comparison with the
corresponding MIRD data taken from MIRDcell v2.0* for #™Tc, !11n, 12%], 12°], and 2°!Tl radionuclides. The
average difference between this work and MIRDcell was about 2%, showing good agreement. At the second step
of the verification, the direct and indirect SSBs and DSBs of the 1bna model (as shown in Fig. 3) irradiated with
four radionuclides (**™Tc, !!!In, 1?°I, and 1%°I) originating from the physical and chemical stages were compared
with the values reported by Shamsaei Zafarghandi'!. The total number of SSBs (direct and indirect) per decay
reported by Shamsaei Zafarghandi (this work) at a distance of 2.5 nm were 3.20 (3.36), 2.80 (2.90), 1 (1.05),
and 1 (1.06) for 12°I, Mn, ™Tc, and 2], respectively. The results for DSBs were 1.70 (1.91), 1.39 (1.20), 0.50
(0.51), and 0.50 (0.52), respectively. Generally, there is a good agreement between the results since the average
magnitude of the differences is below 5% and 8% for SSBs and DSBs, respectively.

For one-cell configuration, all types of DNA break inside the cell nucleus (N) were calculated from
radioactivity in C, CS, Cy, and N, i.e. in the case of (N«C), (N«<CS), (N«Cy), and (N«<CS) combinations. In all
cases, the target was N containing 125,000 chromatin fibers (1.7325 Gbps). Figure 4 shows the number of direct
and indirect SSBs per event for each radionuclide across the different source-target combinations. It can be
seen that the obtained SSBs are different depending on the AEE radionuclides. This is because radionuclides are
unique in their energy spectrum and differ from each other in the number of electron emission processes, the
decay spectra, and the total yield of Auger + CK + IC electrons per decay*®. The results in all combinations show
that 21Tl and !?°I have the greatest impact on the number of SSBs. Comparison of 2°! Tl and other radioisotopes
showed that the SSB values of the 2°'T] were 6.23%, 36%, 38.7%, and 45% higher than !2°I, 12°[, !In, and *™Tc,
respectively, in the case of (N<N) source-target combination. These values are 5.66%, 35.9%, 37.7%, and 44.5%
for (N<Cy), 5.38%, 34%, 38.1%, and 43.8% for (N<C), and 2.0%, 7.7%, 14.8% and 17.36% for (N<CS), in
comparison to the SSB values of 12°I, 123[, 11In, and **™Tg, respectively. On the other hand, the SSB in the case of
(N¢N) for 21T1 is 23.8%, 22.6%, and 78.2% higher than the situation where AEE radioisotopes are distributed
in the (N<C), (N«Cy), and (N<CS).

Figure 5 presents the number of direct and indirect DSBs per event for each radionuclide, considerin:
different target<source combinations. 21Tl was found to be significantly more effective than '°I, 1231, 1!lIn,
and ®™Tc with 18.3%, 38.2%, 44%, and 55% higher DSB values, respectively, in the (N<N) combination.
For the (N<Cy) combination, these values were 9.5%, 37.6%, 42.6%, and 44.9%. Furthermore, in the (N<C)
combination, the values stood at 9%, 38.2%, 41.1%, and 48.8%, while in the (N<CS) combination, they were

Fig. 3. OpenGL visualization of the 1bna model.
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6.5%, 7.2%, 11%, and 11.3%. These values are presented in comparison to the respective DSBs of 12T, 123[, !!]n,
and #™Tc. Moreover, the DSB for 2°'Tl in the case of (N¢N) is 26.6%, 25.5%, and 82% higher than the situation
where AEE radioisotopes are distributed in the (N<C), (N«Cy), and (N<CS). It is worth noting that from Figs. 4
and 5, the values of the SSBs and DSBs are less different for DNA breaks caused by the AEE radionuclides in the
case of (N«Cy) and (N<«CS) combinations.

In addition, Figs. 6 and 7 display the HDSB/event and Dose/event for each radionuclide, considering four
combinations under study. Compared to 2°'Tl, the HDSB (Dose) for 21, 1231, In, and **™Tc respectively,
decreased by 32% (8%), 39% (9%), 48% (19%), and 57% (21%) for the (N<CS), by 4% (15%), 27% (36%), 50%
(39%), and 38% (45%) for the (N<«Cy), by 26% (14%), 49% (36%), 48% (38%), and 57% (45%) for the (N<C),
and by 13% (12%), 30% (36%), 52% (39%), and 50% (46%) for the (N<N) combination.

In the next step of the research, the effect of radiation from AE emitters within a cell on the DNA breaks
in the neighboring cell for different cell-to-cell distances were examined in an atomic model for *™Tc, %],
[, 201T], and 2T (Tables 2, 3, 4 and 5). As a previous procedure, four configurations were considered: (N,<C),
(N,¢CS), (N,¢N), and (N,«Cy), in which N, as the target is the neighboring cell nucleus containing 125,000
chromatin fibers (1.7325 Gbps).

As listed in Tables 6, 7, 8 and 9, we compared DNA damages and dose deposition in target caused by electron
emission of #™Tc, 1231, In, 21T}, and 2T at distances from 0 to 5 um, approximating the size of a whole cell.
In comparison to the 0 um distance between the two cell surfaces, the DNA breaks and dose deposition in target
for #™Tc, 123, 11In, 291T], and 21, decreased at 1 to 5 pm distance, respectively.

Discussion

In the first part of the simulations for self-dose inspection, the results obviously demonstrate that in all
combinations, the impact of 201 T1 > 1251 > 123] > ]n > %™Tc on the DNA damage is significant when the target
is N (nucleus of the first spherical cell). These results revealed the highest (lowest) DNA damage score in the cells
treated with 20'T1 (**™Tc), because of the electron emission spectrum of the 20'T1, 12°], 12%], 1!1n, and **™Tc have
total decay yields of 37.3971, 25.6591, 14.9067, 14.8548, 5.0663, respectively.

It should be noted that the majority of these decay yields are related to electrons below 1 keV, with values of
34.633, 25.43, 11.633, 5.556, and 3.846, respectively. The significant damage observed at energies below 1 keV
in the proximity of DNA is predominantly attributed to AEs and CK transitions originating from the M and
N shells, as well as certain transitions within the L shell. On the other hand, the change of the target<source
combination from N¢N to N«Cy, N<C, or N«CS has led to a considerable reduction in the number of strand
breaks. This can be attributed to the high LET of AEE radionuclides and their short range.

We can compare the first six processes detailed in Table 1, including CK OOX, CK NNX, Auger NXY, CK
MMX, CK LXX, and Auger MXY, for 12 and 2°!TL. In comparison, the energy values of 2°'T1 are approximately
87%, 83%, 50%, 69%, 71%, and 75% higher than those of 1257 in the specified processes. This difference indicates
that 2! T1 may induce more strand breaks in the sugar-phosphate group of the DNA molecule at shorter distances
in N¢N to N¢Cy, N«C, and N«CS combinations.
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Both %I and '?°I have similar chemical behavior, suggesting that any variations in their biological effects
can be attributed to the differing number of AEE per decay by these radionuclides. However, it is noteworthy
that the electron frequencies per decay for '2°I are almost double those of '2’, and the most energy of the IC
electrons is 35.4 keV (for 12°T) as opposed to 159 keV (for '2’I). Analyzing the initial four emission processes for
123] (Table 1), including CK NNX, Auger NXY, CK MMX, and Auger MXY. In comparison, it is observed that
the energy values of 12T do not significantly differ from that of 12’ in the first two processes and remain constant
in the last two processes. However, when considering the yields of 12T and %I, we notice that the yield of %I is
consistently higher about 40% in each case. This discrepancy suggests that 12°I may be more effective than 12’
since its higher number of emitted electrons can lead to a greater amount of energy deposition.

Additionally, when comparing the radionuclides '**I and !In, the values for CK MMX, CK LLX, and
Auger MXY in 2] are about 2% (5%), 14% (3%), and 25% (6%) higher than those in 'In. It is noted that
the energy values (yield) of the initial process CK NNX in %] are approximately 12% (17%) lower than that
of "!In. Furthermore, '?’I has one more process with energy below 1 keV including Auger NXY. Hence, the
electrons from 23] are absorbed in shorter distances than those emitted from *!In within the DNA molecule,
which results in a higher number of strand breaks for %’ in comparison to 'In. Besides, when examining the
initial four processes for *™Tc, including CK NNX, CK LXX, CK MMX, and Auger MXY, compared to !!In, it
is evident that the energy values (yield) show an increase of approximately 1% (22%), 7% (87%), 76% (18%), and
35% (47%), respectively.

Moreover, in the second part of the simulations, when changing the target from the nucleus of the first
spherical cell (N) to the nucleus of the second spherical cell (N,) and considering distances ranging from 0 to
5 um between the surfaces of the two cells, there was a significant shift in the outcomes. As previously discussed,
given the high LET and short range of the specified radionuclides, increasing the distance between the cells led
to a change in the ranking of their impact on DNA damage from 20'T1 > 12T > 123[ > H1n > 9™Tc to #™Tc >
123] > l[p > 201T] > 125], Hence, ®™Tc and !%°1 resulted in the highest and lowest DNA damage. Indeed, the
electron decay yields for ®™Tc show that 72% are attributed to electrons below 1 keV; with only 28% associated
with electrons above 1 keV. In comparison, for %I, these proportions are 88% and 12%; for !'1In, 91% and 9%;
for 2°'T1, 91% and 9%; and for 21, 90% and 10%, respectively for electrons below and above 1 keV.

When comparing the potential for DNA damage between **™Tc and '2*I within distances ranging from 0 to
5 um between the surfaces of the two cells, the data indicates that ™Tc is more effective due to the higher energy
and yield of its AE emissions. *™Tc emits AEs with higher energies, such as Auger KLL, Auger KLX, and Auger
KXY, with relatively high yields. On the other hand, %I also emits AEs with comparable energies, like Auger
KLL and Auger KXY, but their yields are lower than those of **™Tc. Furthermore, *™Tc produces higher-energy
IC electrons, such as IC 2 K and IC 3 K, while the highest energy of IC emission for '2’I belongs to IC 2 K with
a lower yield of 0.13, which can also contribute to DNA damage at short ranges. It is important to highlight
that *™Tc has two additional processes (the last two processes for **™Tc in Table 1) compared to 2], and both
of these processes have energy values of 140 keV. Taken together, the combination of higher energy and higher
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SSBs per event | DSBs per event | HDSB per event
Radionuclide | Distance (um) | (N,<CS) (N,<CS) (N,<CS) Dose per event (Gy) (N,<CS)
0 2.84x1073 2.23x10* 1.20%x10°° 1.95
1 2.24x103 1.84x10* 1.00x 107 1.58
9, 2 1.77x 1073 1.55x 10 1.00x 107 1.29
3 1.50x 1073 1.12x10* 6.00%x10°° 1.06
4 1.27x1073 8.50%10° 6.00%x107° 0.873
5 1.08x 1073 9.30x10° 5.00x10°¢ 0.785
0 2.49x103 1.82x10* 1.00x10°° 1.81
1 1.87x 1073 1.16x10* 8.00%x10°° 1.35
23] 2 1.41x1073 1.10x10* 5.00%10°¢ 1.06
3 1.17x1073 8.60x10°° 4.00x10°¢ 0.862
4 9.68x 10 7.50x 107 4.00x10°¢ 0.689
5 7.80x 10 8.70x 107 3.00x10°¢ 0.604
0 2.18x10°3 1.50x 10 7.00% 107 1.57
1 1.53x107 1.08x10* 6.00x10°¢ 1.17
iy, 2 1.30x1073 8.90x 107 3.00x10°¢ 0.898
3 1.02x1073 7.70x 107 3.00x10°¢ 0.732
4 7.64x 104 5.40%x 10 3.00x10°¢ 0.583
5 7.71x 104 7.90x 107 1.00x 10 0.499
0 1.67x1073 1.36x10* 6.00x10°¢ 1.22
1 1.33x10°3 1.01x10* 4.00x10°¢ 0.912
any 2 1.03x1073 7.20%x10°° 2.00%x10°° 0.734
3 7.94x10* 6.00x10°° 1.00%x 10 0.582
4 6.29x10* 3.20x10° 1.00x 10 0.443
5 5.62x10* 3.90x10° 0 0.392
0 1.58x 107 1.35x10* 3.00x10°¢ 1.22
1 1.14x1073 8.20x10°° 1.00%x 10 0.876
125] 2 7.06Xx 104 6.50x10°° 1.00%x 10 0.538
3 5.05x 104 4.30x10° 1.00x 10 0.385
4 3.56x 10 220x10° 0 0.244
5 2.46x10™ 7.00x10°° 0 0.169

Table 2. The number of strand breaks and dose per event for *™Tc, 2], !1In, 20'T], and '?° in the case of
(N,<CS) combination.

yield Auger and IC emissions from *™Tc causes more DNA damage than 12°I within distances ranging from 0 to
5 pm between the surfaces of the two cells.

When comparing *™Tc to !!!In, it is evident that **™Tc emits several high-energy AEs with significantly
higher yields. For instance, *™Tc emits Auger KLL, Auger KLX, and Auger KXY, while !!!In emits Auger KLL
and Auger KLX with lower yields. Additionally, ®*™Tc emits higher energy IC electrons, such as IC 2 K and IC
3 K, compared to the highest yield of IC emission for !!!In which belongs to IC 1 K.

In comparison to 2! Tl, while it emits high-energy AEs like Auger KLL and Auger KLX, *™Tc emits similar
high-energy AEs with significantly higher yields. Additionally, **™Tc emits high-energy IC electrons like IC 2 K
and IC 3 K with higher yields compared to 2°'T1 which emits IC 5 K. The cumulative effect of numerous high-
energy Auger and IC emissions with significantly higher yields in of ®™Tc suggests a greater potential to cause
DNA damage compared to 2°1T1.

Regarding the comparison between **™Ic and 2’ in terms of potential DNA damage within distances
ranging from 0 to 5 pm between the surfaces of the two cells, data indicates that *™Tc is more effective due
to its emission of higher energy AEs and IC electrons with higher yields. ®™Tc emits several high-energy AEs
with significantly higher yields compared to %], such as Auger KLL, Auger KLX, and Auger KXY. On the other
hand, % emits Es like Auger KLL and Auger KLX with lower yields. Additionally, ®™Tc emits higher energy IC
electrons with higher yields, such as IC 2 K and IC 3 K, compared to the highest energy of IC emission for 12’
which belongs to IC 2 K.

Furthermore, the results indicate that 2°I emits more high-energy AEs compared to !!'In. For example,
emits Auger KLL, Auger KLX, and Auger KXY with higher yields, respectively. In contrast, the Auger emissions
with the highest energy in the case of !!In, such as Auger KLL and Auger KLX, have lower yields. Additionally,
123] emits a higher energy IC electron, IC 2 K, while the highest energy of IC emission for !!'In belongs to IC 1 K.

The data further reveals that ''In emits higher energy AEs compared to 2°'T], such as Auger KLL, Auger KLX,
and Auger KXY (25.5 keV). Although 2°'T1 emits AEs like Auger KLL (55.0 keV) and Auger KLX (66.3 keV),
their higher energies suggest longer ranges and potentially less energy deposition within distances ranging from
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SSBs per event | DSBs per event | HDSB per event
Radionuclide | Distance (um) | (N,<Cy) (N,<Cy) (N,<Cy) Dose per event (Gy) (N,<Cy)
0 2.74%1073 2.15x10* 1.40%107° 1.92
1 2.21x10 1.68x10* 1.30x10°° 1.55
omp, 2 1.74x 107 1.18x10* 1.10x10°° 1.27
3 1.46x107 1.16x10* 9.00x10°¢ 1.06
4 1.27x1073 1.12x10* 6.00x10°¢ 0.908
5 1.03x1073 1.00x 10 4.00x10°° 0.773
0 241x10 1.99%x 10 1.40%107° 1.70
1 1.94x107 1.12x10* 1.30x107° 1.33
23] 2 1.55%x 107 1.07x10* 1.10x 107 1.05
3 1.17x1073 1.05x 10 9.00x10°¢ 0.833
4 9.79x 10 7.60x 107 6.00x10°¢ 0.691
5 8.91x10* 7.00x 107 4.00x10°¢ 0.609
0 2.12x103 1.55%x 10 6.00x10°¢ 1.50
1 1.64x1073 1.00x10* 5.00% 10 1.13
iy, 2 1.29%1073 9.40x 107 4.00x10°¢ 0.876
3 9.67x10* 9.10x10°° 4.00x10°¢ 0.714
4 7.48x 104 6.60x10°° 3.00x10°¢ 0.560
5 6.46Xx 10 6.00x10°° 2.00x10°¢ 0.496
0 1.68x107 1.32x10* 4.00x10°¢ 1.20
1 1.17x1073 8.90x 107 3.00x10°¢ 0.862
- 2 9.39%x10* 6.80x10°° 3.00x10°° 0.710
3 7.89%10* 520%10° 3.00x10°° 0.553
4 6.02x10* 4.50%x10° 2.00%x10°° 0.460
5 5.53x10* 3.80x10°° 1.00x 10 0.401
0 1.62x1073 1.17x10* 3.00x10°¢ 1.16
1 1.04x1073 7.60x10°° 2.00x10°¢ 0.770
125] 2 7.55x 104 5.50% 107 2.00x10°¢ 0.485
3 531x10* 2.40x10° 1.00x 10 0.328
4 3.11x10* 1.50%x10° 1.00x 10 0.211
5 2.53x 10 1.40X 107 0 0.162

Table 3. The number of strand breaks and dose per event for *™Tc, 2], !!In, 20'T], and '?° in the case of
(N,<Cy) combination.

0 to 5 um between the surfaces of the two cells. !'In also emits IC electrons with higher yields like IC 1 K
(145 keV, yield 0.0824) compared to the highest yield of IC emission for 2°'T1 which belongs to IC 5 K (52.2 keV,
yield 0.0797).

Moreover, the data indicates that 2°'TI emits several AEs with higher energies compared to !%°I, such as
Auger KLL (55.0 keV), Auger KLX (66.3 keV), and Auger KXY (77.5 keV). While 12T emits AEs like Auger
KLL (22.4 keV) and Auger KLX (26.4 keV), which their lower energies imply a shorter range and potentially
less energy deposition within 5 micrometers. Additionally, 2°'TI emits higher energy IC electrons like IC 5 K
(52.2keV) and IC 5 L (121 keV), whereas the highest energy of IC emission for 12T belongs to IC 2 K (127 keV).
The higher energy emissions from 2°'T], particularly the numerous high-energy AEs, suggest a greater potential
to cause DNA damage compared to 12°T when there is a distance of 0 to 5 pm between the surfaces of the two
cells.

Conclusion

In this study, we used the Geant4-DNA MC code to investigate the direct and indirect DNA damage induced
by AEE radionuclides for targeted cancer therapy applications. An atomic DNA model was constructed and
the numbers of SSBs, DSBs, HDSBs, and dose per event were calculated for five theranostic radionuclides
(9™ T, Mn, 1231, 1251, and 2°'T]) at distances of 0-5 pm from the DNA target. In the case where the cell nucleus
of C cell (N) was selected as the target in combinations such as (N<C), (N«CS), (N«Cy), and (N<CS), the
obtained results demonstrate that 201T1 produces the most DNA damage, with up to 6.23%, 36%, 38.7%, and 45%
higher SSBs compared to %1, 123[, 1In, and *™Tc, respectively. 20! Tl also showed the highest dose deposition,
approximately 46% greater than %™Tc. However, based on the results, in all combinations where the cell nucleus
of C, cell (N,) was selected as the target (N,«C), (N,«CS), (N,«Cy), and (N,«CS),”™Tc and ?°'TI cause the
highest and the lowest DNA damage, respectively. This change can be attributed to the emission of higher energy
Auger and IC electrons with higher yields from **™Tc. So, although 2*'T1 caused more damage than **™Tc at 0 um
in the first part of the simulations, increasing the target distance to 5 um in part two allowed **™Tc to overtake
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SSBs per event | DSBs per event | HDSB per event
Radionuclide | Distance (um) | (N,<C) (N,<C) (N,<C) Dose per event (Gy) (N,<C)
0 2.68%1073 1.71x 10 8.00%x10°° 1.88
1 2.04x1073 1.62x10* 7.00% 10 1.53
omp, 2 1.81x1073 1.23x10* 7.00% 10 1.25
3 1.57x 1073 1.03x10* 4.00x10°° 1.05
4 1.23x1073 9.00%x10°° 3.00%x10°¢ 0.913
5 1.08x 1073 8.30%x10° 1.00x 10 0.762
0 2.38x10° 1.60x 10 6.00%x107° 1.66
1 1.74x 107 1.50x 10 4.00x10°¢ 1.26
23] 2 1.52x1073 9.10x10°° 4.00x10°¢ 1.03
3 1.13x1073 9.00x10°° 3.00x10°¢ 0.842
4 1.01x1073 8.40x 107 1.00%x 10 0.702
5 7.40% 10 4.30x10° 1.00x 10 0.588
0 1.89%107 1.43x10* 5.00% 10 1.39
1 1.46x1073 1.22x10* 4.00x10°¢ 1.07
N 2 1.17x1073 8.90x 107 3.00x10°¢ 0.828
3 9.65x 10 6.80x10°° 2.00x10°¢ 0.684
4 8.16x10* 6.60x10°° 1.00x 10 0.589
5 6.91x10* 4.20x10° 1.00x 10 0.498
0 1.54x1073 1.15x10* 4.00x10°¢ 1.07
1 1.11x1073 8.10x10°° 3.00x10°¢ 0.832
- 2 9.25x 10 5.50% 107 1.00x 10 0.674
3 7.73x 104 5.40%x10° 0 0.594
4 6.05x 10 520x10° 0 0.459
5 5.86x 10 2.80x10° 0 0.405
0 1.47x1073 1.02x10* 2.00x10°¢ 1.10
1 1.05x1073 7.60x10°° 1.00%x 10 0.736
125] 2 6.64x 104 4.40x10° 1.00%x 10 0.476
3 4.51x10* 2.70x10°° 0 0.311
4 3.09x 10 2.50x10° 0 0.215
5 2.02x 10 2.30x10° 0 0.154

Table 4. The number of strand breaks and dose per event for *™Tc, 2], !!In, 20'T], and '?° in the case of

(N,<C) combination.

20171 and cause the most DNA strand breaks. Analysis of SSBs, DSBs, HDSBs, and dose at varying distances
revealed a strong distance dependence so that DNA damage and deposited dose decreased rapidly from 0 to
5 um. Additionally, the (N<N) source-target combination resulted in higher DNA damage compared to other
combinations. When examining cell displacement, *™Tc and 2’ caused the most SSBs, while >°I resulted in the
least. From 0 to 5 pm cell separation, SSBs decreased by 59.5-89% depending on the radionuclide. Overall, this
study demonstrates that Auger radionuclides can induce substantial DNA damage, dependent on radionuclide,
distance, and cell geometry factors. The DNA damage quantification and cell distance effects presented provide
insights into Auger therapy effectiveness and guide optimization of delivery strategies for targeted cancer

treatment.
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Distance | SSBs per event | DSBs per event | HDSB per event
Radionuclide | (um) (N,<N) (N,<N) (N,<N) Dose per event (Gy) (N,<N)
0 2.54x1073 1.82x10™* 1.30x10°° 1.83
1 2.11x10°3 1.68x 10 9.00x 10 1.50
o 2 1.85x 1073 1.40x 10 9.00%x 107 1.30
3 1.34x1073 1.05x 10 8.00%x10°¢ 1.05
4 1.27x1073 1.04x 10 8.00%x10°¢ 0.925
5 1.03x 1073 7.20%x10°° 4.00x10°° 0.796
0 2.11x10°3 1.47x10* 9.00x10°¢ 1.56
1 1.72x1073 1.39%x10* 8.00x10°¢ 1.23
23] 2 1.39x107 1.23x10* 6.00x10°¢ 1.02
3 1.07x1073 7.40% 107 5.00x10°¢ 0.813
4 1.00x 1073 6.10x10° 3.00x10°¢ 0.683
5 8.02x 10 5.90% 107 2.00x10°¢ 0.576
0 1.75x1073 1.41x10* 8.00x10°¢ 1.35
1 1.61x1073 1.02x10* 6.00x10°¢ 1.00
iy, 2 1.12x1073 7.10x10°° 5.00x10°¢ 0.812
3 1.02x1073 6.10x10° 5.00x10°¢ 0.696
4 8.50x 10 530%x10°° 2.00x10°¢ 0.567
5 6.99x10* 4.40x10° 2.00x10°¢ 0.482
0 1.49x1073 1.15x10* 4.00x10°¢ 1.04
1 1.05x1073 8.30%x10°° 3.00x10°¢ 0.823
- 2 8.56x 10 6.80x10° 2.00x10°¢ 0.635
3 7.45% 104 4.20x10° 0 0.557
4 5.99x 10 420x10° 0 0.458
5 5.44x 104 3.90x10°° 0 0.398
0 1.40x1073 1.03x10* 3.00x10°¢ 0.987
1 9.39x 10 7.10x10° 2.00x 107 0.640
23] 2 5.69x 10 6.30x10° 1.00x 10 0.437
3 4.36x10" 3.00x10° 0 0.288
4 2.79% 10 1.40x10°5 0 0.198
5 1.53x10* 9.00%x 10 0 0.134

Table 5. The number of strand breaks and dose per event for *™Tc, 2], !!In, 20'T], and '?° in the case of
(N,<N) combination.

Scientific Reports |

(2024) 14:30015

| https://doi.org/10.1038/s41598-024-81863-4

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Distance | SSB’s difference | DSB’s difference | HDSB’s difference
Radionuclide | (um) (N,<CS) (N,<CS) (N,<CS) Dose difference (N,<CS)
1-0 18% 22% 29% 19%
2-0 36% 45% 21% 34%
9mTe 3-0 47% 47% 36% 46%
4-0 52% 49% 57% 55%
5-0 62% 59% 58% 60%
1-0 25% 33% 7% 25%
2-0 38% 53% 21% 43%
1231 3-0 53% 62% 36% 53%
4-0 61% 63% 29% 63%
5-0 69% 62% 70% 68%
1-0 11% 16% 20% 26%
2-0 30% 33% 33% 40%
HIn 3-0 41% 36% 60% 51%
4-0 49% 54% 67% 59%
5-0 64% 47% 86% 65%
1-0 30% 28% 0% 25%
2-0 44% 42% 0% 39%
2017] 3-0 53% 55% 0% 52%
4-0 64% 63% 0% 63%
5-0 66% 71% 100% 68%
1-0 36% 35% 0% 28%
2-0 53% 63% 0% 56%
1251 3-0 67% 79% 0% 68%
4-0 81% 88% 0% 80%
5-0 84% 48% 100% 86%

Table 6. Percentage difference in strand breaks and dose per event for *™Tc, 12°[, 111, 20'T], and '*1 in the
case of (N,<CS) combination at varying distances.
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Distance | SSB’s difference | DSB’s difference | HDSB’s difference
Radionuclide | (um) (N,<Cy) (N,<Cy) (N,<Cy) Dose difference (N,<Cy)
1-0 16% 18% 30% 19%
2-0 30% 33% 22% 34%
9mTe 3-0 42% 43% 33% 45%
4-0 51% 40% 50% 53%
5-0 63% 53% 71% 60%
1-0 20% 16% 20% 25%
2-0 34% 31% 40% 41%
1231 3-0 46% 48% 50% 52%
4-0 58% 60% 71% 62%
5-0 63% 65% 71% 67%
1-0 14% 31% 17% 15%
2-0 32% 40% 17% 34%
HIn 3-0 43% 50% 33% 53%
4-0 48% 50% 50% 55%
5-0 62% 61% 66% 62%
1-0 31% 28% 0% 28%
2-0 43% 42% 0% 41%
2017] 3-0 51% 64% 0% 54%
4-0 60% 64% 0% 62%
5-0 63% 67% 75% 67%
1-0 36% 43% 0% 33%
2-0 65% 73% 0% 58%
1251 3-0 71% 88% 0% 72%
4-0 78% 93% 0% 82%
5-0 84% 87% 100% 86%

Table 7. Percentage difference in strand breaks and dose per event for *™Tc, 12°[, 1!11n, 20'T], and %1 in the
case of (N,<Cy) combination at varying distances.
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Distance | SSB’s difference | DSB’s difference | HDSB’s difference
Radionuclide | (um) (N,<C) (N,<C) (N,<C) Dose difference (N,<C)
1-0 24% 5% 29% 19%
2-0 32% 35% 36% 33%
9mTe 3-0 41% 37% 44% 44%
4-0 53% 41% 67% 51%
5-0 60% 52% 87% 59%
1-0 66% 27% 16% 22%
2-0 39% 43% 33% 40%
1231 3-0 45% 54% 67% 50%
4-0 58% 65% 67% 57%
5-0 66% 72% 83% 64%
1-0 10% 30% 17% 18%
2-0 37% 39% 40% 35%
i 3-0 50% 52% 60% 45%
4-0 55% 55% 67% 55%
5-0 64% 73% 80% 61%
1-0 35% 30% 0% 22%
2-0 44% 54% 0% 37%
2017] 3-0 49% 65% 0% 44%
4-0 61% 65% 0% 57%
5-0 61% 76% 100% 62%
1-0 36% 26% 0% 33%
2-0 60% 64% 0% 57%
1251 3-0 67% 74% 0% 71%
4-0 81% 86% 0% 80%
5-0 88% 78% 100% 86%

Table 8. Percentage difference in strand breaks and dose per event for *™Tc, 12°[, 1!11n, 20'T], and %1 in the
case of (N,<C) combination at varying distances.
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Distance | SSBs difference | DSBs difference | HDSB difference
Radionuclide | (um) (N,<N) (N,<N) (N,<N) Dose difference (N,<N)
1-0 18% 9% 7% 18%
2-0 34% 36% 21% 29%
9mTe 3-0 47% 38% 36% 42%
4-0 51% 38% 57% 49%
5-0 63% 60% 69% 56%
1-0 21% 28% 15% 25%
2-0 33% 47% 17% 40%
1231 3-0 43% 52% 33% 48%
4-0 55% 59% 50% 49%
5-0 62% 61% 78% 64%
1-0 14% 31% 20% 17%
2-0 30% 36% 25% 32%
Hin 3-0 39% 40% 50% 42%
4-0 44% 53% 67% 49%
5-0 58% 72% 75% 58%
1-0 28% 28% 0% 21%
2-0 43% 54% 0% 39%
200] 3-0 50% 68% 0% 46%
4-0 60% 64% 0% 56%
5-0 63% 66% 100% 62%
1-0 42% 32% 0% 35%
2-0 66% 60% 0% 55%
1251 3-0 76% 77% 0% 71%
4-0 81% 85% 0% 80%
5-0 91% 86% 100% 86%

Table 9. Percentage difference in strand breaks and dose per event for *™Tc, 12°[, 1!11n, 20'T], and %1 in the
case of (N,<N) combination at varying distances.
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