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Abstract

TOPAS-nBio was used to simulate, collision-to-collision, the complete trajectories of electrons in
water generated during the explicit simulation of $4Cu decay. S-values and direct damage to the
DNA were calculated representing the cell (C) and the cell nucleus (N) with concentric spheres of
5 um and 4 pm in radius, respectively. The considered “target”<—*“source” configurations,
including the cell surface (Cs) and cytoplasm (Cy), were: C<—C, C<—Cs, N«—N, N<—Cy and
N<—Cs. lonization cluster size distributions were also calculated in a cylinder immersed in water
corresponding to a DNA segment of 10 base-pairs in length (diameter 2.3 nm, length 3.4 nm),
modeling a radioactive point source moving from the central axis to the edge of the cylinder. For
that, the first moment (M) and cumulative probability of having a cluster size of 2 or more
ionizations in the cylindrical volume (F;) were obtained. Finally, the direct damage to the DNA
was estimated by quantifying double-strand breaks (DSBs) using the clustering algorithm
DBSCAN.

The S-values obtained with TOPAS-nBio for $4Cu were 7.879x10™4+5x1077,
4.351x1074+6x1077, 1.442x1073+1x1076, 2.596x1074+8x10~7, 1.127x10~4+4x10~" Gy/Bq-s for
the configurations C<—C, C<—Cs, N<—N, N<—Cy and N<—Cs, respectively. The difference of these
values, compared with previously reported S-values for 84Cu with the code MNCP and software
MIRDCell, ranged from —4% to —25% for the configurations N<—N and N<—Cs, respectively. On
the other hand, F, was maximum with the source at the center of the cylinder 0.373+£0.001, and
monotonically decreased until reaching a value of 0.058+0.001 at 2.3 nm. The same behavior was
observed for M1 with values ranging from 2.188+0.004 to 0.242+0.002. Finally, the DBSCAN
algorithm showed that the mean number of DNA DSBs per decay were 0.187+0.001,
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0.0317+0.0005, and 0.0125+0.0002 DSB-(Bg-s)~ for the configurations N«—N, N<—Cs, and
N<—Cy, respectively.

In conclusion, the results of the S-values show that the absorbed dose strongly depends on the
distribution of the radionuclide in the cell, the dose being higher when 84Cu is internalized in the
cell nucleus, which is reinforced by the nanodosimetric study by the presence of DNA DSBs
attributable to the Auger electrons emitted during the decay of 54Cu.

Keywords
Copper-64; Topas-nBio; S-values; nanodosimetry; Auger electrons; DNA-double-strand-breaks

1 Introduction

Copper is an essential element for life. Due to its properties, it is a cofactor in a variety of
biological reactions such as respiration, free radical eradication, connective tissue formation,
and neurological development, among others. However, in excess, it is toxic and even lethal
to the cell since it binds to proteins, interferes with the homeostasis of other metals and
generates hydroxyl radicals; so cells have developed sophisticated mechanisms to maintain a
critical balance between need and toxicity [Zhou & Gitschier, 1997]. The homeostasis of
copper is regulated mainly by the transporter CTRL1 that allows its internalization into the
cell. Once internalized in the cytoplasm, several chaperones such as Atox1, CCS and
COX17 are responsible for transporting the copper within the different intracellular
compartments [Lee et al., 2002]. Recently it has been shown that Atox1 contributes to
important physiological processes including inflammation, angiogenesis, iron balance, and
many others [Hatori & Lutsenko, 2016]. In addition, in a study conducted with mouse
embryonic fibroblast cell lines, positive and negative for Atox1, it was identified that this
copper chaperone was one of the main proteins responsible for transporting and binding
copper to the cell nucleus [Beaino et al., 2014].

Unbalanced homeostasis of copper can lead to a wide variety of diseases, including cancer
[Denoyer et al., 2015]. There exists scientific evidence that copper-levels in serum and
tumors of cancer patients are aberrantly elevated compared to healthy subjects [Gregoriadis
et al., 1983]. Additionally, it has been demonstrated that copper plays an important role in
tumor growth, progression and metastasis [Gupte & Mumper, 2009]. This feature can be
useful to target copper dependent tumors for theranostic applications using suitable
radioisotopes of copper. In this regard, Copper-64 (84Cu) possess unique properties that
could serve the dual role of diagnostic and targeted radionuclide therapy (TRNT). It decays
with a half-life of Ty, = 12.7 h, and emits B* (37.1%) and B~ (17.9%) particles, in addition
to 43.5% of electron capture that results in the emission of Auger electrons with high linear
energy transfer (LET). This enhances the radiobiological effect of this radioisotope,
provided its internalization to the cell nucleus.

In recent years, 84Cu in the chemical form of copper dichloride ([*C]CuCl,) has been
identified as a potential theranostic agent using the human copper transporter 1 (hCTR1) as a
molecular target. Preclinical studies using [#Cu]CuCl, as a theranostic agent in selected
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cancer xenograft models in mice had demonstrated its potential as a therapeutic agent [Qin
etal., 2014; Ferrari et al., 2015]. To date, no clinical trials have been performed in humans to
evaluate the potential of [B4Cu]CuCl, as a theranostic agent. Only case reports in patients
with prostate cancer metastasis, uterine cancer, and glioblastoma have been described, with
promising results [Valentini et al., 2014; Valentini et al., 2015]. To help explain these
promising results, Guerreiro et al (2018) evaluated the nuclear uptake of this tracer in
selected prostate cancer (PCa) cell lines and a non-tumorigenic cell line, finding that
[64Cu]CuCl, was taken up preferentially by PCa cells, compared to normal cells. A more
complete explanation may require accounting for the therapeutic effect of Auger electrons,
which requires the internalization of 84Cu into the cell nucleus.

Recently, Avila-Rodriguez et al (2017) performed PET-based biodistributions and radiation
dosimetry calculations for [(4Cu]CuCl, in human healthy volunteers, reporting the liver as
the critical organ. Then, Righi et al (2018) calculated the radiation dose in prostate cancer
lesions in patients injected with $4CuCl,. A high contrast between the lesions and the
healthy tissue was observed one hour after the injection. A dose of 6x1072 mGy/MBq was
determined for the lesions, which is rather low to cause the therapeutic effect of 4CuCl,
previously reported in preclinical studies and the case reports cited above. However, the
therapeutic effect of the Auger electrons was not taken into account in either work. It has
been shown that when Auger emitters are introduced into the cell nucleus and incorporated
into the DNA, the Auger electrons can cause damage similar to heavy particles such as a-
particles, as evidenced by cell survival experiments [Humm et al 1994]. This prompted our
interest in using the Monte Carlo method to include the contribution of Auger electrons in
the dosimetric characterization of ®4Cu. The internalization of radioisotopes to the cell
nucleus, and the cascade of electrons emitted during the decay of Auger emitters such as
64Cu, can cause DNA double-strand breaks (DSBs) [Cornelissen & Vallis, 2010; McMillan
et al., 2015]. This phenomenon requires a study on a nanometer scale to determine the effect
of the Auger electrons in the proximity of the DNA molecule.

Given the complex intracellular and nuclear distribution of copper, it is necessary to perform
dosimetry at the cellular and subcellular levels. However, it is difficult to make experimental
measurements on the nanometer scale in biological media, so, theoretical calculations are
needed to estimate the energy deposition [Ftachikova & Bohm, 2000]. The S-value is the
mean absorbed dose to a target region per unit of cumulated activity in a source region
[Goddu et al., 1997]. This value represents the key physical quantity for converting
administered activity to radiation doses in the MIRD formalism [Loevinger & Berman,
1968; Loevinger et al., 1988; Watson et al., 1993]. In this scheme, the cell consists of the
nucleus and surrounding cytoplasm, represented by two homogenous concentric spheres of
unit density [Roeske et al., 2008]. There exists a compendium of S-values calculated for a
broad variety of radionuclides, but data for 84Cu is not provided [Goddu et al., 1997]. Cai et
al. [2017] calculated S-values for 84Cu in different geometries using the condensed-history
Monte Carlo method with MCNP [Team, 2003]. They used the spectrum of secondary
particles emitted by 64Cu in the configurations (“target” <— “source”): N <— N (nucleus), N
< Cy (cytoplasm) and N <— Cs (cell surface) of a single cell or multiple copies distributed
in a regular array. Their results were compared with S-values obtained with the MIRDCell
software [Vaziri et al., 2014], reporting differences of 2% for N <— N, 9% for N < Cy and
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12% for N <— Cs. However, S-value calculations performed with MCNP and MIRDCell did
not take account of the complete spectra of emitted Auger electrons during the decay of
64Cu, as both used average energies. The explicit simulation of the decay process of $4Cu
provides a complete Auger spectrum potentially leading to more accurate simulations. The
general-purpose Monte Carlo toolkit Geant4 [Agostinelli et al., 2003] provides, among other
processes, with physical processes to simulate radioactive decay of many radionuclei, which
have been compared with the ENSDF data for consistency, as reported in Hauf et al. [2013].
In addition, the Geant4-DNA Monte Carlo track-structure extension of Geant4 has been used
to calculate S-values for several radionuclides [Moradi & Bidabadi, 2018; Sefl et al., 2015].
However, to our knowledge no simulation with $4Cu has been reported with Geant4 or
Geant4-DNA.

The objective of this work was to characterize biologically relevant physical parameters of
secondary radiation from 84Cu by simulating its complete decay scheme using the Geant4-
DNA based TOPAS-nBio Monte Carlo tool [Schuemann et al., 2018]. For that, we
performed the calculation of cellular S-values for 84Cu. In addition, we quantified the
ionization detail (ID) [Ramos-Méndez et al., 2018a] through clusters size distributions in a
biologically relevant volume by means of the nanodosimetric quantities: first moment (M;)
and the cumulative probability of having ionization clusters of size larger or equal than two
(F») [Rollet et al., 2010]. Both quantities have been shown to correlate with inactivation
cross-section of cells in [Conte et al., 2017a, 2017b]. Finally, we estimated the direct
damage to the DNA through the number of double-strand breaks (DSBs) caused by the
decay of %4Cu using the clustering algorithm DBSCAN [Ester et al., 1996]. This algorithm
was previously used with Geant4-DNA to estimate the number of single and double strand-
breaks in proton therapy [Francis et al., 2011].

2 Materials and methods

2.1 Monte Carlo simulation of track-structure

Simulations were performed using TOPAS (TOol for PArticle Simulation) [Perl et al., 2012]
version 3.2 and its extension TOPAS-nBio [Schuemann, 2018]. TOPAS facilitates the use of
the physical processes provided by Geant4 version 10.05.p01 [Agostinelli et al., 2003] for
simulation using the condensed-history Monte Carlo method. TOPAS-nBio facilitates the
use of the physical-chemical processes provided by Geant4-DNA [Incerti et al., 2010;
Ramos-Méndez et al., 2018b], and a suite of geometric models and scorers of physical
quantities of interest for radiobiology [McNamara et al., 2018]. The physics list
G4EmDNAPhysics_opt2 of Geant4-DNA was used to simulate, collision-to-collision, the
complete trajectories of electrons in water. The G4RadiactiveDecay module from Geant4
was used for the explicit simulation of 4Cu decay including Auger electron production
following electron capture. The number of histories in each simulation for S-values, M; and
F, were 108, and 1.85x105 for DBSCAN. Each simulation was repeated 10 times using
different random seeds to obtain an average value with a statistical uncertainty better than
0.5%, 1 standard deviation (10o).
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2.2 S-Values

To obtain the S-values, the cell model consisted of two homogeneous concentric spheres of
liquid water (density = 1 g/cm3). The cell of 5 um radius containing a nucleus of 4 pm radius
was centered in a water cube of 100 um per side, as shown in Figure 1. The %4Cu
radioactivity source was isotropic and uniformly distributed in one of the following volume
or surface regions of the cell: the cell (C) itself, the cytoplasm (Cy), consisting of the region
between the cell surface and nucleus, the cell surface (Cs) or the nucleus (N). Several
“target” < “source” combinations were used: C <— C,C <~ Cs,N <~ N, N <— Cy, N < Cs.
Results were compared with published data from MIRD software [Goddu et al., 1997] and
MCNP [Cai et al., 2017]. As a means of verification, the S-values for the Auger emitters 125|
and 1111n were also computed using TOPAS-nBio, and compared with previously reported
values obtained with Geant4-DNA and MIRD software from [Sefl et al., 2015; Goddu et al.,
1997]. These two radionuclides are well known Auger emitters used in nuclear medicine
applications [Humm et al., 1994].

2.3 Clusters

It is known that the complexity of the ID plays a key role in the induction of DNA damage
in cells [Rabus & Nettelbeck, 2011]. The number of ionizations produced by a radiation
quality, T, in a specific target volume is a stochastic quantity called ionization cluster size, v.
These ionization clusters can be represented by the frequency distributions of clusters sizes,
P (T), and quantified in terms of its statistical moments (M) or cumulative probabilities
(Fy) [Grosswendt et al., 2007].

In 1992, it was shown that the clusters of multiple ionizations produced by ionizing radiation
in spherical volumes of 2 to 3 nm diameter correlate well with the formation of DSBs
[Brenner & Ward, 1992]. Lately, P, and nanodosimetric quantities M1 and F, have been
shown to correlate with DSBs and cell survival [Garty et al., 2010; Conte et al., 2107a,
2017b]. Hence, we used a cylindrical volume of liquid water of 2.3 nm in diameter and 3.4
nm in length (corresponding to a DNA segment of 10 base-pairs in length) to calculate P,,
(T) with TOPAS-nBio. A point source of 84Cu was placed on the plane perpendicular to the
cylinder axis at radial distances from the axis of zero to 2.3 nm (Figure 2). The decay
process of 84Cu was explicitly simulated. The cumulative probability of having ionization
clusters of size 2 or larger, F, and the mean ionization cluster size (first moment), M1, were
obtained from P,,.

2.4 DBSCAN

Clustering is a technique for extracting information from large amounts of data. The
DBSCAN algorithm (Density-Based Spatial Clustering of Applications with Noise)
introduced by Ester and coworkers in 1996 [Ester et al., 1996], is an algorithm designed to
discover arbitrary forms of spatial clusters. The algorithm requires 2 input parameters: the
radius of a neighborhood and the minimum number of points to form a cluster. Francis et al.
[2011] adapted this algorithm to calculate DNA damage from the spatial distribution of
ionization events scored in water. For this, the algorithm was extended to take into account
the energy deposited by ionizing particles, and an adjustable free parameter (SPointsProb)
that represents the probability that an ionization event occurring within the sensitive region
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directly or indirectly (through free radicals produced in the radiolysis process) reaches the
DNA. The adjustable free parameter was used as the DBSCAN approach did not consider
the geometrical details of a DNA model, and in addition, it provided a faster approach
because the detailed transportation of particles through a complex geometry was avoided.
The DNA damage calculation using DBSCAN is summarized as follows. First, the spatial
position of the ionization events that occurred within a sensitive volume, from individual
particle tracks, were filtered using a probability function that depended on the energy
deposited. Francis et al [2011] assumed that an interaction within the cell nucleus had a
certain probability of causing DNA damage, with the value set to zero at energies below 5
eV, and increased linearly to 1 at an energy equal to or greater than 37.5 eV. The upper
energy limit of 37.5 eV was proposed by Friedland et al. [2005] and was obtained by
applying a linear model in a sensitive region consisting of a shell of 10 water molecules
around a nucleotide, where energy deposition events of this energy are considered as a
source of potential DNA damage. Second, a subsequent filtering process was performed by
accepting with SPointsProb probability = 0.16 for the remaining ionization events, which are
then used by the DBSCAN for clustering analysis. The value of 0.16 was chosen, as it has
been shown to reproduce DSB experimental data within uncertainties for protons of 1 MeV
and 20 MeV [Francis 2011]. Two types of damage were returned by DBSCAN: single strand
breaks (SSBs) and double strand breaks (DBS), the latter formed by two SSBs separated by
less than 10 pair-bases or 3.4 nm [Francis et al., 2011]. The DBSCAN algorithm, with the
adaptations made by Francis and coworkers, was implemented in TOPAS-nBio [Schuemann
et al., 2018]. In this work, TOPAS-nBio with DBSCAN was used to calculate the DSBs
produced in the cell nucleus during the decay of 84Cu, as well as for 1251 and 111In, for
comparison purposes. The $4Cu was uniformly distributed either in the nucleus (N) or
cytoplasm (Cy) or on the cell surface (Cs). The geometry used for these calculations was the
same used to calculate the S-values (Fig. 1).

3 Results

3.1 S-Values

The S-values calculated with TOPAS-nBio in the five different configurations, for the full
spectra of electrons emitted during the explicit decay of the evaluated radionuclides, are
shown in Figures 3, 4 and 5, for 1231, 111|n and 64Cu, respectively. Typical calculation time
was less than 10 min (106 histories, in a single CPU core 3.0 GHz, and 8 GB RAM
computer). The results were compared with previously reported values calculated with
MIRD software [Goddu et al., 1997], and Geant4-DNA [Sefl et al., 2015] for 125] and 111In,
and with MCNP [Cai et al., 2017] for 54Cu. The precise S-values calculated for 64Cu with
TOPAS-nBIO, including their statistical error (1 standard deviation), are given in Table 1.

For 1251 and 111n, the difference between TOPAS-nBIO and Geant4-DNA were outside one
standard deviation but less than 5% for all evaluated configurations, except for the N <— Cy
configuration of 111In that gave a difference of 7%. In the case of TOPAS-nBio and MIRD
software, the percentage differences of the configurations C <— C, C < Csand N <— N were
less than 6% for both radioisotopes, while for N <— Cy the difference was 18% for 111In. For
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the configuration N <— Cs, differences reached 25% and 36% for 111In and 123,
respectively.

The S values calculated with TOPAS-nBio for 84Cu also resulted in differences when
compared with previous calculations. The differences between TOPAS-nBio and MCNP
were 3%, 10% and 15% for the configurations N <— N, N <— Cy, and N <— Cs, respectively.
When comparing with the values obtained with MIRDCell the differences were less than 5%
for the configurations C <— C, C <— Cs and N <— N, while the differences reached -18 and
—-25% for N <— Cy and N <— Cs, respectively. Results using average energies versus
complete electron spectra, are provided as supplemental data which includes Table S1
presenting the average energies of electrons as provided in the MIRD format, and Figure S1
showing the complete electron spectra as provided by Geant4 and used for the simulations in
this work.

3.2 Clusters

The typical calculation time to determine My and F» was less than 15 min (10° histories).
Figure 6 (left) shows that the first moment M; depends on the distance of the source to the
axis of the cylinder. The mean number of ionizations in the volume (M) declines
monotonically from a maximum of 2.188+0.004 when the source is on the central axis to a
value of 0.242+0.002 at a distance of 2.3 nm, twice the radius of the cylinder. Similarly,
Figure 6 (right) shows results for the cumulative probability of having clusters of size 2 or
larger (F,, which correlates with DSB formation [Grosswendt et al., 2007]) as a function of
distance. F, decreases from 0.373+0.001 at the center of the cylinder to 0.058+0.001 at 2.3
nm.

3.3 DBSCAN

The typical calculation time for the DBSCAN calculations was around 30 min (1.85x10°
histories). Figure 7 shows the DSBs produced in the cell nucleus from the radioactive
sources 1231, 111|n and 64Cu, with the source evenly distributed in the nucleus, cytoplasm
and on the cell surface. The amount of DSBs that occurs with the configuration N <— Cy and
N < Cs are 8-fold and 16-fold less than the obtained in the configuration N <— N. Note that
the nanodosimetric quantities (M and F5) and the number of DSBs were calculated
considering two different models of the DNA geometry: a cylinder representing a DNA
segment of 10 base pairs for the former, and the whole nucleus or a compartment of the cell
nucleus for the latter.

4 Discussion

Monte Carlo track-structure simulations are recognized as the most precise theoretical tools
for the investigation of the biological effects of ionizing radiation on DNA at subcellular
scale [Incerti et al., 2010]. In this study, the absorbed dose at the cellular level of 84Cu was
evaluated using TOPAS-nBio. Specifically, cellular S-values were calculated for five
different combinations of dose scoring regions and source spatial distributions in the cell,
and nanodosimetric quantities were calculated and used to evaluate DNA damage. The S-
values of 125] and 111In were calculated as a means of verification of the calculation method,
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using the explicit decay of these radionuclides with TOPAS-nBio. Results showed
reasonable agreement (5% and 6% for 1251 and 111in for N < Cs configuration,
respectively) with previously reported values calculated using the electron spectrum of these
radionuclides with Geant4-DNA. The differences are attributed to differences in the details
of the energy spectrum of Auger electrons used in the simulations from the literature and the
current simulations. In this work, simulations using the same energy spectrum were
performed (results not shown) and not surprisingly they agreed within 1 standard deviation
statistical precision, since TOPAS-nBio uses the radiation transport models of Geant4-DNA.
By using the complete decay scheme of 54Cu in the current calculations, the largest
differences occurred in configurations where the source was furthest from the target (i.e. the
configuration N <— Cs), due mainly to the low energy Auger electrons that are not taken into
account in the mean energy used in previous works. The comparison of the 64Cu S-values
determined with track-structure TOPAS-nBio using the explicit decay scheme, and the
previously reported S-values from the condensed-history MCNP using averaged spectrums,
reached differences up to 15% for the configuration N <— Cs. It was not possible to use the
same spectrum in both simulations, as the source of the spectrum used in the study with
MCNP was not clear. This difference was reduced to 4.5% with TOPAS using condensed-
history models (G4EmStandard_option4). A comprehensive study between track-structure
and condensed history physical models in Geant4 is given in reference [Kyriakou et al.,
2019]. It was concluded from that study, that for 100 nm diameter spheres or bigger, the
differences between condensed history and track-structure fall below 15%, our result is
within that tolerance. In general, the S-values showed a strong dependence on the cellular
distribution in the absorbed dose, being higher for the N <— N configuration and smaller for
N < Cs, which is reasonable due to the relative short range of most Auger electrons, which
is lower than 0.5 pm. Then, those electrons created near to the cell surface will be absorbed
before they reach the nucleus.

To the best of our knowledge, this is the first study where S-values were obtained for 84Cu
using track-structure simulation to simulate collision-to-collision the complete trajectories of
all electrons emitted during the explicit decay of $4Cu. Same for the nanodosimetric study
with the calculation of M; and F5 and the quantification of direct damage to DNA caused by
the Auger emissions during the decay of this Auger emitting radioisotope. Simulations of
DSBs performed in this work with TOPAS-nBio using an average Auger and Coster-
Kroning electron spectra of 84Cu [Stepanek et al., 1996] (data not shown), compared with
the results obtained by simulating the complete decay scheme, gave similar results for the
configuration N <— N (2%), but differences were considerable for the configurations N <
Cs (=75%), and N <— Cy (=30%), pointing out the importance of using the complete decay
scheme when performing Monte Carlo Simulations.

The use of ionization cluster size distributions in nanometric volumes is useful because these
are closely correlated to the formation of DSBs and with the radiobiological effects induced
in cells by the presence of a radionuclide in the proximity of the DNA molecule. Not
surprisingly, for the 3 evaluated radioisotopes the configuration where the most DSBs occur
is the N <— N, that is, when the radioisotopes are internalized in the cell nucleus. The
cumulative probability F» shows the importance of the proximity of 84Cu with the DNA
molecule, since the presence of 2 or more SSBs in a cylinder of the size of 10 base-pairs is
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maximum when it is inside the cylinder and monotonically decreases as it moves away from
this.

It is well known that the intranuclear location, and specifically the proximity of the Auger
emitters to the DNA molecule, determines the cytotoxicity of these radionuclides
[Cornelissen & Vallis, 2010]. Note that 1251 and 111In are two radionuclides used in nuclear
medicine applications, both have a high emission of Auger electrons and other suitable
properties that could make them useful for the treatment of various types of cancer. At the
subcellular level in mammals, it has been shown that 1251 (125]-lodo-2’-deoxyuridine,
1251ydR) produces DSBs in the DNA of cancer cells attributable mainly to the action of
energy deposited during their decay [Bodei et al., 2003]. On the other hand, 111In ([}11In-
DTPA-D-Phel]-octreotide) has been a good candidate for neuroendocrine tumor therapy,
among other things, due to its adequate biological half-life, and also because the
internalization of this Auger electron emitting agent occurs virtually in all tumor cells
[Bodei et al., 2003]. In a recent publication of cancer therapy with Auger electrons, Ku et al.
[2019] review the results of the few clinical trials that have been performed in the last two
decades using these two Auger electron emitters. With the DBSCAN algorithm, the direct
DSBs were obtained in the cell nucleus, in the cytoplasm and on the surface, for the
radionuclides 1251 and 111In which, as mentioned above, are radionuclides tested for targeted
therapy, and the results were compared with the DSBs produced by 54Cu. Note that the
indirect damage caused by the chemical species resulting from the radiolysis process was
not included, but it is a subject of future work. Also, DSBs were the result of the whole
spectrum of emitted electrons from the radionuclei without separating the individual
contributions from Auger and beta particles, as in the simulation they differed only by their
initial kinetic energies. Because a DSB could be produced by the simultaneous contribution
of Auger and beta particles, separating their contributions may not reflect the actual number
of DSBs. However, this study was performed under the same circumstances, varying only
the quality of the radiation. It was observed that the amount of DSBs drastically decreases if
the radionuclides are found in cytoplasm or on the cell surface, rather than in the nucleus of
the cell. When internalized in the nucleus, 84Cu produces 4 less DSBs than 125 and 3 times
less than 111In, due to the lower intensity of its electron emissions. Nevertheless, the fast rate
of biolocalization of [84Cu]CuCl, in neoplastic lesions, that reaches its maximum within 1 h
after injection, with a mean effective half-life of 9.0£1.2 h (Righi et al., 2018), coupled with
the fast clearance of radioactivity from blood, and favorable biodistribution in normal tissues
(Avila-Rodriguez et al., 2017), could give important advantages on the therapeutic ratio.
Under this rationale, $4Cu in the chemical form of copper dichloride ([4Cu]CuCls) could
provide opportunities for multi-dose deliveries in theranostic applications (Volkert et al.
1991).

The nanodosimetry evaluation and quantification of direct damage to DNA performed in this
study, in addition to the promising results obtained in preclinical studies using [#Cu]CuCl,
as a therapeutic agent in animal models and cancer patients, support the therapeutic potential
of 64Cu for future theranostic applications.
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5 Conclusions

For many years there had been talk about the potential therapeutic effect of radiative
emissions from the decay of $4Cu. But to date, no comprehensive evaluation has been
performed taking into account all radiative emissions, especially the Auger electron spectra.
In this research study, biological relevant physics parameters of secondary radiation were
characterized for the first time using a Monte Carlo track-structure tool, simulating the
complete decay scheme of 64Cu. It was demonstrated that the use of an average Auger
electron spectra, instead of the full decay scheme of 64Cu, can affect the results of S-values
up to 15% for the N <— Cs configuration, and the number of DSBs up to 75% for the same
configuration. Even when the number of DSBs by direct damage of 64Cu was 4-fold less
than other well-known Auger emitters (1251 and 111In), the shorter half of $4Cu could
improve the therapeutic ratio and dose rate in a multi-dose scheme of targeted radionuclide
therapy using [$*Cu]CuCl,. This research study is one step in elucidating the potential of
64Cu for theranostic applications. A clinical trial is needed to more fully assess the potential
of this tracer as a theranostic agent.
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Figurel.
Spherical model of the cell (radius R of 5 um) consisting of an outer region of cytoplasm

and an inner region of cell nucleus (radius Ry of 4 um), in a 100 um width cube. The full
geometry consists entirely of water.
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Figure2.
A water filled cylinder, 2.3 nm in diameter and 3.4 nm in length, was used to represent a

DNA segment of 10 base pairs. A 84Cu source was placed at distances up to 2.3 nm from the
cylinder axis.
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Figure 3.
Average S-values for 12| in five different target-source configurations. The statistical errors

for the S-values (average of 10 independent simulation runs) calculated in this work were

less than 0.5%, 1o (1 standard deviation).
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Figure 6.
First moment of the ionization probability distribution M, (left) and cumulative probability

F5 (right) determined in a cylindrical volume of liquid water of 2.3 nm in diameter and 3.4
nm in length for a point source of 4Cu placed at different distances, d, from the cylinder

axis.

1.5

20

25

Page 19

0.5

0.4

0.3

0.2

0.1 0

0.0 T T T v
0.0 0.5 1.0 1.5 20

d (nm)

Phys Med Biol. Author manuscript; available in PMC 2021 July 27.

25



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Carrasco-Hernandez et al.

Page 20

09

08

0.2 f

Figure 7.

SHN&N
mN < Cy
WN<Cs

-l'?-'i'l

Cu-64

Number of DSB in the nucleus by decay produced by the presence of 1-125, In-111 and
Cu-64 in the nucleus and cytoplasm and on the surface of the cell. Calculated with TOPAS-

nBio using DBSCAN.
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S-values for 54Cu obtained with TOPAS-nBIO in this research work (units are given in Gy/Bg-s). Values

Table 1.

shown are the average of 10 independent simulations runs with their standard deviation.

Configuration

S(C<C) S(C < Cy) S(N <= N) S(N <= Cy)

S(N < Cs)

S-value

7.879x1074+5x1077  4.351x1074+6x1077  1.442x1073+1x107®  2.596x107*+8x107

1.127x1074+4x1077
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