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A B S T R A C T   

The world is still suffering from the SARS-CoV-2 pandemic, and the number of infected people is still growing in 
many countries in 2022. Although great strides have been made to produce effective vaccines, efforts in this field 
should be accelerated, particularly due to the emergence of new variants. Using inactivated viruses is a con-
ventional method of vaccine production. High levels of ionizing radiation can effectively inactivate viruses. 
Recently, studies on SARS-CoV-2 irradiation using low-LET radiations (e.g., gamma rays) have been performed. 
However, there are insufficient studies on the impact of charged particles on the inactivation of this virus. In this 
study, a realistic structure of SARS-CoV-2 is simulated by using Geant4 Monte Carlo toolkit, and the effect of 
electrons, protons, alphas, C-12, and Fe-56 ions on the inactivation of SARS-CoV-2 is investigated. The simulation 
results indicated that densely ionizing (high-LET) particles have the advantage of minimum number of damaged 
spike proteins per single RNA break. The RNA breaks induced by hydroxyl radicals produced in the surrounding 
water medium were significant only for electron beam radiation. Hence, indirect RNA breaks induced by densely 
ionizing particles is negligible. From a simulation standpoint, alpha particles (with energies up to 30 MeV) as 
well as C-12 ions (with energies up to 80 MeV/n), and Fe-56 ions (with any energy) can be introduced as particles 
of choice for effective SARS-CoV-2 inactivation.   

1. Introduction 

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
pandemic has been plaguing the world for more than two years, and its 
global incidence and mortality rates are increasing rapidly in many 
countries. According to the World Health Organization, as of September 
1, 2021, the number of patients and deaths due to the new coronavirus 
was nearly 215 million and 4.5 million worldwide, respectively (World 
Health Emergency Dashboard, 2021). Due to the global outbreak of the 
virus and its high mortality rate, efforts to develop effective vaccines are 
still underway. On the other hand, the high rate of mutation and the 
alteration of SARS-CoV-2 protein structure adds to the concern of 
increasing their transmissibility and resistance to vaccines (Plante et al., 
2021). Several studies have reviewed the rapid progress of vaccine 
development (Kaur and Gupta, 2020; Dong et al., 2020; Krammer, 

2020). Using inactivated viruses is a conventional method of vaccine 
production, and the use of ionizing radiation such as gamma-rays has 
been reported as a convenient way to inactivate viruses (Sabbaghi et al., 
2019; David et al., 2017; Elliott et al., 1982; Alsharifi and Müllbacher, 
2010; Seo, 2015). To assist the studies related to the process of vaccine 
production, it is essential to study the effect of different ionizing radi-
ations on the structure of SARS-CoV-2 with the aim of inactivation. 
Leung et al. experimentally determined the radiation dose required to 
inactivate SARS-CoV-2, using a Co-60 source (Leung et al., 2020). 
Although good results have been reported for the inactivation of viruses 
using X- or gamma ray irradiation, it should be further investigated in 
the case of SARS-CoV-2, due to possible mutations imposed by selective 
pressure (Mehdizadeh et al., 2020). Since laboratory facilities are not 
always available, Monte Carlo simulation is one of the best options for 
simulating statistical phenomena such as particle transport in matter. 

Abbreviations: SARS-CoV-2, Severe acute respiratory syndrome coronavirus 2; RNA, Ribonucleic acid; DNA, Deoxyribonucleic acid; bp, base pair; LET, Linear- 
energy-transfer; PDB, Protein data bank; MeV/n, Mega electron-volt per nucleon. 
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Using Monte Carlo methods, Zhang et al. carried out calculations of 
energy deposition and ionization on SARS-CoV-2 by electron beams of 
different energies (Zhang et al., 2020). Feng et al. extended similar 
calculations on SARS-CoV-2 including its surrounding environment 
(Feng et al., 2020). Both studies demonstrated the advantage of 1.5–2 
keV electron beam irradiation to inactivate SARS-CoV-2. However, they 
acknowledged that the practical implementation would be difficult due 
to the very short range of electrons with such energies. 
Villagomez-Bernabe et al. simulated the SARS-CoV-2 structure with 
TOPAS Monte Carlo code, and investigated the effect of the 3D 
arrangement of the Ribonucleic acid (RNA) on survival curves (Villag-
omez-Bernabe et al., 2020). In a comprehensive study, Francis et al. 
simulated the SARS-CoV-2 inactivation caused by photons, electrons, 
and heavy ions using Geant4-DNA Monte Carlo code (Francis et al., 
2021). They concluded that by considering the same damage to the 
RNA, densely ionizing or high-linear-energy-transfer (LET) radiation 
would be more advantageous in vaccine development due to their less 
damage to the spike proteins than that of sparsely ionizing (low-LET) 
radiation. However, more studies are needed on the impact of charged 
particles on SARS-CoV-2 inactivation. Since the samples of respiratory 
viruses are contained in viral aerosols, up to a few micrometers thick 
(Verreault et al., 2008), the effect of the medium should be considered. 
In this study, a more realistic structure of SARS-CoV-2 was simulated 
using a protein data bank (PDB) imported in Geant4-DNA. This structure 
which is placed inside a surrounding water medium, as the aerosol wall, 
was exposed to a beam of electrons, protons, alphas, and heavy ions such 
as C-12 and Fe-56. Several energies were examined for each radiation 
beam including 3 MeV, 10 MeV, 30 MeV, and 80 MeV for proton and 
alpha particles, and 25 MeV per nucleon (MeV/n), 80 MeV/n, 150 
MeV/n, and 300 MeV/n for C-12 and Fe-56 ions. The frequency of 
damages in spike and RNA proteins induced by direct effects of such 
radiations as well as the relative survival curves were obtained, and 
being compared with each other. Furthermore, a simple modeling was 
performed to estimate the indirect damage to the RNA, induced by free 
radicals created in the virus, and the surrounding water medium. 

2. Material and method 

2.1. Geant4-DNA physical processes 

Geant4 (version 10.7) Monte Carlo toolkit (Agostinelli et al., 2003) 
with the extension of Geant4-DNA (Incerti et al., 2010) was used to 
simulate the irradiation of SARS-CoV-2 structure with electrons, pro-
tons, alphas, and C-12 and Fe-56 ions. The default DNA physics-list class, 
“G4EmDNAPhysics_option2′′, recommended for cellular and sub- 
cellular scale simulations (Bernal et al., 2015; Incerti et al., 2018), was 
implemented in this study. It includes several physics models that cover 
the physical interactions needed for particle transport in water. For 
electrons, the implemented physics models are G4DNABornExcita-
tionModel, G4DNAChampionElasticModel, G4DNABornIonisationMo-
del, G4DNAMeltonAttachmentModel, and G4DNASancheExcitation 
Model for electronic excitation, elastic scattering, ionization, molecular 
attachment, and vibrational excitation, respectively. The default energy 
cut for electrons is 7.4 eV, below which the transport of electrons would 
stop, and their remaining energy would be deposited locally. For pro-
tons, the implemented physics models are G4DNAIonElasticModel, 
G4DNAMillerGreenExcitationModel/G4DNABornExcitationModel, G4D 
NARuddIonisationModel/G4DNABornIonisationModel, and G4DNA-
DingfelderChargeDecreaseModel for nuclear scattering, electronic 
excitation, ionization, and electron capture, respectively. For alphas, the 
implemented physics models are G4DNAIonElasticModel, G4DNA-
MillerGreenExcitationModel, G4DNARuddIonisationModel, and G4 
DNADingfelderChargeDecreaseModel for nuclear scattering, electronic 
excitation, ionization, and electron capture, respectively. For C-12 and 
Fe-56 ions, the implemented physics model is G4DNAR-
uddIonisationExtendedModel for ionization. See (Bernal et al., 2015; 

Incerti et al., 2018) for the covering energy ranges as well as other 
available physics models. All these interactions take place in the phys-
ical stage, the first stage of the Geant4-DNA simulation process. 
Geant4-DNA has the capability of simulating chemical interactions 
through the physico-chemical and chemical stages (Karamitros et al., 
2011). See (Karamitros et al., 2011, 2014) for the available chemical 
interactions, and the reaction rates of chemical species production 
which are implemented in Geant4-DNA. To simulate the chemical stage, 
the frequency of the chemical species (OH•, H•, OH− , H2O+, e−aq, H3O+, 
H2O2) produced in the spherical water medium was obtained up to 1 ns 
after the beginning of the physical stage. Among the above-mentioned 
radicals, the frequency of hydroxyl radicals (OH•) is highly important 
due to the high risk of interactions with DNA molecules (Milligan et al., 
1996). 

2.2. SARS-CoV-2, source, and medium simulation 

SARS-CoV-2, a member of Coronaviridae’s family, is an enveloped 
virus that contains a single-stranded RNA packed inside the capsid. The 
capsid, surrounded by a membrane called the envelope, consists of 
nucleocapsid proteins. The membrane proteins, the envelope proteins, 
and the spike glycoproteins, are distributed on the envelope layer. 
Although viral genome replication is carried out by the RNA, the inva-
sion of a human host cell, i.e., the onset of the SARS-CoV-2 infection, is 
carried out by the spike glycoproteins (Mariano et al., 2020). Therefore, 
destroying RNA sequence while keeping spikes less damaged is a key in 
the process of inactivation (Seo, 2015). The SARS-CoV-2 geometry 
simulated in Geant4 is shown in Fig. 1. The inner radius of the capsid 
and the envelope was set to 60 nm and 70 nm, respectively. Thus, the 
thickness of the envelope membrane was set to 10 nm. This is a typical 
radius obtained from the literature (Shereen et al., 2020). It should be 
noted that the diameter of SARS-CoV-2 ranges between 50 and 200 nm 
(Halim et al., 2021). Two PDB files with correspondent IDs of 6VXX and 
6VYO were employed to construct spike and RNA structures, respec-
tively (Mariano et al., 2020). The spike containers were represented as 
simple cylinders with ~13.1 nm diameter and ~19.4 nm height. To 
avoid overlapping of the spikes, only 147 spike containers were uni-
formly distributed on the surface of the envelope. For the simulation of 
RNA, the nucleocapsid proteins (ID: 6VYO) were positioned inside 
spherical containers with a radius of ~5.9 nm. The 6VYO protein 
structure consists of 499 residues and the viral RNA sequence length has 
been reported to be 29,903 base pairs (bps) (Khailany et al., 2020). As 
several studies have emphasized that the RNA genome of SARS coro-
navirus is wrapped with the nucleocapsid proteins (Chen et al., 2007; 
Cao et al., 2021), we defined a circular RNA segment of 110 bps that 
wraps around each container of the nucleocapsid proteins. Therefore, 50 
spherical containers along with a circular RNA segment were randomly 
distributed inside the capsid volume to fulfill the desired number of bps. 
Each RNA bp is represented as a simple cylinder with a radius of 0.5 nm 
and a length of 0.34 nm. For modeling each sugar part of the RNA, a 
quarter cylinder was simulated with an inner and outer radius of 0.5 nm 
and 1.185 nm, respectively. Each quarter cylinder was rotated by 36◦ on 
the next bp to represent the helical shape of a single RNA strand. A 
zoomed-in view of this structure is shown in Fig. 1-b. In this section, the 
bps and the sugar parts are shown in blue and red, respectively. 
Although the only validated material in Geant4-DNA is water, the 
density (or the cross-section) scaling is allowable in Geant4-DNA. Uti-
lizing the density scaling approach is a good approximation since the 
mean free path of electrons depends on the material’s density (Shin-
gledecker et al., 2020; Emfietzoglou et al., 2007). Thus, different den-
sities were set for the water medium in the regions with a higher density 
than that of pure water. These regions include the spikes, the envelope, 
and the capsid with a density of 1.40 g/cm3, 1.38 g/cm3 and, 1.46 
g/cm3, respectively (Shingledecker et al., 2020; Emfietzoglou et al., 
2007). The virus model was centered inside a spherical water medium 
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with a radius of 500 nm. The primary particles were uniformly shot from 
the surface of a circular plane with a radius of 180 nm, 500 nm from the 
left-hand side of the virus geometry along the horizontal axis (see 
Fig. 1-c). 

2.3. Damage calculations 

The amount of energy depositions and their positions were recorded 
for each interaction of the primary and secondary particles with the 
spike proteins and RNA. Viruses cannot repair any damages in their RNA 
(or DNA) since they lack repair enzymes. Thus, a single RNA damage is 
sufficient to inactivate the virus. In this simulation, if the energy 
deposited in a single atom of the RNA (i.e., either in a residue of a 
nucleocapsid protein or in a bp of the wrapping RNA segments) was 
greater than 10.79 eV, the ionization energy threshold of water (Ding-
felder et al., 1998), one damage is assumed to occur. This consideration 
helps us to estimate the virus survival curves. The target theory (Lea, 
1947), the simplest model of cellular response to radiation, is best suited 
for describing the behavior of viruses under irradiation. The survival 
fraction is obtained by the following exponential equation (Wulf et al., 
1985; Durante et al., 2020): 

S= exp(− σF) (1) 

in which σ, the inactivation cross-section, is the probability multi-
plied by the cross-sectional surface of the RNA structure (i.e., the 
probability of a single RNA damage), and F is the fluence (particle/cm2) 
of incident particles, which is related to their deposited dose and LET 
(Wulf et al., 1985; Roots et al., 1990). 

For estimating the indirect RNA breaks, we only consider OH• as the 

most reactive radical. We assumed that each of the OH• produced inside 
the bounding volume of the RNA (nucleocapsid containers plus the 
wrapping single strand RNA segments) would react with RNA proteins. 
Thus, the number and the locations of all OH• produced in the RNA 
containers were recorded. Note that not all OH• lead to the strand 
breaks. The probability of a single strand break due to the interaction of 
OH• with the DNA has been shown to be 13%–22% (Scholes et al., 1969; 
Nikjoo et al., 1997). We assumed an average probability of 17.5% in our 
calculation. 

The DNA damage yields are usually expressed per unit of dose, as 
well as the genome length (Neary et al., 1972; Charlton et al., 1989). 
Hence, the damage yield induced in the virus can be obtained by 
equation (2): 

Damage  yield 
(
Gy− 1kbp− 1)=Nbreak

/(
D×Nbp

)
(2)  

in which Nbreak is the number of breaks, D is the total absorbed dose to 
the virus (Gy) and Nbp (kbp) is the number of bps or the genome length 
in terms of kbps. 

3. Results and discussion 

The total energy deposited in all spike (ES) and RNA (ER) proteins in 
terms of eV/particle, as well as the relative frequency of ionizations and 
excitations that occurred in the spikes and RNA are tabulated in Tables 1 
and 2. The frequency of ionizations and excitations is normalized to the 
number of primary particles. Increasing the incident energy results in 
lower energy depositions, since LET is inversely related to the kinetic 
energy of the primary particle. Total ionization included 
“e− _G4DNAIonisation”, “proton_G4DNAIonisation”, “alpha_G4DNA 

Fig. 1. a) The virus geometry including 
spike containers (red cylinders), and nucle-
ocapsid protein containers (white spheres), 
each of which contains the corresponding 
PDB structures, i.e., 6VXX and 6VYO for 
spikes and RNA, respectively. The envelope 
and the capsid are shown in yellow and blue, 
respectively. See text for dimensions. b) A 
single nucleocapsid protein container with a 
wrapping RNA segment of 110 base pairs. c) 
The simulation of the source, and the sur-
rounding medium of the virus. Dimensions 
are not on a correct scale.   
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Ionisation”, “alpha+_G4DNAIonisation”, and “GenericIon_G4DNAIoni-
sation” processes, and total excitation included “e− _G4DNAExcitation”, 
“proton_G4DNAExcitation”, “alpha_G4DNAExcitation”, “alpha+_G4D-
NAExcitation”, and “e− _G4DNAVibExcitation” processes which are 
implemented in Geant4-DNA (Bernal et al., 2015; Incerti et al., 2018). 
Note that most of the excitation frequency was due to the process of 
vibrational excitation, i.e., “e− _G4DNAVibExcitation”. However, this 
physical process may not significantly affect the total energy deposition 
in the virus (Brunger et al., 2016). 

Fig. 2 plots the direct damage yield in all spike and RNA proteins 
obtained by equation (2), for five incident particles. Three initial en-
ergies were considered for electrons (5 keV, 20 keV, and 200 keV), 
protons (3 MeV, 10 MeV, and 30 MeV), alphas (3 MeV, 10 MeV, and 30 
MeV), C-12 ions (25 MeV/n, 80 MeV/n, and 150 MeV/n), and Fe-56 ions 
(150 MeV/n, 300 MeV/n, and 1 GeV/n). A high damage yield in the RNA 
is favorable, provided that a minimal damage to the spikes occurs, 
simultaneously. Therefore, the number of damaged spikes normalized 
per single RNA damage is interesting. We are looking for a radiation 

field that causes the least number of damaged spikes per single RNA 
break as suggested by (Durante et al., 2020; Francis et al., 2021) for the 
first time. This ratio is represented in Fig. 3 for different incident par-
ticles. Fig. 4 shows possibly desirable radiations for SARS-CoV-2 inac-
tivation, which cause less than 2 damaged spikes per single RNA break. 
The LET values of primary particles in water were obtained from Geant4 
database. 

As shown in Fig. 3, the number of damaged spikes per RNA break 
increases as the initial energy of incident particle increases. The lowest 
number of damaged spikes normalized to a single RNA break was 0.06 
for Fe-56 ions of 25 MeV/n energy (LET = 1455 keV/μm), followed by 
0.18, and 0.36 for Fe-56 ions of 80 MeV/n energy (LET = 585.4 keV/ 
μm), and alpha particles of 3 MeV (LET = 125.6 keV/μm), respectively. 
Therefore, densely ionizing particles (high-LET) such as alphas, and C- 
12 and Fe-56 ions seem to be more advantageous for a ‘clean’ inacti-
vation of SARS-CoV-2 than electrons and protons. This benefit is also 
shown in Fig. 4. Fig. 4 indicates a strong LET (i.e., track structure) 
dependence, which is similar to what observed for the inactivation of 

Table 1 
The frequency of ionization and excitation as well as the total energy deposited in the spikes (ES) and RNA (ER) per incident electrons, protons, and alphas.  

Incident particle Energy (MeV) Ionization in spikes Excitation in spikes Ionization in RNA Excitation in RNA ES (eV/particle) ER (eV/particle) 

Electron 5e-3 0.064 0.353 0.009 0.050 1.25 0.179 
0.02 0.073 0.408 0.013 0.072 1.43 0.256 
0.2 0.022 0.123 0.003 0.018 0.434 0.066 
0.5 0.015 0.086 0.002 0.013 0.304 0.046 

Proton 3 1.06 6.05 0.165 0.936 20.9 3.24 
10 0.374 2.11 0.054 0.312 7.40 1.07 
30 0.140 0.802 0.022 0.119 2.77 0.428 
80 0.062 0.336 0.010 0.051 1.21 0.192 

Alpha 3 13.2 67.3 2.14 10.4 255 40.7 
10 4.86 23.7 0.713 3.52 94.5 13.9 
30 1.84 8.88 0.256 1.24 35.8 5.00 
80 0.832 3.94 0.112 0.523 14.7 2.16  

Table 2 
The frequency of ionization and excitation as well as the total energy deposited in the spikes (ES) and RNA (ER) per incident C-12 and Fe-56 ions.  

Incident particle Energy (MeV/n) Ionization in spikes Excitation in spikes Ionization in RNA Excitation in RNA ES (eV/particle) ER (eV/particle) 

C-12 25 5.81 26.6 0.857 4.23 110 16.6 
80 2.12 10.0 0.323 1.45 40.3 6.12 
150 1.31 6.31 0.204 0.99 25.1 3.88 
300 0.836 3.92 0.123 0.572 16.1 2.34 

Fe-56 25 108 545 14.1 74.0 2048 273 
80 41.5 198 5.16 23.2 796.3 98.7 
150 23.9 116 3.51 18.4 457.8 66.5 
300 15.9 74.9 2.13 10.7 301.9 40.5 
1000 8.91 43.0 1.28 6.10 170.9 24.6  

Fig. 2. The normalized direct damage induced in the spikes and the RNA, by five incident particles with different energies, obtained by equation (2).  
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mammalian cells (Wulf et al., 1985; Blakely, 1992; Suzuki et al., 1996). 
It has been shown that the inactivation cross-section increases non-
linearly with increasing LET (Tsuruoka et al., 2005; Belloni et al., 2002; 
Wulf et al., 1985; Blakely, 1992). It is worth noting that for mammalian 
cells, the mechanisms of cell repair play an important role in shaping the 
cell survival curve, and leads to complicated radiobiological responses 
(Heilmann et al., 1993; Okayasu, 2012). Fig. 4 demonstrates that the 
maximum initial energy of alpha particles and C-12 ions should not 
exceed 30 MeV and 80 MeV/n, respectively. In contrast, there is no 
energy limit for Fe-56 ions, since a single Fe-56 ion may be sufficient for 
SARS-CoV-2 inactivation. 

Fig. 5 shows the frequency of indirect RNA breaks due to the reaction 
of OH• with RNA molecules, normalized to the genome length as well as 
the unit of dose delivered to the virus by the incident particle. Three 
initial energies were considered for each particle type. The relative ratio 
of direct and indirect RNA damages is shown in Fig. 6. 

As shown in Figs. 5 and 6, the yield of indirect damages is significant 
for electrons (low-LET). The increase in indirect damages with 
decreasing LET is similar to the results reported for mammalian cells 
(Roots et al., 1985, 1990). By comparing Figs. 2 and 5, one can infer that 
most of RNA damages are induced by direct effects for high-LET parti-
cles and the opposite is true for low-LET particles, i.e. electrons. This is 
consistent with the results published in the literature (Hirayama et al., 
2009; Yamashita et al., 2008; Ito et al., 2006). However, the relationship 
between the ratio of direct/indirect RNA damage and the LET of incident 

Fig. 3. The number of damaged spikes normalized to a single RNA break for different incident particles with different energies.  

Fig. 4. The number of damaged spikes normalized to a single RNA break as a 
function of linear-energy-transfer (LET) for some favorable incident particles 
for SARS-CoV-2 inactivation. 

Fig. 5. The normalized indirect RNA breaks due to reaction of OH• with RNA molecules, obtained by equation (2). Three initial energies were considered for each 
particle type. 
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particles does not follow a specific trend, which means that LET alone 
may not be a determining factor in choosing the best particle for 
SARS-CoV-2 inactivation. The highest value for the ratio of direct and 
indirect RNA damages was 12.3 for 25 MeV/n C-12 ions, while the 
lowest value was 0.01 for 5 keV electrons. Due to the advantage of 
densely ionizing particles (see Fig. 3), we ignored the indirect radiation 
effects. In addition, the virus inactivation is performed in the freezing 
condition that leads to a large reduction of indirect effects. However, a 
comparison of the frequency of OH• within the volume of the RNA 
containers for different primary particles could be interesting. 

The estimated survival curves of SARS-CoV-2 obtained by equation 
(1), for several incident particles are shown in Fig. 7. The type of par-
ticles was selected from Fig. 4. 

The survival curves indicate that high-LET radiations require a larger 
dose to inactivate SARS-CoV-2. This is consistent with the results of the 
previous study by Francis et al. (2021), however, the data are not 
quantitatively the same. This may be due to differences in geometry of 
SARS-CoV-2. Note that only the probability of occurring at least one 
RNA break was considered in equation (1). In other words, the impact of 
selective pressure induced by radiation is not taking into account in 
survival curves of viruses. As mentioned before, the impact of indirect 
RNA breaks was not also considered in Fig. 7, due to the insignificance of 
indirect effects for high-LET radiations. 

4. Conclusion 

In this study, a comparison of five primary charged particles (elec-
tron, proton, alpha, and C-12 and Fe-56 ions) with different energies was 
performed for the inactivation of SARS-CoV-2 using Geant4 Monte Carlo 
toolkit. From a simulation standpoint, the optimal energy of incident 
particles for the aim of SARS-CoV-2 inactivation, should be the energy 
for which the number of damaged spike proteins normalized to a single 
RNA break is minimum. This is achieved for densely ionizing (high-LET) 
radiations. The results indicated that alpha particles with a maximum 
energy of 30 MeV, C-12 ions with a maximum energy of 80 MeV/n, and 
Fe-56 ions with any typical energy are more interesting for the inacti-
vation of SARS-CoV-2 than electrons and protons. Nevertheless, the 
availability and the practical issues with accelerating heavy charged 
particles should be taken into account, which needs further studies. 
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