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ABSTRACT
Recent studies offer valuable insights into viral inactivation for vaccine development. 
Schulze et al. have demonstrated the potential of heavy ion beam irradiation to create 
effective vaccines, which is particularly relevant in the context of airborne pandem-
ics. Notably, the success in immunizing mice via intranasal administration with the 
inactivated influenza virus is encouraging, especially given the genetic similarities 
between influenza and SARS-CoV-2. However, the study raises important consider-
ations. While heavy ion treatment shows advantages, there are concerns about viral 
inactivation completeness and the potential for surviving viruses, albeit at extremely 
low levels. Prolonged irradiation times and the risk of selective pressure leading to the 
evolution of resistant variants are highlighted. Biosafety concerns regarding acciden-
tal lab escape of resistant strains are crucial, emphasizing the need for caution during 
experiments. Moreover, limitations in Monte Carlo simulations of virus irradiation 
are discussed, pointing out the need for more comprehensive studies to assess the im-
pact of secondary particles on virus inactivation under realistic irradiation conditions. 
Given these considerations, while the study presents a promising approach for vaccine 
development, further research is essential to address potential drawbacks and optimize 
the method for safe and effective application. 
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Introduction

A recent study by Schulze et al. titled “Influenza Virus Inactivated 
by Heavy Ion Beam Irradiation Stimulates Antigen-Specific Im-
mune Responses” [1] offers a valuable contribution to the field 

of viral inactivation for vaccine development. The authors convincingly 
demonstrate the potential of heavy ion beam irradiation as a method 
to create vaccines, particularly timely given the ongoing threat of air-
borne pandemics. We applaud the authors for reigniting interest in this 
approach. Professor Durante’s success in immunizing mice via intra-
nasal administration with the inactivated influenza virus is particularly 
encouraging, especially considering the similarities between influenza 
and SARS-CoV-2 in their genetic makeup and replication [1].

However, to gain a more comprehensive picture, it’s important to  
consider additional aspects:

Potential for Selective Pressure
While heavy ion treatment offers clear advantages, there might be  
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limitations concerning viral inactivation com-
pleteness. The authors themselves acknowl-
edge that a small percentage of viruses might 
remain active even after irradiation. While their 
calculations suggest this percentage would be 
extremely low (below 0.000000001% at a 
50 kGy dose), the potential for even a small 
number of surviving viruses is concerning. 
Furthermore, the extended irradiation times 
needed (approximately 5 hours at 50 kGy with 
the employed settings) raise questions about 
viral heterogeneity. Viruses with inherent  
radiation resistance could be more likely to 
survive, potentially leading to the evolution of 
new, resistant variants with altered pathogenic 
properties. This risk of selective pressure is 
a crucial consideration, especially compared 
to methods like low-dose radiation therapy 
(LDRT), which don’t exert such pressure [2].

Biosafety Concerns
Given the potential for generating resistant 
strains, it’s imperative to exercise extreme 
caution during these experiments. Acciden-
tal lab escape of such a variant could have  
devastating consequences [3,4].

Limitations in Monte Carlo Simulations 
of Virus Irradiation
There are some limitations in Monte Carlo 
simulations of virus irradiation. First, the in-
direct effects of radiation (i.e., due to the in-
teractions of free radicals following water 
radiolysis) are not taken into account, which 
makes sense due to the absence of liquid wa-
ter around the virus [5]. Second, Monte Carlo 
simulation studies are usually performed only 
for a single virus placed in a vacuum or a wa-
ter medium as an aerosol [5-8]. The dimen-
sions of the radiation source are considered to 
be the same size as the virus, and all primary 
particles (here, iron ions) completely pass 
through the virus. Therefore, the interactions 
of heavy charged particles with equipment and 
holders (with materials such as plastic, ice, 
etc.) and the possible production of secondary 
photons and electrons are not considered. The 
cross-sectional data available in track struc-

ture Monte Carlo codes, suitable for nano- and 
micro-scale simulations, are usually valid for 
liquid water [9]. Simplifying the simulation 
of the environment surrounding the virus is 
justified and interesting to compare differ-
ent linear-energy-transfers (LET). Neverthe-
less, more studies are needed for a dosimet-
ric investigation of a specific beam at specific 
depths. In experimental conditions, on the one 
hand, due to the relatively high volume of the 
viral sample and on the other hand, due to the 
spot scanning irradiation system, there is a 
possibility that a virus is not exposed to a di-
rect impact of a primary iron ion. Although a 
sufficient dose is delivered to the entire target 
volume, the dose in some areas may be caused 
by secondary particles resulting from the in-
teractions of heavy charged particles. The  
generated secondary particles can be a factor 
that structurally damages the spike proteins 
and takes us away from the goal of a “clean” 
inactivation. However, directly irradiating a 
single virus with iron ions may be impossible 
in an experimental situation, but this is what 
has been implemented in previous simulations 
[5-8]. Therefore, a comprehensive simula-
tion study is needed to examine the impact of 
the produced secondary particles at different 
depths of an iron ion beam (especially at the 
Bragg peak location) on virus inactivation, con-
sidering more realistic irradiation conditions.  
Figure 1 shows two possible cases for simu-
lation: 1- A single virus in a water medium 
with the ice density placed behind two layers 
of plastic. 2- The same arrangement but with 
a large number of viruses that are exposed to 
radiation in a specific volume. In each case, 
the volume of the box containing the virus 
as well as the thickness of the layers may be 
changed, and the effect of secondary particles 
can be investigated. Primary and secondary 
particles are shown in red and black arrows,  
respectively, in Figure 1.

Conclusion
In conclusion, Professor Durante and his  
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colleagues present a promising avenue for 
vaccine development. However, a thorough 
evaluation of potential drawbacks, particularly 
regarding selective pressure and biosafety, is 
crucial before widespread adoption. Further 
research is necessary to optimize this method 
and ensure its safe and effective application.
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Figure 1: (a) A single virus irradiated in a water medium behind two layers of plastic. (b) A large 
number of viruses irradiated at the same time. Primary and secondary particles are shown in 
red and black arrows, respectively. The dimensions are not to scale.

317



J Biomed Phys Eng 2024; 14(3)

Payman Rafiepour, et al

  7.	Rafiepour P, Sina S, Mortazavi SMJ. Inactivation 
of SARS-CoV-2 by charged particles for Future 
Vaccine Production Applications: A Monte Carlo 
study. Radiat Phys Chem. 2022;198:110265. 
doi: 10.1016/j.radphyschem.2022.110265. 
PubMed PMID: 35663798. PubMed PMCID: 
PMC9142867.

  8.	Villagomez-Bernabe B, Chan SW, Coulter JA, 
Roseman AM, Currell FJ. Fast Ion-Beam In-
activation of Viruses, Where Radiation Track 

Structure Meets RNA Structural Biology. Radiat 
Res. 2022;198(1):68-80. doi: 10.1667/RADE-
21-00133.1. PubMed PMID: 35436347.

  9.	Kyriakou I, Sakata D, Tran HN, Perrot Y, Shin 
WG, Lampe N, et al. Review of the Geant4-
DNA Simulation Toolkit for Radiobiological 
Applications at the Cellular and DNA Level. 
Cancers (Basel). 2021;14(1):35. doi: 10.3390/
cancers14010035. PubMed PMID: 35008196. 
PubMed PMCID: PMC8749997.

318


