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Simulation of the effect of N2O on DNA damage by ionizing radiation
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Abstract: Damage to the DNA molecule by ionizing radiation can be influenced by the presence of
certain chemicals in the cell during irradiation. These substances can be both radioprotective and
radiosensitive. In this paper, we will discuss the effect of N2O, widely used in medicine, on the chemical
stage of the radiobiological mechanism. N2O in the cell during irradiation with ionizing radiation results
in more significant damage to the DNA molecule because N2O reacts with hydrated electrons ey, to
form aggressive OH radicals. A mathematical simulation model developed using hybrid Petri nets is
used to analyze this dynamic process. Hybrid Petri nets allow us to quickly create a mathematical
simulation model and explore the system under study to obtain detailed information for practical
applications.

Key-Words: Hybrid Petri nets, SSB formation, ionizing radiation, radical clusters, N2O

Received: February 19, 2023. Revised: February 19, 2024. Accepted: May 16, 2024. Published: July 2, 2024.

1 Introduction radical cluster, the aggressive radicals will react

When a cell is irradiated with ionizing with this molecule to form SSBs (single-strand
radiation, energy is absorbed in the medium to breaks) and DSBs (double-strand breaks). A
form a radical cluster that can damage the DNA necessary condition for the formation of SSBs
molecule. This damage can occur through either and DSBs is a sufficient concentration of radicals
direct or indirect effects. A direct effect occurs at the time of the interaction of the cluster with
when the energy transfer from the ionizing the DNA molecule. For our mathematical
radiation occurs near the DNA molecule. This simulation model, we will assume low-LET
effect is unlikely for low-LET radiation and is irradiation, which allows us to treat radical
neglected in our mathematical simulation model. cluster diffusion as a spherically symmetric case.
Much more relevant to us is the damage to the Our mathematical simulation model must
DNA molecule by an indirect effect, where the include both the dynamics of the chemical
energy transfer occurs at some distance from the reactions of the aggressive radicals and other
DNA molecule. In our mathematical simulation chemicals present in the radical cluster and the
model, we assume that the damage to the DNA diffusion of these chemicals into the
molecule occurs through indirect effects. surroundings. If a DNA molecule is close

Since the cell is primarily composed of water, enough to the radical cluster, the DNA molecule
a radical cluster is formed when the energy of will interact with the aggressive radicals
ionizing radiation is transferred to the aqueous (especially the OH radical) to form SSBs and
environment. Initially (immediately after energy DSBs. The condition is that there is a sufficient
transfer), the radical cluster contains aggressive concentration of aggressive radicals at the time
radicals H*,0H* and HO;, hydrated electrons of the interaction. Therefore, the interaction of
€aq and H;0* ions. Immediately after forming the DNA molecule with the radical cluster must

occur immediately after forming this cluster in
sufficient proximity because the concentration of
radicals decreases rapidly due to chemical

the radical cluster, chemical reactions of the
chemicals in the cluster occur with simultaneous
diffusion of these compounds into the
surroundings. If a DNA molecule is close to the
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reactions and their diffusion into the
surroundings.

This process is affected by the presence of
N20 in the cell during irradiation with ionizing
radiation so that N2O molecules react with the
hydrated electrons to form aggressive OH
radicals that cause more damage to the DNA
molecule [1][2]. N20O thus acts as a radiosensitive
substance. In this work, analyses will be
performed to show in detail how N2O affects the
chemical stage of the radiobiological
mechanism. Hybrid Petri nets proved to be a
suitable tool to simulate the dynamic process of
DNA molecule damage by aggressive radicals in
the presence of NO during irradiation with
ionizing radiation. These Petri nets allow the
rapid generation of a mathematical simulation
model using a graphical tool and quick analysis
under different input conditions.

We have many years of experience building
mathematical simulation models of the chemical
stage of the radiobiological mechanism. Initially, we
used the Fortran programming language to construct
mathematical simulation models [3][4] and later Petri
nets, which allowed us to build mathematical
simulation models much faster using a graphical tool.
Similarly, the analysis of the system under study was
much faster [5][6][7][8][9]. Our simulation model
contains a minimal number of free parameters, which
provides greater model plausibility. The initial model
parameters are mostly taken from the literature
[10][12][13][14][18][19][21][22][23][24]1[25][31]
[32] and from our previous analyses based on
experimental data.

2 Simulation model of DNA damage
by ionizing radiation in the presence of
N20

As mentioned earlier, when cells are
irradiated with ionizing radiation, energy is
transferred to the aqueous environment to form a
radical cluster, which initially contains primary
products (eqq,H*, OH*,H30", H,) and
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associated products (OH™, H,0,, 05, HO)
formed by subsequent chemical reactions. The
mathematical simulation model is intended to
describe the dynamics of chemical reactions with
the simultaneous diffusion of chemicals into the
cluster surroundings. Hybrid Petri nets are a very
suitable tool for the development of the
simulation model, as they allow easy creation of
the mathematical simulation model and its
analysis [16][17][27][28][29] [30] [33]. We used
the Visual Object Net++ tool [26] to build our
mathematical simulation model, which allows
the use of hybrid Petri nets and is very easy to
work with.

A detailed derivation of the mathematical
simulation model has been performed in our
previous works [5][6][7][8][9]. In this work, we
will only present an extension of the
mathematical simulation model to include the
interaction of the DNA molecule with aggressive
radicals to form SSBs and DSBs. The effect of
N20O during irradiation with ionizing radiation is
also included. N2O affects the chemical stage of
the radiobiological mechanism by acting as a
radiosensitive substance, causing more damage
to the DNA molecule so that N2O reacts with the
hydrated electron according to the reaction

eqq + NO » N, + OH™ + OH®

This chemical reaction produces additional
aggressive OH radicals, which are the primary
cause of damage to the DNA molecule.

The whole process of the chemical stage of
the radiobiological mechanism can be described
as follows: after the transfer of the energy of the
ionizing radiation to the aqueous environment, a
radical cluster is formed, which initially contains
only the primary products of water radiolysis
(eqq,H*,OH*,H30%,H;), whose quantity is
determined by the initial yield G° corresponding
to the transferred energy. Immediately after
forming the radical cluster, the primary products
of radiolysis begin to react with each other and
other molecules present in the radical cluster,
according to Table 1.
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Table 1. Recombination reactions [14][15][22]
Reaction Rate constants
(dm3.molets?)
1. H +H - | H, 10 x 10'°
2. eqq tH = | Hy+ OH" 2.5x 10"
3. €qq +€aq = | Hy +20H" 6 x 10°
4. €qq + OH® - | OH™ + H,0 3 x 10"
3. H*+OH® - | H,0 2.4 x 10
6.| OH'+O0H*' - |H,0, 4 x10°
7.1 H;0" + eqq = | H" + H;0 2.3 x 10"
8. HO; + H* - | H,0, 1 x 10
9. HO; + OH® - | H,0 + 0, 1 x 10"
10.| HO,+HO; - | H,0, + 0, 2 x 10°
11.| 0; +H,0* > | HO; 3 x 10"
12. | H,0* + 0H™ > | H,0 1 x 10"
13.| H'+H,0,—- | H,0+ OH’ 1 x108
14.| e+ H,0, > | OH" + OH™ 1.2 x 10
15.| OH®+ H,0, > | H,0+ HO, 5x 107
16. OH'+H, - | H,0+H’ 6 x 107
17. HO; > | H;0" + 05 1 x10°
18. €ag + 0, = | 05 + H,0 1.9 x 10"
19. H +0,- |HO; 1 x10"
20. DNA+ H* — | SSB 2.0x 107
21.| DNA+ OH* - | SSB 4.0x 10%
22. DNA+ ez — | SSB 1.5x 108
23.| DNA+ HO; - | SSB 2.48x 108
24.| ez +N,0 > | N,+OH™ + OH" 9.1x 10°

Simultaneously with the chemical reactions,
primary radiolysis products and newly formed

surroundings. Both result in a decrease in these
chemicals. The diffusion rate is then determined

chemicals  diffusion into  the  cluster by the diffusion coefficients listed in Table 2.
Table 2. Diffusion coefficients [19]
Diffusion coefficient . Designation of diff.
Substance 9 1 Species amount .
(nm?.ns™?) coefficients

1. H* 7.0 Ny Dy

2. OH® 2.2 Noy Doy

3. €aq 4.9 N, D,

4. | H;07 9.5 NH30+ DH30+

5. | OH™ 5.3 Noy- Doy~

6. H, 5 NH2 DHZ

7. | Hy0, 2.2 Ny, o, Dy,o0,

8. 05 1.8 Nos Do

9. | HO; 23 Nho, Dho,

E-ISSN: 2732-9992 21 Volume 4, 2024



MOLECULAR SCIENCES AND APPLICATIONS
DOI: 10.37394/232023.2024.4.3

Hybrid Petri nets were used to simulate the
chemical stage of the radiobiological
mechanism, which includes both the dynamics
of the chemical reactions according to Table 1,
including the diffusion of chemicals into the
surroundings of the radical cluster and the
interaction of aggressive radicals with the DNA
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molecule. The mathematical simulation model
was created using the graphical tool Visual
Object Net++ [26], which allows the creation of
discrete and continuous models. A graphical
representation of the mathematical simulation
model is shown in Figure 1.
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Figure 1.

In Figure 1, we see circles and rectangles
connected by arrows. The circles indicate the
places that represent the chemical amounts, the
size of the volume in which the chemical is
found, and the constants used in the
mathematical model. The rectangles represent
the transitions that cause a change in the value of
the location to which arrows connect them. Only
the place with the transition can be linked. You
cannot connect two places or two transitions.

The circles (places) at the top of Figure 1
represent constants because they are not
connected to any rectangle (transition), so their
value does not change. They are the rate
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Simulation model of SSB formation represented by hybrid Petri nets.

constants from Table 1, the diffusion coefficients
from Table 2, and others.

The locations on the left in Figure 1 represent
the volumes in which each chemical in Table 2
is found. Arrows connect these locations to the
corresponding transitions that cause the volume
value to change. The magnitude of this change
depends on the transition function associated
with the transition and the direction of the arrow.
Assuming the transition function is positive, and
the arrow points to a place, the volume value will
increase, corresponding to a diffusion process.
The places and transitions are labeled to identify
the chemical to which they belong. The place
designations VH, VOH, Ve, VH30, VOHM,
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VH2, VH202, VOHM, and VHO2 correspond
to the volumes Vw, Voy, Ve, Viso+:You=» Vi,
Vi,0,- Vo; and  Vyo,, where the subscript

indicates the chemical. The corresponding
transitions that cause a volume change at the
corresponding location are then named TVH,
TVOH, TVe, TVH30, TVOHM, TVH2,
TVH202, TVOHM, and TVHO?2. These are also
the names of the transition functions. These
transitions are in the form.

3¢
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where Dy, Doy, De, DH30+9 Don-» Du,»> Du,o,>
Do; and Dy, are diffusion coefficients from
Table 2.
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The mathematical derivation of the transition
functions has been done in our previous work
[51[6][71[8][9]. The derivation of these
mathematical relations assumes spherical
symmetry in the diffusion of the radical cluster.

The dynamics of the chemical stage of the
radiobiological mechanism can then be
simulated by the places and transitions located in
the middle of Figure 1 and on its right side. Each
place represents the amount of chemical
substance changed by the transitions connected
to that place. Each place is labeled so that outside
the circle is the name of the chemical
corresponding to that place, and inside the circle
is the name of the variable used in the
corresponding transition function. The names H,
OH,e, H;0*,0H~, H,, H,0,, 05, HO,, O and
N2O are used to denote the chemicals H, OH, e,
H30, OHM, H2, H202, O2M, HO2, 02, and
N20, respectively. The corresponding variable
names are NH, NOH, Ne, NH30, NOHM, NH2,
NH202, NO2M, NHO2, NO2, and NN2O.
These variables determine the number of
particles of each chemical at a given place. The
change of the values of the individual places and,
thus, the dynamics of the chemical reactions
listed in Table 1 are provided by transitions using
transition functions of the form:

(11)

(12)

(13)

(14)

Ty(H + H) = ky %?gl(t)
T,(H + ) = k, %(Nt;(t)
Ts(e + €) = ks %
T,(0OH + e) = k4%’
Ts(H + OH) = ks %’E’g@
oo =t % (15)
ey Mt

(16)
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Ny (t)Nyo, (t)
Tg(H + HO2) = kg AR (17) Iu(e + N20Y = k N (t)Ny,0(t)
24 — 24 Ve(t) ' (33)
Nopy (£)Nyo, (t)
To(OH + HO2) = ko Vio (t)z "’ (18) The mathematical derivation of these
’ transition functions has also been done in our
Nio, (O Nyo, (t) previous work [5][6][7][8][9]. The indices for
Ti0(HO2 + HO2) = kqy 2 2 the symbol T indicate the reaction number in
Viio,(8) (19)  Table 1, and the chemicals that react together are
listed in parentheses after the index. To the right
T, (H30 + 02M) = k N0+ (E)Noj (£) of the equation is the corresponding
1 1 Vi,o+(t) ' (20)  mathematical expression. For example, the math
equation
Ny o+ () Noy-(t Ny(t)Noy (t
Ty2(H30 + OHM) = ki, H30V:33+(i§1 = 21) Ts(H + OH) = ks —H(vz,éf' ©
the H and OH radicals react together according
Ny (£)Ny,0,(t) to Equation 5 in Table 1. The rate constant ks and
Ty3(H + H202) = ky3 Vi (0) " (22) the mathematical expression behind the rate
" constant give the rate of this chemical reaction.
N,(©)Ny. 0, (2) Nu and Nown are the number of H-radical
Tis(e + H202) = kyy ———22—, particles, and OH and VH are the volumes in
Ve® (23) which the H-radical is located. Such labeled
Now (©)Ni o, (8) transitions can be found in Figure 1. If the arrows

: point from the places to the corresponding
Vi,o,(t) (24)  transition, these substances are lost due to
chemical reactions. On the other hand, if the

T15(0H + H202) = k15

T. (OH + H2) = k Noy (£)Ny, (t) arrows point from the transition to the places,
16( ) = ks Vi, () (25) new chemicals are being formed, and the values
at those places are increasing. These logical
T17(HO2) = ky7Ngo,)(0), (26) connections between .places gnd _transitions
correspond to the chemical reactions in Table 1.
N, (t)No, (t) In the upper right part of Flgurc? 1, ther'e iIsa
Tig(e + 02) = kqg W’ (27) part that ensures the delay of the interaction of

e

the DNA molecule with aggressive radicals
using a test edge and inhibitors. This makes it

Tyo(H + 02) = kqo w_ possible to simulate the interaction of a DNA
Vu(t) (28)  molecule with aggressive radicals at different
distances of this molecule from the radical
T (PDNA + H) —k NPDNA(t)NH(t) cluster.

20 20 Vy(t) ©(29) The mathematical simulation model in Figure
® ® 1 describes a system of ordinary differential
Nppna(t)Non(t equations solving dynamics of chemical
T21(PDNA + OH) = kzy Vo () " (30) rglactions from Tal%le l}zmd the diffusion of the
newly arising chemicals into their surroundings.
Nppna(t)N(t) Time dependences of the individual chemicals
T22(PDNA + e) = ky, .00 * (31) can then be expressed for better clarity by the
¢ following system of ordinary differential

Nppna(t)Nyo, (1) equations:

T23(PDNA + HOZ) = k23

Vio, (1) " (32)
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dNy
—Ti9(H + 02) — T,o(PDNA+ H) + T;(e + H30) + T;c(OH + H2) (34)
i —T,(OH + e) —Ts(H + OH) — 2T¢,(OH + OH) — Toy(OH + HO2)
—T,s(OH + H202) — T,,(OH + H2) — T,;(PDNA + OH) + T;5(H + H202)
+T4(e + H202) + T,4,(e + N20) (35)
dN,
Fra —T,(H +e) — 2T;(e +e) — T,(OH + e) — T,(e + H30) — Ty4(e + H202)
dNH30+
it =-T,(e+ H30) —T;1(H30 + 02M) — T,,(H30 + OHM) + T,;,(HO2) (37)
dNOH_ _
i —T,,(H30 + OHM) + T,(H + e) + 2T;(e + e) + T,(OH + e) + Ty4,(e + H202)
+ Ty,(e + N20) (38)
dNH2
prake —T16(OH+ H2) + Ty(H+ H) + T,(H + e) + T;(e + e) (39)
dNuyo, _ _ _ _
i Ti3(H + H202) — Ty4(e + H202) — T,s(OH + H202) + T,(OH + OH)
+Tg(H + HO2) + T1((HO2 + HO2) (40)
dNOZ—
= —T1,(H30 + 02M) + T;7,(HO2) + T1g(e + 02) (41)
dt
dNHO2
a3 = —Tg(H + HO2) — To(OH + HO2) — 2T,,(HO2 + HO2) — T;,(HO2)
—T,3(PDNA + HO2) + T;;(H30 + 02M) + T;5(OH + H202) + T19(H + 02) (42)
dNO2
It = —Tig(e + 02) — T19(H + 02) + To(OH + HO2) + T;((HO2 + HO2) (43)
dNypna _
P —T,o(NDNA + H) — T,;(NDNA + OH) — T,,(NDNA + e) — T,5(NDNA + HO2) (44)
dNNZO

dt = — T24(€ + NZO) (45)
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where Ny, Noy, N, Ny,o0+s Nou=»> Ny,» Ny,o0,,
Nos, Nyo,, No, and Nypy 4 represent numbers of
species H, OH, e, H;0*, OH™, H,, H,0,, 05,
HO,, O and DNA (number of phosphate bonds)
respectively, which are placed in corresponding
volumes Vy, Vou, Ve, Vi,o+> You=» Viy» Vi,yo,

VOZ_’ VHOZI VOZ and VDNA' k]_, k2, k24 are rate

ey

constants of the chemical reactions from Table 1.

W _ ryy
dt ’ (46)
dZ‘ZH = TVOH, (47)
ar =TVe, (48)
dV;’;O = TVH30, (49)
d‘z)t”_ = TVOHM, (50)

3 Application of the mathematical

simulation model to specific conditions

For the practical use of our mathematical
simulation model, it is necessary to apply it to
specific conditions, related in particular to the
types of ionizing radiation used, the amount of
energy transferred to the aqueous environment,
the initial yield of primary radiolysis products,
the size of the resulting cluster, and so on. The
input parameters of the mathematical simulation
model were set based on the analysis of
experimental data published in Blok and Loman
[11]. These analyses were carried out in our
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Immediately after the energy transfer to the
radical cluster, the radicals diffuse into the
surroundings, and the volumes Vy, Vyy, Ve,
Vi.o+> Vou=» Vi, Vo, Yoy, and Vi, increase
according to the system of ordinary differential
equations.

The system of ordinary differential equations
(34-54) describes the same problem as the
mathematical simulation model shown in Figure
1 and contains the same transition functions (1-
33).

dVy,
dVHZOZ
— 2 = TVH202, (52)
Vs
—>=TvozM, (53)
ho, _ TVHO2 (54)
dt ’

previous work [3][4] and allowed us to set the
basic parameters of the model. In the experiment
described in the literature by Block and Loman,
an aqueous DNA solution was irradiated with
Co-60 1onizing radiation.

As mentioned above, a radical cluster is
formed immediately after transferring energy to
the aqueous environment. Based on the analyses
in our previous work, the amount of energy
transferred to the radical cluster was 300 eV, and
the corresponding radical cluster diameter was
27 nm. The radical cluster initially contains the
following chemicals: H*, OH", ez, H;0%, and
H,. Their initial amounts of Ny, Noy, N,,
Ny, o+ , and Ny, are given by the radiolysis yield
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of water G° wunder anoxic conditions
[14][18][19][20][23].

For a cluster with a diameter of 27 nm and a
transition energy of 300 eV, the following initial
chemical numbers were determined
Ny+ = 1.26, Noy» = 16.5, N,=14.34, Ny o+ =

14.34, Ny, = 0.45,

These initial chemicals then give rise to other
chemicals according to the reactions shown in
Table 1, where the reaction constants of these
chemical reactions are also given. The dynamic
process then proceeds according to the transition
functions (10-33), where the rate constants k; —
k,, (see Table 1) are taken from the literature.

Simultaneously with the chemical reactions in
the radical cluster, the newly formed chemical
species diffuse into the surroundings. In our
work, we assume spherical symmetry for the
time evolution of the radical cluster, which
corresponds to low-LET radiation. The diffusion
coefficients are then listed in Table 2 and taken
from the literature. The time evolution of the
radical cluster for the chemicals in Table 2
follows transition functions 1-9.

The interaction of the DNA molecule with
aggressive radicals results in the formation of
SSBs and DSBs, which cause DNA damage.
This damage occurs only if the DNA molecule is
close enough to the radical cluster and the
concentration of aggressive radicals is high
enough at the interaction time. The OH radical is
a significant contributor to DNA damage.

To verify the correctness of our mathematical
simulation model, the experimental data of Blok
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and Loman were used in our previous analyses
[3][4]. Using our mathematical simulation
model, we obtained a value of 4 SSBs for the
zero N2O concentration under normal conditions
and a value of 6 SSBs for the saturated N2O
solution (see Figure 2), which agrees with the
experimental data.

Figure 2 shows the dependence of the number
of SSBs on the N2O concentration under normal
conditions. The support of the total number of
SSBs formed and the number of SSBs on the H
and OH radicals, the hydrated electron eg, and
the HO> ion are shown. Figure 2 shows that the
OH radical has the most significant effect on
damaging the DNA molecule and that the impact
of other chemicals is negligible. We can also see
that as the concentration of N2O increases, the
number of SSBs increases, resulting in more
damage to the DNA molecule. The increase in
the number of OH radicals occurs in the presence
of N20, according to reaction 24 in Table 1. This
can be used wherever we need to increase the
effect of ionizing radiation on a cell at the same
dose. In radiotherapy, we achieve more
significant damage to tumor cells, just as in food
irradiation, we can better destroy unwanted
bacteria. Wastewater treatment and
radiosterilisation can also take advantage of this
effect. Our analysis in Figure 2 allows us to
estimate the number of SSBs at different N2O
concentrations, which is helpful for practical
applications.
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Figure 2. Dependence of the number of SSBs on the N2O concentration under normal conditions.
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Figure 3. Time dependence of the number of SSBs under normal conditions.
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Figure 4. Dependence of the number of SSBs on the O concentration at saturated N2O.

The time dependence of the number of SSBs
is shown in Figure 3. Initially, there is a sharp
increase in SSBs, then the growth slows down.
This is because, at the beginning of the
interaction of the DNA molecule with the radical
cluster, the concentration of radicals is highest
and then gradually decreases due to chemical
reactions and diffusion of aggressive chemicals
into the environment. Again, we see that the OH
radical has a much higher concentration than the
other chemicals that cause SSBs on the DNA
molecule all the time. From Figure 3, we can
conclude that most SSBs enter in a short time
after the formation of the radical cluster. This is
due to a sharp decrease in the concentration of
aggressive radicals caused by chemical reactions
and diffusion of the radical into the
surroundings.

Figure 4 shows an interesting analysis of the
effect of oxygen concentration at saturated N2O.
Based on this analysis, we found that the oxygen
concentration had little effect on the number of
SSBs formed. There was a slight decrease in the
total number of SSBs from a value of 6.047 to a
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value of 6.012, which is negligible. The finding
that oxygen concentration hardly affects the
effect of ionizing radiation on the cell when the
N2O solution is saturated is also essential for
practical applications.

For the formation of SSBs, the radical cluster
must be formed close enough to the DNA
molecule when the radical cluster is not yet too
large, and the concentration of aggressive
radicals is high enough. The dependence of the
number of SSBs formed on the diameter of the
radical cluster is then shown in Figure 5. It can
be seen that the number of SSBs formed
decreases with increasing radical cluster
diameter due to diffusion. Initially rapidly and
then gradually. Based on this analysis, the degree
of DNA damage can be estimated as a function
of the distance of the formed radical cluster from
the DNA molecule. Based on Figure 5, we can
see what damage to the DNA molecule is caused
by ionizing radiation when a radical cluster is
formed at some distance from the DNA
molecule, which 1is relevant for practical
applications.

Volume 4, 2024



MOLECULAR SCIENCES AND APPLICATIONS
DOI: 10.37394/232023.2024.4.3

Jifi Barilla, Pavel Simr, KvétuSe Sykorova

SSBOH === .SSBe e= « «SSBHO2

Number of SSB

20 30 40 50 60

O a_—v— N o A0 o A—— oS-

diameter [nm]

70

T 1 T [l

80 90 100

110 120

Figure 5.

Dependence of the number of SSBs on the cluster diameter at the time of the

beginning of the interaction of the DNA molecule with the radical cluster.

Hybrid Petri nets have proven to be a suitable
tool for developing a mathematical simulation
model to simulate the chemical stage of the
radiobiological mechanism. The results obtained
with our mathematical simulation model have
been validated with experimental data and agree
with them. The generally accepted view showed
that the OH radical is mainly responsible for
forming SSBs on the DNA molecule. Another
significant fact is that the presence of N20O in
cells causes more damage to the DNA molecule.
As mentioned, this fact can be used in
radiotherapy, food irradiation, radio sterilization,
wastewater irradiation, and wherever we need to
increase the effect of ionizing radiation on the
cell. With the same radiation dose, a more
significant effect of ionizing radiation on
damaging the DNA molecule can be achieved.
Another interesting finding is that when N20O is
present in the cell, the oxygen concentration
hardly affects the effect of ionizing radiation on
the DNA molecule. Also interesting are the
observed dependencies of the number of SSBs
on time and the distance of the formed cluster
from the DNA molecule.

Double-strand breaks (DSBs) are critical for
permanent damage to the DNA molecule. A
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double-strand break occurs when the two
resulting single-strand breaks (SSBs) are close
enough together on opposite strands of the DNA
molecule. If we know the probability of SSBs,
we can calculate the probability of DSBs using
the equation

(34)

where ps can be approximately expressed as

ps = Zj;aj c;(t).
j

The o; parameters represent the efficiency of
the individual radicals that react with the DNA
molecule to form SSBs, and c;(t)is the
concentration of these radicals.

Another way to obtain the number of DSBs
based on the correlation between the number of
SSBs and the number of DSBs was described in
the literature by Blok and Loman [11]. For low-
Let radiation, the ratio of DSBs to SSBs is 1:100.
This means that the previously mentioned value
of 4 SSBs corresponds to 0.04 DSBs and the
value of 6 SSBs corresponds to 0.06 DSBs,
which is consistent with our previous work
[3][4]. In this way, we can easily convert all the
obtained SSB values into numbers of DSBs.
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4 Conclusion

In this work, a novel approach has been used
to analyze the chemical stage of the
radiobiological mechanism in the presence of
N20 in the cell: hybrid Petri nets have been used
to construct a mathematical simulation model in
which discrete and continuous places and

transitions are used. This mathematical
simulation model allows us to simulate the entire
chemical stage of the radiobiological

mechanism, from forming the radical cluster to
forming SSBs on the DNA molecule. The
simulated dynamic process includes the time
evolution of the chemical reactions, as shown in
Table 1, under simultaneous chemical diffusion
based on the diffusion coefficients shown in
Table 2.

The process occurs as ionizing radiation
transfers energy to the water environment to
form a radical cluster containing aggressive
radicals and other chemicals. Immediately after
forming the radical cluster, the chemical
reactions shown in Table 1 occur, and
simultaneously, the newly formed chemicals
diffuse into the environment. This results in a
decrease in the concentration of aggressive
radicals and other chemicals. Our mathematical
simulation model assumes that low-LET
ionizing radiation is used for irradiation. For this
type of radiation, we can assume that the time
evolution of the cluster diffusion is spherically
symmetric. We further believe that the radical
cluster is formed at some distance from the DNA
molecule, which means that damage to this
molecule occurs indirectly by the aggressive
radicals created reacting directly with the DNA
molecule to form SSBs and DSBs.

The analyses obtained by our mathematical
simulation model concerning the effect of N2O
on the chemical stage of the radiobiological
mechanism are very interesting. These analyses
showed that the presence of N2O during the
irradiation of a cell with ionizing radiation
causes more damage to the DNA molecule. The
main contributor is the OH radical, formed in the
presence of N2O according to reaction 24 (see
Table 1). Furthermore, the analyses showed that
oxygen concentration has little effect on the
damage to the DNA molecule in the presence of
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N20. Interestingly, the study also gives us the
degree of damage to the DNA molecule as a
function of the distance of this molecule from the
radical cluster formed.

Our mathematical simulation model using
hybrid Petri nets shows a new approach to
simulating the radiobiological mechanism's
chemical phase. Likewise, the analysis
performed in this work provides further
information that can be used in radiotherapy,
food irradiation, radio sterilization, wastewater
irradiation, and wherever we need to increase the
effect of ionizing radiation on the cell. The
model can be easily adapted to the cylindrical
symmetry of the time evolution of the cluster,
which will allow its application to other types of
ionizing radiation.

In our future research, we will use colored
Petri nets to create mathematical simulation
models, allowing us to make even more detailed
and accurate simulation models. We would also
like to simulate the repair of damage to the DNA
molecule by repair mechanisms.

In addition to the effect of gamma radiation,
we also want to study the effect of protons on the
radiobiological mechanism. We aim to use
colored Petri nets to create a simulation model
that will simulate all three phases of the
radiobiological mechanism: physical, chemical,
and biological. This model can be used for a
more detailed study of radiobiological
mechanisms and in practice in testing
radioprotective and radiosensitive agents.
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