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Abstract: - The absorption of ionizing radiation causes the radiolysis of water to form aggressive
radicals. Water radiolysis plays an essential role in radiotherapy, radio sterilization, food irradiation,
and wastewater irradiation because living cells consist mainly of water. Radical clusters arise
immediately after irradiating water with ionizing radiation, and aggressive radicals damage living
cells. These damages are caused mainly by SSB and DSB formation on DNA molecules. The
mathematical simulation model, created with the help of Continuous Petri nets, is very suitable to
study the dynamics of the chemical stage of water radiolysis. This mathematical simulation model,
which includes the influence of oxygen on the chemical stage of radiobiological mechanism, was
created in our previous work. This paper is extended to include the influence of N20O. The presence of
N20 during irradiation of water plays a vital role because it increases OH radicals, which are mainly
responsible for DNA damage. The mathematical model enables us to simulate the dynamics of the
chemical reactions and the diffusion of radical clusters during chemical stage of water radiolysis.
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substances are used mainly in radiotherapy to protect
1 Introduction healthy cells against ionizing radiation or sensitize
cancer cells to obtain a greater radiobiological effect.
To study the dynamics of the chemical stage of water
radiolysis, the mathematical models created with the
help of Continuous Petri nets are very suitable. The
main reason is that Petri nets allow us to solve easily
complicated systems such as chemical reactions of
the radicals, ions, and other products of water
radiolysis together with diffusion of the radical
clusters which run simultaneously. Petri nets enable
us to use graphical tools to create mathematical
models, taking much less time than -classical
programming. Also, the testing and the changes are
faster, too.
At the beginning of our research, we used the
programming language to create the mathematical
models describing the chemical stage of water
radiolysis [3][5]. Then, to quickly solve more

The radiolysis of water is caused by the absorption of
ionizing radiation in water medium to form
aggressive radicals H®,0OH®and HO;, hydrated
electrons ey, and H30" ions. These radicals diffuse
into surroundings and can damage the DNA molecule
if their concentration is sufficient when they meet the
DNA. Mainly OH radicals are responsible for the
formation of SSB (Single-Strand Breaks) and DSB
(Double-Strand Breaks) on DNA molecules. The
damages of DNA molecules caused by aggressive
radicals run mainly through indirect effects when
energy is absorbed outside the DNA molecule. The
indirect effect occurs when using low-LET radiation.

After the energy is transferred to the water, a radical
cluster is formed, and radicals inside the cluster
diffuse into surroundings and react mutually and with

other molecules present in water. The concentration . . .
. . . ) detailed and complicated mathematical models, we
of radicals and, therefore, their radiobiological effect . . .
further used the Continuous Petri nets in the research

is influenced by the presence of other substances [4]6][7][8][9]. We compared these simulated

which can have radioprotective or radiosensitive . . .
. : . . mathematical models with the experimental data and
character.  Radioprotective and radiosensitive .
achieved good consent.
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The tested mathematical model has been used to
describe the influence of oxygen on the chemical
stage of the radiobiological mechanism in a paper [8].
The indirect effect of the radiobiological mechanism
is caused by aggressive radicals formed during the
radiolysis of water. The influence of oxygen on the
chemical stage of the radiobiological mechanism
plays an important role mainly in radiotherapy
because the oxygen concentration is higher in healthy
cells than in cancer cells. Therefore, radiation
sensitivity is different for healthy cells and cancer
cells. The dependence of the concentrations of
individual radicals on time under various oxygen
concentrations is showed to explain the oxygen
effect. The obtained results were compared with
experimental data, and a good agreement was
achieved.

In this paper, the influence of N2O on the chemical
stage of water radiolysis was analyzed with the help
of Continuous Petri nets. The time dependencies of
the concentrations of individual radicals under
various N20O concentrations were simulated to show
the impact of N20O molecules on radical
concentrations, mainly increasing concentration of
OH radicals, which results in more significant
damage to the DNA molecule. To create our
mathematical model, using Continuous Petri nets,
primary products of water radiolysis
(eqq,H®,OH®,H307), and associated products (OH™,
H,, H,0,, 05, HO;, 0,) were taken into account.
Their initial yields and physicochemical constants
have been taken from the literature dealing with the
radiolysis of water, for example
[1O0][12][13][14][18][19][20][21][26][27]. As in
previous publications, the corresponding radical
clusters (at low-LET radiation) were described as
spherically symmetric systems [21].

2 Mathematical model of the influence
of N20 on the chemical stage of water
radiolysis

The basic mathematical model of the chemical stage
of water radiolysis was created in our previous papers
[6][7][8]. The mathematical model in this paper is
extended to include the influence of N2O on the
chemical stage of water radiolysis. Therefore, we
will not repeat the derivation of the mathematical
model, and only the short overview will be done.

The basic assumptions of the mathematical model
are:
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e Water radicals arise inside the diffusing
radical cluster, containing a nonhomogeneous
concentration of individual species [22].

e Individual radicals diffuse differently,
according to their diffusion coefficients, must
also be included in the mathematical model.
Diffusion coefficients are taken from the
literature.

e Immediately after cluster formation,
simultaneously with the diffusion of radicals
also the chemical reactions of radicals and
other species present in the cluster run. Their
rate constants are taken from the literature,
too.

e In our mathematical model, we assume a
spherical symmetry of the diffusion clusters
[22], and initial conditions are given by the
volume V;(t = 0) =V, of the cluster and by the
numbers of corresponding radicals N;(t = 0).

All these conditions are described in detail in our
previous papers, where the general mathematical
model has been derived, too. In this paper, only the
final mathematical model, simulating the influence of
N20, will be presented. The dynamics of the cluster
evolution can be described by a system of ordinary
differential equations, which solve the diffusion of
radicals and their chemical reactions.

To solve the system of ordinary differential
equations, the Continuous Petri nets have been used.
Petri nets enable us to easily create the mathematical
model with the help of graphical tools as well as to
perform the rapid simulations, which allows us to
optimize the parameters of the simulation model
[16][17][24][25]. The detailed description of the
solution of our mathematical model using Petri nets
can be found in [6][7][8], where Petri nets are also
sufficiently described.

The radicals, ions, and other substances arising inside
the cluster, and diffuse into the surroundings, are
presented in Table I, where we can also see their
diffusion coefficients and designation. All diffusion
coefficients are taken from the literature. We will
assume that at the beginning of the cluster diffusion
(at time t0), when the chemical reactions start, only
the following species will be present: H*, OH", eqq,
H;0% and H,. In Table II, we can see chemical
reactions running after cluster formation, which is
considered in our mathematical model. The rate
constants of the chemical reactions presented in
Table II are also taken from the literature.
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Compared to our previous works, mainly [8], the
chemical reaction 20 (see Table II) has been added.
This chemical reaction expresses the influence of
N>O on the chemical stage of water radiolysis, such
that the number of OH radicals is increased, which
results in more significant damage to the DNA

Table 1.  Diffusion coefficients [19]
Substance lefuz:lolgzc:l):_fli)iclent Species amount | Designation of diff. coefficients
1. H* 7.0 Ny Dy
2. OH" 2.2 Noy Doy
3. €aq 4.9 Ne D,
4. H;0* 9.5 NH30+ DH30+
5. OH™ 53 NOH_ DDH_
6. H, 5 Ny, Dy,
7. H,0, 2.2 1\/1-1202 DH202
8. 07 1.8 No; Doz
9. HO; 2.3 Nyo, Dyo,
Table 2. Recombination reactions [14]
Reaction Rate constants
(dm3.molel.s)
1. H"+H" - | H, 10 x 1010
2. aq+H - | Hy + OH™ 2.5 % 100
3. €aq +€aq — | Hy +20H" 6 x 10°
4. eqzq +OH" = | OH™ + H,0 3 x 1010
5. H*+ O0H' - | H,0 2.4 x 1010
6.| OH +O0H' - | H,0, 4 x10°
7.| Hs0" +eq - | H + H,0 2.3 x 10"
8. HO; + H* = | H,0, 1 x 10
9.| HO,;+O0OH'- | H,0+0, 1 x 1010
10. | HO;+HO; » | H,0, + 0, 2 x 10°
11.| 07 +H;0" - | HO; 3 x10'
12. | H;0* + OH™ - | H,0 1 x 10!
13. H® + H,0, > | H,0 + OH" 1 x 108
14. eqq + H,0, - | OH" + OH™ 1.2 x 10'0
15.| OH*+ H,0, » | H,0 + HO; 5 %107
16. OH®'+H, » | H,0 + H" 6 x 107
17. HO; - | H;0" + 03 1 x10°
18. eqq +0; = | 07 + H,0 1.9 x 10"
19. H"+0,—- | HO; 1 x 10"
20. eqq +N,O —» | Ny + OH™ + OH* 9.1x 10°

molecule.
aNg . Ny(ONy(@®)  Ny(@©ONe(t)  Ny(®)Noy(t) Ny (t)Ny0, (1)
A0 Z0) S Vu(® G
Nu(ONpyo,()  Ny()No, (t) + N ()N, 0+ () 4
13 Vy(t) M0 7 Vi,o+(0) 1o
E-ISSN: 2224-2902 49

Using the diffusion coefficients from Table I and the
chemical reactions from Table II, we can describe the
whole dynamics process of the chemical stage of
water radiolysis, where spherical symmetry of the
cluster evolution is assumed, by the following system
of ordinary differential equations:

Nop (t) Ny, (t)

Vi, (t) (1)
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dNog _ 5 Nou(ONe(t) , Nouw(®Nu(t) 2k Nou®Nou(t) ; Nou(®Nuo,(t)
a Tt v® 5 va® 6 vou® % Vio,(®)
k Nou()NH,0,(t) k Noy(£)Ny, (£) Tk Np()Ng,0,(t) Tk Ne(6)Ng,0,(t) Ne(t)Nn,o0(t)
15 vou® 16 vy, B vy ) S RAG) )
dN, Np (£)Ne(t) Ne(£)N,(t) Non(£)Ne(t) Ne(ONy, o+ ()
= —ky,————— 2k3 — Ity —Rr— 5~
dt Vi () Ve(t) Ve(t) Vir0+(®
k Ne()NH,0,(8) Ne(t)No, (1) ) Ne(H)Nn,o0(t)
v RA0) 20 v 3)
dNH30+ _ Ne(t)NH30+ ®) _ NH30+ (t)Noz‘(t) _ NH30+(t)NOH_(t) 4 kN ®
dt 7 Vi,o+(0) H Vi, o+(t) 12 Vi,o+(0) 177 (HO2) @)
ANow- _ . Nior@Now-©)  Ny@ONe®) . Ne(ONe(®)  Nou(®)Ne(t)
dt 2 Vo (®) SA0) AG RAG)
N (t)Ny,0, (1) Ne(t)Ny,0(t)
0] A0 (5)
dNu, _ Nog (t)Ny, (t) Ny (t)Ny (t) Ny ()N (t) N (£)N, (1)
de X0 Z0) 710 A0) (6)
dNp,0, _ Ny (t)Ny, o0, (t) _ N ()N, 0, (1) _ Nop (t)Ny, 0, (1) Noy (t)Non (1)
dt 70 EAG B Vou(® © Vou(®)
Ny (t)Nyo, (1) Nyo,(®)Nyo,(0)
A0 1 Vio, () (7)
dNos Ny, o+ (&) No; () N, (t)No, (t)
= — + k7N t) + kyg——2——=
dt 11 VH3O+(t) 17 HOZ( ) 18 ‘/e(t) (8)
dNpo, Ny (t)Nyo, (t) Nop (t)Nyo, (t) Nyo,(t)Nyo, ()
= TRgT N Ko< — 4Kqyo — k17Ngo, (1)
dt Vu(t) Vo, (®) Vo, (t)
Ny, o+(©)No; (1) Nop (£)Ny, 0, () Ny (£)No, (1)
+ kiy 15 19" 1
Vi,o+(6) Vor (t) Vy(0) )]
dNo, _ N, (t)No, (1) B Ny (t)No, (1) Nog (£)Nyo, (t) Nyo, (t)Nyo, (1)
dt ARAG) Y V() * Vo, (®) 1 Vo, () (10)
dNnyo _ Ne(®)Ny,o(8) (11)
dt 20y ()

Vea VH30+3VOH_9 VHZa VHZOZa VOZ_ and VHOZ are
where Ny, Noy , Ne, Ny,o+, Now-, Nu,, Nu,o0, . increased according to the system of ordinary
Nos,Nyo,, No, and Ny,o represent numbers of ) ) _ avy D3t
species H, OH, e, Hs0*, OH™, Hy, H,0,, 05, HO,, differential equations: %72 = 128 (),

0, and N0, which are placed in corresponding

volumes Vy, Voy, Ve, VH3O+9 Vor=s Vi, > Vi,o0,5 Vo; dVyy DSHt

and Vyo, . ki, k2, .., ka0 are rate constants of the T 128 ,

chemical reactions from Table II. T (13)

Immediately after cluster formation, radicals
diffuse into surroundings and volumes Vy, Vo, (12)
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)
=128
T (14)
dVH o+ — 128 (Dg 0+t)
(15)
dVOH— _ 128 <D3H t)
T (16)
J 17)

At the beginning of this chemical process, only
species H®, OH", eqq, H;0% , and H, are present in
the radical cluster. Their initial yield is their initial
values for the radical correspondent cluster. The
initial volume is the same for all species and depends
on the energy transferred to the radical cluster.

3 Using Continuous Petri nets to solve
the mathematical model

Continuous Petri nets have been sufficiently
described in our previous papers [6][7][8], and here
only final results will be presented. The system
Visual object net ++ [23] has been used to solve the
given system of ordinary differential equations. This
visual system allows us to create the mathematical
model easily and quickly analyze various situations.
The graphical representation of the mathematical
simulation model is in Figure 1.

The circles in Figure 1 represent places, and
rectangles represent transitions. Each place can be
changed via transition connected to it by an arrow.
The connection can be performed only between a
place and a transition, but never between places or
between transitions. The places represent the system's
state, and each place is marked by an actual number
which determines the value of the monitored
parameter.

The places at the top of Figure 1 are not joined with
any transitions and represent constants from Table I
and Table II (diffusion coefficients and rate
coefficients of the chemical reactions).

The values of the cluster volumes are represented by
the places on the left of Figure 1 and are changed by
the transitions which are joined with them, and are
designated as VH, VOH, Ve, VH30, VOHM,
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H202 _ ’

(18)
dVOZ _ ’ 5’2-

(19)
VHO2 _ 1-102

(20)

where Ny, Nog, Ne, Ny o+, Nou-» Nu,, Nu,o0,, Nos
and Ny, are diffusion coefficients from Table .

VH2VH202, VOHM, and VHOZ2, representing the
volumes Vu, Voy, Vo, VH30+,V0H—, Vi, > V0,5 Vo
and Vyg,. At the beginning of the chemical process,
all these places have the same value corresponds to
the initial volume of the radical cluster, and then the
individual volumes containing the corresponding
species are increased according to the relevant
diffusion coefficients.

The central part of the mathematical simulation
model is placed in the middle of Figure 1. The places
represent the number of individual species that
participate in chemical reactions and are designated
as H, OH, e, H30, OHM, H2, H202, O2M, HO2, O2
and N20O, representing species H, OH , e, H;0%,
OH™,H,, H,0,,05,HO0,, O, and N>O. The value
of each place is changed via transitions connected
with them. The places and transitions are connected
to create a mathematical model that simulates the
dynamics of the chemical stage of water radiolysis
using the time evolution of the cluster.

The transitions in Figure 1 that cause changes of the
chemical species have transition functions in the
form:

. Nyg(®)Ny(t)
rH+m ==y o * e
Ny (N,
T(H+e) =k, —”](2 © (t), 22)
. N ()N (D)
Te+e)=k —Ve(t) , (23)
Nou (6N,
T(OH +¢) =k, % (24)

Volume 19, 2022



WSEAS TRANSACTIONS on BIOLOGY and BIOMEDICINE

DOI: 10.37394/23208.2022.19.7

T(H + OH) = ks % (25)
T(OH + OH) = k¢ % (26)
T(e + H30) = ks (IZIZH((;) 2 27)
T(H + HO2) = kg %{gm (28)

T(OH + HO2) = kq NOHIZ)OIZVE{SZ@’ (29)
T(HO2 + HO2) = ko N””"’vffiNé’i’ = (30)
T(H30 + 02M) = ki, NHﬁ;,(ZI(V:){(t)’ (31)

T(H30 + OHM) = kq, NHZ'O‘;H(B tjﬁil){_(ﬂ’ (32)

T(H + H202) = ki3 NH(tIZVg:Z)OZ = (33)

ree 207 =S
T(OH + H202) = kis NOHIEZZIZ(;Z@’ (35)
T(OH + H2) = kye % (36)
T(HO2) = ky7Ng0,)(0), (37)

T(e+ 02) = kg % (38)

T(H+02) = klg%](vg(t) (39)
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Ne(£)Ny,0(8)

e

(40)

The volumes on the left in Figure 1 are changed

according to the transition functions:

D3t
TVH = 128 |[ 2=,
n (41)
D3t
TVOH = 128 ( oH )
m (42)
D3t
TVe = 128 )
T (43)
D3 .t
TVH30 = 128 < Ha07 )
n (44)
D3,._t
TVOHM = 128 ( oH )
T (45)
D3t
TVH2 = 128 2|,
n (46)
D3 .t
TVH202 = 128 ( H202 )
n (47)
D3-t
TVO2M = 128 2
T (48)
D3t
TVHO2 = 128 ( 79 )
n (49)

To use the mathematical simulation model presented
in Figure 1 for concrete radical cluster, it is necessary
to enter the initial values of the individual places,
which represent constants from Table I and Table II,
the initial number of chemical species, and the initial

value of cluster volume.
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K14 K15 K16 K17 K18 K19 K20
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TVHO2 @
<—: NE‘OZ)

Figure 1.

4 Application of the simulation model
on the influence of N>O on the time
evolution of cluster radicals

The mathematical simulation model, created
with the help of Continuous Petri nets, enables us
to simultaneously solve the time evolution of the
cluster diffusion with the chemical reactions
running inside the cluster. As has been
mentioned, the main significance of our
mathematical simulation model is the possibility
to study not only the influence of various
substances on the chemical stage of water
radiolysis, but also to study the influence of
radioprotective and radiosensitive substances on
DNA damage (mainly SSB and DSB formation),
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Processes running in radical clusters, represented with the help of Petri nets.

which can be very useful not only in
radiotherapy, but also in the other fields where
living cells are irradiated by ionizing radiation.
The initial size of the radical cluster depends on
the amount of transferred energy. Based on our
earlier analysis [3][5] of the experimental data
presented by Blok and Loman [11], using the
optimization procedure, it has been derived that
the average initial size of the radical clusters
efficient in DNA damage (SSB and DSB
formation) corresponds to energy 300 eV and its
volume diameter is circa 27 nm.

Immediately at the end of the physicochemical
stage (after radical cluster formation), only
species H*, OH", eg, , H30* and H, are present
inside the cluster. Their initial numbers Ny, Ny,
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N, Ny o+ , and Ny, can be characterized by
radical yield values G° under anoxic conditions
[14][18][19][20][22]. For transferred energy 300
eV [8] it will be put at the time ¢ = 0
Ny+ = 1.26, Noy» = 16.5, N,=14.34, Ny o+ =
14.34, Ny, = 0.45,

while the initial numbers of other species will be
equal to zero.

Jifi Barilla, Pavel Simr, KvétuSe Sykorova

The values of diffusion coefficients Dy, Doy, D,,
Dy,o0+> Don=» Duy» Dhyo,> Doy Dro, and of rate
constants k; — k,o are presented in Table I and
Table II and are taken from the literature.

A good agreement with experimental data has
been achieved to verify our mathematical
simulation model under the initial conditions
introduced above (cluster diameter 27 nm and
energy 300 eV and others) (see Table III).

Table 3.  Comparison of the calculated value with experimental results
Substance Initial yield Experimental Petri nets
(G" yield (G) (G)
1. H® 0.42 0.62 0.620
2. OH* 5.5 2.8 2.804
3. €aq 4.78 2.8 2.808
4. H;0* 4.78 2.8 2.802
5. H, 0.15 0.47 0.473
6. H,0, 0 0.73 0.733

To study the influence of N:O on the chemical stage
of water radiolysis, and mainly the influence of N.O
on the radiobiological mechanism, the analysis of the
time evolution of the radical cluster is instrumental
because the prominent role is played by the
concentration of radicals at the moment of DNA
collision with the radical cluster. The concentration
of radicals depends on the distance of DNA molecule
from the cluster when radicals begin diffuse into
surroundings, and their concentration decreases. The
near is DNA to radical cluster, the higher probability
of DNA damage is. The presence of NO during
irradiation increases the concentration of OH
radicals. Therefore, the analyses of the dependences
of OH radical concentration on the concentration of

E-ISSN: 2224-2902
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N:O are fundamental. As we will see in the following
analyses, a higher concentration of N;O results in a
higher concentration of OH radicals and results in a
more significant damage of DNA molecules.

In the following part, we will show the time
dependencies of individual radical concentrations
under various N:;O concentrations, which is very
important to analyze the effect of ionizing radiation
on living cells. All analyses will be done for cluster
diameter 27 nm and energy 300 eV.

In Figure 2, we will start with the time-dependent
radical concentrations in saturated O, solution
without the presence of N-O.
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Figure 2.

As shown in Figure 2, the concentration of OH
radicals is higher than that of other radicals and
decreases slower. As a result, OH radicals have the
most excellent effect on DNA damage, according to
generally accepted opinion. The concentration of H
radicals is deficient and can hardly cause DNA
damage. At time ¢ = 0, the concentration of hydrated
electrons eg is nearly as high as the concentration of
OH radicals but immediately drops sharply with time
and also can hardly cause damage to DNA molecules.

Concentrations depending on the time in saturated O, solution without the presence of N>O.

At the beginning of the chemical stage, the
concentration of HO; radicals increases according to
reaction 19 (see Table II), and then their
concentration decreases by the chemical reactions
with other species and their diffusion into
surroundings. Nevertheless, their concentration is
much lower than the concentration of OH radicals,
and therefore HO, radicals have a much smaller
radiobiological effect than OH radicals.

......... H
----- OH
140 - —_—-e
1204 e
E e
= 100 4 e -
9 .......... - -
(O] 80 . e I w—
gE % e -
S e L. : —mm————
60 -+ T T peeme=mTTT -
..... - "
R UYL Lo
40 - W e
o / o“"—’-
20 =77
0 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100
time [ns]
Figure 3. Time dependence of cluster diameters for radicals H, OH, and hydrated electrons eg.
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In Figure 3, one can see the time changes of cluster
diameters for radicals H, OH, and hydrated electrons
€qq- The time dependence of the HO: radicals cluster
diameter has been omitted since that OH, and HO;
radicals have similar time dependence because they
have nearly the same diffusion coefficients (Dyy =
2.2 and Dy, = 2.3). The diameter of the OH radicals
cluster increases slower than the cluster diameter of
other radicals, and its result is such that a decrease of
concentration levels of OH radicals is also slowed
down.

Comparing Figures 2 and 3, it is possible to find out
radical concentration and corresponding cluster size
at any time. Only radicals that have sufficient
concentration can cause damage to the DNA
molecule. We can estimate the distance from the
cluster center to the DNA molecule when the
concentration of radicals is still sufficient to cause
damage to the DNA molecule. It is a fact that the
smaller the cluster, the higher the concentration of
radicals and vice versa.

Figure 2 shows the time-dependent radical
concentrations in saturated O: solution without the
presence of N,O. In the following figures, the time-
dependent radical concentrations at different N.O
concentrations will be presented. Comparing Figures
2, 4, — 7, one can see that N.O influences the OH
concentration the most. The higher the N:O
concentration, the higher OH concentration (see

concentration [mmol/dm3]
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Figures 2, 4 — 7, and 9). In a saturated N>O solution,
the concentration of the OH radicals is nearly twice
as high as in the solution without N>O (see Figures 2
and 7). As can be predicted from the previous
statements, a higher concentration of OH radicals
should cause a larger number of SSB and DSB on a
DNA molecule.

To validate this fact, we can use experimental data
presented by Blok and Loman [11], and used in our
previous paper [3]. For example, from experimental
data in Figure 1 and Table III [3], one can find out
that without N.O, the number of DSB is 0.041 per
DNA molecule, and at saturated N>O solution, the
number of DSB is 0.06 per DNA molecule which is
nearly twice. Thus, the experimental data are in good
agreement with the results obtained using our
simulation model.

With increasing N>O concentration, the concentration
of hydrated electrons eq, slightly decreases (see
Figures 2, 4 — 7, and 10), which means that hydrated
electrons e, can hardly cause DNA damage.

The same applies to radicals H, the concentration is
minimal from the beginning (see Figures 2, 4 — 7, and
8), and they can hardly cause DNA damage.

The concentration of HO, radicals also decreases
with the increasing concentration of N0 (see Figures
2, 4 — 7, and 11) and is much lower than the
concentration of OH radicals.

.........

.
— ¢ e ¢ emm— ¢ e— e

time [ns]

Figure 4.

Concentrations depending on the time in saturated O, solution at N>O concentration

1.660 mmol.dm™.
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Figure 5. Concentrations depending on the time in saturated O, solution at N>O concentration
8.303 mmol.dm>.
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Figure 6.
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Concentrations depending on the time in saturated O, solution at N>O concentration

16.605 mmol.dm™.
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Figure 7. Concentrations depending on the time in saturated O, solution at N>O concentration
24.161 mmol.dm™.
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Figure 8. Concentrations depending on the time of H radicals in saturated O, solution at various N>O

concentrations [mmol.dm™].
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Figure Concentrations depending on the time of OH radicals in saturated O, solution at various N,O

concentrations [mmol.dm™].
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Figure 10. Concentrations depending on the time of hydrated electrons eg, in saturated O, solution at

various N>O concentrations [mmol.dm™].
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Figure 11.

Concentrations depending on the time of HO, radicals in saturated O, solution at various N>O

concentrations [mmol.dm-3].

The analysis performed based on our simulation
model supports our previous results, and it is
following the known general opinion that OH
radicals determine the decisive influence on DNA
damage. All these characteristics can be explained
based on of reactions considered and summarized in
Table II. The chemical reaction of hydrated electrons
eqq With N>O results in the form of OH radicals
which significantly contributes to DNA damage. The
severe DNA molecule damage is represented by a
DSB that is always formed by a pair of radicals from
one cluster that meets the corresponding DNA
molecule. DSB being formed only when two SSB are
formed in different strands.

As the clusters and DNA molecules are distributed
randomly in the corresponding space, they meet at
different times due to thermal motion and cluster
diffusion. The probability of DSB formation can be
then given as

Pp =3 DP§,

N =

(50)

where pscan be expressed approximately as

s = z J;a'j c;j(t).
J

Parameters o; represent the efficiency of individual
radicals, that take part in forming individual SSB in
dependence on the applied dose, and c;(t)
corresponds to the concentration of radicals j; DSB is
formed only when two SSB are formed in different

E-ISSN: 2224-2902
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strands. In the given formula, it has been assumed
(for simplicity) that DNA molecules and diffusing
clusters have come into mutual contact with the same
frequency in different time instants.

The mathematical model of the chemical stage of
water radiolysis based on using Continuous Petri nets
brings new possibilities in studying regularities in
radiobiological processes in dependence on other
species present in the corresponding medium.

5 Conclusion

As shown in this work, the presence of N.O during
irradiation of water by ionizing radiation significantly
influences radiobiological effect on living cells,
mainly if low-LET radiation is wused [1][2].
Furthermore, the presence of N>-O molecules in water
during irradiation causes the increase of OH radical
concentration resulting in more significant damage on
DNA molecules because OH radicals have decisive
influence on SSB and DSB formation. This fact can
be used in radiotherapy, radiosterilization, food
irradiation, and wastewater irradiation.

An indirect effect of ionizing radiation is assumed in
our work, where aggressive radicals cause SSB and
DSB on DNA molecules. The DNA is damaged
during the chemical stage of water radiolysis when
energy is transferred to the radical cluster, and the
concentration of radicals decreases by their chemical
reactions and their diffusion into surroundings. To
analyze the effect of ionizing radiation on DNA
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damage, the mathematical simulation model is very
suitable. However, this mathematical model is very
complicated because it includes the diffusion of
radicals and their chemical reactions simultaneously.
Furthermore, spherical symmetry is assumed for the
time evolution of the radical cluster.

Continuous Petri nets were used to solve this
complicated mathematical model, because they
provide us with the graphical tools to create the
mathematical ~model easily. Creating the
mathematical simulation model with the help of
Continuous Petri nets is much faster than by classical
programming. We are able to perform a great deal of
analysis of the studied system and quickly adapt the
model to analyze another similar system. Especially
research into the influence of radioprotective and

radiosensitive substances on the irradiation of living
cells with ionizing radiation using mathematical

simulation models is very vital.

In our further research, the damage of living cells by
ionizing radiation will be simulated with the help of
Colored Petri nets because they provide us with
better tools for creating a simulation model and its
analysis. We will aim to simulate the physical,
chemical, and biological stages of the radiobiological
mechanism together with reparation processes in a
cell.
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