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Through computer simulations of Monte Carlo (TOPAS-nBio code), the generation of reactive oxygen species will be analyzed when apply-
ing external radiation with electrons which energy is 5 keV to the physical system: composite system and intracellular water. This study of
the generation of reactive species was focused exclusively on the interaction between secondary radiation from the composite system an
intracellular water. This secondary radiation originates from the platinum atom and oxygens (from the composite system) to be the greater
influence relative to platinum, which mainly consists of electrons called Auger. In this work, only the influence of these ionizing electrons in
intracellular water is considered, leading to the generation of reactive oxygen species. Furthermore, the interaction between the nanoparticls
surface and cisplatin was not taken into account.
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1. Introduction Thus, the deposition of the energy of ionizing radiation
(Auger electrons) in intracellular water establishes the forma-

Currently, nanoparticles have various applications, includingion Of reactive oxygen species (ROS). The reactive oxygen
bringing drugs to specific targets.§. cancerous tissues [1]). SPecies are broadly defined as oxygen-containing, reactive
Itis called a composite system, which is made up of cisplatirfh€mical species. There are two types of ROS: free radicals,
[2] and the silica nanoparticle (SP[3], It is important to which contam.one or more unpqwed electron(s) in their outer
mention the interaction between the surface of the nanopaffolecular orbitals, and non-radical ROS, which do not have
ticle and the drug since the latter will synergize and effectNPaired electron(s) but are chemically reactive and can be
the apoptosis process efficiently when it is internalized in thesOnverted to radical ROS. A free radical can be defined as an
cancer cell [1,4]. The composite system, when deposited iﬁtom 0 molecule containing one or more unpaired _electrons
the cancerous tissue, is irradiated with electrons whose e valency shell or outer orbital and is capable of indepen-
ergy is 5 keV and knowing that the platinum atom has a greaf€nt €xistence. The odd number of the electron(s) of a free
value for the photoabsorption cross-section and to a lessépdical makes it unstable, short-lived, and highly reactive.
degree for the oxygen atom. Giving thus, different types ofBecause of their high react|V|t.y, they can pull out electrons
interactions and emission of various responses that are gendfom other compounds to attain stability. Thus, the attacked
ated in the platinum atom, such as characteristic X-ray emigmolecule loses its electron and becomes a free radical itself,
sion, braking X-ray, photoelectron, Compton electron, and?€ginning a chain reaction cascade which finally damages the

Auger electron. The Auger electrons are produced from a réiving cell [7].

laxation effect of excess energy in the atom after an electron This work simulates the production of reactive oxygen
from the innermost layers (K, L, M, N) of the atom platinum species generated when Auger electrons react with intracel-
[5] has been ejected; these very low-energy, short-range eletislar water. To do this, the TOPAS-nBio [8-10] code was
trons, less than 200 nm in human tissue [6], penetrate andsed, which was efficient in quantifying the amount of ROS
interact in intracellular water. as a function of time and the energy spectrum of the Auger
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electrons. The reactive specieg, esolvated electron, OH  other molecules that, in the worst case, could be functional
hydroxyl radical, H Hydrogen, D+ hydronium, H di- bio-molecules such like proteins or nucleotides.

hydrogen, OH hydroxide ion, HO, hydrogen peroxide, ©
di-oxygen, Q superoxide anion radical, HOydroperoxide

radical, and g, + H* solvate electron plus hydrogen can be H,0 + radiation— H0"e @
obtained. Some simulations of these reactive species were H,O" — HtOH* 2)
obtained by depositing the energy of the Auger electrons and

by reacting in the intracellular water as a function of time will HoO+e” — HO" - H"+OH™ 3)

be discussed. The molecules KO+ and H,O~ are the cation and an-

Intracellular water was modeled as avery large spher?c%n of water, respectively. Hydroxyl ions, OH and free
volume of water compared to the composite system {SiO 410ns, H-, being particles with opposite charges, are not

nanoparticle + cisplatin); the cisplatin-surface interaction Ofgangerous because they attract and neutralize, forming new

the nanoparticle was not considered, nor was the radiatiofater molecules. Neutral radical molecules ahd OH . are
generated from the oxygen atoms taken into account (fronyangerous because they will drift in the cellular environment
ngnopgrtmle .and cisplatin). It s.hould be mentioned .that the, nil they affect a molecule of biological importance. The
simulation with the TOPAS-nBio code can be carried Outggterisk *, in these and other radicals indicates that they are
with various sources of ionizing radiation, for different ge- qjecyles that have a significant excess of energy. Further-
ometries and materials, thus showing its versatility and effecq, e the radical OHhas a useful life of 10° seconds and

tiveness, see Appendix A. This work is divided as follows: o6 formed, oxidizes almost instantly any molecule that is
in Sec. 2, the formation of reactive oxygen species (Ros)hearby [11].

in Sec. 3, geometric design of the physical system and sim- 1o H and OH can recombine to form other free rad-

ulation (TOPAS-nBio); in Sec. 4, the results and their dis-jca15 or compounds with similar behavior, for example, re-
cussion are presented; Section 5 presents the conclusionsy mpination

In Appendix A, the Monte Carlo computational simulation

(TOPAS-nBio code) is presented. OH" + OH" — HO;, (4)

) _ ) forming hydrogen peroxide or oxygenated water, toxic at the
2. Formation of reactive oxygen species cellular level; in addition to recombination
The deposition of the energy of ionizing radiation (Auger H* + 0, — HOy™, (5)

elef:trons) in mtrace!lular water, leads to the format|on_of r&<yhere the hydroperoxide radical is generated, an equally
active oxygen species (ROS). As a result of the radiolysi

f water. the bioloaical effect derived. to a | h t§oxic compound that binds with another molecule of the same
of water, the biological effects are derived, to a large extent, ... . 'aiso form hydrogen peroxide.

from the action of ionizing radiation on water molecules due, Other free radicals can be formed, known as organic free

?hn thfhoni ht‘?df’ tot'ti high prese:cefz N I't\./mg belngsl, an:jfopadicals, which share with the precedents the fact that their
€ other, to the fact of exercising IS TUnction as a SoVent 1oy, o o energy can be transferred to the molecules, in partic-

other molecules or ma_cromolec_ules in the biological Systemjar to deoxyribonucleic acid (DNA), and break their chemi-
where important chemical reactions take place.

. o ! i cal bonds. These organic free radicals are formed only when
The action of radiation on water (radiolysis of water, a

that betwedn—12 and 10-° ds) i oxygen molecules are present [11].
process that occurs betwe an secon S). IS There is also the possibility of forming free radicals with
a sum of complex processes that can be simplified in tvvqhe

‘ th lecular d tion of wat dthe f alone excitation induced from the radiation on a water
stages. the molecular decomposition of water and the Ormar"nolecule, see the chemical reaction (6). The phenomena that
tion of free radicals.

. e . . occur when the water molecule is excited are not well known,
First, incident radiation by ionizing water molecules can

d . n i i daf lect but theoretically, its dissociation into*Hand OH radicals is
broduce an ion bD. (water ca ion) an alree electron, Se€ ,qsiple. In one way or another, radicals are formed that do
the chemical reaction (1). This electron is called an anaqu

not have paired electrons, which makes them highly reactive,

ous electron because it is very slow since almost all the eNsither as oxidizing or reducing agents.

ergy has been invested in tearing it from the molecule. The
ion H,O™ is very unstable and rapidly decomposes into an H,O + radiation— H,O* — H* + OH". (6)
H* (hydrogen cation) and a radical OKhydroxyl radical), . .
see the chemical reaction (2).The aqueous electron can re- Radicals are distributed heterogeneously along the path

act with other organic molecules or with a second moleculeOf the incident ionizing particles, depending on the linear en-

of water producing M radicals (hydrogen radical) and hy- ergy tra_m_sfer of se_lid particleg. A good part of them are lost in
droxyl ions OH", see the chemical reaction (3). The radicalsneu"a“zmg reactions, combining as follows

H* and OH are neutral molecules with great chemical re- H* + H* — H, 7
activity since they have an unpaired electron that, with very . .
little effort, will tend to create bonds and steal atoms from H" + OH" — H,0. (8)
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In the case that free radicals have been generated in thuger electrons with energies of 1955, 1957, 1960, 1967, and
cell nucleus, these propagate inside it, see chemical reactioi988 eV, of said spectrum.

(9) and (10), having the ability to attack DNA strands. For the geometry of the simulation (using TOPAS-nBio
code), a sphere with a diameter of Lén will be consid-

H,O 4+ H* — Hy + OH* (9) ered, and be filled with water, which will simulate a human

OH* + OH* — Hy0, (10) cell (biological molecule). The isotropic source (Auger elec-

trons from the platinum atom) will be located 3 nm from the
cell surface, which 3 nm of the radio sphere that simulates

3. A geometric design of the physical system being a cisplatin molecule. The dose deposited in the bio-
and simulation (TOPAS-nBio) logical molecule is dgtermmed per em|tt'ed parycle (Auger
electron), understanding that not all particles will affect the

When ionizing radiation strikes human tissue, the greates‘fe"'_l_feeh':'g' 1ff|(_)r r_r:jore det_alldon thehS'TUIitK;n geome'
probability of interaction is with water molecules, producingtry' e choice of liquid water is due to the lack of effective

the so-called water radiolysis. Dissociative processes sucpeetions for specific biological materials in Geant4-DNA /

as H,0~+ OH*, (100% Probability), OH + H (65% Proba- TOPAS-nBio. Now, for the radiation source, it is considered

bility), and H,O + AE (35% Probability, relaxation) occur (a) to simulate the indirect effect of cisplatin on the human
within intracellular water as a product of radiolysis. TheseCell: Auger electrons of 1,955 - 1,988 keV generated from the

processes can generate different chemical species dependfﬁj‘ter of cisplatin with isotropic moment were considered,
on the physical process, considering up to five internal atomi B monoenergetic spectra and a flat energy spectrum (same
orbital levels of the atoms/molecules where the radiation ocpmb"Jlblllty of occurrence) were con§|dered for eac_h Agger
curs. In the chemical part of the simulation of water radiol-€1€Ctron energy; (c) to avoid increasing the computing time,
ysis (from 1 ps -1us), the Brownian Movement Theory is the_dl_rect mteractlo_n of the C|_splat|n mol_ecule with ex_terna_l
used, which requires diffusion constants [8]. radiation was not simulated, it was considered that cisplatin

For this study, secondary radiation is used, that oceurs continuously emitting Auger electrons. Finally, for chem-

in the platinum atom, specifically the Auger electrons generlcal considerations, the following was taken into account :

ated by applying external radiation (electrons with an energ%i)ntsr;ge?ggq(g)f r?é?:ﬁzpvsgstgi Cilr::;rlr?itc?;l Sol\\//aelgtefa\li\/:r? i?ﬁ;
of 5 keV) to the physical system shown in Fig. 1. The gen- ' y

erated Auger electrons conform an energy spectrum of thgccount, which can affecttand OH radicals, or any other

order of eV to some keV, with an average energy of approx-mOIeCUIe of water; (c) since we are interested in damage to

imately 1967 eV [12]. The most energetic Auger electronthe human cell, only free radicals were generated within the

emission comes from the innermost layers of platinum, Whicmuman cell, even though these are also generated outside of

will strongly ionize the medium of interest; however, many It

others will have little influence on the interaction medium The Auger electrons are generated from the center of an

. . . . Prb (cisplatin molecule) or a world of 3 nm of radio whose
due to its low energy. The reactive oxygen species that W”surface is in contact with the surface of another orb (the cell);
be produced in the medium of interest were simulated with™ . . o '

all in a universe of 12um in diameter, large enough to con-

tain both the cell and the cisplatin-source. Calculations were
made to obtain the G value (number of reactive species per
100 eV of deposited energy) of reactive oxygen species pro-
duced inside the cell due to the interaction of electrons when
traveling inside the biological molecule. It is relevant to note
the differences in size between the two different orbs, which
are shown in Fig. 1. Due to the independence of events (tra-
jectories or histories of ionizing particles), with this simula-
tion, a finite number of cisplatins can be placed (orbs) cover-
ing the biological molecule.

4. Results and discussion

Incident electron

flux of 5 keV energy

The interaction of the Auger electrons with the cell, and in
general with the matter, takes place through elastic and in-

FIGURE 1. The cisplatin molecule (green color) and the trajec- elastic collisions. Following the trajectory of each Auger

tories of the energy deposition of the Auger electrons (red color) €l€Ctron, its energy loss in the medium and the effects it
are shown. Also the cell (blue color) where the reactive oxygenCauses can be quantified, in our case, the amount of ROS pro-

species are generated is indicated. (For clarity, the figure shows gluced inside the aerobic cell (the spherical volume of water
single cisplatin molecule and the cell). and whose diameter is 1.0m).

Rev. Mex. 5. 66 (6) 797-802
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FIGURE 2. Arrangement of the electrons in the anti-bonding 100 10 102 103 104 10% 106

oxygen orbitals. Fime (ps)
. . . FIGURE 4. Generation of hydrogen peroxide{8-) as a function
e e +2H e +H e +H of the time and the energy of Auger electrons.
0, — 0" H202 \ OH* H20
5.0 —— 1.955 keV
1.957 keV
g 4.5 }~ 1.960 keV
FIGURE 3. Sequential and univalent reduction of molecular oxy- R —— 1.967 keV
1.988 keV
gen.

It is very interesting to visualize how the aerobic cell, in
a natural way, generates the hydroxyl radical, which is lethal
for cellular structures, for example, DNA and proteins. The
oxygen molecule can be described as bi-radical since it has
two unpaired electrons, each located in a differehtanti-
bonding orbital. This is the most stable state of oxygen and
is called the ground state. The oxygen in its ground state, 2.0
despite being a powerful oxidant, is not very reactive. The ) \
reactivity that would be expected in the oxygen molecule in 1.5 N
its ground state is reduced due to the parallel directions of
the spins of its two unpaired electrons. If oxygen tries to ox- 10 10 10 10 10° i0° 10
idize another atom or non-radical molecule by accepting a lime (ps

pair of electrons, they must have parallel spins to engage iR, . .t 5 production of oxygen species, especially the hydroxyl

the va(_:ant s_paf:es of the prbitals. According_to the Pal!" radical (OH) as a function of the time and the energy of the Auger
exclusion principle, the spins of the electrons in an atomic Olgjectrons.

molecular orbital must have opposite directions. This fact,

therefore, imposes a restriction on oxygen oxidation reac-  The generation of the hydroxyl radical occurs through the
tions. Although in principle, spin restriction seems advan-Haper-Weiss reaction (13), which results from the balance of

tageous for aerobic organisms, because it slows down oxywo reactions (11) and (12), reaction (12) is the Fenton reac-
gen reactions, it creates a situation in which the transfer ofion, which requires a transition metal [11].

an electron can occur, thus allowing the formation of a free

/100 eV

G Values

radical [13]. . 0.~ +Fe"" — 0, + F&t (11)
The reactivity of molecular oxygen can be increased by

spin inversion (through an energy impulse originated by the Fe€" + Hy,O, — FE" + OH™ 4 OH* (12)

different biological pigments when they absorb light of a cer- _ _ "

tain wavelength) from one of the electrons of their external 02" +Hy0; — O; + OH™ + OH (13)

orbitals to form the singlet oxygens, or for its sequential and

univalent reduction to produce oxygen free radical interme-  The hydroxyl radical is a highly reactive species that
diates, see Figs. 2 and 3, respectively. Thus, giving ris€an react with any biological molecule at a rate16f —

to the generation of oxygen Species that occur in bi0|ogi.1010 mol/sec; their half-life and radius of action are therefore
cal systems: @~ superoxide anion radical; HO hydroper- ~ extremely short, 10” sec and0 x 10'* m, respectively [12].

oxyl radical; H,O; hydrogen peroxide; OHhydroxyl radi- Returning to our simulations of reactive oxygen species
cal; RO radical alkoxy; ROO peroxy radical AgO, delta  through the TOPAS-nBio code, the following simulations of
singlet oxygen; @ molecular oxygen [13]. some of these reactive species will be discussed.

Rev. Mex. 5. 66 (6) 797-802
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In Fig. 4, it is observed that at the beginning of the pro-numerical calculations in the deposition of energy in intra-
duction of the hydrogen peroxidegB-, there is a small per- cellular water. In the use of Monte Carlo simulations for the
centage of this species; however, when the production time isansport of radiation, we always seek to obtain a percentage
10* ps (= 10 ns), its concentration rises considerably, abovef statistical uncertainty of less than 5%. This allows us to
80% of its saturation; this happens for the 5 different energiefave a simple, clear, and correct interpretation of the under-
(1955, 1957, 1960, 1967, and 1988 eV) used in the simulalying physics and biology in the generation of reactive oxy-
tion. From this time on, the production growth of this speciesgen species. The interaction of cisplatin and the surface of
remains constant. It is evident that in a relatively short interthe nanoparticle was not considered in this work. However,
val (nanoseconds), it grows rapidly (from the point of view there were results that coincide with the experimental ones,
of chemical processes, which are fronT£Qup to a few sec-  for example, the half-life of the hydroxyl radical.

onds), in an exponential way. It is important to analyze the generation of hydrogen per-
Now, in Fig. 5, itis shown the production of the hydroxyl oxide (H,0,) and hydroxyl radical (OH) because, in our

radical, OH', which has an inverse behavior to that of hydro- next works, we will use transition metal ions (inside the cell)

gen peroxide. Where it is observed that its production decajor Haber-Weiss and Fenton reactions (usingk). That re-

of this radical is approximately 80% in a time of nanosec-sults in resulting in an excess of hydroxyl radicals, which are

onds, which is consistent with its half-life [9,11]. This last |ethal for proteins, lipids, and deoxyribonucleic acid. Also, it

result shows that the hydroxyl radical "existence” time isjs interesting to note that this analysis is carried out on a sim-

around a few nanoseconds, which is in agreement with itglified real physical system, and even so, some results agree
half-life, as previously expressed. Since this radical is highlyith the experimental data [11].

reactive and interacts with molecules “close” to it, including |1 s suggestive to note that both reactive species, hydro-
proteins or DNA. (It is important to mention that in all our 4qp, peroxide and hydroxy! radical, seem to be linked, and,
results, the percentage statistical error remained below Sngt the same time, to be complementary. They have a simi-
with a maximum of 4.37% obtained for the aqueous eleCar way of generation in the aerobic cell when they are natu-
trons). - _ _ _ rally generated, as well as when they receive external radia-
. Ourinterestin these two reactive speciesObland OH',  tion_ This could lead us to think that there is an inherent and
is due to the fact that in our next work, cisplatin and Somenecessary mechanism for the existence of these two reactive
atoms of one species, transition metals, will be deposited OBxygen species. Also it could indicate something about how

the surface of the SiDnanoparticles; when these two el- reactive oxygen species behave in their generation and their
ements are internalized in the cell, to increase the ”Umb%teraction with organelles of the aerobic cell.

of OH* radicals, and to analyze a possible therapy against

th h " . . dcul ith We have used the TOPAS-nBio code in cell biology,
coa|_r|1*c<[e7r] rougn reactive oxygen species, In particuiar Withy pich is rarely used in this field. We researched to under-
This kind of work has been studied before using mito_standthe underlying mechanisms of the action of Auger elec-

chondria with the outer membrane coated in gold nano artitroms to generate reactive oxygen species in cells, and this
g0 nop knowledge will be used in investigations of damage to cancer
cles (GNP). In most cases [10] the goal was to identify dos

, L %ells. The simulation of the physical and chemical aspects, in
enhancement effects., Wh'Ch. f:orr.elates with d|re.ct DNA dam'c:ombination with representations of the extra / intra-cellular
age, but also the radiosensitization of cells, which cannot b

; : : iological systems, obtained an adequate description of the
_explalned with dose enhancements alone acco_rdlng to eXpe(ﬁéposition phenomena of the energy of the studied ionizing
imental results [14], such effects are often attributed to dos?adiation and the subsequent phenomena, production of ROS
heterogeneity on length scales of hundreds of nanometeESomparable with experimental biological r’esults. '
[hence in this work we show the possible effect on indirect
DNA damage by analyzing the chemical output of the cis-
platin molecule]. .
Our results are the premise to deeply understand the rédPpendix

sults when nanoparticles carry drugs to cancer tissues, and it

is applied radiation (radiotherapy) [6]. Regarding the area oA. Monte Carlo Computational Simulation
the nanocomposites, it will be analyzed whether the radiatiof TOPAS-nBio code)

will increase or decrease the interaction between cisplatin and
the surface of the nanoparticle and thus study the influence agonte Carlo simulation is the best alternative available to-

the apoptosis process, in our next works. day to solve the problem of radiation transport in the matter
when dealing with complex geometries, such as those found
5. Conclusions in various medical applications using ionizing radiation. The

Monte Carlo simulation process assumes that the particles
We present new theoretical results through simulations caifollow rectilinear paths at a constant speed between two con-
ried out with the TOPAS-nBio code, which is an “efficient, secutive interactions in the medium. GEANT4 is a free soft-
effective, and versatile” version of Monte Carlo methods forware package made up of tools that can be used to accurately

Rev. Mex. 5. 66 (6) 797-802
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simulate the passage of particles through matter using Montlging or any programming language. Additionally, the code
Carlo Simulation. includes a security approach to prevent users from making
The TOPAS-nBio code includes and extends the Geant@rogramming mistakes.
simulation toolkit to make advanced Monte Carlo simulation [N summary, this code has the following characteristics:
for all forms of irradiation easier to work with. At TOPAS-
nBio, you can model physics, dosimetry, and radiotherapy
treatments with Linear Particle Accelerators (LINAC) for
medical use, gamma treatment heads, radionuclide therapy,
computed tomography imaging patient geometry (CT), Sin-
gle Photon Emission Computed Tomography (SPECT), and 3) Offers underlying physics compared to experimental
Positron Emission Tomography (PET), physics and dosime- results.
try in all kinds of radiotherapeutic treatments with beams
of electromagnetic radiation and/or in the form of particles
(electrons, protons, neutrons, etc.), save and reproduce the
phase space, provide advanced four-dimensional (4D) graph- TOPAS-nBio offers options to quantify absorbed dose in
ics, among other peculiarities. any specific medium or material (through braking radiation
TOPAS-nBio users can configure pre-built componentsonversion), creep, surface current, electric charge, linear en-
(such as mechanical elements, patient geometry, intracellulargy transfer (LET), etc., all with a calculation of statistical
systems, nanoparticles, and even the DNA macromolecula)ncertainties. For further details on the use of this code in
to simulate a wide variety of radiation therapies without thedetermining the radiolysis of water in aqueous media and its
required knowledge of the Geant4 simulation toolkit under-application in Medical Physics, see references [15,16].

1) Preserve the underlying Geant4 code.

2) It offers all the capabilities of Geant4 in terms of speed,
precision, and flexibility.

4) Support users who have limited or no programming ex-
perience.
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