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We present a model calculation, using Monte Carlo track chemistry
simulations, which quantitatively shows that the formation of H,O* during the
primary radiolysis processes in water renders the spur/track regions more
acid than the surrounding solution. Although experimental evidence for this
effect has already been reported, there is only fragmentary information on its
magnitude and time dependence. Here, we compare our calculated yields
of H,0" and the corresponding pH values for both low-LET (“spherical” spur
model) and high-LET (“cylindrical” track model) radiation. Our calculated time
evolution of G (H,0%) in the radiolysis of pure deaerated water by 300-MeV

2015; Published: February 16, 2015 incident protons (which mimic %°Co y/fast electron irradiation) is in very good

agreement with available experimental data. For both studied cases, an abrupt
transient acid pH effect is observed at times immediately after the initial energy
release. This effect, which we call an “acid spike”, is found to be greatest for
times shorter than ~1ns. In this time range, the pH remains nearly constant: ~3.3
in spherical spurs and ~2.5 in cylindrical tracks. Beyond ~1ns, the pH increases
gradually, ultimately reaching a value of 7 at ~1 pus for the spherical spur and at
a somewhat longer time (~0.1 ms) for the cylindrical track. It does not appear
that the acid spike described here has been explored in water or in a cell subject
to the action of ionizing radiation. In this regard, this work raises a number of
questions, some of which are briefly evoked.
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range of energies. Generally, they have enough energy to ionize
or excite one or more other water molecules in the vicinity. The

Introduction

Water is the major (about 70-85%) constituent of living cells. A
thorough knowledge of the radiolysis of water is therefore critical for
understanding radiobiological effects. The absorption of energetic
radiations by water leads to the production of reactive chemical
species that can damage all biomolecules, including lipids, proteins,
and DNA; DNA is considered to be the most important molecule in
defining the radiobiological response. Lesions randomly induced in
cellular DNA by ionizing radiation can be repaired or can result in
cytotoxic and mutagenic effects and chromosomal instability, all of

second or “physicochemical” stage consists of the re-establishment
of thermal equilibrium in the bulk medium with reactions and the
reorganization of initial products to give new chemical species such as
stable molecules and water free radicals. It lasts about 10" s. During
this stage, secondary electrons slow down to thermal energy (e", ) and,
following thermalization, they become trapped (e ) and hydrated
(e-,)- By ~10"* s, the radiolysis of water can be simply described by
the following reactions [8,9].

which can contribute to tumorigenesis [1-5]. HO A/ HO™+e (1)
It has been customary to separate the complex succession of HO N\ HO,. (2)

events that. follow the 1rrad%at10n of water into four, mor.e or less H,0" +H,0 5 HO" + ‘OH 3)

clearly delineated, consecutive, temporal stages [6-9]. Briefly, the

first or “physical” stage consists of the phenomena by which energy ee, ve de (4)

is transferred from the incident radiation to the water. Its duration H,0', »H:+"OH )

is of the order of 10 s or less. This energy absorption gives rise,

along and around the path of the radiation, to a large number of
ionized (H,0") and electronically excited (H,O", ) water molecules
distributed in a specific, highly non-homogeneous track structure
which depends on the type and energy of the radiation used.
Secondary electrons generated in the ionization events have a wide

where H,O" (or equivalently, H_*) represents the hydrated proton.
In addition to the two radical species e”, and *OH (hydroxyl
radical), a small quantity of H* atoms and the molecular products
H, and H,0, are produced. The third or “chemical” stage consists
of diffusion and reactions of the reactive species leading to the re-
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establishment of chemical equilibrium. During this stage, the various
radiolytic products present at the end of the physicochemical stage
diffuse away from the site where they were originally produced
and then either reacts within the tracks as they develop in time or
escape into the bulk solution. At 25 °C, all intra-track reactions are
essentially complete by ~10° s after the initial energy deposition. At
this time, the species that have escaped from track reactions become
homogeneously distributed throughout the bulk of the solution (also
referred to as the “background”) and the radiation track no longer
exists. The radical and molecular products, considered as additions
to the background, are then available for reaction with dissolved
solutes (if any) present (in moderate concentrations) at the time
of irradiation. On a quantitative basis, the species produced in the
radiolysis of pure deaerated (air-free) water at homogeneity are e
H,0%, H*, *OH, OH", H,, H,0,, O, [or its protonated form HO,’,
depending on the pH; pK (HO,*/0,") = 4.8 in water at 25 °C], etc.
In air-saturated solutions (the concentration of oxygen is ~0.25 mM),
€, and H* atoms are rapidly (on a time scale of a few tenths of a
microsecond) converted to superoxide anion/hydroperoxyl radicals.
Thus, in an aerobic cellular environment at pH 7, the major reactive
species at homogeneity include O,, “OH, and H,0, (H, plays only
a limited role in the radiolysis of aqueous solutions, and most of it
escapes from solution). Finally, in a physiological system, there
follows a “biological” stage in which the cells respond to the damage
resulting from the products formed in the preceding stages (~10~ s or
longer, depending very much upon the medium). A good summary
of the present status of aqueous radiation chemistry is given in [9-13].

>

Many experimental and theoretical studies have shown that the
yields in the radiolysis of water are strong functions of the quality
of the incident radiation, a measure of which is given by the “Linear
Energy Transfer” (LET) (also called “stopping power” by physicists)
that represents the non homogeneity of the energy deposition on a
sub-microscopic scale, commonly referred to as the “track structure”
[8,9,14]. (Throughout this article, radiation chemical yields are given
as G-values, in units of radicals, ions or molecules per 100 eV of energy
deposited; for conversion into SI units, 1 molecule/100 eV = 0.10364
umol/].) At the lowest LET (e.g., for sparsely ionizing radiation such
as y-rays from “Co, fast electrons or ~300 MeV protons generated by
a particle accelerator, LET ~ 0.3 keV/um), tracks are formed initially
by well-separated Magee-type “spurs” [15,16] (spherical in shape)
that develop independently in time (without interference from the
neighbouring spurs). In this case, the predominant effect is radical
production. As LET increases, the mean separation distance between
the spurs decreases and the isolated spur structure changes to a
situation in which the spurs overlap and form a dense continuous
column (cylinder shape). This permits more radicals to be formed in
close proximity with correspondingly greater probability of reacting
with one another to produce molecular products or to reform water.
High-LET, densely ionizing radiation therefore tends to produce
high yields of molecular products, at the expense of free-radical
yields [9,17]. To illustrate this point, {Figure 1} shows typical two-
dimensional representations of the track segments of 300- and 0.15-
MeV irradiating protons (LET ~ 0.3 and 70 keV/um, respectively)
on liquid water at 25 °C, calculated with our IONLYS Monte Carlo
simulation code {Figure 1}.

Herein, we present a model calculation, using Monte Carlo track
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Figure 1: Projections over the XY plane of track segments of 300 (a) and
0.15 (b) MeV protons (LET ~ 0.3 and 70 keV/um, respectively) incident on
liquid water at 25 °C, calculated (at ~10"® s) with our IONLYS Monte Carlo
track-structure simulation code (see text). The two irradiating protons are
generated at the origin and start traveling along the Y axis. Dots represent
the energy deposited at points where an interaction occurred. Note that the
penetration range of *H* in liquid water, at the considered energy of 0.15 MeV,
amounts to ~2.3 um [18].

chemistry simulations, which quantitatively shows that the formation
of H,O" in reaction (3) during the primary radiolytic processes in
water renders the spur/track regions temporarily more acid than
the body of the solution. Although experimental evidence for this
transient acid pH effect has already been reported [10,19,20], there is
only fragmentary information on its magnitude and time dependence
following energy deposition. Moreover, the influence of the quality
(or LET) of the radiation on G (H,0") has not been investigated.
In this work, we compare the calculated yields of H,O* and the
corresponding pH values for both low-LET (“spherical” spur model)
and high-LET (“cylindrical” track model) radiation.

Monte Carlo Track Chemistry Simulations
of Water Radiolysis

Monte Carlo simulations of the complex succession of events that
are generated in pure, deaerated liquid water following the absorption
of ionizing radiation were performed using our IONLYS-IRT
code. This program simulates, in a three-dimensional geometrical
environment, the non homogeneous distribution of reactive species
initially produced by the absorption of the incident radiation and
all of the energetic secondary electrons, as well as the subsequent
chemical reactions of these species. A detailed description of the
code has been reported previously [9,17,21-23]. Briefly, the IONLYS
program is used to model the early physical and physicochemical
stages of radiation action up to ~10"* s in the track development.
It actually models, event by event, all the basic physical interactions
(energy deposition) and the radical and molecular products of the
radiolysis, distributed in a highly non homogeneous track structure.
The complex spatial distribution of reactants at the end of the
physicochemical stage, which is provided as an output of the IONLYS
program, is then used directly as the starting point for the subsequent
non homogeneous/homogeneous chemical stage. Our IRT program
models this stage during which the different species diffuse randomly
at rates determined by their diffusion coefficients and react with one
another, or competitively with any dissolved solutes present at the
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Figure 2: Time evolution of the yield (in molecule/100 eV) of hydrogen ions
for the radiolysis of pure, deaerated liquid water by 300- and 0.15-MeV
incident protons (LET ~ 0.3 and 70 keV/um, respectively) at 25 °C from ~1
ps to 1 ms. The solid and dashed lines show the corresponding values of
G(H,0") obtained from our Monte Carlo simulations (see text). Experimental
data for ®°Co y/fast electron (~0.3 keV/um) irradiation: (o) [30], (V) [31], (A)
[32], (®) [33], and (o) [34]. There are no experimental data available for 0.15-
MeV irradiating protons with which to compare our results.

time of irradiation. This program employs the “Independent Reaction
Times” (IRT) method [22,24,25], a computer-efficient stochastic
simulation technique that is used to simulate reaction times without
having to follow the trajectories of the diffusing species. The IRT
method relies on the approximation that the reaction time of each
pair of reactants is independent of the presence of other reactants
in the system. Its implementation has been described in detail [22],
and its ability to give accurate time-dependent chemical yields under
different irradiation conditions has been well validated by comparison
with full random flights (or “step-by-step”) Monte Carlo simulations,
which do follow the reactant trajectories in detail [26,27].

The reaction scheme for the radiolysis of pure, deaerated liquid
water at 25 °C used in IONLYS-IRT is the same as used previously
[28]. Values for the diffusion coefficients of the reactive species
involved in the simulations are listed in Table 6 of [17].

To reproduce the effects of low-LET radiation, which
predominantly produces spherical spurs separated by large distances,
we used short segments of 300MeV incident proton tracks (Figure
1), over which the average LET value obtained in the simulations
was nearly constant and equal to ~0.3 keV/pum at 25 °C. (Such
model calculations thus gave “track segment” yields at a well-defined
LET [14]. The influence of the LET of the radiation on the yields
of G(H,0") was investigated by performing a series of simulations
with protons of different initial energies and therefore different LET.
In this study, we limited ourselves to the incident proton energy of
0.15 MeV, corresponding to a LET value of ~70 keV/um [29]. In this
case, spurs are formed so close to each other along the path of the
irradiating proton that they merge to form a cylindrical region of
high LET (Figure 1). In either case, at low dose rates (so that no track
overlap occurs), each spherical spur or cylindrical track can be treated
independently from all others.

The simulations consist of following the transport and energy
loss of an incident proton until it has penetrated the chosen length
(~20-150 pm) of the track segment into the medium. Due to its large
mass, the impacting proton is almost not deflected by collisions
with the target electrons. Typically, about 5000 to 35000 reactive

chemical species are generated in the chemical development of such
simulated track segments (depending on the LET). The number of
proton histories (usually ~30-150, depending on the proton energy)
was chosen to permit averaging of chemical yields with acceptable
statistical confidence.

In the simulations reported here, the time evolution of G (H,0")
has been followed until ~1 ms.

Results and Discussion

Figure 2 shows the time evolution of G (H,0") as obtained from
our simulations of the radiolysis of pure deaerated liquid water by
300- and 0.15-MeV incident protons (LET ~ 0.3 and 70 keV/um,
respectively) at ambient temperature. For the sake of comparison,
available experimental data for Co y/fast electron irradiation [30-
34] are also included in the figure. As can be seen, our simulated
values agree very well with the measured H,O* yields. The sharp
decrease of G (H,O") observed at times longer than ~10 ps for 300-
MeV irradiating protons is mainly due to H,O* reacting with OH"
and, to a lesser extent, with the hydrated electrons escaping the spurs,
according to:

HO"+OH 52H0  k =118x 10" M's" (6)

HO +e, >H +HO k=213x10"M's" )

where k_and k_ are the rate constants for the two individual reactions
[13,28]. The time dependence of the cumulative yield variations AG
(H,O") for the different reactions that contribute to G (H,0") (data
not shown here) confirms that the decrease of G (H,0") at long times
is predominantly due to reaction (6) in the stage of homogeneous
chemistry. To our knowledge, there are no experimental data of
G (H,0") available for 0.15-MeV irradiating protons with which
to compare our results. In this case, our simulations show that the
decay of H,O" with time still largely results from reactions (6) and
(7), although there is also a relatively small contribution due to the
following reactions [13,28].

HO"+0"5*OH+HO k,=5x10°M"s" (8)

H,0*+HO, » H,0,+H,0 k,=5x 10" M"s" 9)

however, as shown in Figure. 2, the decrease in G (H,0*) occurs
as early as ~10* picoseconds up to microseconds, which is clearly
different from what is observed for irradiation with 300-MeV incident
protons (which mimic ®Co y/fast electron irradiation). As expected,
this is consistent with differences in the initial spatial distribution of
primary transient species (i.e., in the track structure). As mentioned
earlier, in the track (columnar) geometry of the higher-LET 0.15-
MeV irradiating protons, the reactive intermediates are formed
locally in much closer initial proximity than in the spur (spherical)
geometry, which favours the incidence, at shorter time scales, of an
increased amount of intervening intra-track reactions.

With the objective of calculating the pH values prevailing in
the spur/track regions, we now need to estimate the concentrations
of H,O* generated in situ in these regions as a function of time.
Two models are considered depending on the quality (LET) of the
radiation.

For 300-MeV incident protons (LET ~ 0.3 keV/um), we assume
that the hydronium ions are produced evenly in an isolated spherical
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spur whose initial radius r, (prior to spur expansion) is equal to
the average electron thermalization distance obtained from our
simulations (r, = 11.7 nm) [23]. The low-LET spur concentrations of
H,O" are derived from

Mean energy loss/event

[H,0"](t)=G(H0")(t)x 7

R 01 (10)

where the mean energy loss in a single event (i.e., the mean energy
deposited in a spur) is taken to be ~47 eV [21,28,35] and

(11

represents the change with time of r due to the (three dimensional)
diffusive expansion of the spur. Here, ¢ is time and D is the diffusion
coefficient of H,O" in water (D = 9.46 x 10° m* s at 25 °C) [17,22].

r(t)}=r?+6Dt

For 0.15-MeV irradiating protons (LET ~ 70 keV/um), we
consider the track as being a cylinder, homogeneous along its axis, of
length L = 1 um and initial radius r_equal to the radius of the physical
track “core” (which corresponds to the tiny radial region within
the first few nanometers around the impacting ion path, at ~10 s)
[8,36]. In this case, the high-LET track concentrations of H,0" can be
obtained from [9].

[HBO*](t)—G(Hao*)(t)x[ L'EtT)z], (12)
r
Where

f(f)?=r>+4Dt (13)

represents the change with time of r_ due to the (two dimensional)
diffusive expansion of the track. Here, r. was obtained from our
simulations [29] and is taken to be ~25 nm.

Using Eqs. (10) and (12) readily gives the concentrations of H,O*
as a function of time for both isolated “spherical” spurs and axially
homogeneous “cylindrical” tracks. The pH in the corresponding
spur/track regions is then simply given by the negative logarithm of
[H,0]:

pH(t) =—log {[HSO*](t)}.

The time evolution of the pH values calculated as indicated above
for300- and 0.15-MeV incident protonsin pure, deaerated liquid water
(LET ~ 0.3 and 70 keV/um, respectively) using the spherical spur and
cylindrical track models at 25 °C is shown in Figure. 3. As can be seen,
for both radiations considered, there is an abrupt transient acid pH
effect at times immediately after the initial energy release. This effect,
which we call an “acid spike” in analogy with the “thermal spike”
used in radiation chemistry to describe the formation of a transient
excess temperature region around the tracks of high-LET accelerated
heavy ions [14,37], is found to be greatest for times shorter than ~1
ns. In this time range, the pH remains nearly constant, equal to ~3.3
in spherical spurs and ~2.5 in cylindrical tracks. Beyond ~1 ns, the
pH increases gradually for the two cases studied, ultimately reaching
a value of 7 (neutral pH) at ~1 us for the spherical spur geometry
(corresponding to the end of spur expansion and the beginning of
homogeneous chemistry [9-12]) and at a somewhat longer time (~0.1
ms) for the cylindrical track geometry.

(14)

To the best of our knowledge, the acid spike effect described
above has not been explored in water or in a cell subject to the action

Liquid water at 25°C

24 — spur (sphere) geometry [
(300-MeV protons, LET~0.3 keV/um)
14 — -track (cylinder) geometry +

(0.15 MeV protons, LET~70 keV/um)

0 T T T r T T T T
10" 10* 10" 10° 10® 107 10° 10° 10" 10°
Time (s)

Figure 3: Variation of pH with time calculated for 300-MeV incident protons
(LET ~ 0.3 keV/um) using the isolated “spherical” spur model (solid line),
characteristic of low-LET radiation, and for 0.15-MeV incident protons (LET ~
70 keV/um) using the axially homogeneous “cylindrical” track model (dashed
line), characteristic of high-LET radiation, at 25 °C from ~1 ps to 1 ms (see
text).

of ionizing radiation, especially high-LET radiations (e.g., a-particles,
high charge and high energy particles). In this respect, this work
raises a number of questions. For example, in radiation chemistry,
does the generation of strongly acidic regions, which extend over
spatial dimensions of the order of tens of nanometres, have any
noticeable influence on the final product formation by affecting all
pH-dependent species and reaction rates [37,38]? In radiation- and
free radical-biology, as many cellular processes depend on pH [39,40],
is this transient acid pH, which is well outside the physiological range,
toxic to cells (e.g., by attacking DNA, by causing oxidative injury, by
modifying normal biochemical reactions, or by triggering different
signalling cascades that respond to these stress conditions [5]), and
could it contribute to the initial events that lead to cell damage,
enhanced lethality, “bystander” responses (where stressful effects are
propagated from irradiated cells to non-targeted neighbours) [41-
43], or genomic instability in progeny of irradiated cells and their
neighbouring bystanders [44,45]? In the development of effective
therapies for malignant diseases, do these spikes of acidity have any
adverse effect on the response of cells to conventional anticancer drugs
and possibly influence the outcome of tumor therapy [39]? Finally, it
has been demonstrated that cells in an acid pH environment are more
sensitive to the lethal effect of heat [46]. Thus, this work also raises
the question of whether the highly acidic environment generated in
the spurs/tracks of the radiation could explain, at least partly, why
the combination of hyperthermia and radiotherapy is synergistic (in
other words, why hyperthermia is a very effective radio sensitizer)
and works best when the two are applied simultaneously [39,47-49].

Conclusion

In this work, Monte Carlo track chemistry simulations have been
used in an attempt to quantify the “acid spike” effect that is generated
in situ in tracks in the radiolysis of water during the primary radiolytic
processes. Two track models were considered depending on the quality
(LET) of the radiation: an isolated “spherical” spur model (associated
with 300-MeV irradiating protons, LET ~ 0.3 keV/um) and an axially
homogeneous “cylindrical” track model (corresponding to 0.15-MeV
incident protons, LET ~ 70 keV/um). For times shorter than ~1 ns,
the pH was found to be nearly constant in both cases: equal to ~3.3
in isolated spurs and ~2.5 in cylindrical tracks. Beyond ~1 ns, the pH
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increased gradually for both studied cases, ultimately reaching a value
of 7 (neutral pH) at ~1 ps (corresponding to the lifetime of the spur)
for the spherical geometry and ~0.1 ms for the cylindrical geometry.

We should also emphasize here the very good agreement of
our calculated time evolution of G(H,0") in the radiolysis of pure
deaerated water by 300-MeV incident protons (which mimic “Co y/
fast electron irradiation) with available experimental data at 25 °C.

It does not appear that the transient acid pH effect that we have
described has been explored in water or in a cell subject to the action
of ionizing radiation, especially high-LET radiation. In this regard,
this work raises a number of questions, some of which have been
briefly evoked.
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