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Radiation damage following the ionising radiation of tissue has different scenarios and mechanisms
depending on the projectiles or radiation modality. We investigate the radiation damage effects due to shock
waves produced by ions. We analyse the strength of the shock wave capable of directly producing DNA
strand breaks and, depending on the ion’s linear energy transfer, estimate the radius from the ion’s path,
within which DNA damage by the shock wave mechanism is dominant. At much smaller values of linear
energy transfer, the shock waves turn out to be instrumental in propagating reactive species formed close to
the ion’s path to large distances, successfully competing with diffusion.

he physics and chemistry of radiation damage caused by irradiation with heavy ions has recently become a

subject of an intense interest because of the use of ion beams in cancer therapy (IBCT)'. IBCT allows a

delivery of high doses into tumors, maximising cancer cell destruction, and simultaneously minimising the
radiation damage to surrounding healthy tissue. Ion beam techniques utilise the fundamental difference in energy
deposition profile between massive projectiles and massless photons.

The key feature utilised by IBCT is the Bragg peak, which is a sharp maximum in the linear energy transfer
(LET) of ions at the end of their trajectories. The Bragg peak occurs as a result of the increase up to the maximum
values of the inelastic cross sections of interactions with the molecules of the medium as the speed of the projectile
decreases. Therefore, ions deposit most of their destructive energy to the tissue within 1 mm and the dose
deposition quickly drops to almost zero distal to the peak. The location of the Bragg peak depends on the initial
energy of ions. Typical depths for carbon ions (in liquid water representing tissue), widely used in IBCT, range
from about 8 to 28 cm as the initial energy ranges from 200 to 430 MeV/nucleon. Hence, a deeply-seated tumour
can be scanned with a well focused pencil beam of ions with minimal lateral scattering.

Over the past 20 years, technological and clinical advances of IBCT have developed more rapidly than the
understanding of radiation damage with ions. Although an empirical approach has produced exciting results for
thousands of patients thus far, many questions concerning the mechanisms involved in radiation damage with
ions remain open and the fundamental quantitative scientific knowledge of the involved physical, chemical, and
biological effects is, to a significant extent, missing. Indeed, the series of works that elucidated the importance of
low-energy (below ionisation threshold) electrons appeared in ca 2000, while the treatment of patients at GSI
(Gesellschaft fiir Schwerionenforschung, Darmstadt, Germany) started in 1997. The molecular mechanism of a
double strand break (DSB), the most important DNA lesion, still remains unknown. Even the significance of the
relation of DNA damage (including DSBs) compared to the damage of other cellular components to the cell death
is not entirely clear. This list can be continued. Besides IBCT, the mechanisms of biodamage due to irradiation
with heavy ions have attracted attention in relation with radioprotection from galactic cosmic rays’.

The multiscale approach to the physics of radiation damage has the goal of developing this knowledge at the
nanoscale and molecular level and finding the relation between the characteristics of incident particles and
resultant biological damage"*. This approach is unique in distinguishing phenomena relevant to radiation
damage at a given time, space, or energy scale and assessing the resultant damage based on these effects. The
significance of understanding the fundamental mechanisms of radiation damage in order to exploit this know-
ledge for practical applications has inspired the European COST Action>®, which supports collaborations of
physicists, chemists, and biologists, studying these phenomena both theoretically and experimentally.

While the Bragg peak location answers a question of where most of the damage occurs, we are raising a question
of how the damage happens. Presently, we investigate the effects that stem from a large inhomogeneity of the dose
distribution in the vicinity of the Bragg peak on biological damage. They are the consequences of the following
scenario.
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The absorbtion of energy by the medium associated with dose
results in ionisation and excitation of molecules of this medium.
These events happen within 107 s after an ion’s passage. The next
stage of local energy relaxation happens after 107"* to 10™"* s when
locally produced secondary electrons interact with the medium
(effects similar to electron-phonon coupling take place), and the
energy becomes distributed between the vibrational and translational
degrees of freedom of the molecules. This, according to the predic-
tions of Refs. 7,8 for carbon ions, happens within a cylinder of about
one nm radius, which is so small that the temperature within this
cylinder increases by over 1000 K® by 107" s (we will refer to it as the
“hot cylinder”). This increase of temperature brings about a rapid
increase of pressure (up to 1 GPa) compared to the atmospheric
pressure outside the cylinder. Such circumstances cause the onset
of a cylindrical shock wave described by the strong explosion scen-
ario’. The pressure rapidly increases on the wave front and then
decreases in the wake. The shock wave propagates for about 10 ps,
loses energy, and decays. The intriguing questions that were raised in
Refs. 8,9 are what such a shock wave can do with biomolecules such
as DNA located in the region of its propagation through the medium
and what other effects can be explained by the transport related to the
shock wave. The forces acting on DNA segments were predicted to be
as large as 2 nN, which is more than enough to break a covalent
bond, causing a strand break; however, these forces are only acting
for a short time and it remained unclear whether this is sufficient to
cause severe damage to DNA molecules.

Results

In this work, we study the effects of the interaction of the shock wave
formed in a liquid water medium following the traverse of an ion
through this medium at different values of LET. Several factors con-
tribute to the values of LET: the charge of the ion, closeness to the
Bragg peak, and the composition of the medium. The value of
0.9 keV/nm corresponds to the Bragg peak of a carbon ion, whose
effective charge in that region is about +3'. This effective charge is
determined by the effect of charge transfer, since ions pick off elec-
trons as they slow down. In general, the LET is proportional to the
square of the effective charge of the ion. Therefore heavier ions are
characterised with higher values of LET. The actual value of charge
fluctuates about the effective value, therefore LET fluctuates as well.
For instance, fluctuations of the charge of a carbon ion can change
the LET by up to 80%'". In a more dense medium than liquid water,
such as tissue that contains sugars, amino acids, and other species,
the value of LET may be higher by up to 20%"%. As a result the LET for
carbon ions (at some segments of their trajectories) in tissue may be
as large as 2 keV/nm.

We use the value of LET as a parameter describing the energy
propagated by the shock wave and analyse the physical conditions
in which its action is significant or even dominant for radiation
damage assessment. The first effect of a shock wave is the direct
thermomechanical damage of a DNA molecule as a result of inter-
action with the shock wave, and we explore it using molecular
dynamics (MD) simulations. The second effect is the propagation
of reacting species as a result of collective motion initiated by the
shock wave.

In eucaryotic cells, DNA molecules are packed into chromatin
fibers. A nucleosome, a histone-protein octamer wrapped about with
a DNA double helix, is the primary structural unit of chromatin.
Therefore, we carried out the MD simulations of the interaction of
the cylindrical shock wave originating from ion’s path with a frag-
ment of a DNA molecule situated on the surface of a nucleosome.
This arrangement is shown in Fig. 1; the ion’s path is perpendicular
to the paper plane as well as the axis of the nucleosome disk. Since the
action of the shock wave depends on the distance from the ion’s path,
we thoroughly study the effect on three base pairs, located between
1.5 and 2.2 nm from the ion’s path. The simulations were done for

Figure 1 | (Artistic view) The cylindrical shock wave front in water (on
the right; ion’s path is the axis of this cylinder, perpendicular to the figure
plane) interacts with a nucleosome (on the left) with a segment of a DNA
molecule on the surface. The yellow dot indicates the place where damage
occurs. The medium is very dense following the wave front and is rarefied
in the wake.

four values of LET, 0.9, 1.73, 4.745, and 7.195 keV/nm, correspond-
ing to the predicted values of LET at the Bragg peak for carbon, neon,
argon, and iron ions, respectively'’. Among these, carbon ions are
currently the most used ions for heavy-ion therapy. Iron ions are
important for the space-mission safety assessment. Between these are
neon and argon ions, which are considered for medical applications;
they are used in a number of experimental studies”’.

The radius of the hot cylinder for LET = 0.9 keV/nm is taken to be
1 nm. This corresponds to the average radius within which second-
ary electrons lose most of their energy". This estimate can be
obtained from the random walk (diffusion) of secondary electrons
from the ion’s path that gives I\/mk/6, where I = 0.36 nm is the
elastic mean free path of 35-eV electrons and k = 20 is the number of
collisions after which these electrons lose most of their energy (see
the supplemental material).

Noticeable distortion due to the shock wave is apparent 10 ps after
the expansion starts. This can be seen in the movie, which can be
found in the supplemental material. This distortion comprises the
rupture of the secondary structure of the most exposed parts of the
DNA molecule, manifested by the nonnative orientation of DNA
nucleotides. Many hydrogen bonds are broken, and the bases are
located outside the DNA double helix. However, these distortions
are reversible, while our main interest is in the investigation of more
permanent covalent bond breaking events. Until the computer code
allowing us to model bond breaking events is implemented within
MBN Explorer software', the most suitable package for the simu-
lation of a shock wave interacting with a nucleosome has been
NAMD" with the CHARMM?22'¢ force field. In the latter, the inter-
action potentials used for the description of covalent bonds (relevant
for strand breaks) are harmonic. Such a force field does not allow us
to observe bond breaking events directly, see description of methods
below for further details.

Therefore, in order to study whether the covalent bonds in the
DNA backbone can be broken during the shock wave action, we
calculated the energy temporarily deposited to these bonds. If this
energy exceeded the binding energy of a given bond, we assumed that
thermomechanical stresses in the DNA fragment were sufficiently
high to break the bond. The corresponding binding energies are
referred to as thresholds for breaking the DNA backbone covalent
bonds; they are between 3 and 6 eV". Even though the thresholds
may be lower (even as low as 0.3 eV) in the environment consequent
the ion’s passage'®, we keep high thresholds in order to obtain con-
servative estimates for the action of the shock wave.

| 3:1289 | DOI: 10.1038/srep01289



The results of the analysis of MD simulations performed for four
values of LET (0.9, 1.73, 4.745, and 7.195 keV/nm) are presented in
Fig. 2. The shock wave propagating through a nucleosome transfers
part of its energy to covalent bonds of the DNA backbone. Due to the
oscillatory motion of the bound atoms the potential energy of the
bond oscillates with the characteristic period of ~ 10 fs. Below, we
refer to the local maxima in this dependence as the energies carried
by the bond during half a period of the oscillation. For the chosen
fragment of the DNA backbone located between 1.5 and 2.2 nm from
the ion’s path (36 bonds) one can calculate the distribution of these
bond energies. In MD simulations we have monitored the dynamics
of the selected bonds during the time of 10 ps, sufficient for the shock
wave front to reach the distances ~ 10 nm, which is well beyond the
selected DNA backbone region. During this time the bonds from the
selected DNA region make ~ 1.8 X 10* oscillations. This gives us the
total number of bond energy records equal to N, = 3.6 X 10* For
further details to this calculation see section Methods below.

The distributions of the bond energy records can be represented by
a histogram that assigns to every interval of energy (E, E + JE), the
number of records corresponding to the bond energies from this
interval. For each value of LET used in the simulations, we build such
a histogram and refer to it as the bond energies distribution. These
distributions (normalised to the total number of records N, for each
value of LET) are shown in Fig. 2, where In(1/N,dN/dE) is plotted vs.
corresponding energy interval.

At small values of E = 0.1 eV, the distributions for all values of
LET coincide, which means that at the considered LET's small excita-
tion energy channels are saturated, ie., the passing shock wave
excites almost every exposed bond, at least somewhat. At higher
values of E the distributions deviate from each other and indicate
different linear-like dependencies on E for different LETs. This beha-
viour suggests that the distributions correspond to Boltzmann dis-
tributions with different temperatures. The spread of values of In(1/
N,dN/dE) shows that the distributions are not entirely thermalised.
They deviate from linear patterns, especially at large energies.
Nonetheless, the dominating Boltzmann-like behaviour of these dis-
tributions, allows us to fit them as
1 ON 1 { E }
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Figure 2 | The dependence of logarithm of the normalised number of the
covalent bond energy records for the selected DNA backbone region per
0.01 eV energy interval on the bond energy for four values of LET: 0.9,
1.73, 4.745, and 7.195 keV/nm, corresponding to the Bragg peak values
for ions of carbon, neon, argon, and iron, respectively. Straight lines
correspond to the fits of these distributions. In the inset, the lines
correspond to the integrated number of records with energy higher than
three thresholds: 2.0, 2.5, and 3.0 eV, calculated using Eq. (4). The stars
correspond to exact counts of these records for the four values of LET and
corresponding thresholds.

where 6E = 0.01 eV is the width of the energy bin, N is the number
of records with energy between E and E + JE, deposited in selected
covalent bonds, normalisation constant N, and temperature T are
parameters, and kg is the Boltzmann constant.

Both parameters, Ny and T, are determined from the fitting of the
distributions obtained from MD simulations. Note that the value of
parameter Ny = 2.17 X 10* is smaller than N, because it corresponds
only to the records of relatively large bond energies created by the
shock wave propagation. This reduction can be characterised by a
dimensionless parameter a,, introduced as follows:

ol @)

From fitting, we have derived a, = —0.52. Then, from Eq. (2) one
obtains Ny = N, exp(a,). This constant depends on properties of the
system being investigated, such as the spatial position of DNA cova-
lent bonds, distance from the ion’s path, etc.

Parameters T are the temperatures corresponding to the thermal
parts of distributions (for the four values of LET) shown as linear fits
in Fig. 2. The values of T are 870, 1130, 2580, and 3970 K, indicating
that the temperature increase above the temperature of the medium
before the interaction with the shock wave, Ty =310 K (correspond-
ing to a biological system), is directly proportional to LET,

ap=In LoN
"= IN, SE

T—T,=0oLET, (3)

where = 494 K'nm-keV~".

The next step is to count the number of energy records of selected
covalent bonds of the backbone of a DNA molecule exceeding a given
threshold. This is done by direct counting of bond energy records, for
which E > E,, where E, is a threshold; e.g., for E, = 2.5 eV, we count
the records to the right of the dashed vertical line in Fig. 2. The results
of such counting, corresponding to the four values of LET and three
values of thresholds, are shown as stars in the inset of Fig. 2. [Only
five stars, corresponding to LET=4.745 keV/nm for E, equal to 2
and 2.5 eV and to LET= 7.195 keV/nm for all three values of E,,
appear in the range shown.] Alternatively, these numbers can be
estimated from integrating Eq. (1) over energies E, exceeding a cho-
sen threshold E:

dN E
| (@)

N=| —dE=Nyexp|—-—
[EodE 0 p[ kT

This integration corresponds to the area under the curve (shaded
triangle in Fig. 2). Since parameters Ny and T are fitted, this proced-
ure allows us to predict the number of these over-threshold bond
energy records for any value of LET. These numbers correspond to
the number of single strand breaks caused by the ion’s passage and
their dependence on LET is plotted in the inset of Fig. 2. The esti-
mated numbers are smaller than the counted because the estimated
numbers rely on the thermal part of the spectrum, while the counting
is mostly affected by the non-thermal high-energy “tail” of the spec-
trum. This along with high values of E, makes our predictions con-
servative. The inset of Fig. 2 shows that the number of breaks
increases very steeply after the critical value of LET is reached; three
curves correspond to different thresholds for covalent bond break-
ing. The number of bond-breaking events, N, is equal to the number
of strand breaks only until it becomes close to 10. Larger values of N
corresponding to LET 2 7 keV/nm (for E; = 2 €V) mean that each
bond may be broken several times and, therefore, overestimates the
number of strand breaks.

In order to compare the number of strand breaks due to the shock
wave action to chemical effects, we calculate the probability of a
strand break based on bond-breaking events using Poisson statistics.
From the predicted number of bond breaking N, we can calculate the
probabilities for the exact number v of strand breaks to occur, P(v) =

| 3:1289 | DOI: 10.1038/srep01289

3



exp(-N) N'/v!. Then, the probability P, of at least one strand break
in a given segment of a DNA molecule is equal to 1 — P(0), i.e.,

Py, =1—exp(—N). (5)

The dependence of this probability on LET for different thresholds is
shown in Fig. 3, where we compare this probability to the probability
of producing a single strand break owing to chemical effects in a
similar DNA segment located at the same distance from the ion’s
path. The probability of SSBs due to chemical effects, Py, is estimated
(see the supplemental material) as

LET

Pch=ﬁFT0,

(6)
where f = (1.1 £ 0.5) X 107* and LET, = 0.9 keV/nm. The uncer-
tainty in this expression is shown in Fig. 3 by the shaded area.

Discussion
From the analysis of Fig. 3, we can infer an important result: for a
given threshold, the shock wave breaking effect starts at a certain
critical value of LET. After that, the probability increases very steeply,
quickly overcoming chemical effects that include interactions of
DNA molecules with free radicals, secondary electrons, holes, sol-
vated electrons, etc. Fig. 3 indicates that breaking bonds due to the
shock wave mechanism starts (for the 3-eV threshold) at LET =
4 keV/nm and by 5 keV/nm it becomes the dominant effect in radi-
ation damage. Two smaller thresholds of 2 and 2.5 eV are shown for
a comparison.

From this example we can conclude that ions with LET larger than
5 keV/nm, e.g., for ions heavier than Ar in liquid water, the bond
breaking due to the shock wave effect is dominant when DNA seg-
ments are within about 2 nm of the ion’s path. The strength of a
shock wave is proportional to the pressure at the wave front. In Ref. 9,
it is shown that the pressure at the wave front is proportional to the
square of the speed of the wave front. This speed is proportional to

VLETp 1, where p is the distance from the ion’s path, therefore the
pressure and, hence, the forces stretching the bonds, is proportional
to LETp* (see the supplemental material). Based on inferences from
our simulations, we can estimate the radius of the shock wave effect
dominance, g, as
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Figure 3 | The dependence of the probability of producing at least one
SSB in a 3-base-pair segment of DNA molecule located between 1.5 and
2.2 nm from the ion’s path on LET: chemical mechanisms (blue line with
the uncertainty shadow around it) vs. shock wave breaking (grey with a
2-eV threshold, red with a 2.5-eV threshold, and green with a 3-eV
threshold. The shock wave probability lines correspond to the estimates
done using Eqs. (4-5). The stars indicate the probabilities calculated using
Eq. (5) for the direct counts obtained for four values of LET (only for two of
these values the probability is above 107 for the highest value of LET, all
probabilities are close to unity and stars overlap).

LET
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Pmax = Po
where LET,,;; = 5 keV/nm is the smallest value of LET at which the
shock wave effect starts dominating over chemical effects at the
distance of pg = 2 nm.

The above probability for chemical effects is proportional to the
fluence of secondary particles. According to the predictions of Ref.
19, in the region of interest, this quantity is inversely proportional to
the distance from the ion’s path. On the other side, the number of
breaks N is proportional to the pressure on the wave front, and,
therefore, inversely proportional to the distance squared. The com-
parison of these effects, shown in Fig. 3 at a given radius, can be
extended to different radii. In Fig. 4, the ratio of probabilities, P,,/Py,,
is shown as a function of the distance p from the path and the LET.
Yellow and red areas indicate the dominance of direct damage by
shock waves. These predictions are done using E, = 2 eV. Even this
threshold value may be overestimated, for instance, in the presence of
solvated electrons attached to a DNA molecule, it may be several
times smaller'®.

Now we want to turn our discussion to another effect, also related
to the shock wave, which is playing a significant role at values of LET
that are large enough to produce a shock wave, but not sufficiently
large to cause the covalent bond rupture. The analysis shows that
even at small values of LET, typical for the plateau region in the LET
dependence on depth (well before the Bragg peak), the shock wave is
formed, however it damps and becomes acoustic at radii under
10 nm; at LET = 0.9 keV/nm shock waves propagate further than
10 nm.

The study done in Ref. 9 suggests that there is a considerable
collective radial flow, which propagates the high density region of
medium with the wave front. The maximal mass flux density of a
cylindrical shock wave is given by oru, where of is the maximum
density of water, which occurs at the wave front, and u is the
radial velocity. This flux density is inversely proportional to radius
p and is linear with respect to the v/LET (see the supplemental
material). It sharply drops to zero in the wake of the wave along
with the density. A sharp rarefication of the volume in the wake of
the wave follows from the results of Ref. 9. This is the effect of
cavitation on a nanometre scale and due to this effect the water
molecules of the hot cylinder along with all reactive species
formed in this cylinder are pushed out by the radial flow. Such
a mechanism of propagation of reactive species is competitive
with the diffusion mechanism, studied in Monte Carlo simulations
done using track structure codes®.

Pch/ Psw

e

LET (keV/nm)

Figure 4 | The ratio of the probabilities, P/P,,, for producing at least
one SSB in a 3-base-pair segment of DNA molecule. Probability Py, is
calculated using Eqgs. (4-5) with E; = 2 eV. Yellow and red areas indicate
the dominance of direct damage by shock waves.
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Intriguingly, the cylindrical shock wave accomplishes the transfer
of reacting species such as hydroxyl and solvated electrons, which
play important roles in chemical DNA damage'®*" much more
effectively than the diffusion mechanism. Indeed, the time at which
thewave front reaches radius p is given by 1.35p?1/0/LET °, where
o=1 g/cm?® is the density of undisturbed water. This time has to be
compared to diffusion times, which can be estimated for different
reacting species as p*/D, where p is the distance from the ion’s path
and D is the corresponding diffusion coefficient. The ratio of these
times is equal to 1.35/9/LETD. For all relevant species, the dif-
fusion coefficient is less than 10™* cm?/s**. Therefore, the above ratio
is less than 103 //LET (keV/nm), which is much less than unity
even for protons. For instance, for carbon ion projectiles, the wave
front reaches 5 nm from the path in 2.8 ps after the ion’s traverse,
while hydroxyl radicals reach the same distance via the diffusion
mechanism in about 9 ns, a more than 3000 times longer time.

In conclusion, the effects following from the local heating of the
medium in the vicinity of ion paths are quite striking. Indeed, our
MD simulations of a shock wave on a nanometre scale, initiated
by an ion propagating in tissue-like medium, demonstrate that
such a wave generates stresses, capable of breaking covalent bonds
in a backbone of a DNA molecule located within 1.5 nm from the
ion’s path when LET exceeds 4 keV/nm and this becomes the
dominating effect of strand breaking at LET 2= 5 keV. [These
values correspond to our conservative estimates (E, = 3 eV).
They may be much lower if the actual thresholds appear to be
smaller'®.] The LET of ~ 4 — 5 keV/nm corresponds to the Bragg
peak values for ions close to Ar and heavier in liquid water.
Besides the dramatic effects at such high values of LET, we found
that weaker shock waves produced by carbon ions or even protons
transport the highly reactive species, hostile to DNA molecules,
much more effectively than diffusion. This effect can become the
key for the experimental observation of thermomechanical effects.
The acoustic waves induced by ions were detected®**, and now we
are looking forward to the experimental validation of the shock
waves and their effects.

The notion of thermomechanical effects represents a paradigm
shift in our understanding of radiation damage due to ions and
requires re-evaluation of relative biological effectiveness because of
collective transport effects for all ions and direct covalent bond
breaking by shock waves for ions heavier than argon. These effects
will also have to be considered for high-density ion beams, irra-
diation with intensive laser fields, and other conditions prone to
causing high gradients of temperature and pressure on a nanometre
scale.

Methods

The crystallographic structure of a nucleosome for MD simulations was taken from
the Protein Data Bank (PDB) using the PDB ID 3LEL?. The nucleosome was sur-
rounded by a water cylinder of radius of 17 nm and length of 7.2 nm. Sodium and
chlorine ions were added to the solution and the whole system was electrically neutral.
A nucleosome has a roughly disk-like shape and the ion’s path was chosen to be
parallel to the axis of the disk. Periodic boundary conditions were applied along the z-
axis of the water cylinder. The repulsive boundary condition was applied on the
cylinder’s xy plane during equilibration of the system. After the optimisation of the
system using a conjugate gradient algorithm the system was equilibrated for 50 ps at
310 K using Langevin thermostat with a damping constant equal to 5 ps™". All the
MD simulations presented in this work were conducted using NAMD software
package'® and the CHARMM22' force field. Water molecules were simulated using
the TIP3 model**. For more detail of these simulations please see the supplemental
material.

For each value of LET we have conducted five independent simulations in order to
acquire higher statistics and have recorded the potential energy in each bond every fs
of the simulations. Due to the vibrations of covalent bonds, the potential energy
oscillates with a period of ~ 10 fs (half of a period of covalent bond vibrations). We
assume that the event of bond breakage may occur only when the bond is under stress,
i.e., in the vicinity of the moments at which the dependence of potential energy on
time reaches a local maximum. The energies (for the selected bonds) at all such
moments within a chosen period of time are recorded in our simulations. The total
number of energy records N, corresponding to potential breaks of the chosen covalent

bonds within a given time can be approximately estimated by twice the number of
vibration periods of the covalently bonded atoms within this time multiplied by the
number of bonds.
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