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We report in situ single-molecule measurements of proton-induced double-strand breaks (DSBs) in DNA
immersed in water, using real-time fluorescence tracking along the entire proton path, including the Bragg peak
region. By chemically suppressing radical-mediated processes, we isolate direct DNA damage mechanisms and
determine DSB cross sections as a function of depth. Near the Bragg peak, we observe a tenfold reduction in DSB
cross sections in aqueous DNA compared to dry DNA, providing quantitative evidence for the protective role
of water. These findings highlight the importance of intermolecular energy dissipation in mitigating radiation-
induced damage in condensed biological matter, with implications for radiobiology and proton therapy modeling.

DOI: 10.1103/t6st-wwyt

I. INTRODUCTION

Quantifying the effects of ionizing radiation on DNA in
aqueous environments is crucial for unraveling the mech-
anisms of radiation-induced biological damage [1-4], with
profound implications for radiotherapy [5,6] and radiation
protection [7]. Among ionizing particles, protons and heavy
ions are particularly relevant due to their distinctive en-
ergy deposition profile in matter, which features a sharp
maximum—known as the Bragg peak—just before they are
stopped [4,8,9]. This localized energy release enables pre-
cise tissue targeting in applications like proton therapy. Such
particles can induce various types of genetic damage, partic-
ularly double-strand breaks (DSBs), which disrupt both DNA
strands and lead to harmful mutations [10,11].

Proton-induced DNA damage has been studied in liquid
water outside the Bragg peak [12-15]. In these conditions,
DSBs arise from either indirect chemical effects of radicals
generated by water radiolysis, or direct energy transfer to
DNA. Indirect processes increase DNA damage yields in
aqueous environments and can be modulated using radical
scavengers [14]. In contrast, water’s role in direct damage
pathways under condensed phase conditions remains poorly
understood.

Recent developments in cluster and molecular physics
have highlighted the crucial role of water in mediating
energy transfer between biomolecules and their environ-
ment through intermolecular interactions, such as hydrogen
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bonding [16-28]. Experiments on small biomolecules with
limited hydration show significantly reduced radiation dam-
age [16-20]—suggesting a protective role of water. Con-
versely, energy released from excited or ionized water
molecules can also be transferred to nearby biomolecules,
suggesting a possible catalytic role of water in damage induc-
tion [25-28]. However, these experiments typically involve
small systems and only a few water molecules, making their
relevance to full DNA in the condensed phase uncertain.

Whether water predominantly protects or enhances direct
DNA damage at this scale remains an open question. To
address it, we need to measure and compare DSB cross sec-
tions in dry and aqueous DNA, in the presence of scavengers
to minimize the radical effects, particularly in the Bragg peak
region [4], where diverse ionization and excitation pathways
offer optimal conditions for observing intermolecular interac-
tion effects. While DSB cross sections in dry DNA by protons
in vacuum have been reported [29], experimental limitations
have so far precluded equivalent measurements in liquids
within the Bragg peak, mainly due to the difficulty of extract-
ing biological material from the ultrathin liquid layer required
for standard ex situ analysis [14,30]. Furthermore, to date,
no single-molecule in sifu observation of DNA double-strand
breaks enabling exploration of the Bragg peak region has been
reported.

In this work, we overcome these limitations using an in
situ single-particle tracking approach to measure DSBs in-
duced by proton along their full trajectory in water—from
entry into the water target to their stopping in the Bragg peak
region. Combining nuclear and photonic techniques with soft
matter analysis, we isolate the direct contribution to DNA
fragmentation by minimizing the radical-mediated effects. We
then quantify DSB cross sections as a function of depth. Our
experimental results reveal a substantial reduction in DSB
cross sections at the Bragg peak in aqueous DNA compared
to dry DNA, demonstrating that, at the scale of condensed

Published by the American Physical Society
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FIG. 1. Principle of the in situ observation of DSB DNA frag-
mentation. (a) A DNA solution is irradiated with 3 MeV protons
up to the Bragg peak region. (b) DNA dynamics at depth z are
captured via fluorescence microscopy within a 13 um imaging depth.
(c) Sequential snapshots of DNA after a 400 ms irradiation of 6000
protons um~2 applied at time = 0s. Two T4 DNA molecules are
visible, with the upper one undergoing a DSB event resulting in a
multiplicity of 2.

matter, water’s protective effect outweighs any catalytic role
in direct DNA damage.

II. IN SITU METHOD

The experiments are carried out on a beamline of the
AIFIRA facility at the Laboratoire de Physique des 2 Infinis in
Bordeaux [31]. A 3MeV proton beam is focused on the target
at normal incidence, as illustrated in Fig. 1(a). The beam is
carefully controlled to deliver a fluence of up to 6000 protons
um~2 in a uniform field of 300 x 250 um?, with irradiation
lasting less than 400 ms.

The target is a film of aqueous buffer solution confined
between two 4-um-thick polypropylene sheets, positioned in
air 1 mm behind a 200-nm-thick SizN4 window. The target
is about 200 um thick, which includes the Bragg peak at a
depth of 142 um for 3 MeV protons [32]. The buffer solution
(pH = 8.4) contains 45 mM Tris-boric acid to keep DNA in
a soluble state, as well as 1 mM ethylenediamine tetra-acetic
acid to prevent enzymatic degradation of DNA [33]. Addi-
tionally, 140mM B-Mercaptoethanol is added to scavenge
OH: radicals [34], which significantly reduces the chemical
contribution of free radicals to DNA fragmentation [14,34].

The DNA in the solution consists of 169000 base pairs
(bp) of linear double-stranded DNA from phage T4 [35], la-
beled with YOYO-1 fluorescent dye [36]. Labeling is achieved
by incubating the DNA with the dye at a ratio of one dye
molecule per four base pairs. DNA dynamics are tracked using
an inverted fluorescence microscope. A 470 nm diode light is
reflected by a dichroic mirror into the microscope, where a
63 x objective lens illuminates the sample and collects fluo-
rescence emitted at 530 nm [Fig. 1(b)]. The emitted signal is
recorded by a camera, providing real-time imaging of DNA
strands at a depth z in the target. The imaging depth, approx-
imately 13 um, allows for macromolecule tracking despite
their longitudinal Brownian motion. Additional information
on the experiment is detailed in Sec. I of the Supplemental
Material [37].

III. DNA SOLUTION AND EVENT CHARACTERIZATION

To ensure accurate analysis, the DNA sample is diluted so
that no more than 5 to 6 macromolecules are present within
a 127 x 127 um? field of view. The T4 DNA diffusivity is
measured by tracking its Brownian motion, yielding a value
of D=0.324+0.02 umz s~!. which corresponds to a radius of
gyration Rg = 1 um based on the Zimm model [50].

T4 DNA is linear, so when a DSB occurs, the resulting
fragments move apart due to Brownian motion. For the slow-
est symmetric fragmentation, where the DNA breaks into two
pieces, the diffusivity of the fragments is around 0.50 um? s~!,
which means that it takes roughly 6-7s for the fragments
to separate by more than five times the radius gyration, as
seen in the video plane (see Sec. II of the Supplemental
Material and three illustrative videos [37]). A representative
example of this process is shown in Fig. 1(c), where at ¢
= 0, a proton pulse is applied. One DNA molecule under-
goes fragmentation into two pieces, indicating a DSB. In
total, 8681 T4 DNA molecules (referred to as events) were
tracked, with 1312 of them fragmenting into at least two
pieces.

After processing the images with a machine-learning algo-
rithm designed to identify DNA in each frame [51], the DNA
fragment dynamics are extracted event by event using a home-
made analysis program. Key recorded parameters include the
number of fragments (multiplicity) for each DNA molecule,
their Brownian trajectories within the imaging plane, their flu-
orescence intensity, and the average depth z at which the video
is acquired within the liquid layer. The shortest detectable
fragment size, Lgnort, plays a crucial role in the analysis.
Fragments with luminosity below the background noise are
undetected, introducing a bias that requires correction. Since
DNA brightness is proportional to the number of fluorescent
dyes bound to the macromolecule—and therefore to the num-
ber of base pairs—Lghort 1S determined by comparing the DNA
fluorescence intensity to the local background in each image.
Variation in background fluorescence and DNA intensity due
to differences in imaging depth results in different Ly, values
for each DNA molecule. The length distribution P(Lgpor),
constructed from the entire dataset, reveals that in 90% of
events, Lgyore ranges from 5 to 33 kbp, with an average value
of around 20 kbp. This suggests that, on average, about 75%
of the T4 DNA is effectively probed through fragmentation
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FIG. 2. Multiplicity distributions for 1.5-3 MeV proton-T4 DNA
collisions in water target within the 25-90 um depth range. Experi-
mental results are represented by symbols. The high-density shaded
areas correspond to fits using the fragmentation model with (opsg) =
(5.4 + 0.8)x107'8 cm? bp~'. The low-density shaded area provides
prediction for m = 1 (no fragmentation) with (opsg) = (10.6 +
2.0)x 1078 cm® bp~! as expected for dry DNA.

events resulting from a single DSB; see Sec. II D of the
Supplemental Material for further details [37].

IV. REDUCED DNA DIRECT DAMAGE YIELD IN WATER

To probe how DNA damage varies with proton penetra-
tion depth, we analyze datasets acquired at different imaging
depths along the z axis of the water target, covering both
pre-Bragg and Bragg peak regions. We begin by analyzing
a dataset in which DNA molecules are irradiated at depths
between 25 and 90 um, under varying proton fluences. This re-
gion, well upstream of the Bragg peak, corresponds to 3 MeV
protons that slow down by 1.5MeV, with an energy loss
varying slightly between 12 and 17 keV um~" [32]. Over this
range, the DSB cross section remains approximately constant.
This allows us to perform fluence-dependent measurements,
each based on several hundred DNA molecules to ensure
statistical significance. Figure 2 shows the distribution of
multiplicities as a function of proton fluence. As expected,
the probability of DNA fragmentation (multiplicity m> 2)
increases with fluence. At the highest fluence of 6000 protons
um_z, 35% of T4 DNA molecules break into at least two
pieces.

We introduce a theoretical analysis to extract the DNA
DSB cross section from measured fragment multiplicity
distributions, explicitly incorporating experimental detection
thresholds and aiming to reduce associated biases. DNA is
modeled as a linear chain of L base pairs linked by phosphate-
sugar bonds, each with a break probability p = opong X D,
where @ is the proton fluence and opgng the bond-breaking
cross section. The simulation proceeds in three steps (il-
lustrated in Fig. 3 for four events): (1) random assignment
of bond breaks along the DNA; (2) application of a size
detection threshold for each event, sampled from the exper-
imental length distribution P(Lgport), to exclude undetectable
fragments; and (3) calculation of the detected fragment

FIG. 3. Schematic representation of the fragmentation analysis
applied to four simulated events, showing (1) random bond breaking,
(2) application of size detection thresholds, and (3) resulting detected
fragment multiplicities. The letters w, x, y, and z denote four distinct
fragment sizes.

multiplicity. For each parameter set, 10 000 events are simu-
lated. The DSB cross section per base pair, (opsg), is obtained
by adjusting opng to minimize the residual between simulated
and experimental multiplicity distributions. This procedure,
which incorporates detection limits at each step, enables ro-
bust determination of {(opgsg).

As shown in Fig. 2, excellent agreement is achieved with
(opse) = (5.4 +0.8) x 1078 cm?bp~!. This cross section is
50% lower than the value of (10.6 £ 2.0) x 10~ '8 cm?bp~!
estimated by Souici et al. for dry DNA in vacuum at pro-
ton energies between 1.5 and 3 MeV, corresponding to the
energy range of this study [29]. Using Souici et al.’s cross
sections in our experiment would predict a fragmentation
yield of 50%—-60% at a fluence of 6000 protons um~2, which
is inconsistent with the experimental data, as shown in Fig. 2.
This discrepancy indicates that the cross section for direct
DNA fragmentation in liquid is smaller than for dry DNA.

To assess the reliability of our result, we examined several
factors that could influence the measured cross sections. First,
we verified that fluorescent dyes did not affect the proba-
bility of DNA fragmentation. Additional experiments were
performed at lower dye loadings, using YOYO-1 dye at ratios
as low as 1 dye per 12 base pairs, at which point the DNA fluo-
rescence became insufficient for quantitative analysis. In this
range, YOYO-1 molecules bind to DNA in different modes,
shifting from monointercalation (1 dye per 4 base pairs) to
a bisintercalation (1 dye per 12 base pairs) [36,52]. Despite
these changes in binding modes, no significant variation in
the DSB cross section was observed. Second, we tested the
effect of reducing the B-Mercaptoethanol concentration by a
factor of 10, which increases the lifetimes of free radicals by
the same order of magnitude. This modification did not affect
the DSB cross section, confirming the negligible influence of
indirect processes. Section III of the Supplemental Material
details measured cross sections as a function of dye charge
and B-mercaptoethanol concentration [37]. Third, we ensured
that the fragmentation model did not introduce any bias in
the cross-section extraction process. When using the DSB
cross sections published in Ref. [29], the model accurately
reproduced the reported DSB production yields.
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FIG. 4. Depth profile of the raw DSB cross section over 20 um
depth intervals (blue circle) alongside the stopping power profile of
3 MeV incident protons (magenta line).

Finally, we validated the cross section for dry DNA
at a proton energy of 3MeV by repeating a DSB cross-
section measurement following the protocol outlined by
Souici et al., but with different initial plasmid topology con-
ditions. The resulting cross section, opsg = (10.4 & 1.3) x
10~ cm?bp~! [53], is in close agreement with the previ-
ously reported value of (8.9 42.2) x 10~¥cm?bp~! [29].
These cross sections, corresponding to the proton energy
at the target entrance, are already significantly higher than
those measured in aqueous solution. Based on these checks,
we conclude that the lower DSB cross section measured
in water likely reflects a reduced efficiency of direct DNA
damage processes in aqueous environments compared to dry
conditions.

V. ENHANCED WATER EFFECT IN THE BRAGG
PEAK REGION

To further explore this scenario, we analyze a dataset
capturing DNA dynamics at various depths within the
200-um-thick target to examine the DSB cross section specif-
ically in the Bragg peak region. Here, a more complex
interplay of ionization, excitation, and relaxation mechanisms
is expected, potentially altering the balance between the pro-
tective and catalytic effects of water. Event-by-event analysis
enables classification of events into distinct subgroups based
on the water depth z at which the videos are recorded. Each
subgroup (z,,, zu) includes all events for which the central
imaging planes lie between z,, and zy;, with zy—2z,, = 20 um.
These depth intervals are chosen to ensure a minimum of
200 events per subgroup, thereby providing statistically robust
data for extracting the raw cross sections, opsg, using the
fragmentation analysis. Due to beam time constraints, a single
fluence of 2000 protons um~2 was used, chosen to optimize
the event statistics while minimizing total irradiation time.

The raw cross sections shown in Fig. 4 reveal two distinct
regions: a 90-um-wide plateau where the cross sections fluc-
tuate around (opsp), followed by a broad peak centered at
approximately 125 um. This profile closely mirrors the typical
Bragg peak behavior, with a maximum cross section of (15 +
2)x 1078 cm? bp~!, which is 25 times lower than the (380 =+
95)x 1078 cm? bp~! cross section measured for dry DNA at

T T I ' I T I T
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FIG. 5. Depth profile of the unfolded DSB cross sections for
DNA in the water target (blue circle). DSB cross sections for dry
(isolated) DNA are shown as red [29] and green [53] circles. Proton
energies used to measure these larger cross sections are converted
into depths within the water [54], considering a proton energy of
3 MeV at the entrance face of the target.

the Bragg peak energy in Ref. [29]. This marked difference
provides strong evidence for a protective effect of water, al-
though the extent of this protection in the Bragg peak region
warrants further consideration.

The data averaging over 20 um depth intervals, combined
with uncertainties in precisely locating the T4 DNA molecules
due to the microscope’s imaging depth, introduces low-pass
filtering effects that must be corrected. These effects are
highlighted by comparing the raw cross sections with the
theoretical spatial profile of the stopping power of incident
3MeV protons in water [54], which yields a peak width of
approximately 40 um, broader than the expected 10-15 um.
Furthermore, the peak center is shifted about 20 um closer to
the entrance face than expected.

To correct for these low-pass filtering effects, we first mea-
sure the probability per unit depth of detecting a T4 DNA
molecule at its actual depth zp when the microscope images
a zone centered at depth z. This probability is then incorpo-
rated into the reconstruction of the DSB cross section opsg
at a given depth using the iterative Tikhonov regularization
method [44]. Further details can be found in Sec. IV of the
Supplemental Material [37].

The corrected DSB cross-section profile is shown in Fig. 5
and compared with the values for dry DNA measured by
Souici et al. [29], after converting proton energies into wa-
ter depths using the SRIM code [54]. The peak better
matches the expected Bragg profile and confirms that, even
at maximal energy deposition, DSB cross sections in aque-
ous DNA remain an order of magnitude lower than in dry
DNA. Although our measurements do not resolve molecular-
scale dissipation mechanisms, prior theoretical and cluster
studies [16-28,55,56] support the plausibility of energy
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transfer from DNA to water, mediated by hydrogen bonding
and collective modes. Our results indicate that, in condensed
phase conditions, the protective role of water dominates over
any potential catalytic contribution to damage. This observed
directionnal asymmetry should motivate further ab initio stud-
ies to clarify its microscopic origin.

VI. CONCLUSION

Our findings point to a fundamental mechanism by which
condensed aqueous environments act as dissipative reser-
voirs, mitigating direct radiation-induced damage to large
biomolecules. By providing in sifu quantification of direct
DNA damage across proton penetration depths under con-
trolled chemical conditions, this work establishes a robust
experimental basis for future theoretical and ab initio sim-
ulations. These findings also underscore the importance of
incorporating solvent effects into Monte Carlo toolkits to im-
prove radiobiological damage modeling in contexts relevant
to proton therapy and radiation protection [57,58].

It should be noted that our experiments probe DNA under
a controlled hydration environment, which differs from the
full complexity of the nuclear medium. The nucleoplasmic en-
vironment includes additional components, such as proteins,
chromatin structure, and ionic conditions, which may further
influence radiation-induced processes. Nevertheless, our re-
sults provide quantitative benchmarks on the fundamental role

of hydration in modulating energy transfer from protons to
DNA.

The methodology developed here offers a versatile plat-
form to study DNA fragmentation dynamics under a range
of environmental conditions, including temperature, ionic
strength, or radical scavenger concentration. Extending this
approach to DNA-protein complexes represents a promis-
ing direction for future investigations, potentially providing
deeper insights into radiation effects in physiologically rele-
vant contexts.
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