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FLASH radiotherapy appears to kill off tumor cells while sparing healthy tissues, by irradiation at ultra high
dose rate (>40 Gy s%). The present study aims to clarify the mechanism of the sparing effect by proton
irradiation under the FLASH conditions from a viewpoint of radiation chemistry. To do so, we evaluate
radiation chemical yields (G values) of 7-hydroxy-coumarin-3-carboxylic acid (JOH-C3CA), which is
produced by water radiolysis using coumarin-3-carboxylic acid (C3CA) solution as a radical scavenger of
hydroxyl radicals. We shoot 27.5 MeV protons in the dose rate ranging from 0.05 to 160 Gy st The
recombination process of hydroxyl radicals produced is followed by varying the concentration of C3CA
from 0.2 to 20 mM, which corresponds to the scavenging time scale from 7.1 to 714 ns. The G value of
70H-C3CA produced decreases with increasing dose rate on the same scavenging time scale.

Additionally, the trend of the relative G value normalized at a scavenging time scale of 100 ns, where
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Accepted 27th September 2020 radical-radical reaction subsides, is consistent in the examined dose rate range. This finding implies that

G values of 7O0H-C3CA produced reduce with increasing dose rate due to the oxygen depletion. We
DOI: 10.1039/d0ra07999¢ experimentally present that the sparing effect for healthy tissues would be seen even with a proton

rsc.li/rsc-advances beam under the FLASH conditions due to the depletion of oxygen.
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Introduction

FLASH radiotherapy targets tumor treatment while minimizing
the damage to the surrounding normal tissues by ultra-high
dose rate (>40 Gy s~ = 2400 Gy min~').*?> The FLASH effect
has been observed not only in electrons and photons® but also
in protons.*®* Now, the implementation of FLASH to C ion
therapy is being discussed.® Thanks to this radiation method-
ology, healthy tissues have an increased tolerance, the so called
sparing effect, compared to conventional (CONV) radiation
therapy performed at relatively low dose rate (<0.1 Gy s ' = 6
Gy min~'). While the toxicity due to radiotherapy is suppressed
by FLASH irradiation, the effectiveness of the treatment can be
maintained.” The FLASH effect has been investigated in many
radiobiological studies with cells and mice [e.g., ref. 1 and 5].
Furthermore, some important studies were done using
a computer simulation®® and a kinetic model was developed to
understand the mechanism of the FLASH effect.'® However, the
mechanism of the FLASH effect has not been experimentally
investigated.

It has been observed that the amount of hydrogen peroxide
(H,0,) generated decreased under the FLASH conditions."
Consequently, the oxygen dependence of radiochemical process is
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proposed (i.e., dissolved oxygen in water is consumed to form
reactive organic hydroperoxides under the FLASH condition).">
Adrian et al. reported that FLASH effect highly depends on the
intracellular oxygen concentration, indicating the importance of
the depletion and rediffusion of oxygen and/or radical-radical
interaction for the FLASH effect.” This view was also pointed out
over 60 years ago.'*" Under ionizing radiations, cells have been
affected by the depletion of an oxygen-containing solute by
radiation-chemical reactions, when replenishment by diffusion is
insufficient.™ It is understood that this “suffocation” effect was
due to cells being oxygenated and then anoxic; the use of the
double-pulse method, which two radiation pulses were separated
by a defined interval, enabled to observe both oxygen depletion
and its replenishment by diffusion.” These findings implied that
radiation induced radicals could play important roles for the
sparing effect under the FLASH condition."

In the present study, we experimentally evaluate yields of 7-
hydroxy-coumarin-3-carboxylic acid (7OH-C3CA), which is
formed by water radiolysis using coumarin-3-carboxylic acid
(C3CA) as a scavenger of hydroxyl radicals'” under the FLASH
condition."”® Changes in radiation chemical yields (G value) of
70OH-C3CA, the number of entities formed or destroyed per unit
energy (traditionally 100 eV), with time after the irradiation are
followed from 7.4 to 714 ns using C3CA solutions. Additionally,
the dose rate dependence of the G value is investigated in a wide
range from 0.05 to 160 Gy s~ .
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Materials and methods

Radiation-induced hydroxyl radicals efficiently react with
benzene ring in C3CA to form fluorescent 7OH-C3CA." C3CA
(purity > 98%; Fujifilm/Wako Pure Chemical Industries Ltd.)
solutions were prepared using 1/15 M phosphate buffer of
nominal pH of 6.8 (Fujifilm/Wako Pure Chemical Industries
Ltd.). The concentration of prepared C3CA solutions were 20,
10, 5, 1.4, 0.5 and 0.2 mM. The C3CA solutions were contained
in a 200 uL PCR tube. The purity of C3CA was enough to
quantitatively evaluate the amount of 7OH-C3CA.

Proton irradiations with an energy of 27.5 MeV were per-
formed in ambient air at the AVF-930 cyclotron equipped in the
National Institutes for Quantum and Radiological Science and
Technology (QST), the National Institute of Radiological
Sciences (NIRS), Chiba, Japan.?® We used only beam field of the
center with 3 c¢cm in diameter, where uniform beam intensity
(within +5%) was guaranteed. The beam intensity was verified
using EBT3 Gafchromic film. The room temperature during
irradiation was 29 °C and the atmospheric pressure was 1000
hPa. Under this condition, the saturation solubility of oxygen in
the solution is about 8 mg L™". The beam intensity was moni-
tored and controlled with a beam monitor (parallel plate ioni-
zation chamber) installed in front of the samples. The monitor
count is characterized with the absorbed dose at the samples
measured with a Markus ionization chamber. The proton beam
easily passed through the C3CA solution in the 200 pL PCR tube.
The thickness of the PCR tube was 0.5 mm and that of solution
was 6.0 mm coaxial with beam trajectory. An average linear
energy transfer (LET) in the solution was calculated to be 2.9 eV
nm~ " with SRIM code.?

The absorbed dose rates of 0.05, 0.8, 7.7, 80 and 160 Gy s *
were chosen for verifying changes in the amount of 7OH-C3CA
produced. The first was the CONV condition and the last two
were FLASH conditions. The others were in between. The irra-
diated absorbed doses were from 30 to 80 Gy. The beam
currents were measured to be 0.2 (CONV), 3, 30, 300 (FLASH)
and 600 nA (FLASH) measured with a Faraday cup installed in
the beam line. The beam pulses were controlled to 561 (CONV),
40, 4, 0.4 (FLASH) and 0.2 s (FLASH) for 30 Gy irradiation with
a mechanical shutter.

After the irradiations, C3CA solutions were analyzed using
a fluorescence spectrophotometer connected to the HPLC
system (RF-20A equipped with Prominence-2200, SHIMADZU,
Japan). The 70H-C3CA formed was separated using Hypersil
Fold C18 column (250 x 4.6 mm, i.d. 5 pm) at a flow rate of 0.8
mL min~" at 25 degree of Celsius. Fluorescence detection was
done with excitation at 370 nm by a Xe lamp and measurement
of emission at 410 nm. To determine the amount of 70H-C3CA
formed after the irradiation, we used an analytical curve, which
was previously obtained.*

Results

The molar concentration of 70H-C3CA after the irradiation
with dose rates of 0.05 (circles), 0.8 (squares), 7.7 (leftward
triangles), 80 (rightward triangles) and 160 (crosses) Gy s~ ' in
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1.4 mM C3CA solution is shown as a function of the absorbed
dose (Fig. 1). As is well known, 4.7% of hydroxyl radicals
generated in water are scavenged by C3CA.** This constant
fraction is independent of ion species.*® The concentration of
70OH-C3CA increases linearly with increasing the absorbed
dose. The fitted lines are obtained using a linear function made
by the least-squares method. As mentioned above, the G value is
the number of entities formed or destroyed per unit energy, so
that the slope of fitted lines in Fig. 1 is equivalent to the G
values. Fig. 2 represents G values of 7OH-C3CA produced with
molar concentrations of C3CA solutions of 20 (circles), 10
(diamonds), 5.0 (upward triangles), 1.4 (downward triangles),
0.5 (leftward triangles) and 0.2 mM (rightward triangles) as
a function of the dose rate (left axis). G values of hydroxyl
radicals produced with each molar concentration of C3CA
solutions under the CONV condition are also shown (right axis).
Overall, G values of 7OH-C3CA (and hydroxyl radicals)
produced decrease monotonically with increasing the dose rate.
At each dose rate, the G value increases with increasing the
concentration of C3CA solution (ie., time after ion pass).
Similarly, the G value of 7OH-C3CA reduces with increasing the
scavenging time scale (Fig. 3). Note that the inverse of the
scavenging capacity, kS, where k is the rate constant of the
reaction and S concentration of the scavenger, indicates the
scavenging time scale. This technique enables us to evaluate the
time dependent yield of 7OH-C3CA. The k for the reaction
between C3CA and hydroxyl radicals was determined as 6.8 X
10° M ' s7'.2* We clearly find the dose rate dependence of G
values of 7OH-C3CA. At each scavenging time, the G value of
70OH-C3CA decreases monotonically with increasing dose rate.
Under the FLASH condition (i.e., 80 and 160 Gy s~ '), the G
values are almost constant at all scavenging time scales,
meaning that the G value of 7OH-C3CA seems to be saturated
under the FLASH condition.

~~

s 1717

= M E i
St L O 0.05Gy/s J
< l O 08Gyss J
Qos| < 77Gys i
@) L B> 80Gy/s ]
= | &b 160 Gy/s %
3 L w.d
= 0.6 14
s | H7
= i % 1
£ r -
- 0.4 A

< ~ e
*‘: = - - ‘5’ e
g I TEET ]
(>

202 i
[=]

S i
5 | oate 1
c 0 >4—4'(’ POl | ] i
= 0 20 40 60 80

Absorbed dose (Gy)

Fig.1 Molar concentration of 7OH-C3CA produced in C3CA solution
with 1.4 mM as a function of the absorbed dose. The lines are fitting
line obtained from the least square fitting. The trends of 7OH-C3CA
produced are shown at each dose rate; 0.05 Gy s *: circles, 0.8 Gy s -
squares, 7.7 Gy s~ leftward triangles, 80 Gy s~*: rightward triangles,
160 Gy s~ crosses.
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Fig. 2 G value of 7OH-C3CA (left axis) and that of hydroxyl radicals
(right axis) as a function of dose rates. The trends of G values are
represented at each molar concentration of C3CA solution; 20 mM:
circles, 10 mM: diamonds, 5.0 mM: upward triangles, 1.4 mM: down-
ward triangles, 0.5 mM: leftward triangles, 0.2 mM: rightward triangles.
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Fig. 3 G value of 7OH-C3CA produced as a function of the scav-
enging time scale. The trends of G values produced are shown at each

dose rate; 0.05 Gy s~ circles, 0.8 Gy s~ squares, 7.7 Gy s : leftward

triangles, 80 Gy s~ rightward triangles, 160 Gy s~ crosses.

Discussions

The G values of hydroxyl radicals produced are 3.6 + 0.3 and 2.6
+ 0.3/100 eV at scavenging time scales of 7.4 and 100 ns,
respectively, under the CONV condition (right axis of Fig. 2).
These G values are consistent with experimental results re-
ported by Brabcova et al. of 3.5 + 0.3 at 7 ns. This experiment
was performed under the condition close to the CONV dose
rate.”® Additionally, the present G value under the CONV
condition is in agreement with previous simulations of 2.6 and
2.5 at 100 ns.>***?¢ In fact, the production of 7OH-C3CA is
strongly affected by dissolved oxygen in the C3CA solution as
discussed below, so that the reduction of the G value of 7OH-
C3CA with increasing the dose rate is understandable (Fig. 3).
However, yields of OH radicals have never been influenced by

This journal is © The Royal Society of Chemistry 2020
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dose rate. Therefore, the G value of hydroxyl radicals produced
(right axis of Fig. 2) is for validation of the present result under
the CONV condition.

The G values of 7OH-C3CA decrease monotonically with
increasing the dose rate (Fig. 2 and 3). As is well known,
hydroxyl radicals efficiently react with proteins and DNA
molecules and produce damages to them leading cell killing
(indirect action).*® Therefore, simply speaking, the contribution
of indirect action becomes low with increasing the dose rate,
especially under the FLASH condition, because G values of
70OH-C3CA produced reduces with increasing the dose rate
(Fig. 2). This view agrees with the sparing effect is seen under
the FLASH condition.”

From the reduction behavior of G values of 7OH-C3CA with
dose rate, there would be two plausible interpretations to
understand the mechanism of the FLASH effect;

(1) The first is that the radical-radical reaction is likely to
occur under the FLASH condition than that under the CONV
condition. A significant contribution of radical-radical reaction
was proposed by a physicochemical model of reaction
kinetics." In the case of proton tracks, separate clusters of
reactive species, which would be spherical in shape, so-called
“spur”, could be continuous. Consequently, proton tracks can
be considered as cylinders. In accordance with the diffusion
coefficient and a Monte Carlo simulation, a maximum radius of
the proton track is estimated as 200 nm.?”*® Based on the track
overlapping model, in which tracks are treated as cylinder,>-**
more than 1.5 Gy of protons must be irradiated in 1 us for the
track overlapping to occur. In the case of the dose rate of 160 Gy
s, the absorbed dose is 1 x 10™* Gy in 1 us. Therefore, it is
unlikely that the radical-radical reaction is facilitated under the
FLASH condition.

Additionally, apparent LET might become higher under the
FLASH condition than the CONV condition by collective energy
loss.** Indeed, the beam bunch under the CONV condition is
about 3000 times shorter than that under the FLASH condition.
Fig. 4 shows the reduction of the relative G value normalized at
scavenging time scale of 100 ns, where radical-radical reaction
subsides. There is consistency in each data point within error
bar. Generally, the relative G value decreases more rapidly with
increasing LET in earlier scavenging scale (<100 ns),* for
instance, the relative G value of Fe ion with a LET of 205 eV
nm~' is twice higher than that of gamma rays with a LET of
0.3 eV nm ' at scavenging time scale of 6.4 ns.>® This is
explained by the efficient radical-radical reactions in the track
core of high LET particles. In this study, the relative G value and
its reduction trend are universal within error bar even at the
dose rate of 160 Gy s~ . The apparent LET is not modified under
the FLASH condition. Therefore, it is unlikely that G value
decreases with increasing the dose rate due to the radical-
radical reaction.

(2) The second is that a decrease of oxygen concentration in
the C3CA solution. The mechanism of 7OH-C3CA was investi-
gated by pulse radiolysis with a 35 MeV electron beam.*® There
are two main different pathways of stabilization (dispropor-
tionation or elimination) from the intermediate OH-adduct
radicals to 70H-C3CA existed, depending on the presence of

RSC Adv, 2020, 10, 38709-38714 | 38711
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oxygen (Fig. 5). We note that the kinetic constant of the pathway
of disproportionation is almost equivalent to that of elimina-
tion.*® In the case of the hypoxia condition, the pathway with
oxygen is occluded. Therefore, the disproportionation is a key
phenomenon for the production of 7O0H-C3CA under the
hypoxia condition. Two moles of intermediate OH-adduct
radicals are necessary for disproportionation to form one
mole of 7OH-C3CA. In comparison to this, under the aerated
condition, the peroxidation by the presence of oxygen followed
by elimination of HO," is a dominant reaction for producing
70H-C3CA. Under the FLASH condition, oxygen could be
rapidly consumed, leading the lower G values of 7O0H-C3CA.
Furthermore, under the FLASH condition, oxygen is rapidly
consumed by secondary reactions, for instance,

00
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Fig. 5 A schematic view of the formation of 7OH-C3CA due to the
reaction of C3CA with hydroxyl radicals under oxygen sufficient and
oxygen depletion conditions.
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H + 02 - HOz', (1)
eaq7 + 02 - 02.75 (2)

where H' and e,q are hydrogen radicals and hydrated elec-
trons, respectively, produced by water radiolysis. Thus, the
C3CA solution is momentarily in as pseudo-hypoxic state. Since
accumulation of the intermediate radicals changes the balance
between both second order and pseudo first order reactions,
intermediate species including the OH-adduct, amongst others
involved in elimination, is highly sensitive to high dose rate.
This view regarding radiolytic oxygen depletion is supported
from a computational model.>* The FLASH effect could disap-
pear in the region where radiation pulse duration is less than
1 s. It suggests that the oxygen flow plays an important role in
the FLASH effect. In addition, the sparing effect observed under
the FLASH condition.” The sparing effect was seen when the
relative partial oxygen pressure was 4.4, 2.7 and 1.6%, namely
under the hypoxia condition. In comparison to this, the sparing
effect was not confirmed at the relative partial oxygen pressure
of 8.8 and 20%. However, the therapeutic effectiveness for
cancer tissue is maintained at any oxygen pressure because the
damage to DNA molecules leading to cell killing is less depen-
dent on the oxygen concentration around the Bragg peak, at
which high LET relative to the other region can be expected.
Around the Bragg peak energy, the contribution of direct action
is dominant for cell killing. Also, G values of hydroxyl radicals
around Bragg peak energies are smaller than those at high
energy region. Thus, our interpretation, which significantly
lower G value under the FLASH condition is due to the reduc-
tion of the relative partial oxygen pressure, is reasonable and is
consistent with the previous observation from experiments
using X-rays."* In other words, the sparing effect could occur
due to the suppression of indirect action under the low oxygen
concentration. To verify our interpretation, we should take into
account the difference in the radiation quality. In the case of X-
rays, spurs are sparsely distributed. As a result, lowering the
likelihood that radicals from different spurs react together
before its diffusion. The reactions between different spurs are
not expected in low LET region below 3 eV nm '3 In the
present study, the average LET of the proton beam is 2.9 eV
nm™ "', which is slightly lower than 3 eV nm™". Therefore, the
comparison of our results to previously obtained one by X-rays
would be valid.

In the present study, we have evaluated the G values of 70H-
C3CA produced by proton beams under the CONV and FLASH
conditions using C3CA solution. As is well known, clustered
DNA damage leading to cell killing is more easily induced by
direct action than indirect action. Of course, damage to DNA by
indirect action mainly due to hydroxyl radicals could occur.
However, the types of damage by indirect action (e.g., single
strand break or base mismatch) are quickly reparable except for
the rare case damage by clustered hydroxyl radicals occurring
near the DNA (ie., in the hydration shell with a distance ~ 1
nm). In such cases, it would be reasonable to think that the DNA
damage induced by “clustered hydroxyl radicals” is a part of
direct action because its time scale is <1 ns. Thus, cell killing

This journal is © The Royal Society of Chemistry 2020
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results from multiple hits from a single densely ionizing track
from any combination of radiolysis products (e.g., hydroxyl
radicals and e,, ") and ionized or excited DNA molecules (e.g.,
DNA"" and DNA'"), namely radiation-induced radicals
contribute not only for indirect action but also for direct action.
The minimum scavenging time scale in the present study is 7.4
ns. To elucidate the FLASH effect in more detail, roles played by
water radiolysis products in earlier scavenging time scale (<7.4
ns) should be evaluated using the pulse radiolysis method.***”
Additionally, yields of other water radiolysis species will be
investigated in near future.*®* The FLASH effect is multi-
factorial and proceeds from a delicate balance between dose,
oxygen availability, reactions induced by radicals and DNA
repair and the target cells intrinsic tolerance to peroxyl radi-
cals.” To have a holistic view regarding FLASH effect, it is
necessary to quantitatively evaluate yields not only of hydroxyl
radicals but also of other water radiolysis products and to
consider the roles played by peroxyl radicals in the further step.
Moreover, additional experiments with shorter pulse proton
beams will be crucial for investigating the contribution of
radical-radical reaction. A view from radiation chemistry could
largely contribute to develop of FLASH radiotherapy not only
using proton beam but also using heavy ion beams.

Conclusions

We evaluated G values of 70H-C3CA produced using C3CA
solution, while varying the dose rate of proton beam from 0.05
to 160 Gy s~ '. The G value of 70H-C3CA produced decreased
monotonically with increasing the dose rate. This finding
implied that a rapid consumption of oxygen by high dose irra-
diation was the main reason for the reduction of G values of
hydroxyl radicals produced. This view was in agreement with
that the sparing effect was seen under the hypoxia condition. In
the present study, we indicated that the oxygen concentration
was important for minimizing the toxicity of radiotherapy by
ultra-high dose irradiation from the radiochemical approach.
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