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1 | INTRODUCTION

normal tissue due to less reactive oxygen species (ROS) production. In contrast,
most Monte Carlo simulation studies suggest the opposite.

Purpose: We aim to unveil the effect of UHDR on H,O, production in pure
water and its underlying mechanism, to serve as a benchmark for Monte Carlo
simulation. We hypothesized that the reaction of solvated electrons (e;,) remov-
ing hydroxyl radicals (+OH), the precursor of H,O,, is the reason why UHDR
leads to a lower G-value (molecules/100 eV) for H,O, (G[H,05]), because: 1,
the third-order reaction between e, and «OH is more sensitive to increased
instantaneous ROS concentration by UHDR than a two-order reaction of «OH
self-reaction producing H,O5; 2, e;, has two times higher diffusion coefficient
and higher reaction rate constant than that of «OH, which means €aq would
dominate the competition for «OH and benefit more from the inter-track effect
of UHDR. Meanwhile, we also experimentally verify the theory of long-lived rad-
icals causing lower G(H,0O,) in conventional irradiation, which is mentioned in
some simulation studies.

Methods and materials: H,O, was measured by Amplex UltraRed assay.
430.1 MeV/u carbon ions (50 and 0.1 Gy/s), 9 MeV electrons (600 and
0.62 Gy/s), and 200 kV x-ray tube (10 and 0.1 Gy/s) were employed. For three
kinds of water (real hypoxic: 1% O,; hypoxic: 1% O, and 5% CO,; and nor-
moxic: 21% O,), unbubbled and bubbled samples with N,O, the scavenger of
€5¢, Were irradiated by carbon ions and electrons with conventional and UHDR
at different absolute dose levels. Normoxic water dissolved with sodium nitrate
(NaNO3), another scavenger of e, and bubbled with N>O was irradiated by
x-ray to verify the results of low-LET electron beam.

Results: UHDR leads to a lower G(H,0O,) than conventional irradiation. O, and
CO, can both increase G(H,0,). N,O increases G(H,0,) of both UHDR and
conventional irradiation and eliminates the difference between them for carbon
ions. However, N,O decreases G(H,0,) in electron conventional irradiation but
increases G(H,0,) in the case of UHDR, ending up with no dose-rate depen-
dency of G(H,0,). Three-spilled carbon UHDR does not have a lower G(H,05,)
than one-spilled UHDR. However, the electron beam shows a lower G(H,0,)
for three-spilled UHDR than for one-spilled UHDR. Normoxic water with N,O or
NaNOj; can both eliminate the dose rate dependency of H,O, production for
X-ray.

Conclusions: UHDR has a lower G(H,0O,) than the conventional irradiation for
both high LET carbon and low LET electron and x-ray beams. Both scavengers
for e54,N20 and NaNOg3, eliminate the dose-rate dependency of G(H,O,), which
suggests e, is the reason for decreased G(H,O;) for UHDR. Three-spilled
UHDR versus one-spilled UHDR indicates that the assumption of residual radi-
cals reducing G(H,0O,) of conventional irradiation may only be valid for low LET
electron beam.

KEYWORDS
hydrogen peroxide, solvated electron, ultrahigh dose rate, water radiolysis

that FLASH radiotherapy can widen the therapeutic
window and has the potential to further increase the pre-

Ultra-high dose rate (UHDR) irradiation used in FLASH
radiotherapy, is a novel technique that delivers a high
dose of radiation in a very short time to achieve
a dose rate higher than 40 Gy/s. Several preclinical
studies'® have shown that FLASH radiotherapy can
reduce normal tissue toxicity while maintaining tumor
control, compared to conventional radiotherapy. This
phenomenon, known as the FLASH effect, suggests

scription dose against tumors that are radioresistant to
conventional radiotherapy.

However, the radiobiological mechanisms underlying
the FLASH effect are not yet fully understood. lonizing
radiation can cause direct deoxyribonucleic acid (DNA)
damage but also ionize or excite water molecules in
the human body, which is a physical process that gen-
erates various reactive oxygen species (ROS). These
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TABLE 1 Reactions in water radiolysis and their reaction rate constants?32427

Reaction Rate constant Reaction Rate constant
no. Reaction (101" Mm-1s-1) no. Reaction (1010 Mm-1s-1)
1 “OH + Hy — He + H,O 0.0036 23 H* + HO; — HyO, 2

2 “OH+H,0, — HOpe + H,O  0.0033 24 H,0, — H* + HO; 3.56 x 1012
3 «OH+ Oy+~ — O, + OH- 0.9 25 HO,e + H* = Oge~ 8x 1075

4 He + Oy — HOj« 18 26 H* + OH- — H,0 14.3

5 He + O+~ — HO; 2 27 H,0 — H* + OH- 2.6 % 10-15
6 654 +0z = Oy 1.9 28 He + «OH — H,0 2

7 €3q +Ho0, — -OH + OH™ 1.2 29 He + He > Hy 1

8 €5q + 027 = HO; + OH™ 1.3 30 «OH+OH~ - O«” +H,0 1.2

9 e;q+H* - H- 2.2 31 O« +H,0 - «OH + OH~ 0.00017

10 €59+ H20 > H- +OH™ 2x107° 32 «OH + O+~ - HO, 0.1

11 €t HO, - O~ + OH™ 0.35 33 «OH+ O3¢™ — Oy~ + HO5. 0.85

12 63 +H- — Hy + OH™ 25 34 0+" 40, — Oge- 03

13 €3+ €aq Hy + 20H™ 0.5 35 O« +Hy; - He + OH~ 0.008

14 654 + OH — OH 3 36 0+ + HyOy — HyO + Oge- 0.02

15 «OH + +OH — H,0, 0.55 37 «OH + HO; — HO,+ + OH~ 05

16 +OH +HOy¢ - H,O + O, 1.2 38 HO; + O+« —» OH™ + Oy~ 0.08

17 He + HOp+ — H,0, 2 39 O3+~ + HyOy — Ope~ + 0, +H,O  0.00016

18 He + HpOp — HyO + «OH 0.009 40 O3+~ + HO; — Oye~ +0, + OH- 89 x 1075
19 H.+OH™ = e5 + Hy0 0.0021 41 Oge~ = Oy + 0s™ 3% 1078

20 HO,« + Ope~ — O, + HO; 0.0089 42 Oge~ +Hy — Oy + H + +OH" 2.5% 1075
21 HO,« + HOpe — H,0,+ 0,  0.0002 43 Oy~ + HpOy — «OH + Oy + OH- 1.3 % 1011
22 OH™ + Hy0, — HO; + H,0  0.0471 44 HO,+ + Hy0, — «OH + O, 5% 10~

ROS react with each other because of free radical chain
reactions, and they undergo diffuse transport simultane-
ously (shown in Table 1). This process, which lasts for
about one microsecond, is called the inhomogeneous
chemical reaction stage After that, the ROS distribu-
tion becomes relatively homogeneous, and the chemical
reactions continue. This period of time is called the
homogeneous chemical stage. ROS damages various
molecules in the cell, including DNA, and triggers the
subsequent biological response process. Since 60% of
the human body is composed of water* and since this
radio-protective effect of UHDR has been observed in
bacteria®® as well, radiochemistry may play a signifi-
cant role in the FLASH mechanism. Hydrogen peroxide
(H,0,) is an important end product in the water radi-
olysis process and is also a major source of cellular
oxidative stress and DNA damage due to the Fenton
reaction. "0

Previous studies have shown contradictory results
regarding the dose-rate dependency of H,O, pro-
duction in pure water,''~2% and most of Monte Carlo
simulation studies have shown the opposite to recent
experimental measurements. So far, there is no consen-
sus on whether UHDR increases or decreases H,0,
yield compared with conventional irradiation. In addi-
tion, in previous research on H,O, production, the

hypoxic water samples did not contain carbon dioxide
(CO,) dissolved in the water. In contrast, there was 5%
CO, in cell experiments to equilibrate the pH value
of the medium. In addition to the dose-rate depen-
dency, we also studied the role of CO, in the H,O,
yield.

Recent experimental’’'3.14.76 results suggest that
UHDR has a lower G-value (molecules/100 eV) for
H>0, (G[H,0,]) without an explanation. We hypothe-
size that the mechanism behind this is that solvated
electrons (e;,) eliminate hydroxyl radicals («OH), the
precursor to H,O,, reducing G(H,0O5). In the case of
UHDR, this scavenging of «OH becomes more effective
since (Figure 1):

I. The reaction between the e;, and «OH (reaction
[14] shown in Table 1) has the highest reaction rate
constant in the water radiolysis process except for the
background reaction (26).

€5+ OH— OH™ 3x10"°M's™" (14)

The product of reaction (14) can also serve as the
scavenger of «OH.

«OH+OH™ - 0.~ +H,0 12x10"°'M-1s~1 (30)
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1) Reaction competition for «OH, the precursor of H,0,

[R] stands for the concentration of radical R

HZOZ
Increase H,0, Decrease H,0,
. X €49 +°OH — OH- 3x 1070 M-1s1
*OH + *OH — H,0, 0.55X 1010 M-1s""| Vs |€ag +2:0H — O~ +H,0 |
OH™ ++OH — O~ + H,0 1.2Xx10"0 M-'s!
Second-order reaction, Third-order reaction,
reaction rate o [*OH J? reaction rate « [e,,” ][*OH ]2
) Radical 20 22 10° m?/s 49 53
diffusion | [ l — ! '
coefficients O+ «OH €, OH-
SO . ). Track A
€q OH
------------------------ » Track B
FIGURE 1 Two reasons why ez, cause less H,O, production in UHDR. (1), Third-order reaction is more sensitive to radical concentration

change than second-order reaction, so the competition balance in conventional irradiation will shift toward the right side with UHDR increasing
instantaneous radical concentration; (2), e;q and OH— have higher diffusion coefficients and higher reaction rate constants than «OH, which
means they would benefit more from the intertrack effect of UHDR, and remove «OH. H,0,, hydrogen peroxide; OH, hydroxyl radicals; UHDR,

ultrahigh dose-rate radiation.

Therefore, we can combine reactions (14) and (30)
into one reaction shown as the following:

€3+ 2-OH - O~ +HO extra(1)

The main source of H,O, is the recombination of
«OH'221 which is the precursor to H,0,, as shown in
the reaction (15).

OH + «OH — H,0, 0.55x10"°M-'s~" (15)

Evidently, there is a competition for «OH between
reactions extra (1) and (15). Note that reaction (15) is
a second-order reaction, while extra (1) is a third-order
reaction. In conventional irradiation, these two reac-
tions reach a competitive equilibrium. However, UHDR
can increase the instantaneous radical concentration
by several orders of magnitude in the same period
of time, resulting in different enhancement of reaction
rate because reaction extra (1), a third-order reac-
tion, will benefit more from this concentration increase
in the competition than reaction (15), a second-order
reaction. The reaction rate for reaction extra (1) is
kextra(1)[e;q][-OH]2 while the rate for reaction (15) is
ki5[«OH]?, where Kextra(1) @nd Kys5 stand for the reac-
tion rate constant of each reaction and [radical] stands
for the radical concentration. So, reaction extra (1) is
more sensitive to concentration change than reaction
(15). Hence, UHDR can shift the competition for «OH in
conventional irradiation towards the reaction removing
+OH, and lead to less H,O, production.

Il. Since both reactions (14) and (30) have higher
reaction rate constants than «OH self-reaction and the
primary yield?*?® of e, is higher than the rest of rad-
icals and molecules except for «OH and H*, e5, will
dominate the competition for «OH. Also, the diffusion
coefficients** of e;,, OH™ and +OH are 4.9, 5.3, and
2.2 x 1079 m?/s, which means that e, will benefit more
from inter-tract effect of UHDR?® due to the higher
diffusion rate.

To test the above hypothesis about e, nitrous oxide
(N,0) gas, a solvate electron scavenger?® was used
in our experiments. We expect to see that when e, is
removed by N,O, the H,O, production has no difference
in UHDR and conventional irradiation.

€3+ N20 = Ny + 0~ 0.91x10"°M"s™! extra(2)

Most of the Monte Carlo simulations and analyt-
ical analysis'?517.1920 have shown that G(H,0.)
increases with increasing dose rate, which is the
opposite of recent experimental results.!’ 131416 A
model using molecular dynamics combined with Monte
Carlo simulation suggests that UHDR produces less
ROS, including H,O,, although it does not specifically
show a decrease in only H,0,."® One assumption of
higher G(H,0,) by UHDR is that higher instantaneous
+OH concentration increases the possibility of «OH
recombination (reaction [15] in Table 1).” However,
this assumption ignores that UHDR also increases the
instantaneous concentration of ey, the scavenger of
«OH, which has a higher reaction rate constant and
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higher diffusion coefficient than «OH. Another explana-
tion is that in conventional irradiation, the accumulation
of relatively long-lived radicals in homogenous chemical
stage, such as O,+~ and HO,«, will affect the competi-
tion kinetics for the chemical species generated by the
following pulses and remove H,0, molecules,'? 1519 as
shown in reactions (43) and (44) in Table 1.

O, —+H,0, - -OH+0,+0H  13x10 'M-'s~" (43)

HO, - +H,0, » -OH+0, 5x107 ' M-'s™! (44)

To test this theory, we compared the H, O, production
of one-spilled UHDR and three-spilled UHDR. In three-
spilled UHDR, each spill delivered the same dose as
one-spilled UHDR, and there was at least a 5 s interval
between each spill. In this way, the first UHDR spill would
generate long-lifetime radicals that create the chemical
environment described above to influence the chemical
reactions of the radicals generated by the subsequent
UHDR spills. So, we should observe that the G(H,05)
of three-spilled UHDR is lower than that of one-spilled
UHDR.

Previous studies"'3.14.16 have used electron or pro-
ton UHDR to study H,O, production. In our experiment,
in addition to an electron beam, we used a carbon ion
beam for the first time to study H,O, production. Carbon
ions and electron beams can deliver the same volume-
averaged dose, but their microscopic dose distributions
are entirely different because of the relatively high lin-
ear energy transfer (LET) of the carbon beam compared
with the electron beam, which also results in different
spatial distributions of ROS. This difference could have
an impact on the chemical kinetics.

In conclusion, four main topics will be discussed in the
following:

1. Totest the theory of solvated electrons leading to low
H,O, production in UHDR with scavengers.

2. To define the impact of CO, on H,0O, production.

3. To test the long-lived radical theory by one-spilled
UHDR versus three-spilled UHDR.

4. To determine the difference between high-LET car-
bon ions and low-linear energy transfer (low-LET)
sources.

2 | MATERIALS AND METHODS
2.1 | Sample preparation

Water samples were prepared with varying oxygen
concentrations by keeping Milli-Q water in a hypoxic
chamber for at least 24 h:

1. hypoxic water with 1% O, and 5% CO,,

MEDICAL PHYSICS——

2. real hypoxic water with 1% O, and 0.1% CO, (0%
CO, is not allowed due to the hypoxic chamber
setting limits),

3. and normoxic water with 21% O,.

Therefore, three different water samples were used
in the experiments. Different water samples were filled
into 200 pL Eppendorf polymerase chain reaction (PCR)
tubes, which are free of metal components (metal atoms
would decompose H,0O, molecules), ensuring that there
were no bubbles in the tubes. Pure N,O gas (Guttroff,
Germany) was used to bubble water at room temper-
ature for 40 min in a gas-washing bottle to prepare the
samples with N> O. Sodium Nitrate (NaNO3), another ez,
scavenger, was dissolved in normoxic water with the final
concentrations of 25 and 250 yM and used in x-ray
experiments. The pH values of water samples before
and after dissolving N,O and NaNOj were recorded
using the Mettler Toledo pH Probe (Germany).

2.2 | Experimental setup and irradiation

2.21 | Carbon ion beam

A carbon ion beam was produced by synchrotron in
the Marburg lon-Beam Therapy Center. In our exper-
iment, carbon ions were accelerated to 430.1 MeV/u,
with a frequency of 6.74 MHz. 7.0 x 108 particles were
injected into the synchrotron, which is the maximum
number of particles that can be injected in one spill.
The extraction time was 150 ms because after that,
the extraction efficiency of the carbon ions decreased
sharply (Figure 2a). Therefore, to achieve 40 Gyl/s, at
least 6 Gy was required within 150 ms. Even though
the dose distribution in the sample is inhomogeneous,
we expect the dose rate of each irradiated part of
the sample to be higher than 40 Gy/s, so we do not
need to worry about the ROS diffusion between the
UHDR region and the non-UHDR region leading to any
problem. The inner diameter of the 200 uL tube is
approximately 5.5 mm. As shown in the dose profile in
Figure 2b, the diameter of the region with a dose higher
than 6 Gy is approximately 6 mm. Therefore, the sam-
ples were placed parallel to the beam direction with a
3D-printed sample holder (see Figure 2c) to ensure that
the UHDR region covered the entire sample. An EBT-3
film was placed in front of each sample to record the
received dose. One-spilled UHDR irradiation can deliver
a volume-averaged dose of approximately 7 Gy, with a
volume-averaged dose rate of approximately 50 Gy/s.
Based on the dose measured from the one-spilled
UHDR, conventional dose-rate irradiation (0.1 Gy/s)
was adjusted to deliver a comparable dose. Three
kinds of water samples with and without N,O were
irradiated under UHDR and conventional dose-rate
conditions.
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FIGURE 2

8 - —m— UHDR
—®— Conventional

-15 -10 -5 0 5 10 15

The irradiation setup used in carbon ion experiments. (a) The carbon ions extraction for UHDR lasting for 150 ms. (b) Exemplary

dose profiles using carbon ions with UHDR and conventional dose rates. (c) The 3D-printed sample holder used to provide enough lateral
scattering dose. (d) Sample tubes were placed horizontally. UHDR, ultrahigh dose-rate radiation.

For the comparison of the G(H,O,) for one-
spilled UHDR and three-spilled UHDR, the synchrotron
requires at least 5 s of particle refilling time between two
spills. We can assume that the first spill UHRD generates
long-lifetime radicals that can affect the following chem-
ical kinetics. In this experiment, only samples without
N,O were used.

2.2.2 | Electron beam

A 9 MeV electron source generated by a Mobetron unit
(IntraOp Medical, Sunnyvale, CA, USA) with a field size
of 6 cm was used in the experiment. The dose rate
achieved for UHDR was 600 and 0.62 Gy/s for con-
ventional irradiation. Dosimetry was performed using a
FlashDiamond Detector T60025 (PTW, Freiburg, Ger-
many). Mobetron can deliver a pulsed beam up to 3.6 ys
pulse width with a pulse repetition frequency up to
120 Hz. Four-pulsed irradiation can achieve approxi-
mately 20 Gy within around 33.2 ms. To be consistent
with the terminology of the carbon ion experiment, one-
spilled UHDR consists of four pulses. The sample holder
and experimental setup are shown in Figure 3. The irra-

diation schedule for the electron beam was the same as
that for the carbon ions.

2.2.3 | x-Ray irradiation

As shown in Figure 4, MultiRad 225 (Precision, USA)
irradiator was used to produce x-ray with dose rates of
0.1 and 10 Gy/s in the experiments, which is below the
commonly recognized dose-rate threshold of 40 Gy/s for
FLASH. The filter was removed to increase the dose rate.
To further increase the dose rate, samples were placed
close to the source by an elevatable rack. The voltage of
the x-ray tube was set at 200 kV, and the current inten-
sity was 17.8 mA. The irradiation dose for each sample
is around 30 Gy.

2.3 | H,0, measurement and statistics

CO, dissolves in water and forms carbonic acid, which
lowers the pH of water. When the samples were satu-
rated in a hypoxic chamber containing 5% CO,, the pH
decreased to around 6.4. Therefore, in the pH range of 6
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FIGURE 3 The experimental setup used in the 9 MeV electron irradiation. (a) The 3D-printed sample hold used in the experiments. (b) The
electron facility, Mobetron, provides UHDR and conventional irradiation. UHDR, ultrahigh dose-rate radiation.

(a)

FIGURE 4 The experimental setup used in x-ray irradiation. (a) 0.1 Gy/s was achieved by positioning the samples on the lowest shelf. (b)
The sample holder used in the experiment. (c) The samples were positioned on an elevatable rack to achieve around 10 Gy/s.

to 8,a pH-independent Amplex UltraRed assay (Thermo
Fisher Scientific Inc, America), instead of the Amplex
Red assay, was used to determine the concentration
of H,O, generated by irradiation. 50 pL of each irra-
diated sample was pipetted up and mixed with 50 uL
of 100 yuM Amplex UltraRed solution in a 96-well plate.
The plate was covered with aluminum foil and incubated
at room temperature for 40 min. Then, a plate reader
was used to measure fluorescence intensity (excita-
tion: 530 nm, emission: 590 nm). The system was fully
calibrated by a series of fixed concentration of H,O,
solution. There were three samples for each oxygen
condition, and the measurements of each sample were
performed in triplicate. The Independent Samples f-test
was used to assess the significance between the two
groups. P < 0.05 was considered statistically significant.

3 | RESULTS

At extremely low pH values, the G(H,0,) can dramat-
ically increase. Therefore, the pH values of different

water samples were monitored. Pure water has a pH
of around 7. N,O gas does not change the pH value.
However, water samples dissolved 250 yM NaNO3; and
equilibrated at 5% CO,, respectively, have pH values of
6.7 and 6.4.

3.1 | G(H,0,) of the different kinds of
water samples irradiated by carbon ions

As shown in Figure 5a, although hypoxic sample con-
tains only 1% oxygen, similar to real hypoxic sample, it
has the highest G(H,0,) among three kinds of water
because of the presence of 5% CO,.Normoxic samples
have a lower G(H,0,) than hypoxic samples but higher
than real hypoxic samples. It can be concluded that
oxygen can increase the H,O, production (real hypoxic
vs. normoxic sample),and CO, can also markedly boost
the H,O, production (real hypoxic vs. hypoxic sample).
Because the solubility of CO, is approximately 30
times higher than that of oxygen, hypoxic water equili-
brated with 5% CO, has a higher H,O, yield even than
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FIGURE 5 Radiolytic H,O, yields of water samples with various

0O, and CO, concentrations irradiated by 430.1 MeV/u carbon ions.
(a) The comparison of UHDR with conventional dose-rate irradiation
for samples with and without N, O. (b) G(H,0,) of one-spilled UHDR
and three-spilled UHDR. CO,, carbon dioxide; H,O,, hydrogen
peroxide; N, O, nitrous oxide; OH, hydroxyl radicals; UHDR, ultrahigh
dose-rate radiation.

normoxic water samples with 21% oxygen (hypoxic vs.
normoxic sample).

Furthermore, as we can see in Figure 5a, UHDR
always produces less H,O, than conventional irradia-
tion for any type of sample without N, O, which is similar
to recent experimental results mentioned before. How-
ever, the difference between UHDR and conventional
irradiation became statistically insignificant (P > 0.05)
for all three kinds of samples with N,O. Note that N,O
increases both G(H,0,) of UHDR and conventional irra-
diation, while this effect is more pronounced for UHDR,
resulting in eliminating the dose-rate dependency of
H,0O, production.
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.07% 26.10%
B UroR (@)
[ Conventional+N,O
[l UHDR+N,0
40.53%
P <0.01 P>0.05
35.71% P
P<0.01P>0.05 '
—~ 1.5+ s !
o Lo !
o~ R |
z : ' ;
O 40- '
0.5 4
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Real Hypoxic Normoxic Hypoxic
Water types
254 Bl '-spilled UHDR)
[_|3-spilled UHDR (b)
14.94%
2.0+ P <001
6.27% i
—~ 1.54 H
R 13.00% P00
Q, P <0.01 T
L T Lo
O 10- L
0.5 4
0.0
Real Hypoxic Normoxic Hypoxic
Water types
FIGURE 6 Radiolytic H,O, yields of water samples with various

0O, and CO, concentrations irradiated by 9 MeV electron beam. (a)
The comparison of UHDR with conventional dose-rate irradiation for
samples with and without N, O. (b) G(H,0,) of one-spilled UHDR
and three-spilled UHDR. CO,, carbon dioxide; H,O,, hydrogen
peroxide; N, O, nitrous oxide; OH, hydroxyl radicals; UHDR, ultrahigh
dose-rate radiation.

In the end, as shown in Figure 5b, there is no
significant difference in G(H,O,) between one-spilled
UHDR and one-spilled UHDR for both real hypoxic and
normoxic water conditions, despite one-spilled UHDR
appearing to produce slightly more H,O,. However, for
hypoxic water with CO,, one-spilled UHDR has a higher
G(H50,) than one-spilled UHDR does.

3.2 | G(H,0,) of various kinds of water
samples irradiated by electron source

As shown in Figure 6a, like carbon ions, electron UHDR
also has a lower G(H,0,) than conventional irradiation,
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FIGURE 7 Radiolytic H,O, yields of normoxic water samples

with different e;, scavengers, irradiated by 200 kV x-ray. P < 0.05
means statistically significant. H,O,, hydrogen peroxide.

but the difference between UHDR and conventional is
even more significant. For real hypoxic water, the dif-
ference in G(H,0,) can be up to around 35%, and
for normoxic water, it can reach around 40%. For the
three different water samples, we can still observe that
G(HZOZ)hypoxic > G(HZOZ)normoxic > G(HZOZ)reaI hypoxic»
which is consistent with the G(H,O,) of carbon ions.
For carbon ions, N,O increases both UHDR and con-
ventional G(H,0,) while eliminating the discrepancy
between them. However, we can see that N,O has a dif-
ferent impact on H,O, production with electron beams
than with carbon ions. (1), for real hypoxic and normoxic
samples, N,O can also eliminate the difference in H,O,
yield between electron UHDR and electron conventional
irradiation by decreasing the G(H,0O,) of conventional
irradiation, which is opposite to carbon ions but increas-
ing the G(H,O,) of UHDR, resulting in the previous
35.71% and 40.53% difference between UHDR and
conventional becoming statistically insignificant. (2), for
hypoxic water with CO,, on the contrary, N,O increases
the G(H,O,) of conventional irradiation but does not
have the same effect on the UHDR. The results of
the comparison of G(H202) between one-spilled UHDR
and three-spilled UHDR are shown in Figure 6b. Unlike
carbon ion, the G(H,0,) of three-spilled electron UHDR
is always lower than that of one-spilled UHDR, and this
effect is the same on three kinds of water samples.

3.3 | G(H,0,) of water with different
scavengers irradiated by kV x-ray

There is around 13.75% difference in G(H,0O,) of pure
water between x-ray conventional and UHDR, as shown
in Figure 7.N,O can also eliminate the dose-rate depen-
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dency of G(H,0,) in x-ray experiments, just like in
carbon ion and electron beam experiments. However,
compared to carbon ions, x-ray is also a low LET source,
just like the electron beam, and its G(H,0O,) is similarly
modified by N,O as the previous electron beam, that is,
N20O only increases the G(H,O,) of UHDR. Another e,
scavenger, NaNOs3, can also eliminate or narrow the dif-
ference in H,O, production between conventional and
UHDR, resulting in no statistical significance (P > 0.05).
Note that 250 yM NaNO3; decreases G(H,0,) of the
conventional dose rate irradiation, but 25 yM NaNO;
increases the G-value.

4 | DISCUSSION

About 60 years ago,8-3° when researchers discovered
that ultra-high dose rate mode could improve the sur-
vival fraction of cells after irradiation, radical-radical
recombination was a popular hypothesis proposed in
the early days.! Due to the higher instantaneous radical
concentration produced by ultra-high dose rate irradia-
tion, the probability of radical recombination increases,
resulting in less ROS production, thereby improving the
survival fraction of cells after irradiation. H,O,, as a
relatively stable ROS, is an important end product of
water radiolysis. Recent studies'! 31476 have shown
that compared with conventional irradiation, UHDR gen-
erates less H,O, without providing an explanation.
However, except for one study,'® most Monte Carlo
simulations and analytical analyses have shown the
opposite.'215.17.19.20 Therefore, even with regard to the
question of H,O, production in UHDR, there is no
consensus in the academic community. An assump-
tion from studies claiming UHDR increases G(H,0,)
is that higher instantaneous «OH concentration favors
+OH recombination (reaction [15] in Table 1), resulting
in more H,0,."” Another assumption claiming UHDR
produces more H,O, attributes this to some long-
lived radicals, such as O,«~ and HO,e«, accumulating
in conventional irradiation and affecting the subsequent
chemical reaction kinetics, resulting in conventional
irradiation producing less H,O, than UHDR.'%15.19

From our results, we can see that for the three
water samples with different O, and CO, concentra-
tions, whether using an electron beam with a uniform
microscopic dose distribution or a carbon ion beam
with a very heterogeneous microscopic dose distribu-
tion, UHDR always decreases G(H,O,) compared to
conventional irradiation. «OH is the precursor of H,O,,
and previous studies'??" have indicated that reaction
(15) in Table 1 is the primary source of H,O, produced
by water radiolysis. As we described before, €4q IS the
main scavenger of «OH because of its high rate con-
stant and primary yield, and we showed the effects of
€54 On removing «OH is the reason behind less H,0,
production of UHDR.
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41 | Solvated electron scavengers
removing the dose-rate dependency of
H,0, production

411 | Carbonion source

To verify our theory about e;, mentioned before, we
introduced N,O in the experiment. N,O can react with
€, and generate chemically stable N and oxygen
atomic anion (O.7). O+~ can react with many kinds
of radicals, including «OH, but the reaction rate con-
stant is only 0.1 x 10" M~'s~", as shown in reaction
(32) in Table 1, which is lower than that of the reaction
between e;, and «OH (3 x 10" M~'s~"),and even lower
than that of the self-reaction of «OH producing H,0O,
(0.55 x 1070 M~'s~1). In the experiment with carbon
ion beam, eliminating e, by N,O reduces the scaveng-
ing capacity for «OH, so we can see that the G(H,0,)
increase under both UHDR and conventional irradiation.
Meanwhile, N, O eliminates the third-order reaction extra
(1), so the competition balance in conventional will not
shift toward removing «OH when UHDR increases the
instantaneous radical concentration; thus, there is no
dose-rate dependency of G(H,0O,) for carbon-ion irra-
diation as shown in Figure 5a. Another experiment®?
conducted in 1968 also supports our e, theory. In that
experiment, researchers found out dose-rate indepen-
dence of G(H,0,) when they irradiated HCIO, water
solution with a pH = 0.46. In an extreme acid environ-
ment, all e, can be eliminated by H* (reaction [9] in
Table 1) with an even higher rate constant than N,O.

4.1.2 | Electron source

For real hypoxic and normoxic water with the electron
beam, although N,O still eliminates the difference in
H,O, production between UHDR and conventional irra-
diation, similar to its effect in the carbon ion experiment,
it decreases the G(H,0,) of conventional irradiation
(Figure 6a). We can see this phenomenon because of
the relatively high concentration of N,O compared to
ROS concentration?’ N,O, as a scavenger of e, can
also react with ey (the precursor of e;,) and molecu-
lar cation of water (H,O%) if the relative concentration
is high enough. The dissociative recombination reac-
tion of e, with HO" is one of two sources of +OH.
Therefore, a relatively high concentration of N,O leads
to lower «OH production. That study has shown that with
increasing concentration of scavenger of e, G(H20,)
increases at the beginning and then decreases at high
scavenger concentration(Figure 7 in that paper).2’ In our
experiment, we dissolved N,O in water by bubbling the
gas. It was hard to control the accurate scavenger con-
centration, so we chose to saturate N,O to maintain
the same experiment conditions each time. The rea-

son why we see that N,O still increases the G(H,05)

of conventional irradiation of carbon ion beam is that
the relatively high LET of carbon ions leads to the
microscopic dose distribution being very heterogeneous.
Although the volume-averaged dose is only a few Gy, the
microscopic dose near the carbon ion tracks can exceed
1000 Gy;*33* so the local dose rate is significantly higher
than 50 Gy/s used in carbon ion UHDR. Most of the ROS
produced by carbon ions are distributed in the vicinity
of carbon ion tracks, so the local ROS concentration is
very high even under conventional irradiation, unlike the
ROS produced by electron beam, which are uniformly
distributed. This highly concentrated local ROS distribu-
tion makes N,O concentration relatively low, resulting in
the increased G(H,0,) under conventional irradiation of
carbon ion beam.

However, N,O does not eliminate the dose-rate
dependency of H,O, production for hypoxic samples
(1% O,, 5% CO,) with the electron source, as shown
in Figure 6a. Apparently, this is because of the extra 5%
CO,. As for why we cannot see similar results using a
carbon ion source, we believe it also relates to the rel-
ative concentration of CO, and N,O compared to local
ROS concentration. High local ROS concentration pro-
duced by high LET carbon ions minimizes the influence
of CO, and N,O. We will discuss the role of CO, in the
following section.

In addition to e;,, He also serves as the scavenger
for «OH with a relatively high reaction rate constant
(2.5 x 10'° M~"s~"). The reason why we mainly focus
on ey, is that the primary yield of He is only one-fifth
of e;q.23 The “scavenging capacity” mentioned before
is equal to the reaction rate constant x concentration,'®
so the concentration of the reactant is as important as
the reaction rate constant in determining the scavenging
capacity. Therefore, H. is not as important as e, but we
admit that H. also has an impact on H,O, production.

4.1.3 | x-Ray source

As discussed above, the G(H,0,) of the water sample
with e, scavenger depends on the relative scavenger
concentration. With x-Ray source, we could also see the
similar results shown in Figure 7. x-Ray, like the electron
beam, is classified as low-LET radiation, characterized
by a uniform spatial dose distribution, resulting in low
local ROS concentrations. In contrast, the relative con-
centration of N,O is higher, so even though it scavenges
€5 it does not increase G(H,O,). However, due to the
removal of ez, by N2O, the dose rate dependency of
G(H50,) is also eliminated. In our x-ray experiments,
we used another scavenger of e;,, NaNOg3, which can
also eliminate the dose rate dependency of G(H,0,).
We observed that 250 yM NaNO3 not only eliminated
the difference in H,O, production between UHDR and
conventional irradiation but also reduced the G(H50,)
at conventional irradiation. Conversely, 25 yM NaNO;
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increased both UHDR and conventional G(H,O,). How-
ever, because the concentration is not high enough,
and its reaction rate constant with solvated electron is
0.97 x 10" M~'s~, its scavenging capacity is not high
enough to eliminate the dose rate dependency.

The previous study?’ along with our results in
Figure 7 regarding different NaNO3 concentrations,
clearly demonstrate that the effect of the scavenger
on G(H,0,) depends on the relative concentration to
ROS, which determines whether G(H,0O,) increases or
decreases. Notably, NaNO5 has a reaction rate constant
with the precursor of e, that is at least an order of
magnitude higher than that of N,O?2" but similar rate
constant with e;,, which means NaNO; tends to remove
the precursor,compared to N, O, easily leading to a lower
G(H20z). Both compounds, serving as e, scavengers,
eliminate the dose rate dependency of H,O, production,
strongly supporting our hypothesis.

4.2 | One-spilled UHDR versus
three-spilled UHDR

Previous studies,'>'7-20 especially Monte Carlo sim-
ulations, suggested that UHDR should increase the
G(H,0,), and explained that some radicals, such as
O,+"and HO, ., would persist for a much longer time in
conventional irradiation than other radicals and affect
the chemical reaction kinetics of the free radicals pro-
duced by subsequent irradiation, thereby reducing the
production of H,O,. This effect is insignificant for UHDR
irradiation because UHDR delivers all dose in a very
short time, so the G(H,0,) of UHDR is higher than
that of conventional irradiation. This theory seems rea-
sonable to some extent, but it ignores the fact that the
concentration of those residual long-lived radicals in the
homogeneous chemical stage is very low, as shown in
their own Monte Carlo studies. To verify this hypothe-
sis, we designed an experiment of one-spilled UHDR
versus three-spilled UHDR. In three-spilled UHDR irra-
diation, there is at least a 5 s interval between each
spill, and the first spill produces many long-lived radi-
cals that affect the chemical kinetics of the following two
spills, just like conventional irradiation. If the hypothesis
is true, we should see that the G(H,0O,) of three-spilled
UHDR is lower than that of one-spilled UHDR. How-
ever, as shown in Figures 5b and 6b, the G(H,0,) of
three-spilled UHDR is lower than that of one-spilled
UHDR in the experiment using electron beam, but we
do not see the same situation with the carbon ions.
One possible reason is the different spatial distribu-
tion of radicals produced by carbon ions and electrons.
Although those long-lived radicals have been found to
survive for hours after irradiation, their concentration
becomes very low after 1 microsec of irradiation,'?3°
which is the start of the homogeneous chemical stage.
The radicals produced by carbon ion beams are highly
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concentrated in the vicinity of the carbon ion tracks.
The local concentration of the newly produced free
radicals is several orders of magnitude higher than
that of the previous residual free radicals, so the con-
centration of residual radicals is not high enough to
affect the chemical kinetics of the radicals produced
by subsequent carbon ion beams. The radical spatial
distribution produced by the electron beam is homo-
geneous, and the local radical concentration is low.
Therefore, residual radicals affecting subsequent chem-
ical reactions only occur in low-LET beams like electron
beams.

Another reason is that a high LET carbon ion
beam can produce O, in tracks because of multiple
ionization,”® and another study also suggested that car-
bon ions can generate highly oxygenated conditions
in the tumor environment3® O, can increase H,0,
production so that it can counteract those long-lived
radicals.

As for the reason why three-spilled carbon ion UHDR
has a higher G(H,0,) than one-spilled carbon ion UHDR
for hypoxic water (1% O, and 5 % CO,), we will discuss
the effect of CO, in the next section.

4.3 | The role of CO, in water radiolysis

Our experiment has shown that O, can increase H,0,
production. Studies on ROS production and radiosen-
sitivity often only consider the role of O, and ignore
CO,. Because the role of CO, in the cell culture envi-
ronment is often only assumed to maintain physiological
pH levels. According to Henry’s law constants®’ the
solubility of CO, is around 26 times that of O, under
the same conditions, and metabolically active tissues
consume more O, and produce more CO, If we want
to study the role of ROS production in UHDR, CO,
should not be ignored. Our experiments have shown
that the hypoxic sample containing CO, has the high-
est G(H,0,) among the three kinds of water samples,
no matter for carbon ions or electron beam. As men-
tioned before, the pH value of water equilibrated with
5% CO, drops to around 6.4, and the acid chemical
environment favors He, which is the scavenger for «OH.
Although previous experimental results indicated that
lower pH increased G(H,05),*? G(H,0,) is stable in pH
from 8 to 5. CO, radiolysis produces CO and O, and
both of them can serve as a scavenger for eg,. Previ-
ous study®® has shown that the G-value of O, produced
by CO, radiolysis is 2.24 for 1.5 MeV protons at 27°C
and 0.4 atm pressure. Therefore, increased G(H,0,) of
water containing CO, might originate from O, produc-
tion. In addition, CO, can directly react with ez, (rate
constant = 0.77 x 10" M~"s=")3% and the reaction
product, CO,~, can interact with various radicals and
molecules, such as «OH and N,0*? The detailed rea-
son needs further investigation, and it would benefit
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Monte Carlo radiochemical studies since CO, has been
ignored in Monte Carlo codes.

We have discussed why, for real hypoxic water and
normoxic water, the G(H,O,) of three-spilled carbon
ion UHDR is the same as that of three-spilled UHDR,
unlike the experimental results with the electron beam.
However, for hypoxic water, the G(H,O,) of three-spilled
carbon ion UHDR is higher than that of one-spilled
UHDR. The only difference between hypoxic water and
real hypoxic water is 5% CO,, so this phenomenon
is caused by CO,. The possible reason is similar to
CO, increasing the G(H,0,): the first spill of carbon
ion FLASH beam causes the CO, radiolysis to pro-
duce more O, in the environment, thereby increasing
the G(H,0,) of the subsequent spills, or the product of
the reaction of CO, with e;,, CO,™, participates in the
subsequent reactions.

5 | LIMITATIONS

In our experiments, we bubbled water with pure N,O
gas for at least 40 min at room temperature. The main
problem is we do not know the accurate N,O concen-
tration in each sample. First, we have to assume that
N,O molecules diffuse homogeneously in the bottle of
water after 40 min of bubbling. Second, for real hypoxic
water after bubbling N, O, we brought the bottle of water
back into the hypoxic chamber to fill water samples in
200 pL Eppendorf tubes. Therefore, the temperature
change from room temperature to 37°C in the hypoxic
chamber may have an impact on the N,O concentration
in the water. Besides, bubbling N,O gas might influence
the concentrations of other gases in the water. How-
ever, the conclusion is not affected since the comparison
between UHDR, and conventional irradiation was done
by the samples with the same solute gases. In future
research, it would be beneficial to accurately measure
the N,O concentration in each sample and to test a
range of different N,O concentrations in the experiment.
When considering these results in relation to the FLASH
effect, one must be aware that these investigations were
carried out in pure water, not in a biological system. Due
to the existence of various antioxidant enzymes in liv-
ing cells, radiochemistry might not be the same. What
we found in water radiolysis needs to be investigated
further with biologically relevant samples, such as an
in-vitro study, to determine its significance in FLASH
radiotherapy.

6 | CONCLUSION

For water samples with different O, and CO, concen-
trations (real hypoxic, normoxic, and hypoxic water),
compared with conventional irradiation, UHDR always
reduces the H,O, production, regardless of whether

high-LET or low-LET beams are used. O, and CO,
can both increase H,O, production, and CO, has a
much higher solubility than O,, which should not be
ignored. The scavengers of e3,, such as N>O and
NaNO3, can narrow the difference in H,O, production
between UHDR and conventional irradiation, making
it statistically insignificant, which suggests that UHDR
produces less H,O, because e;, scavenging «OH, the
precursor of H,O,, benefits more from the instanta-
neous radical concentration increase than the .OH
self-reaction. The long-lived radical theory from pre-
vious Monte Carlo simulation studies that suggested
that UHDR should produce more H,O, cannot explain
the results of the carbon ion UHDR experiment, indi-
cating that this hypothesis cannot be the reason for
the difference in H,O, production between UHDR and
conventional irradiation.
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