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ABSTRACT
The effects of a magnetic field longitudinal to the ion beam track on the generation of hydroxyl
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radicals (¢OH) and hydrogen peroxide (H,0,) in water were investigated. A longitudinal magnetic
field was reported to enhance the biological effects of the ion beam. However, the mechanism
of the increased cell death by a longitudinal magnetic field has not been clarified. The local
density of eOH generation was estimated by a method based on the EPR spin-trapping. A series
of reaction mixtures containing varying concentrations (0.76-2278 mM) of DMPO was irradiated
by 16 Gy of carbon- or iron-ion beams at the Heavy-lon Medical Accelerator in Chiba (HIMAC,
NIRS/QST, Chiba, Japan) with or without a longitudinal magnetic field (0.0, 0.3, or 0.6T). The
DMPO-OH yield in the sample solutions was measured by X-band EPR and plotted versus DMPO
density. O,-dependent and O,-independent H,0, yields were measured. An aliquot of ultra-pure
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water was irradiated by carbon-ion beams with or without a longitudinal magnetic field.
Irradiation experiments were performed under air or hypoxic conditions. H,O, generation in irra-
diated water samples was quantified by an EPR spin-trapping, which measures e¢OH synthesized
from H,0, by UVB irradiation. Relatively sparse eOH generation caused by particle beams in
water were not affected by loading a magnetic field on the beam track. O,-dependent H,0, gen-
eration decreased and oxygen-independent H,0, generation increased after loading a magnetic
field parallel to the beam track. Loading a magnetic field to the beam track made eOH gener-
ation denser or made dense ¢OH more reactive.

Introduction

It was previously reported that loading a magnetic field
parallel to the particle beam track enhances the bio-
logical effects, i.e. cell lethality, of the particle beam
[1-3]. However, a magnetic field loaded perpendicular
to the beam track had no effect on cell death [4,5].
Applying the magnetic field after irradiation did not
increase cell death [1]. The mechanism of the enhanced
cell death by loading a longitudinal magnetic field on
the beam track has not been clarified.

As the effects of the longitudinal magnetic field on
the track were observed only during irradiation, the

mechanism must be related to the process of ioniza-
tion, i.e. generation of initial reactive species, or the
reactions of short lived reactive species. Effects on the
ionization process may have resulted from the track
structure, and/or yields of initial and secondary species.
Effects on the reactivity of initial species may have
resulted from the yields of secondary species.

Effects of the longitudinal magnetic field on the
track structure of the particle beam may be of interest.
The track structure of particle beams consists of core
and penumbra regions [6]. A sequence of initial ioniza-
tion on the straight linear track of the ion particle itself
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makes the cylindrical core. Thus, the core is a string of
overlapped spurs, as described in the spur model [7].
Higher LET particles cause denser ionization in the core,
i.e. shorter interspacing of spurs. Congested ionization
in the core can directly and/or indirectly cause clustered
damage on DNA [8]. On the other hand, energetic sec-
ondary electrons (3-rays) released by the primary par-
ticle formed the penumbra region surrounding the
core. lonization caused in the penumbra region maybe
sparser, like photon radiation, i.e. yielding well sepa-
rated spurs in the spur model. Larger effects of particle
radiation may be expected if the longitudinal magnetic
field may make ionization denser or prevent the pen-
umbra structure from spreading far from the core.

Hydroxyl radicals (¢OH) are one of the initial reactive
species caused by water radiolysis. eOH is considered
the most reactive ROS and the major player in the bio-
logical effects of ionizing radiation. Two different local-
ized densities of eOH generation were previously
reported [9,10]: milli-molar level (relatively sparse) and
molar level (markedly dense) generation. The intermo-
lecular distance of the relatively sparse ¢OH generation
was estimated to be 4.3-6.6 nm and that of the mark-
edly dense eOH was assumed to be less than 1 nm. In
the case of particle-beams, the relatively sparse and
markedly dense eOH generation may be caused in the
penumbra and core regions of its beam track,
respectively.

The sparsely generated eOH cannot react with each
other due to their distance. However, markedly dense
eOH generation enables the reactions of two or more
oOH. Reaction of two eOH gives hydrogen peroxide
(H,0,) directly (Equation (1)). In addition, H,0, and eOH
can react to give hydroperoxyl radicals (HO,®) and H,O
(Equation (2)). Then, H,O, can be produced again by
the reaction of two HO,*® (Equation (3)):

oOH + eOH — HzOz (1)
H,0, + e¢OH — H,O + HO,* (2)
HO,*® + HO,* — H0; + 03 (3)

Therefore, markedly dense eOH generation enables
oxygen-independent H,0, generation.

In this study, the effects of a magnetic field-loaded
parallel to the ion beam track on the ROS generation in
water were investigated. Sparse ¢OH generation, which
is caused in the penumbra region of the beam track,
was measured. In addition, the O,-independent H,0,
generation, which only occurs after markedly dense
eOH generation, i.e. «OH generation in the core region
of the beam track, was measured. The density of eOH
generation was discussed.

Materials and methods
Chemicals

5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) was pur-
chased from Dojindo Laboratories, Ltd. (Kumamoto,
Japan). 5-(2,2-Dimethyl-1,3-propoxycyclophosphoryl)-5-
methyl-1-pyrroline-N-oxide (CYPMPO) was a gift from
Mr Masato Kamibayashi (Kyoto Pharmaceutical
Universityat the time when the compound was gifted)
[11]. Thirty percent of H,O, solution was purchased
from FUJIFILM Wako Pure Chemical Corporation (Osaka,
Japan). Other chemicals were of analytical grade.
Deionized water (deionization by the Milli-Q system,
Merck Millipore, Billerica, MA) was used for all
experiments.

Estimation of the density of ¢OH generation

The theory and procedures were described previously
[9,10,12], and slightly modified and improved. A series
of reaction mixtures of different concentrations (0.76,
1.25, 1.66, 2.28, 3.24, 4.84, 13.3, 61.5, 208, 605, 961, and
2278 mM) of DMPO was prepared using 100 mM phos-
phate buffer containing 0.05 mM DTPA as the solvent.
The DMPO solution was then transferred to a polyethyl-
ene bag for irradiation. Then, the samples were irradi-
ated by16 Gy of carbon- or iron-ion beams. Hereafter,
Gy means the dose that can be measured physically via
the ion chamber. The irradiated sample was used for
EPR measurement, and drawn into PTFE tubing (i.d.
0.32+0.001 inches, wall 0.002+0.0005 inches; ZEUS,
Orangeburg, SC) and placed into the TE-mode EPR cav-
ity. The EPR spectrum of DMPO-OH generated in the
reaction mixture was measured using an X-band EPR
spectrometer within 10 min after irradiation. For DMPO-
OH, the second peak from the lower field of a 4-line
spectrum was recorded. The acquired EPR spectra were
analyzed using an in-house line fitting program and the
Gaussian line shape was fitted. The signal height and
line width of the fitted Gaussian line were measured,
and the EPR signal intensity was obtained as (signal
height) x (line width)%

The EPR signal intensity of DMPO-OH was converted
to the radical concentration by comparing the signal
intensity of 1 mM TEMPOL water solution as a standard.
The decay rate, kexp, of DMPO-OH after irradiation was
previously estimated by X-ray irradiation experiments
(Supplementary Figure 1(A)). The concentration of
DMPO-OH at the end of ion beam irradiation (time =
0), Coexp, Was obtained by extrapolating the experimen-
tal decay curve of DMPO-OH to time = 0.
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To calculate the net amount of DMPO-OH generated
during ion beam irradiation, Coner, the linear generation
of DMPO-OH was corrected considering the decay of
DMPO-OH during ion beam irradiation (Supplementary
Figure 1(B)). First, Coexp Was used as the initial estima-
tion value of Coner. The ion beam irradiation time, Tiaq,
was divided by arbitrary least time windows (At aq).
The linear increase in DMPO-OH during Atjag Was AC
= Conet/Tirad X Atirag- When the decay of DMPO-OH
during ion beam irradiation was eliminated, the con-
centration of DMPO-OH, Cy;, increased by AC with every
Atiyrag. The initial value of C; must be 0 at the start of
irradiation (tjrago)- Gy increased only by AC at the first
time point (tjraq1).- According to the previous observa-
tion in an X-ray experiment, C;; decreased during At;;aq
at the decay rate kirp = 3 X kexp, as described below. At
the next time point (tiag2), Ci again increased by AC
and decayed according to kgrp. By repeating this
increasing and decreasing process, the corrected gener-
ation of DMPO-OH during ion beam irradiation, Cogm,
was calculated.

This repeating derivative process is a combination of
a zero order increasing with the rate Coner/Tirragq @and
first-order decay with the decay rate kjrp simultaneously
running. The time course of C;; can be simplified as

Cii = Coner/Timad/kirp % (1-EXP (—kigp X timad))  (4)
therefore, C,; at the end of irradiation will be

Cosim = Coner/Tirrad/Kirp % (1= EXP (—Kkirp X Tirrad))-
(5)

When Cygv is equal to Coexp, Coner Will be given as

Coner = Coexp X Tirad X Kiro/(1-EXP (—kirp X Tirrad))-
(6)

Decay correction was Microsoft
Excel 2010.

The irradiation time, Ty aq, depends on both the dose
rate (Gy/min) and the selected rectangle area (cm?) irra-
diated. The T;,.q for 16 Gy was 7-8 min for either car-
bon- or iron-ion beams. Irradiated DMPO water solution
samples were immediately brought to the X-band EPR
spectrometer and measured 4-10 min after irradiation.
The kexp value previously observed by X-ray experi-
ments varied depending on the DMPO concentration in
the sample solution (Supplementary Figure 2).

The estimated net concentration of DMPO-OH in the
irradiated sample solutions was plotted versus the
density of DMPO in the sample solution. The DMPO
density, which was defined as the number of DMPO
molecules aligned on the linear unit distance, is the
reciprocal of the inter-molecular distance of DMPO mol-
ecules at a certain concentration. The density of eOH

performed on
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was estimated from the
plot profile.

inflection point of the

Estimation of the decay rate of DMPO-OH during
irradiation

The 2278 mM water solutions of DMPO were irradiated
at several different doses (8, 16, 32, and 64 Gy) of X-rays
at a constant dose rate (3 Gy/min).Estimated net DMPO-
OH yields, Coner, in the sample solutions were plotted
with the X-ray dose (Supplementary Figure 3). The lin-
earity between X-ray dose and Coner Was estimated by
the R? value of linear regression, and the kjrp value was
adjusted to achieve the maximum R’ value. The best
linearity between Coner and X-ray dose was observed
when kigp = 3.05 X kgxp. This value was used for decay
correction in this paper.

Measurement of O,-dependent and
O,-independent H50; yields

Experiments were performed under aerobic or hypoxic
(<0.1% oxygen) conditions. For irradiation under aer-
obic conditions, 350 ul of milli-Q water was sealed in an
O,-permeable polyethylene bag. For hypoxic experi-
ments, the sample sealed in the polyethylene bag was
moved into a glove box and N, gas was pumped in to
establish a 0.5% or lower O, atmosphere. The polyethyl-
ene bag containing the sample solution was again
sealed in an O,-impermeable bag with an O,-absorber
and colorimetric O,-marker (Supplementary Figure 4).
The O,-impermeable bag, oxygen absorber, and oxygen
indicator were purchased from 1.S.0. Inc. (Yokohama,
Japan). The oxygen marker remained pink in color
under a hypoxic (<0.1% O,) atmosphere, but changed
to bluish-violet when it sensed oxygen. The change in
color of the O,-marker is reversible.

The samples were irradiated by 32 Gy in the carbon-
ion beam experiment and 64 Gy in the iron-ion beam
experiment. H,0, yields were expected to become
lower than eOH yields and to decrease with increasing
LET under aerobic conditions, as reported previously
[10]. In addition, O,-independent H,0, yields, H,0,
yields under hypoxic conditions, were expected to be
lower than those under aerobic conditions. Therefore a
higher dose, 32 Gy, was selected in the H,0, detection
experiment than in the eOH detection experiment. An
additional higher dose, 64 Gy, was selected for iron-ion
beams, which have a higher LET than carbon-
ion beams.

H,0, was detected and quantified by the UV method
[13]. The UV method detects eOH synthesized from
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H,0, by UVB irradiation of the water sample. The eOH
was trapped by DMPO and then DMPO-OH was meas-
ured as an index of H,0, using X-band EPR.A 90-pl ali-
quot of the irradiated water sample was taken into a
micro-tube, and 10 ul of 1M DMPO water solution was
added into the micro-tube and then mixed. The water
sample was irradiated by UVB (12,000 uW/cm?) for
5 min. Immediately after UVB irradiation, the water sam-
ple was drawn into PTFE tubing and placed into the TE-
mode EPR cavity. X-band EPR spectra were measured
repeatedly 13 times every 30s, i.e. for 6 min. The
amount of H,O, generated per dose was estimated
using a standard curve previously prepared using a ser-
ies of H,O, water solutions of known concentra-
tions (4.9-29.4 uM).

X-band EPR measurement

The PTFE tubing holding 100 pul of sample solution was
set in a TE-mode EPR cavity using a quartz sample tube
and then measured using an X-band EPR spectrometer
(JEOL, Tokyo, Japan). EPR data acquisition was con-
trolled by the WIN-RAD ESR Data Analyzer System
(Radical Research, Inc., Hino, Tokyo, Japan). EPR condi-
tions were as follows: microwave frequency, 9.4 GHz;
microwave power, 2.00mW; lower magnetic field,
335.5mT; field sweep width: +0.75mT, sweep time:
15s, data resolution: 1024 points; field modulation fre-
quency, 100 kHz; field modulation amplitude, 0.063 mT;
time constant, 0.01 s.

lon beam irradiation

lon beam irradiation of the sample was performed at
the Heavy-lon Medical Accelerator in Chiba (HIMAC,
National Institute of Radiological Sciences, Chiba,
Japan). Experiments were performed using the experi-
mental scanning beam line (SB1). The polyethylene bag
containing the reaction mixture was attached to a flat
acrylic sample holder and set at the center of the solen-
oid magnet on the isocenter of the beam. The sample
was irradiated by carbon or iron ions accelerated to
350 MeV/nucleon at room temperature. A uniform
3.2 x 3.2-cm? field for eOH detection or 4.8 x 3.2-cm?
field for H,0O, detection at the isocenter plane was irra-
diated by scanning a narrowly focused ionbeam. A nar-
row pencil beam can scan uniformly in the selected
area [14]. The irradiated field (rectangle area) was tail-
ored to the sample size and number of samples. The
irradiated field should be slightly larger than the actual
sample size for irradiating samples. Single-packed
DMPO solution samples were irradiated for eOH

detection. Double-packed water samples under aerobic
and hypoxic conditions were simultaneously irradiated
for H,0, detection. The LET at the surface of the sample
for the carbon-ion beam irradiation was12keV/pm and
that for the iron-ion beam was 222 keV/um. Irradiation
was performed with or without a magnetic field loaded
longitudinal to the beam track.

Loading a magnetic field parallel to the
beam track

A water-cooled solenoid magnet with a bore of 10.5cm
in diameter and 16.8 cm in length was positioned at the
isocenter to produce a homogeneous magnetic field
longitudinal to the ion beams. Details of magnet set-
tings are described previously [2,3]. The magnetic field
strength loaded was switched at 0, 0.3, or 0.6T.

Statistical analysis

Statistical differences were estimated using the TTEST
function in Microsoft Excel 2010. Suitable “tail” and
“type” for the TTEST function were selected as follows:
the “tail” was 2 (two-tailed distribution) for stability
tests because the difference between the two data
groups was compared simply. The “type” was selected
according to the equality of variances between the
data sets, which was estimated using the FTEST func-
tion. Grades of significance were estimated by p < 0.05,
p <0.01, and p < 0.001.

Results and discussion

The results of density estimation of eOH generation in
water irradiated by carbon-ion beams are shown in
Figure 1. The plot of DMPO-OH yields in the irradiated
sample solution versus DMPO density in the sample
solution exhibited a typical 3-phase profile. The gener-
ation of sparse eOH can be estimated from the inflec-
tion point of the first phase and the second phase. The
density of eOH generated under no magnetic field
(Figure 1(A)) was estimated as 146 umq, which was
converted to 6.8 nm as the intermolecular distance and
5.2mM as the local concentration. The results observed
under a 0.3- or 0.6-T longitudinal magnetic field are
shown in Figure 1(B,C), respectively. The density of
sparse eOH generated under a 0.3 and 0.6-T longitu-
dinal magnetic field (Figure 1(B,C)) was estimated as
154 and 156 um~', which was converted to 6.5 and
6.4nm as the intermolecular distance, and 6.1 and
6.4mM as the local concentration, respectively. The
yields of DMPO-OH estimated at the inflection point,
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Figure 1. Estimation of the density of eOH generation in
water irradiated by carbon-ion beams. Concentrations of
DMPO-OH generated in the reaction mixture irradiated by car-
bon-ion beams were plotted versus the density of the DMPO
in the corresponding reaction mixture. Experiments were per-
formed under a (A) 0.0-T, (B) 0.3-T, or (C) 0.6-T longitudinal
magnetic field loaded on the beam track. Marks and the error
bars indicate the average and SD of three measurements.
Plots showed a characteristic 3-phase profile.

which were considered as sparse OH yields, were 0.16,
0.17, and 0.17 umol/L/Gy in the experiments under 0.0-,
0.3-, and 0.6-T longitudinal magnetic fields, respectively.
Maximum DMPO-OH yields observed in 23M
(1111 um”) DMPO solutions were 0.43, 0.46, and
0.44 umol/L/Gy under 0.0-, 0.3-, and 0.6-T longitudinal
magnetic fields, respectively.

The results of density estimation of eOH generation
in water irradiated by iron-ion beams are shown in
Figure 2. The height of the inflection point made by the
first phase and the second phase was lower than that
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of the corresponding height observed with carbon-ion
beams. The yields of DMPO-OH estimated at the inflec-
tion point were 0.094, 0.099, and 0.099 umol/L/Gy in
the experiments under 0.0-, 0.3-, and 0.6-T longitudinal
magnetic fields, respectively. However, the densities of
sparse eOH generated were similar to those in carbon-
ion beam experiments, being 160, 160, and 157 um*1
under 0.0-, 0.3-, and 0.6-T longitudinal magnetic fields,
respectively. Maximum DMPO-OH yields observed in
2.3 M DMPO solutions were 0.37, 0.37, and 0.41 pmol/L/
Gy under 0.0-, 0.3, and 0.6-T longitudinal magnetic
fields, respectively.

The sparse eOH generation in water irradiated by
iron-ion beams becomes lower than that by carbon-ion
beams. This is consistent with a previous paper [9] that
reported that sparse eOH generation became lower
with increasing LET of carbon-ion beams. However,
loading of a longitudinal magnetic field had little effect
on the density of sparse eOH generation or on the yield
of sparse e¢OH. The sparse eOH generation is mainly
caused in the penumbra region. The effects of the lon-
gitudinal magnetic field on the dense e¢OH generation
was unable to be evaluated from the plots shown in
Figures 1 and 2.

To estimate the actual value (intermolecular distance
or density) for dense eOH, the inflection point formed
by the third and the fourth phase has to be observed.
However, quantitative measurement of DMPO-OH in a
high-concentration DMPO solution beyond 2 M is diffi-
cult due to variation of permittivity of the sample solu-
tion, which can alter hyperfine splitting, i.e. the signal
shape, and the sensitivity of the EPR detector. As the
experiments described in this paper were able to
observe only the first, second, and third phases, the
actual value for dense eOH was unable to be obtained.
Only the existence of dense ¢OH in this stage is known.

The decay of DMPO-OH after irradiation may be due
to spontaneous one-electron reduction, and the oxygen
may reoxidize it. As the decay of DMPO-OH after irradi-
ation is slightly faster under a hypoxic atmosphere, dis-
solved oxygen in the reaction mixture may make it
slower (data not shown). An additional reduction may
have occurred during irradiation because the decay
rate of DMPO-OH during irradiation, kirp, was expected
to be faster than that after irradiation, kgxp. Stable
nitroxyl radicals, TEMPOL and carbamoyl-PROXYL, were
reduced during X-ray irradiation [12]. In addition, highly
concentrated H,0, clusters are likely related to this
reduction mechanism of nitroxyl radicals [12]. DMPO-
OH is a nitroxyl radical, but it is not completely stable
like TEMPO and/or PROXYL compounds. Therefore,
DMPO-OH may undergo decay by the highly
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Figure 2. Density estimation of eOH in water irradiated by
iron-ion beams with or without a longitudinal magnetic field
loaded on the beam track. Concentrations of DMPO-OH gener-
ated in the reaction mixture irradiated by carbon-ion beams
were plotted versus the density of the DMPO in the corre-
sponding reaction mixture. Experiments were performed
under a (A) 0.0-T, (B) 0.3-T, or (C) 0.6-T longitudinal magnetic
field loaded on the beam track. Marks and the error bars indi-
cate the average and SD of three measurements. Plots
showed a characteristic 3-phase profile.

concentrated H,0, cluster during X-ray irradiation simi-
lar to TEMPOL and carbamoyl-PROXYL.

To accurately estimate the eOH yield, mathematical
correction of the decay rate of DMPO-OH was intro-
duced [9] and modified to calculate the true value. In
this report, the decay rate of DMPO-OH during irradi-
ation, kjrp, was corrected by a factor of 3.05, which was
observed in the experiment shown in Supplementary
Figure 3. The reduction rate of DMPO-OH during irradi-
ation must be assessed, but it was unable to be meas-
ured directly. The experiment was thus carried out

using several different doses (8, 16, 32, and 64 Gy) at a
constant dose rate (3 Gy/min). Therefore, the irradiation
time, Tx, varied depending on the dose, i.e. 2 min 40s,
5min 20s, 10min 40s, and 21 min 20s for 8, 16, 32,
and 64 Gy, respectively. The results of this experiment
are shown in Supplementary Figure 3. A longer irradi-
ation time yielded a lower estimation, which is why the
decay rate of DMPO-OH during irradiation, kjgp, was
estimated to be slower.

The correction factor for kigp may vary depending on
the dose rate because the decay of DMPO-OH during
irradiation may depend on highly concentrated
H,O,clusters and the eOH yield during irradiation. A
higher dose rate may lead to the faster decay of DMPO-
OH during irradiation. Therefore, suitable factors are
required to accurately quantify the eOH yield induced
by X-ray or carbon-ion beam irradiation at different
dose rates. In particular, particle beams yield different
dose rates depending on the LET of the beam.
However, accurate ¢OH quantification is not required to
describe the effects of magnetic fields, which were
compared among identical dose rates in this study.

The H,0, yield in the water irradiated by carbon-ion
beams with or without loading of a longitudinal mag-
netic field is shown in Figure 3(A). The yield of H,0,
under aerobic conditions was significantly reduced by
longitudinal 0.6-T magnetic fields; however, it only
slightly increased or remained the same with a 0.3-T
magnetic field. The yield of H,0O, under hypoxic condi-
tions was significantly increased by longitudinal 0.3-
and 0.6-T magnetic fields in an intensity-dependent
manner. The H,0, yield under aerobic conditions corre-
sponds to the total H,0, generation. The H,0, yield
under hypoxic conditions corresponds to O,-independ-
ent H,0O, generation. The difference between the
aerobic and hypoxic H,0, yields corresponds to O,-
dependent H,0, generation, which significantly
decreased by loading longitudinal magnetic fields in an
intensity-dependent manner.

The H,0, yield in the water irradiated by iron-ion
beams is shown in Figure 3(B). The iron-ion beams pro-
duced a lower yield of aerobic H,0, and higher yield of
hypoxic H,0, than carbon-ion beams under no magnetic
field. The yields of H,O, under aerobic conditions were
significantly reduced by a longitudinal 0.6-T magnetic
field. The yields of H,0, underhypoxic conditions did not
change after loading a magnetic field, but relatively
higher values were maintained. The O,-dependent H,0,
generation was significantly reduced by loading mag-
netic fields in an intensity-dependent manner.

In aerobic conditions, H,O, generation by lower LET
beams is mainly associated with oxygen consumption
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Figure 3. Effects of a longitudinal magnetic field on the H,0,
yields in water irradiated by ion beams. (A) H,0, yields in
water irradiated by carbon-ion beams. (B) H,0, yields in water
irradiated by iron-ion beams. Black columns indicate H,0,
yield under aerobic conditions, which corresponds to the total
H,0, generation. Light gray columns indicate H,0, yield
under hypoxic conditions, which corresponds to O,-independ-
ent H,0, generation. Dark gray columns indicate the
0,- dependent H,0, generation, which was estimated by sub-
traction of the H,0, yield under hypoxic conditions of each
measurement from the average total H,0, yields under the
same magnetic field condition. * and ** indicates significance
with p < 0.05 and p < 0.01, respectively.

[10]. During rapid O,-dependent H,0, generation, HO,®

is generated by the reaction of a hydrogen radical (eH)

and O, [Equation (6)], or by reaction of excited water

(H,0*) and O, [Equation (7)]. Then, 2 HO,"® react to give
H,0, [Equation (3)]:

oH + 0, — HO,*® (6)

H,O* + 0, — eOH + HO,* (7)

This is associated with sparse ionization, which
occurred in the penumbra region of the track. Both eH
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and eOH were generated from ionized or excited water;
however, the sparsely generated eOH cannot react with
each other due to distance. Highly reactive ¢OH cannot
move the intermolecular distance of eOH, which is over
6nm (Figures 1 and 2). Therefore, direct H,O, gener-
ation with Equation (1) cannot occur from sparsely gen-
erated eOH. The decrease in O,-dependent H,0,
generation may reflect a decrease in eH generation or
increase in eH consumption/cancelation. The increasing
O,-independent H,0, generation, H,0, generation
under hypoxic conditions, may simply be due to an
increase in dense eOH due to increasing dense ioniza-
tion. Thus, the cancelation of eH, i.e. reaction of eH to
make H,, or reaction with e¢OH to make H,O will
also increase.

Hydrated electrons (e™,q4) can be generated simul-
taneously with eOH through the water radio-lysis pro-
cess [Equation (8)-(10)]:

X—ray/C-beam~~n~>H,0 — H,0" + e~ (8)
e +nH,0 — ey 9)
H,O0" — eOH + H™ (10)

Then, e ,q reacts with H" to give eH [Equation (11)].
HJr—|—e7aq — oH an

If the oxygen can react with e™,4 before Equation (11),
0,°" may be generated by Equation (12):

e’aq + 02 — 02.7 (12)

However, Equation (11) is dominant to Equation (12)
even in aerobic conditions for the following reason:

When DMPO water solution was irradiated by X-rays
or carbon-ion beams, the EPR signal of DMPO-OH and
DMPO-H was observed in the irradiated solution
[15,16]. For example, a time course of EPR spectra
observed in 1.7 M DMPO solution irradiatedby 32 Gy of
carbon-ion beams is shown in Supplementary Figure
5(A). However, no trace of DMPO-OOH was observed in
the DMPO water solution irradiated by either X-rays or
carbon-ion beams. The decay rates of DMPO-OH and
DMPO-H observed in 1.7M DMPO water solution after
X-ray irradiation, i.e. kgp, were 0.0215 and
0.1968 min—", corresponding to a half-life of 32.2 and
3.5min, respectively. The half-life of DMPO-OOH was
reported to be around 1 min [11,17], but this short half-
life is unlikely the reason for why DMPO-OOH was not
observed in the irradiated DMPO water solution.

5-(2,2-Dimethyl-1,3-propoxy cyclophosphoryl)-5-
methyl-1-pyrroline N-oxide (CYPMPO) is another type of
spin-trapping agent. The O,*~ adduct of CYPMPO, i.e.
CYPMPO-OOH, is much more stable than DMPO-OOH
and its half-life was reported to be 15min [11]. If the O,
reacted with e™,q before Equation (11), and O,*~ was
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generated by Equation (12), CYPMPO-OOH should have
been observed after X-ray or carbon-ion beam irradi-
ation of CYPMPO water solution. However, CYPMPO-
OOH was not observed after either X-ray
(Supplementary Figure 6) or carbon-ion beam irradi-
ation (data not shown) of CYPMPO water solution.
There is only one report in which a CYPMPO-OOH
adduct was observed after gamma-irradiation of aque-
ous 1.0mM CYPMPO solution [18]; however, the reac-
tion mixture contained 200mM HCOOH and was
bubbled by O, gas. Therefore, Equation (11) is domin-
ant to Equation (12) in simple water solution of spin-
trapping agents under aerobic conditions.

In addition, similar amounts of eH and eOH were
detected by DMPO spin-trapping (Supplementary
Figure 5(B)) in the reaction system used in the current
study. The presence of oxygen was unable to suppress
the eH detection by DMPO and a similar amount of
DMPO-H was observed under aerobic and hypoxic con-
ditions (data not shown). This suggests that O, was
unable to consume e ,4 under aerobic conditions and
that Equation (11) is the most available source of eH
generation. Thus, direct one-electron reduction of O,
by e .q which gives 0,°7/HO,®, and sequential H,0,
generation are minor. The main source of 0,° /HO,®
under aerobic conditions is probably Equation (6).
Under hypoxic conditions, radiation-induced H,O, gen-
eration decreased due to O,-dependent H,O, gener-
ation through Equations (3) and (6) was
suppressed [13].

The methods used for quantification of H,0, were
carefully compared and we concluded that the UV
method yielded good reproducibility [13]. The sample
of ultrapure water (deionized by the milli-Q system)
may contain only water and air (or only N, in the hyp-
oxic sample). Irradiating the water sample by X-rays or
carbon-ion beams can induce several ROS. Only H,0,
will remain in the sample water after irradiation due to
its stability, but other unstable ROS are canceled and/or
converted to H,0,. When an aliquot of DMPO was
added to the sample and the sample water was irradi-
ated by UVB, the available sources of DMPO-OH in the
irradiated sample water were UV-induced eOH gener-
ation from H,0, and UV-degradation of DMPO.
However, there was only a trace yield of DMPO-OH by
UV-degradation of DMPO [19] and it was not detectable
in 100mM DMPO solution used in the current study.
The UV method is an effective procedure for quantify-
ing H,0, in a simple and clear reaction system. Another
advantage of the UV method is that the quantification
of H,0, can be performed using relatively small sample
volumes of less than 100 pl per measurement.

The three methods for quantifying H,O,, the quinoid-
dye method, the Fenton method, and the UV method,
were compared in the previous paper [13]. The quinoid-
dye method is based on measurement of a red quinoid-
dye, which has absorbance at 505nm, formed by a
reaction of 4-aminoantipyrine, phenol, and H,0, in the
presence of peroxidase [20]. The Fenton method detects
oOH synthesized from H,O, in the presence of Fe*"
using EPR with DMPO as the spin-trapping agent [21,22].
The UV method also detects UV-induced ¢OH from H,0,
by the EPR spin-trapping, as described above. The three
methods produced similar but slightly different values;
however, the same response to different LET radiation
and oxygen concentrations was observed.

There are several reports of magnetic fields affecting
chemical reactions [23-25]. However, this was only
expected at relatively high concentrations (several milli-
molar to molar levels) of the reacting compounds. The
local concentration of markedly dense eOH is expected
to exceed 2.3 M. If such markedly dense eOH gener-
ation is sequential on the track core, this 2.3 M was only
when the longitudinal direction was considered.
However, in the direction perpendicular to the beam
track, the next eOH should exist on another beam track,
which may be separated by several mm or more
(Supplementary Figure 7). When nanosecond moment
is considered, even the number of incoming particles
depends on the dose rate. Thus, the concentration of
eOH is infinitely low (probably 107 '® mol/L) when the
perpendicular direction to the beam track is considered.
Therefore, only the reactions of markedly dense e¢OH on
the track can be affected by the longitudinal mag-
netic field.

Modification of under-nm-levels of eOH generation
in water irradiated by ion beams caused by a longitu-
dinal magnetic field on the beam track may be one rea-
son for the increased cell death. In addition, the
generation of highly concentrated H,O, clusters was
expected under such highly concentrated e¢OH condi-
tions [12]. H,O, can function as a strong oxidant at a
high concentration. It stimulates the skin and mucosa,
and 10 w/v% (~3 M) or higher H,0, solution causes
white patches and pain upon contact with skin/mucosa.
The volume and/or number of high-concentration H,0,
clusters may also increase due to O,-independent
H,0O, generation.

Conclusion

Relatively sparse eOH generation caused by particle
beams in water was not affected by loading a magnetic
field on the beam track. Oxygen-dependent H,0, gen-
eration decreased and oxygen-independent H,0,
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generation increased after loading a magnetic field par-
allel to the beam track. Loading a magnetic field paral-
lel to the beam track made eOH generation denser or
increased the reaction of dense eOH.
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Suppl. Fig. 1. Decay correction of DMPO-OH. (A) The time course of the spin-
adduct after irradiation was experimentally measured, and the decay rate of the spin-
adduct, kyyp, and the spin-adduct concentration in the irradiated sample at the end of
irradiation, Cypyxp, were estimated. (B) The decay of the spin-adduct during
irradiation, Az, was corrected assuming kjzp = 3 X kgyp and the net amount of the
spin-adduct generated during irradiation, C\pp, was obtained as Cg;, being equal

to Copxp-
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Suppl. Fig. 2. Estimation of first-order decay rates, kgyp, 0f DMPO-OH in water with different
concentrations of DMPO. The kv, of DMPO-OH were estimated using a set of X-band EPR signals
repeatedly measured after 32-Gy X-ray irradiation of the corresponding DMPO reaction mixture. The
EPR measurement was started approximately 2.5-3.0 min and repeated for 10 min with 1-min
intervals. (A) Decay of DMPO-OH in 1661 mM (1000 um™') DMPO solution. (B) Decay of DMPO-
OH in 0.49 mM (66.7 um') DMPO solution. Results of independent experiments were plotted in
different colors. (C) Relationship of kzyp of DMPO-OH with the intermolecular density of DMPO. The
kgxp of DMPO-OH generated in the reaction mixture irradiated by X-rays were plotted versus the
density of the DMPO in the corresponding reaction mixture. For example, marks with dotted circles in
(C) are the decay rates experimentally estimated from data sets (A) and (B).
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Suppl. Fig. 3. Correction of the decay rate used for the decay correction. The 2.3 M DMPO water
solution was irradiated with several doses of X-rays. Estimated net DMPO-OH yields in the sample
solutions were plotted against the X-ray dose. The value extrapolated as the DMPO-OH decay to t =0,
Copxp 1.€., no decay correction (light gray diamond), did not linearly increase with the dose. When the
decay during irradiation was corrected assuming ki = kpxp (dark gray triangle), the estimated net
yield of DMPO-OH, Cygr, Was not linearly related to the dose. When the decay during irradiation was
corrected using kg, = 3.05 X kgpyp (black circle), the estimated net yield of DMPO-OH, C g, linearly
increased with the X-ray dose.
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Suppl. Fig. 4. Schematic drawing of the sample preparation for irradiation under hypoxic conditions.
An aliquot (300-350 pl) of sample solution was sealed in an O,-permeable polyethylene bag using a
heat sealer. The samples were moved into a glove box, and N, gas was pumped into the glove box to
establish a 0.5% or lower O, atmosphere. The polyethylene bag containing the sample solution was
again sealed in an O,-impermeable bag with an O, absorber and colorimetric O, marker.
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Suppl. Fig. 5. An image of initial reactive species of water radiolysis, i.e. *OH, H*, and e, on the beam
track. When 2 x 10'? particles/sec was irradiated as a beam of 10 cm in diameter, it corresponded to
0.25 particles/mm?/ns, and the distance between a particle track and the other particle track can be
estimated at around 2 mm. The molecular distance of 2 mm corresponds to a concentration of 0.2 aM.
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Suppl. Fig. 6. Comparison of net yields of DMPO-OH and DMPO-H caused by carbon-ion beam in
1.7 M DMPO water solution. (A) Time course of the X-band EPR signal observed after carbon-ion
beam irradiation. Closed circles indicate the EPR signal of DMPO-OH, which consists of 4 lines with
an intensity ratio of 1:2:2:1. Closed triangles indicate the EPR signal of DMPO-H, which consists of 9
lines with an intensity ratio of 1:1:2:1:2:1:2:1:1; some lines overlap. (B) Net yields of DMPO-OH and
DMPO-H. The decay rates of DMPO-OH and DMPO-H after irradiation, i.e., kgxp, used for the decay
correction were 0.0215 and 0.1968 min!, respectively. These decay rates were observed by X-ray
experiments. For comparison, the decay rates of DMPO-OH and DMPO-H calculated from results
shown in (A) were 0.0198 and 0.1201 min-!, respectively. The decay rates during irradiation, i.e. kjzp,
were estimated to be 3.05 X kgyp for DMPO-OH and 1.50 X kgyp for DMPO-H by X-ray experiments.
The variation in the estimated yield of DMPO-H was larger than that of DMPO-OH due to the smaller
signal height caused by more hyperfine splitting and faster decay of the EPR signal of DMPO-H.
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Suppl. Fig. 7. Time course of the X-band EPR signal observed in a CYPMPO water solution after X-

10.13 min

ray irradiation. A 500 mM CYPMPO water solution was irradiated by 32 Gy of X-rays at 3.0 Gy/min.
Closed circles indicate the peak of CYPMPO-OH. Gray open diamonds indicate the expected peak
positions of CYPMPO-OOH, which were absent on the spectrum. Closed triangles are likely
CYPMPO-H due to its relatively fast decay. Only CYPMPO-OH was observed 10 min after X-ray
irradiation. The EPR parameters were as follows: microwave frequency was 9.4 GHz, microwave
power was 2 mW, center field was 336.7 mT, field sweep width was +7.5 mT, field sweep rate was 7.5

mT/min, time constant was 0.03 s, modulation frequency was 100 kHz, and modulation width was
0.063 mT.
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