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On the basis of simulations of water radiolysis, it has been postulated that the yield of OH radicals, which
become homogeneously distributed, is dependent upon energy when irradiated with low-energy photons. The
aim of this study is to determine experimentally the dependence of the yield of OH radicals, which escape
intratrack recombination, on photon energy of incident radiation using plasmid DNA as a probe. The yields
of single strand breaks (ssb) induced in plasmid DNA (pUC18) when irradiated with photons varying in
energy from 0.28 keV to 1.25 MeV was determined and, when normalized relative to the yield for60Co
irradiation, may be used as a measure of the yield of OH radicals escaping radiation tracks. As the photon
energy decreases from 1.25 MeV to 1.5 keV the OH radical yield decreases from 0.290 to 0.072µmol J-1,
respectively, in line with an increased ionization density of the radiation and hence an increasing probability
of radical recombination. However, with a further decrease in photon energy from 1.5 to 0.28 keV there is
an upturn in OH radical yields. Carbon-K X-rays are found to have a significantly higher yield of 0.257µmol
J-1 than that associated with the higher energies. The experimental dependence is compared with a number
of theoretical calculations, which predict an upturn in OH radical yields between 0.1 and 1 keV. Such a
dependence of OH radical yields on energy provides experimental data suitable for direct comparison with
simulations, aiding their refinement and development.

Introduction

Many studies have been undertaken to model the radiation
chemistry of water following the time dependent yield of
primary radicals.1-9 The majority of these models have focused
on γ-rays, hard X-rays, and high-energy electrons. For those
that have investigated the dependence of the radical yield on
the photon energy of the radiation, it was postulated that the
yield of hydroxyl radicals, generated from radiation tracks in
water and which escaping intratrack recombination events to
become homogeneously distributed, is dependent upon the
energy of the radiation.7-11 From simulations, the majority of
intratrack radical-radical interactions, in water, occur at times
<10-8 s, after which the remaining radicals may be regarded
as homogeneously distributed.1,3 The experimentally determined
yields of e-aq and hydroxyl radicals obtained by pulse radiolysis
confirm that the majority of intratrack events involving water
radicals are complete within 10-7 s.12,13Several simulations have
postulated that the yield of homogeneously distributed hydroxyl
radicals decreases as the energy of the incident photon is
reduced, but with very low-energy photons,<1 keV, the yield
increases.7-9 The number of water radicals that escape recom-
bination events within the track is therefore a reflection of the
ionizing density of the radiation. To date, few studies have
investigated experimentally the dependence of the yield of water
radicals on photon energy, and those which have, have examined
the yield of ferric ions (Fricke dosimetry), which decreases with
decreasing photon energy in the range 1 MeV to 2 keV.10,14

Low linear energy transfer (LET) radiation, i.e.,γ-rays, X-rays
and high-energy electrons produce low-energy, secondary
electrons that contribute approximately 30% of the absorbed
dose.15 These low-energy electrons may be simulated by

characteristic ultrasoft X-rays (USX), which interact almost
exclusively via the photoelectric effect, producing isolated tracks
of electrons with small well-defined energies (in water>99%
of these interactions are with oxygen). Carbon K X-rays
generally produce a single photoelectron, while for other X-ray
energies an Auger electron usually accompanies the photoelec-
tron, as indicated in Table 1. Studies employing USX have
highlighted these low-energy secondary electrons to be the pre-
dominant contributor to biologically complex DNA damage.16-21

An increase in ionization density is generally considered to give
rise to an increased proportion and complexity of damage, which
is less susceptible to cellular repair processes than damage
produced by more sparsely distributed ionizations.18,22,23

The aim of this study is to determine experimentally the
dependence of the yield of hydroxyl radicals that escape
intratrack recombination events in water on the photon energy
of the radiation. From a modeling standpoint, this information
provides experimental benchmarks against which track simula-
tions may be compared and hence leads to subsequent refine-
ment of these models. From a biological point of view, the
ionization density associated with a specific radiation energy
can be assessed as a factor determining simple versus complex
molecular damage. The objectives are achieved by effectively
using plasmid DNA within an aqueous solution containing a
given concentration of a hydroxyl scavenger, Tris, as a probe
to sample the number of hydroxyl radicals present at 10-6 s.
Plasmid DNA reacts competitively with Tris for hydroxyl
radicals to give rise24 to readily detectable single strand breaks
(ssb) whose yield is subsequently determined. The concentration
of the hydroxyl scavenger used sets the lifetime of the hydroxyl
radicals to 10-6 s, sufficiently high to ensure that the majority
of homogeneously distributed radicals interact with either the
scavenger or DNA in a fixed proportion and are not removed
as a consequence of radical-radical interactions involving
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homogeneously distributed radicals including the OH radi-
cal.1,3,25Therefore, only those hydroxyl radicals formed within
a radiation track and which subsequently escape intratrack
radical-radical recombinations induce DNA ssb. Consequently,
the yield of strand breaks within the DNA probe is proportional
to the yield of hydroxyl radical species escaping radical-radical
intratrack recombination events, a reflection of the ionization
density of the track.

Experimental Section

Plasmid DNA. pUC18 (2686 base pairs) was propagated in
E. coli HB101 and the DNA extracted using alkali lysis followed
by purification using cesium chloride-ethidium bromide gra-
dients.26 The plasmid, which is>95% in the supercoiled form,
is subsequently stored at 277 K in a buffer (10 mmol dm-3

Tris, 1 mmol dm-3 EDTA) at a concentration of 0.5 mg/mL.
The desired Tris scavenging concentration of 0.66 mmol dm-3

was obtained by adding 3.3µL of the above DNA stock to 46.7
µL of triple distilled water, resulting in a final DNA concentra-
tion of 33 ng/µL, equivalent to a base pair concentration of 51
µmol dm-3.

DNA Irradiation. For each X-ray irradiation, 5µL samples
of plasmid solution were irradiated within glass-walled irradia-
tion dishes (3 cm internal diameter) made with bases of 0.35
mg cm-2 (∼2.5 µm thickness) of Hostaphan (poly(ethylene
terephthalate), manufactured by Hoechst). A CR-39 plastic disk
(2.84 cm diameter) was placed on top of the plasmid sample
and was rotated to facilitate even spreading of the plasmid over
the entire area. Confocal microscopic analysis27 revealed an
average thickness of the plasmid solution of 7.8µm from six
individual measurements, consistent with the calculated thick-
ness. Two 5µL droplets of water were placed on top of the
CR-39 disk, and a steel lid was positioned on the glass dish to
minimize evaporation from the sample during the course of the
experiment. Prior to irradiation, the samples were cooled for 7
min using a chiller thermocirculator (Churchill Inst. Co. Ltd.,
Perivale, U.K.) which pumped a water/antifreeze mix through
a jacket surrounding the dish, ensuring that the samples were
maintained ate277 K for the entire course of the irradiation.28

At this temperature the conversion of heat labile sites into single
strand breaks (ssb) is minimized.29-31 Following irradiation, the
sample was recovered by removing the CR-39 disk and adding
25 µL of 10 mmol dm-3 Tris. The CR-39 disk was replaced
and again rotated to facilitate mixing of the original plasmid
solution with the additional Tris solution. The solution was
subsequently recovered from both the Hostaphan and CR-39
disk surfaces using a pipet and stored on ice. Prior to
electrophoresis, 15µL of loading buffer (0.1% bromophenol
blue, 30% sucrose in TBE) was added to the solution. DNA
samples were subjected to electrophoresis in a 1% agarose gel

in TBE at pH 7.1. These gels were run typically at 74 mV cm-1,
6 mA for 17 h at 277 K.

For 60Co γ-irradiation 20µL of a 33 ng/µL DNA solution
was placed within a 5 mm diameter glass tube. During
irradiation the tube is surrounded by ice and hence has a
temperature ofe277 K. Again, following irradiation, the sample
was kept on ice and analyzed by gel electrophoresis, as described
above. Experiments were also undertaken withγ irradiation
utilizing the Hostaphan dishes, and these confirmed that there
are no experimental discrepancies resulting from the different
radiation containers used.

Following electrophoresis, the gels were stained with 30µL
of ethidium bromide (10 mg/mL) in TBE (89 mmol dm-3 Tris,
89 mmol dm-3 boric acid, 2 mmol dm-3 EDTA) for ap-
proximately 1 h at 277 K. The gel wasthen washed in water
and an image obtained by visualizing the gel using a UV
transilluminator and a charge-coupled device (CCD) camera.
The production of a DNA single strand break in supercoiled
plasmid DNA results in relaxation of the plasmid to the open
circular form, which has an electrophoretic mobility different
from that of the supercoiled form. Images were analyzed for
the relative proportions of the different plasmid forms using
Collage (Fotodyne) software. A correction factor of 1.4 is used
in the quantification of the gel, as previously described to allow
for the reduced binding of ethidium bromide to the supercoiled
form of the plasmid.32

Radiation Sources.Ultrasoft X-rays.An MRC cold cathode
discharge tube19,33with the appropriate transmission target was
used to produce characteristic ultrasoft X-rays (CK, CuL, AlK,
and TiK) with low Bremsstrahlung contamination (<1%). The
properties of these X-rays are tabulated in Table 1. Detailed
descriptions of the irradiation facility and dosimetry with the
various targets are given elsewhere.19,28,34,35 The cathode
potentials and discharge currents used for these experiments are
given in Table 2. The X-rays, produced by electron bombard-
ment of the target, travel 5.4 cm through a flight tube
continuously flushed with helium (hydrogen for CK X-rays) at
atmospheric pressure, irradiating the plasmid through the
Hostaphan base of the dish on which the plasmid was spread.
Dosimetry was carried out using air-filled ionization chambers36

(internal diameter 0.8 cm, volume 0.1 cm3) with a 0.248 mg
cm-2 aluminum window for the CuL, AlK, and TiK X-rays and
a 25µg cm-3 carbon window for carbon X-rays. Measurements
of the ionization current were made before and after each
experiment using a Keithley 616 electrometer with the ion
chamber window positioned 1 mm behind an empty Hostaphan-
based irradiation dish. Corrections were made for the variation
in X-ray intensity across the sample. These experimentally
determined correction factors for calculating the area-weighted
mean intensity over the whole sample compared to that
measured at the center are tabulated in Table 2. The absorbed
dose rate,Ḋs, at the incident surface of the sample can be
calculated from the photon fluence rate,φ, using

TABLE 1: Properties of Characteristic USX Interactions in
Water

dominant electron
energy (keV)

X-ray

photon
energy
(keV) photo Auger

combined
electron

rangeb (nm)

mass
attenuation
coefficientc

(cm2/g)
attenuation
length (µm)

CK 0.28 0.25 <7 5416 1.8
CuL 0.96a 0.42 0.52 ∼40 4640 2.2
AlK 1.49 0.96 0.52 ∼70 1421 7.0
TiK 4.55a 4.02 0.52 ∼500 56.97 180

a Weighted average.37 b Combined csda (continuous slowing down
approximation) range of the two electrons (single electron for CK

X-rays).38 Energy is generally deposited over a smaller distance due to
electrons being emitted in a random direction and the tortuous path
followed. c Values calculated using elemental coefficients.39

TABLE 2: Parameters Determined for a 7.8µm Plasmid
Sample Irradiated with USX in Water

X-ray

cathode
potential

(kV)

discharge
current
(mA)

area-weighted
mean intensity
over sample

mean to
surface dose-

rate ratios

typical mean
absorbed dose

rates (Gy min-1)

CK 1.5 3.0 0.85 0.233 ∼0.5
CuL 2.0 8.0 0.91 0.269 ∼0.25
AlK 4.0 4.0 0.93 0.604 ∼30
TiK 7.0 3.0 0.91 0.978 ∼4

Ḋs ) φ(µen

F )
water

E
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where (µen/F)water is the mass energy absorption coefficient of
water (the value of which is essentially identical to the mass
attenuation coefficient(µ/F)water, given in Table 1) for USX
photons of energyE. These ultrasoft X-rays are significantly
attenuated by the sample and therefore the mean absorbed dose
rate,Ḋm, in a sample of thicknessx and densityF was calculated
using

The calculated mean to surface dose rate ratios and typical mean
absorbed dose rates for a 7.8µm sample with a density of 1 g
cm-1 are tabulated in Table 2 for the various ultrasoft X-ray
energies.

High-Energy Photons.Hard X-ray studies were undertaken
using two different X-ray sets. A Siemens Stabilipan 1 X-ray
machine was run at 250 kV (constant potential) with a
compound filter of copper and aluminum producing an X-ray
spectrum with a first half-value layer of 1.2 mm of copper,
giving a dose rate of 2.0 Gy min-1 (absorbed dose to water).
Back-calculation from the half-value layer gives the mass
absorption coefficient from which an average photon energy
of 90 keV is calculated. A Todd Research diagnostic X-ray
machine with a Machlett 50 kV X-ray tube was run at 50 kV
(constant potential) with an aluminum filter producing an X-ray
spectrum with a first half-value layer of 1.0 mm of Al. This
was run in 30 s bursts to prevent overheating, delivering 1.5
Gy (absorbed dose to water) every 30 s. The half-value layer
yields a mean photon energy of 23 keV.γ irradiation was
undertaken with a60Co sealed source. Dose rates for both hard
X-ray andγ irradiation were assessed using a Farmer type 2570
dosimeter with a type 2581 0.6 cm3 ionization chamber.

The Compton process becomes increasingly important for the
interaction of photons with water for energies above∼25 keV,
with the energy essentially shared between the emitted electron
and a second lower energy photon.

Strand Break Yield Determinations. For each radiation
source, a dose response was determined for the loss of
supercoiled plasmid at the specified Tris scavenging concentra-
tion for OH radicals of 0.66 mmol dm-3. From the slope of
this response, aD37 value was calculated which, assuming
Poisson statistics for strand break induction, represents the
radiation dose required to give on average one ssb per plasmid
molecule. Assuming the average mass of a base pair is 650 Da,
the yield of ssb/Gy/Da is given by

where 2686 is the number of base pairs for pUC18.
An indication of the comparative number of OH radicals

escaping the track may be made by comparing the ratio of ssb
yields for different radiations to that determined for60Co γ
radiation. It is assumed that the proportion of OH homoge-
neously distributed radicals that interact with DNA in competi-
tion with the fixed concentration of Tris is independent of the
photon energy. Therefore, the yield of ssb/Gy/Da is proportional
to the OH radical yield obtained under conditions of homoge-
neous radical distribution, i.e., att > 10-6 s.

Results

In Figure 1, the dependence of loss of supercoiled plasmid
on radiation dose is shown for irradiation of pUC18 plasmid

DNA in the presence of 0.66 mmol dm-3 Tris with 60Co γ
radiation, 50 kV (constant potential) diagnostic X-rays, and AlK

USX at a scavenging capacity of 106 s-1, sufficiently large for
OH radicals to become homogeneously distributed. The char-
acteristic time constant (or scavenging capacity) for the interac-
tion of OH radicals with Tris is the product of the concentration
of Tris and its rate constant for interaction with OH radicals.
The latter value,40 taken to be 1.5× 109 dm3 mol-1 s-1, gives
a time constant of 9.5× 105 s-1, equivalent to a mean lifetime
of the OH radicals of 10-6 s. For this constant scavenging
capacity, the yields of ssb, calculated from the slope of the dose
responses, are dependent upon the energy of the radiation. The
yields of ssb calculated from these dose dependencies are shown
in Table 3 together with the photon energies of the radiation.
These yields of homogeneous OH radicals were calculated by
normalizing the yield of ssb for a given radiation relative to
the yield for60Co γ-ray and takingG(OH) ) 0.29µmol J-1 for
60Co γ radiation at 10-6 s.41

The dependence of the yield of homogeneously distributed
OH radicals on photon energy is illustrated in Figure 2. The

Ḋm ) Ḋs

1 - exp(-(µ/F)waterFx)

(µ/F)waterFx

1
(D37 × 2686× 650)

Figure 1. Dose dependence for the loss of supercoiled plasmid
determined for varying incident energy photons. Irradiations were
undertaken in an aqueous solution containing pUC18 and 0.66 mmol
dm-3 Tris: (1) aluminum USX; (9) diagnostic 50 kV (constant
potential) X-ray; (2) 60Co γ-ray.

TABLE 3: Variation in the Yield of Single Strand Breaks
Produced in PUC18 DNA with Incident Photon Energy

energy
single strand

break yield/Gy/Da

yield of OH
radicalsa

(µmol J-1)

γ 60Co 1.25 MeV av 18.80× 10-9 0.290
Ti X-ray

K-shell emission
4.55 keV 5.81× 10-9 0.090

Al X-ray
K-shell emission

1.49 keV 4.66× 10-9 0.072

Cu X-ray
L-shell emission

0.96 keV 5.3× 10-9 0.082

C X-ray
K-shell emission

0.28 keV 16.66× 10-9 0.257

Siemens Stabilipan
1 X-ray set

250 kV
(const pot.)

15.31× 10-9 0.236

90 keV av
TODD Research

machine Machlett
X-ray set

50 kV
(const pot.)

23 keV av

13.03× 10-9 0.201

a G(OH)radiation/G(OH)Co-60 γ-rays ) (ssb/Gy/Da)radiation/(ssb/Gy/
Da)Co-60 γ-rays.
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yield of ssb/Gy/Da and therefore OH radicals increases with
increasing photon energy for values ofE g 1 keV. Below 1
keV the yield of ssb/Gy/Da and therefore OH radicals increases
with decreasing photon energy. The attenuation of X-rays
through the sample becomes increasingly important at lower
energies (see Tables 1 and 2). An accurate determination of
the sample thickness was obtained by confocal microscopy prior
to irradiation. However, consideration must also be given to
maintaining a constant sample thickness throughout the course
of the experiment. Any evaporation during the course of the
irradiation leads to variation in attenuation of the X-rays and
consequently to a discrepancy between actual and assumed doses
to the sample. The use of a cooled sample and dish, water
droplets placed on top of the CR-39 disk, and a lid placed on
top of the dishes minimizes such effects. These conditions are
essential with the CuL and CK USX as long irradiation times
are required due to their low dose rates of 0.25 and 0.5 Gy
min-1, respectively. Because of the low number of ssb/Gy/Da
with CuL USX, long irradiation times are also required to give
measurable breakage yields. Since the mass attenuation coef-
ficients for CuL and CK USX are similar in water (See Table
1), the difference in ssb yields between these two energies is
directly indicative of a difference in OH radical yield and not
dependent on assumptions in calculating mean doses through
the samples.

Figure 3 shows comparisons between these experimentally
determined yields of OH radicals with photon energy and those
obtained from various theoretical simulations. In all cases there
is some general agreement between the shapes of the curves
for the simulated and experimentally determined dependencies,
but there are some significant quantitative differences in the
yields and in the positions of the minimum.

Discussion

The main finding is that the experimentally determined yield
of ssb is dependent upon the photon energy of the radiations
used. As the photon energy is reduced, there is a decrease in
the number of ssb/Gy/Da to a minimum value at 1-2 keV,
below which further decreases in photon energy result in an
increased number of ssb/Gy/Da. The scavenging capacity of
0.66 mmol dm-3 Tris corresponds to a time of 1µs, sufficiently
long for OH radicals to become homogeneously distributed. The

plasmid is also at a low concentration and thus both Tris and
DNA are at concentrations insufficient to influence intratrack,
radical-radical interactions but sufficiently high to interact with
the majority of homogeneous OH radicals in competition with
their loss by intertrack radical-radical interactions. Since the
plasmid is at a low concentration, it should be noted that an
absolute measure of the number of radicals present is not
obtained but the number of radicals is sampled for comparison
between different radiation energies. From simulations with
electrons of energy>1 keV, the initial yield of ionization and
excitations is independent of the electron energy.1,3 Therefore,
observed differences in ssb yields on photon energy do not arise
from differences in initial OH radical yields but reflect differ-
ences in the number of OH radicals that become homogeneously
distributed. Thus, the number of ssb induced in plasmid DNA
is proportional to the number of OH radicals escaping intratrack
events and becoming homogeneously distributed. Differences
in the homogeneously distributed yield of OH radicals are
dependent upon the photon energy of the radiation and are
therefore a reflection of the relative spatial distributions of the
species that are formed within the radiation track.

When these results are compared with those obtained
experimentally from Fricke dosimetric methods (g2 keV)42 and
from theoretical calculations,7-9 there is partial agreement.
However, with Fricke dosimetry, the yield of Fe3+ is determined
from the interaction of Fe2+ with H atoms and OH radicals and
the molecular product, H2O2. Therefore, the yield of OH radicals
is not directly determined using the Fricke system. The reaction
with H2O2 potentially compensates for any reduction in the yield
of OH radicals as a result of intratrack recombination events.
In Figure 3 the experimental dependence of OH radical yields
on photon energy (Table 3) has been compared with various
theoretical simulations for electrons or photons. The calculation
of Magee and Chatterjee8 for monoenergetic electrons and
Yamaguchi9 for monoenergetic photons both used a prescribed
diffusion model. The tracks were broken up into a finite number
of track entities in which the diffusion-controlled reaction
kinetics were described using a set of simultaneous differential
equations and an assumed distribution of radicals. These
simulations were essentially fitted to the limited high-energy

Figure 2. Experimental dependence of the yield of single strand breaks
determined in pUC18 DNA with incident photon energy: (b) carbon
USX; (O) Cu USX; (1) aluminum USX; (9) titanium USX; (0) TODD
Research X-ray set; ([) Siemens X-ray set; (2) 60Co γ-ray.

Figure 3. Comparison between the dependence on photon energy of
the experimentally determined yields of OH radicals (see Table 3) and
the simulated yields of OH radicals determined by Magee and
Chatterjee8 (- - -), Hill and Smith7 (‚‚‚), and Yamaguchi9 (- - -): (b)
carbon USX; (O) Cu USX; (1) aluminum USX; (9) titanium USX;
(0) TODD Research X-ray set; ([) Siemens X-ray set; (2) 60Coγ-ray.
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electron and photon experimental data. The Monte Carlo
electron simulations of Hill and Smith7 followed the evolution
of events, from the initial interactions to production of chemi-
cally reactive species to their subsequent diffusion-controlled
reactions. The Monte Carlo method allows the stochastic nature
of the radiation tracks to be followed.

In the case of the Magee and Chatterjee model,8 the general
shape of the response is similar to that obtained experimentally
but the actual response is shifted toward lower energies, with
the minimum OH radical yield occurring at 0.5 keV compared
with the experimental value at∼1.5 keV. In comparison, with
the Hill and Smith model (at 10-6 s),7 a minimum occurs at
approximately 1 keV with the depth similar to that determined
experimentally. In addition, the subsequent rise in OH radical
yields at the lower energies is less steep than that found
experimentally. In the Yamaguchi model9 a minimum occurs
at a value similar to the Magee and Chatterjee model at around
0.5 keV. Over the entire energy range, the simulated OH radical
yield9 shows less of a dependence upon energy than the
dependence determined either by experimental methods or by
the other two models7,8 examined. Some differences in yields
between photons and electrons of a given energy are to be
expected when the photon interaction results in two electrons
(photon and Auger) of lower energies.

In summary, the decrease in the number of OH radicals
escaping intratrack radical-radical interactions in the energy
range of the photons from 1.25 MeV to 1.5 keV is a good
indication of an increase in ionization density of the track with
decreasing energy. In biological systems such increases in
ionization density with decreasing energy of incident radiation
would be expected to lead to a corresponding increase in
complexity of DNA damage, resulting from local clustering of
ionizations on the scale of DNA and its immediate surround-
ings.21 Indeed, this track ionization density analysis is supported
by experimental findings of an increase in the number of DNA
double strand breaks,18,43which represent the simplest form of
complex damage within cells, with decreasing photon energy
of the radiation.
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