RADIATION RESEARCH

189, 466–476 (2018)

0033-7587/18 $15.00
Ó2018 by Radiation Research Society.
All rights of reproduction in any form reserved.
DOI: 10.1667/RR14825.1

Dose-Rate Effects in Breaking DNA Strands by Short Pulses of Extreme
Ultraviolet Radiation
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Jorge J. Roccaf and Libor Juhaa,c
a

Institute of Physics, b Nuclear Physics Institute; c Institute of Plasma Physics and d J. Heyrovský Institute of Physical Chemistry, Czech Academy of
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effect is observed with the interaction of high-linear energy
transfer (LET) radiation. The radical concentration in the
track of the ionizing particle is high and therefore their
recombination reactions are favored as they have very highrate constants (1).
During the last decades, numerous sources delivering
ionizing radiation to the sample in short and ultra-short
pulses were developed and used for various radiation
experiments, making it possible to study dose-rate effects
more extensively.
Recent progress in the development of ion accelerators
using intense laser beam has enabled employment of such
sources as compact and cost-effective tools for radiotherapy.
The applications and properties are nicely reviewed by
Bulanov et al. (2) and the possible therapeutic advantages
discussed by Wilson et al. and Ledingham et al. (3, 4). A
perspective on laser-accelerated helium (He) nuclei and its
role in radiation therapy has also been discussed elsewhere
(5). Laser-driven ion accelerations have an inherent property
of delivering the ion bunch to the target material in a socalled ultra-high-dose-rate regimen. The proton/ion bunch is
created and subsequently accelerated by interaction of an
intense femtosecond laser pulse with a thin solid target.
When such a bunch is delivered to an appropriate target the
rate of energy deposition can reach .109 Gy/s (6, 7) of
magnitude in the irradiated material.
Efforts have already been made to demonstrate the
capability of laser-accelerated fast ion (proton) bunches to
induce DNA lesions in HeLa cells (6, 8), A549 pulmonary
adenocarcinoma cells (9), human FaDu tumors (10) or V79
cells (7), but no significant difference in relative biological
effectiveness (RBE) when compared to conventional
accelerators was found. Other researchers, who have
utilized laser-based X-ray plasma sources that allowed
delivery of energy with a dose rate of 1010–1013 Gy/s to
irradiate cells under various conditions, came to the same
conclusions (11–13).
To actually infer how such ultra-high-dose-rate radiation
can contribute to DNA damage, it is necessary to study the
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In this study, we examined dose-rate effects on strand
break formation in plasmid DNA induced by pulsed extreme
ultraviolet (XUV) radiation. Dose delivered to the target
molecule was controlled by attenuating the incident photon
flux using aluminum filters as well as by changing the DNA/
buffer-salt ratio in the irradiated sample. Irradiated samples
were examined using agarose gel electrophoresis. Yields of
single- and double-strand breaks (SSBs and DSBs) were
determined as a function of the incident photon fluence. In
addition, electrophoresis also revealed DNA cross-linking.
Damaged DNA was inspected by means of atomic force
microscopy (AFM). Both SSB and DSB yields decreased with
dose rate increase. Quantum yields of SSBs at the highest
photon fluence were comparable to yields of DSBs found after
synchrotron irradiation. The average SSB/DSB ratio decreased only slightly at elevated dose rates. In conclusion,
complex and/or clustered damages other than cross-links do
not appear to be induced under the radiation conditions
applied in this study. Ó 2018 by Radiation Research Society

INTRODUCTION

In the field of radiation chemistry, it is well known that
the change in the dose rate, at which ionizing radiation is
delivered to the studied (irradiated) system, can affect the
yield (radiation chemical yield) of the reactive species
(radicals). In irradiated systems where radical-substrate and
radical-radical reactions occur and the yields of products of
such reactions are different, the radiation chemical yield of
the product exhibits a dose-rate dependence. A similar
1 Address for correspondence: Institute of Physics of the CAS,
Radiation and Chemical Physics, Na Slovance 2, Prague, Czech
Republic 18221; email: vysin@fzu.cz.
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interaction process on a molecular level, prior to cell, tissue
and organ level.
Interaction of energetic particles in matter is accompanied
by the release of secondary electrons along its path. These
secondary electrons can have a very broad energy spread
ranging from approximately one-half of the initial particle
energy down to several electronvolts. The distribution of
secondary electrons in the target material is governed
mainly by an oscillator strength of its constituents. For
water and DNA, the most probable energy loss of charged
particles peaks at 23 eV (14). If it is assumed that the
ionization potential of water and DNA is at 12.6 eV (15)
and ;7 eV (16), respectively, it can be inferred that the
most probable secondary electron energy lies between 13–
16 eV, as estimated elsewhere (17). That is, the photoelectron produced by a single photon of the extreme ultraviolet
(XUV)-laser radiation can mitigate a most abundant
secondary electron produced during an interaction of
energetic charged particles, as reported elsewhere (14, 17).
A spatiotemporal concept of ionizing radiation energy
deposition processes can also be effectively studied by
interaction of intense XUV and soft X-ray (SXR) radiation
since the energies carried by the photons (10–500 eV) are
comparable to the secondary electron energies, which are
liberated in track structures called ‘‘spurs’’ and ‘‘blobs’’.
Spurs and blobs are generated by ionizing radiation when
energy imparted to secondary electrons is less than 100 eV
and 100–500 eV, respectively (18).
The interaction process of XUV and SXR with matter is
almost exclusively driven by the photoelectric effect such
that a high-intensity beam of photons is converted to
electrons in a very well-defined way. The low-energy
radiation (XUV) has a very short attenuation length of
approximately a few nanometers in almost any material so it
creates a very high density of ionizations and excitations in
the irradiated material. The study of spur overlap phenomena could benefit from that.
In the current work, we have focused on an interaction of
XUV radiation with a photon energy of 26.4 eV, delivered
by table-top capillary discharge laser, with plasmid DNA in
varying dose-rate regimens. Single- and double-strand
breaks (SSBs and DSBs) were observed in irradiated thin
layers of plasmid DNA after agarose gel electrophoresis
separation. Dose rate was adjusted by changing the ratio of
buffer salt (Tris and EDTA) to plasmid DNA in the sample,
as well as by attenuating the laser beam. The beam was
delivered in a pulsed regimen with single pulse duration of
1.5 ns (FWHM). In addition, we investigated the interduplex cross-link (CL) formation observed after irradiation
by means of atomic force microscopy (AFM).
Supercoiled plasmid DNA, such as pBR322, serves as a
widely used model of a DNA molecule in DNA damage
studies using various types of ionizing radiation including
protons (19–21), heavy ions (22–24), gamma radiation (25–
27) and low-energy electrons (28–30). It was also very
effectively used in a study of radical scavenging reactions

467

(31, 32). Its advantage is that irradiated and subsequently
isolated plasmid molecules are not subjected to cell repair
mechanisms, thus providing a good substrate for further
investigation and damage quantification ex situ.
MATERIALS AND METHODS
Samples of stock plasmid DNA solution (pBR322; New England
Biolabs Inc., Ipswitch, MA) stored in 13 TE buffer (10 mM Tris-HCl,
1 mM EDTA, pH 7.5) were spectrophotometrically checked for
concentration. Ratio of absorbance at 260 and 280 nm yielded a value
of 937 ng/ll. This stock solution was diluted to a working solution
with a concentration of 30 ng/ll, with 13 TE buffer (Sigma-Aldricht
LLC, Steinheim, Germany) and deionized water, to three sets of
solutions. The TE buffer concentration was chosen based on desired
dose rate. The working solution was then checked for the fraction of
the supercoiled form, which was determined to be 97%. No linear or
cross-link plasmid conformation was present in the control sample.
The amount of DNA in each sample was 150 ng. A droplet of 5-ll
solution was pipetted onto a glass coverslip and left under nitrogen
atmosphere to evaporate at room temperature. The prepared DNA thin
films were then irradiated in a vacuum chamber evacuated down to
;10–4 mbar. Details on the XUV laser source are discussed elsewhere
(33, 34), as are the details on the interaction setup of plasmid
irradiation (35). Since the transverse electromagnetic profile of the
capillary-discharge laser beam exhibits a ‘‘donut’’ shape, samples
were placed at the position where intensity reaches its maximum (Fig.
1). For each irradiated sample, a control sample was also placed in the
vacuum chamber but not irradiated. Exposures of all samples to the
vacuum was no longer than 30 min during both irradiation and control
experiments.
Buffer Concentration Measurement
The concentration of the TE buffer in stock samples was verified by
means of the EDTA detection method developed by Wang et al. (36).
This method utilizes detection of excess Fe3þ ions, which were not
chelated by the EDTA in the solution, reduced by Na2SO3 and with a
subsequent color complex detection at 510 nm after addition of the
phenanthroline monohydrate. For this study, the reaction volume was
reduced to 100 ll and the final volume was detected using a Nano
Stick (Scinco, Seoul, Korea) micro cuvette designed to detect samples
in volumes as low as 5 ll. Final TE concentrations were confirmed to
be 13 TE (10 mM Tris and 1 mM EDTA), 0.13 TE (1 mM Tris and
0.1 mM EDTA) and 0.043 TE (0.4 mM Tris and 0.04 mM EDTA).
Strand Break Detection
Irradiated samples were washed off the glass substrate by 10 ll of
13 TE buffer. Prior to agarose gel electrophoresis assay, 2 ll of 63
Loading Dye (Thermo Scientific, Darmstadt, Germany) were added to
each sample. Samples were then loaded into 1% agarose gel
(molecular biology grade, SERVA, Heidelberg, Germany) which
was prestained with SYBRt Green I (Sigma-Aldrich) fluorescent dye.
The samples were allowed to migrate for 60 min at 5 V/cm electric
field intensity in 0.53 TAE (20 mM Tris, 1 mM acetic acid, 0.5 mM
EDTA, pH 8.4) buffer. The gels were photographed on a
transilluminator table (UVItec Ltd., Cambridge, UK) behind a Wratten
no. 15 filter and then integrated using ImageJ version 1.48 image
processing software (NIH, Bethesda, MD) (37).
AFM Measurement
To prepare the samples of the cross-linked DNA plasmids for an
AFM measurement, bands containing the cross-linked DNA were cut
out and the DNA was extracted using a High Pure PCR Purification
Kit (Roche Diagnostics, Mannheim, Germany). For AFM scanning,
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area of the sample, which was placed at the position of maximum intensity,
see Fig. 1. The fraction of the beam intensity over the sample was
determined to be 0.25 of the net intensity according to the geometry of the
irradiation setup.
Data Fitting
Measured DNA fractions as a function of the photon fluence were
fitted using the method introduced by McMahon and Currell (39).
However, this method had to be modified to allow for the fact that the
XUV radiation is strongly absorbed in a very thin layer of the
irradiated material, thus exhibiting the effect of saturation observed
previously by others (35, 40). This phenomenon has been corrected for
by inserting a dimensionless parameter f, which represents the fraction
of the plasmid DNA in the sample that is not affected by the radiation
(41). The changes in DNA forms of supercoiled (S), closed circular
(C) and linear (L) as functions of the incident average photon fluence
/ can be described by the following system of differential equations:
dSð/Þ
¼  ðbS þ bD ÞðSð/Þ  S0 f Þ;
dð/Þ

FIG. 1. Transverse electromagnetic mode of the capillary discharge
laser beam captured at the sample position by CMOS chip covered
with a phosphor scintillator shielded with a 150-nm aluminum filter.
The dashed circle represents the sample size and position in the beam.
Total intensity over the sample is 25% of the beam intensity.
10-ll droplets of 1–10 ng/ll DNA solution in 20 mM MgCl2 and 150
mM NaCl were pipetted on freshly cleaved mica samples. After 10
min of adhesion DNA solution was removed using a deionized water
stream and nitrogen flow. DNA samples were studied in air on an
ICON AFM (Bruker, Coventry, UK) in PFQNM mode using CF4
plasma-treated Multi75Al cantilevers (38). The force threshold in
PFQNM mode was approximately 0.2–2 nN. Scanned areas ranged
from 1 3 1 lm to 5 3 5 lm, mostly 1,024 3 1,024 lines. Scan speed
was 0.1–0.15 Hz.
Photon Fluence Measurement
Anaverage photon fluence(hereafter referred toas ‘‘photon fluence’’) in
a single pulse was measured using a silicon photodiode XUV-100 (OSI
Optoelectronics, Hawthorne,CA). The quantum efficiencyof 3.2electrons
per photon at the energy of the XUV photon (26.4 eV) was determined by
spline-interpolating the data provided by the manufacturer. To control the
photon fluence on the sample per pulse, thin aluminum filters (Lebow
Corp., Goleta, CA) of various thickness were inserted into the beam path.
Transmission of each filter was measured by recording the photodiode
signal and calculating the ratio of the values measured with and without the
filter. The thickness of all the filters as well as their transmissions are
summarized in the Table 1. A photon fluence at the sample position was
calculated by taking the fraction of the annular beam profile covering the

TABLE 1
Aluminum Filter Used, Filter Transmissions and
Corresponding Photon and Energy Fluence
Filter
thickness (nm)
No filter
1 3 100
2 3 100
2 3 150
3 3 100

Transmission
Tfilter
100.0%
61.9%
38.3%
29.6%
23.7%

Photon fluence
/ (photons m–2)
1.8
1.1
7.0
5.4
4.3

3
3
3
3
3

1016
1016
1015
1015
1015

Energy fluence
/ (J m–2)
7.7
4.8
3.0
2.3
1.8

3
3
3
3
3

10–2
10–2
10–2
10–2
10–2

ð1Þ

dCð/Þ
¼ bS ðSð/Þ  S0 f Þ  bD ðCð/Þ  C0 f Þ
d ð/Þ
 gb2S /½Sð/Þ þ Cð/Þ  ðS0 þ C0 Þf ;

ð2Þ

dLð/Þ
¼ bD ðSð/Þ  S0 f Þ þ bD ðCð/Þ  C0 f Þ
d ð/ Þ
þ gb2S /½Sð/Þ þ Cð/Þ  ðS0 þ C0 f :

ð3Þ

The variables bS and bD represent the probabilities for single SSB and
DSB induction in one plasmid molecule per photon per m2,
respectively, assuming Poisson distribution of the hit events, S0, is
the initial fraction of supercoiled form in the sample and g is the
probability parameter describing induction of one DSB from two
adjacent SSBs at opposite strands in certain distances of base pairs
(bp) (g ¼ 10/4,361) for pBR322, i.e., 10 bp distance). Integration of
Eqs. (1–3) yields:
Sð/Þ ¼ S0 ð1  f Þ exp½ðbS þ bD Þ/ þ S0 f ;

ð4Þ



1
Cð/Þ ¼ ðC0 þ S0 Þð1  f Þ exp bD /  b2S g/2
2
 S0 ð1  f Þexp½ðbS þ bD Þ/ þ C0 f ;

ð5Þ




1
þ L0 ;
ð/Þ ¼ ðC0 þ S0 Þð1  f Þ 1  exp bD /  b2S g/2
2
ð6Þ
where C0 and L0 are the initial fractions of closed circular and linear
forms of plasmid DNA.
Dose Estimation and Radiation Chemical Yield
The energy absorbed in the DNA-buffer salt of each sample was
estimated based on the value of the fitted parameters, bS and bD,
obtained by fitting the photon fluence response curve. Reciprocal
value of bS and bD yields the photon fluence that was absorbed to
induce single SSB or DSB, respectively. The dose (Gy) required to
induce a single SSB or DSB in one plasmid molecule was calculated
according to the relationship:
DSSB;DSB ¼

i
26:4  1:602 3 1019 h
1  expððs=qÞ rS Þ ; ð7Þ
S
bS;D  rS

where rS in kg/m2 is the surface density of the sample, (s/q)S is the
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TABLE 2
DNA Sample Parameters According to the
Composition
Tris-HCl/EDTA concentration

rsample (kg/m2)
–5

7.63 3 10
1.34 3 10–4
1.00 3 10–3

0.043
0.13
13

GSSB;DSB ¼
wpBR322
0.330
0.164
0.019

mass photoabsorption coefficient of the sample and the numerical
values are a conversion of the photon energy from electronvolts to
joules. This simple formula is based on the assumption that the sample
is homogeneous and that all of the values of the f parameter were
found to be less than 1, thus suggesting full absorption of the beam in
the sample. The surface density of the sample was equal to the mass of
the sample (DNA and TE buffer salts present) divided by its area of
3.4 6 0.1 mm. The concentration of the DNA, which was measured
spectrophotometrically against the buffer with specific TE concentrations, was converted to mass according to the total volume deposited
on the coverslip. The mass of the TE buffer salt was calculated from
the known concentration (42), stoichiometric composition:
C5.0H12.4N1.2O3.8Na0.3Cl0.5, and deposited volume assuming full water
evaporation. Mass photoabsorption coefficient was calculated according to Henke et al. (43), For plasmid DNA, it has also been considered
that, even under vacuum conditions, with zero relative humidity, there
remain 2.5 residual water molecules (C ¼ 2.5) per nucleotide attached
to the sugar phosphate backbone (44, 45). TE buffer salt concentrations, surface densities and mass fractions of plasmid DNA in three
different combinations are shown in Table 2. The composite mass
attenuation coefficient of the sample was calculated as a weighted sum
of the mass photoabsorption coefficients of both constituents.
The mass photoelectric absorption coefficient of the plasmid DNA
was determined by converting the optical data acquired by Inagaki
(46), considering the same optical properties of both calf thymus and
pBR322 DNA. The conversion used was the same as that used by
Hieda et al. (47):
ðs=qÞpBR322ðkÞ ¼

rabs
4  p  jðkÞ
;
¼
k  q
mpBR322

ð8Þ

where rabs is the absorption cross-section, mpBR322 is the plasmid
molecule mass and j(k) is the extinction coefficient, i.e., imaginary
part of the complex refraction index as a function of the wavelength k
and q is the DNA density of 1,350 kg/m3. Further information on the
derivation of Eq. (8) can be found in ref. (48). For this purpose, data
used from the published article by Inagaki (46) were interpolated to
correspond to the wavelength of 46.9 nm (26.4 eV).
Radiation chemical yield (G value) of SSB or DSB (expressed in
nmol/J), was estimated from the dose (Gy) and the plasmid mass
mpBR322 (kg) as:

109
;
DSSB;DSB  NA  mpBR322

ð9Þ

where NA is the Avogadro constant. The plasmid mass was taken,
including the structural water, to be 5.11 3 10–21 kg.

RESULTS

Cross-Link Detection

When the DNA was irradiated without any filter and in
the lowest salt content (0.043 TE), a slow-migrating peak
corresponding to a band containing cross-linked DNA was
observed, as previously reported elsewhere (40, 49, 50).
Cross-link bands induced by XUV 26.4-eV radiation are
apparent in the gel image in Fig. 2. An important
observation is that the cross-link bands are being detected
along with the linear form as the absorbed photon fluence is
increased.
AFM measurements were performed to elucidate the
nature of the cross-linked DNA molecules and to refine the
fitted parameters for SSB and DSB yields. Since a
significant fraction (almost 10% at the maximum dose per
pulse, 1,213.6 Gy/pulse) of plasmid DNA is converted into
the cross-linked form it was necessary to determine which
form of the plasmid DNA was actually represented by the
band. The CL form most likely originates from a crosslinking between the most abundant DNA forms present: i.e.,
S and C or C-C interduplex, as suggested by work of Luo et
al. (49). The other bands related to the cross-link between
two supercoiled forms, S-S, were not detected in the current
work.
Figure 3A shows long linear fragments of plasmid DNA
molecules obtained by AFM scanning on one sample after
immobilization of 1 ng/ll concentrated extract. Figure 3B
represents the first stage of aggregation of short linear
fragments (51, 52) from the same extract. Figure 3C shows
a typical representation of a large clustered plasmid DNA
molecular structure. Figure 3D demonstrates that DNA
molecules can form a 1.3 nm thick layer (53). Figures 3E
and 2F show that at higher concentration of DNA (10 ng/ll)
molecules can form net structures on a mica surface. Figure

FIG. 2. Plasmid DNA forms separated in an agarose gel irradiated without a filter in the lowest TE buffer
concentration (0.043). Bands correspond to the fraction of plasmid DNA forms; from the top: cross-links (CL),
closed-circular (C), linear (L) and supercoiled (S).
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TABLE 3
Selected Parameters for pBR322 Irradiated by 26.4-eV Photons with Highest Photon Fluence (No Aluminum Filter
Inserted) with Various Buffer Salt to DNA Ratios
Cross-section (310–19 m2)
Action
Tris-HCl/EDTA concentration
0.043
0.13
13

SSB
4.15
3.58
3.18

Quantum yield

DSB
0.18
0.08
0.03

Absorption
2,419
2,419
2,419

2E represents a magnified section of Fig. 2F. In general, all
scanned samples extracted from the CL band of the gel
resemble linear interconnected structures. Figures 3G and
2H show DNA molecules on a mica from 1 ng/ll solution
extracted from the band corresponding to the supercoiled
(S) form of the DNA. As the DNA is precipitated with
isopropanol during the extraction procedure it forms
compact clusters, which were subsequently identified. The
compact ‘‘clumps’’ represent the condensed supercoiled
plasmids. This finding also correlates with very low
fluorescence of all the samples that were extracted and repooled to the stained agarose gel to check the consistency of
the extraction method. The observed low fluorescence is
probably caused by the poor intercalation of the fluorescence probe to the condensed double helix of large fraction
of S, C and L or CL forms.
We conclude from the AFM measurements that, in our
case, the integrated values of CL peaks represent mainly the
L form and therefore can be added to the linear fraction of
each sample for subsequent evaluation.
DNA Breakage

Figure 4 shows a typical dose-response curve where the
integrated fractions of the S, R and L forms of the plasmid
DNA are plotted as a function of the entrance photon
fluence (and dose) along with the fitted functions S(/), C(/)
and L(/). From irradiated samples containing different
buffer salt/plasmid DNA ratios, it can be seen that the
penetration depth of the XUV radiation is increased as the
composition of the sample is more diluted, i.e., is less
shielded by the TE buffer residuals. This dependence is
clearly visible in Fig. 5, where we plotted the fraction of the
supercoiled form for all three sample compositions as a
function of the entrance photon fluence. It is evident that as
the composition of the sample is more diluted [contains
lower ratio (w/w) of buffer salts to DNA] the photons can
penetrate deeper into the sample material, converting more
supercoiled forms to circular and linear forms and, as a
result, decreasing the value of the f parameter. The shielded
fraction of the S form is simply the f parameter multiplied
by the fraction of the initial supercoiled form, S0. The
shielding effect was observed also in the formation of crosslinks. When the buffer salt/plasmid DNA ratio (w/w) was
maintained at the lowest level (2:1), we detected a fraction
of cross-links that was approximately the same as for DSBs.

SSB

G value (nmol/J)

DSB
–3

1.7 3 10
1.5 3 10–3
1.3 3 10–3

–5

7.5 3 10
3.4 3 10–5
1.1 3 10–5

SSB

DSB

SSB/DSB

2.01
3.68
22.2

0.088
0.056
0.176

22.7
65.5
125.6

When the buffer salt/plasmid DNA ratio was raised to 5:1
and finally to 50:1 there were only DNA forms corresponding to SSBs and DSBs, and no cross-links were detected.
When the values of the f parameter are plotted as a
function of the dose rate, they decrease almost logarithmically, as shown in Fig. 6. For the highest photon fluence and
the sample composition with the buffer salt/plasmid DNA
ratio of 2:1 (w/w) (highest dose rate), the shielded fraction
was approximately 0.2 and increased to 0.6 where the buffer
salt/plasmid DNA ratio reached maximum value of 50:1.
This trend was also observed for all samples with the same
buffer salt/plasmid DNA ratios (w/w). Figure 6 shows that
as the dose rate is increased the shielded fraction reaches a
limit value (;0.15). This suggests that the dominant process
for observing the saturation effect is indeed the attenuation
length, which is dependent on the sample composition. We
add that an even lower buffer salt/plasmid DNA ratio is
experimentally very difficult to achieve, since dialysis is
required to lower the salt concentration in the solution.
Without the supporting buffer salts, plasmid DNA layers
become very fragile, and the supercoiled form is very
unstable when dried and placed in a low-pressure
environment (54).
Action Cross-Section

Action cross-sections for induction of SSBs and DSBs
have been taken as the reciprocals of the fitted values of bS
and bD, respectively. The quantum yield, i.e., the number of
strand breaks produced per absorbed photon, was determined by dividing the experimental action cross-section for
SSB or DSB induction by the absorption cross-section. The
absorption cross-section data for the pBR322 plasmid
molecule was determined by multiplying the mass photoelectric absorption coefficient by its mass. Table 3
summaries action cross-sections, as well as quantum and
radiation chemical yields, of SSBs and DSBs induced in
three different compositions irradiated with the highest
photon fluence, i.e., no filter inserted. These data were
compared to the available values from other researchers
(55–57) and plotted in Fig. 7.
DISCUSSION

Ionization processes in the solvation shell of the DNA

molecule can result in a formation of the OH radical, which

DOSE-RATE EFFECTS IN XUV-IRRADIATED DNA

FIG. 3. Panels A–D: DNA molecules deposited on mica from 1 ng/ll solution. Panels E–F: DNA molecules
deposited on mica from 10 ng/ll solution, both DNA solutions extracted from the gel corresponding to the
cross-link (CL) form of the DNA; panel E shows a magnified section of panel F. Panels G–H: DNA molecules
on a mica from 1 ng/ll solution extracted from the band corresponding to the supercoiled (S) form of the DNA.
All samples received the maximum dose during irradiation. Samples were cut from the respective bands of the
gel.
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FIG. 4. Fractions of pBR322 plasmid forms dissolved in 0.13 TE
buffer irradiated as a function of a photon fluence behind a 100-nm Al
filter. Measured points are fitted using the sets of Eqs. (4–6).

can either react with the nucleobase by addition resulting in
a modified base, or can abstract hydrogen from the sugar
phosphate backbone, resulting in an abasic (Ab) site or
strand breakage. It has been reported that ionization events
in tightly-bound water molecules (C , 9) result in a transfer
of the hole and excess electron to the DNA molecule (25,
58–60). The process of the hole transfer to the DNA
molecule together with the direct ionization process in the
DNA has been identified in the literature as the direct-type
effect (60), since they are indistinguishable without using
time-resolved techniques.
The damage after the direct-type effect should be different
from the indirect effect. Holes transferred to the DNA can
end on the bases, predominantly on guanine, since it has the
lowest ionization potential, preventing the DNA from strand
breakage by ultimately forming easily-repaired 8-oxo-G
(62); conversely, the transferred holes can end on the sugar
phosphate backbone resulting in sugar cation radicals,
which has been reported as a precursor to strand breaks (63,
64). All the strand breaks are not caused by the sugar
radicals formed. For example, the G values of SSBs in DNA
(C ¼ 22) irradiated with X rays revealed that all trapped and
converted sugar radicals form up to 43% of the total SSBs
detected (65). Therefore, other mechanisms must play an
important role in the strand breakage process associated
with direct-type effects.
Excess electrons from direct-type ionization events are
either captured by the bases with the highest electron
affinity (i.e., cytosine and thymine) or added to the sugar
phosphate backbone via dissociative electron attachment
resulting into strand breaks (62). The latter process is typical
for low-energy electrons (LEEs) with an energy range of up
to 20 eV (29, 66, 67). It has been shown that LEEs with
energies below 15 eV cause a prominent resonant peak in

FIG. 5. Fraction of supercoiled form of pBR322 plasmid dissolved
in different concentrations of TE buffer irradiated by same number of
photons behind two 100-nm aluminum filters. Values of S0  f
represent the nonirradiated fraction of the sample.

SSB and DSB yield functions with a strong maximum near
10 eV (28, 29). Experiments conducted with a higherincident electron energy resolution in the range of 0–4 eV
also revealed strong peaks at 0.8 and 2.2 eV for SSB
induction, but none for DSB formation (68). The chain
scission caused by electrons in such an energy range can be
explained by the formation of the transient negative ions of
DNA subunits, i.e., resonant attachment of LEEs to either a
base or the sugar phosphate backbone (69). Such a transient
molecular anion can decay by releasing the base, dissociating the base into smaller products, or the electron can be
transferred to the antibonding r* orbital of the C-O bond on
the sugar phosphate backbone resulting into the chain
scission. This scheme is believed to be one of the main

FIG. 6. Shielded fraction (S0  f ) as a function of the dose per pulse
(dose rate). The dashed line serves as a visual guide.
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It has been reported that a deprotonation at the C4 0
position on the sugar leads to strand break formation with
aldehyde groups formed at the 3 0 end of the strand (63, 64).
This electrophilic aldehyde is capable of generating
covalent adduct to the nucleophilic base on the opposing
strand (72, 73), resulting in an intra-strand cross-link. The
Ab sites, as shown above, are also susceptible to inter-strand
linkage with guanine or adenine bases (74, 75). This process
is likely responsible for the observed cross-linking.
Table 4 provides a summary of results from other studies
in which plasmid DNA undergoes synchrotron irradiation
with similar photon energy as that emitted by the XUV
capillary-discharge laser. The composition of the samples
varied among these studies, but the mass ratio of the
plasmid DNA in the sample was reported to be greater than
0.9 in all cases. As shown in Table 4, the quantum yield for
a given energy, (only the given energy was provided in
most cases), is in the range of 3.7 3 10–2 to 8.1 3 10–2 for
SSB induction and 6.3 3 10–4 to 3.9 3 10–3 for DSBs.
We compared our results to other studies using
synchrotron XUV photons. In our study, the quantum
yields of SSB induction for pulsed high-dose-rate XUV
radiation are in the order of 10–3 strand breaks per absorbed
photon (Table 3). This value does not change significantly
with different sample compositions used in the case of lowenergy photon irradiation and, compared to other studies, is
almost of the same order of magnitude as quantum yields of
DSB induction using synchrotron radiation (data shown in
Table 4).
One reason for the higher quantum yields observed in the
case of synchrotron radiation is the much lower dose rate at
which the energy was deposited to the sample. This
observation can be explained by the fast delivery of the
XUV photons in a single XUV laser pulse. They are
deposited in times shorter than 1.5 nanosecond. The fast
delivery and very strong absorption of XUV radiation in a
relatively small volume results in a very high density of
ionizations/excitations. Therefore, the peak concentration of
the holes and low-energy electrons can reach an enormous
value. However, the concentration jump not only increases
the probability of a reaction of such transient species with a
target (here, DNA and its subunits), but also favors mutual

FIG. 7. Absorption/action cross-section for the pBR322 plasmid
DNA irradiated with 26.4-eV photons with different weight fraction of
buffer salt, in perspective with other action cross-sections reported in
other studies using synchrotron radiation.

mechanisms for the strand break formation induced by
LEEs in DNA (70).
Since the photoelectric effect dominates the radiationmatter interaction in the XUV spectral range, photoelectrons
released in the sample by an absorption of the XUV laser
photons have a low energy and a very narrow energy
distribution. This is caused by the ionization limit of the
DNA in 7.5–10 eV (16) and monochromaticity of the XUV
laser radiation. After collisions with sample constituents, the
photoelectron energies would not exceed 19 eV. This means
that a part of photoelectrons could collisionally ionize the
matter, providing some secondary electrons. However, the
ionization ‘‘cascade’’ will be undeveloped because of the
strictly limited electron energy. Thus, the limited energy
distribution of electrons ensures that every electron deposits
its energy within the DNA molecule itself because of their
few-nanometer-scale range (14, 71). It is therefore highly
probable that LEEs play an important role in the observed
strand breakage mechanism.

TABLE 4
Comparison of the Results Obtained for Similar Photon Energies as the Capillary Discharge Laser in Studies Performed
Using Synchrotron Radiation
Quantum yield
Ref.
(54)
(73)a
(74)a
(75)b
(76)a
a
b

System
pBR322
pBR322
pMSG-CAT
pMSG-CAT
pMSG-CAT

Photon energy (eV)
20.7
25.0
25.0
25.0
25.0

SSB
4.9
8.1
4.5
3.7
6.3

3
3
3
3
3

G value (nmol/J)

DSB
–2

10
10–2
10–2
10–2
10–2

6.3
3.9
9.2
8.9
1.6

3
3
3
3
3

–4

10
10–3
10–4
10–4
10–3

SSB

DSB

SSB/DSB

25.0
33.5
18.6
15.4
25.9

0.3
1.6
0.4
0.4
0.7

80.0
20.8
49.0
41.6
40.0

Data were estimated based on the given energy, and only the given energy was provided in this reference.
Personal communication (K. Prise).

474
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that part of the interaction must be governed by the excess
electrons from the ionization events. The only indicator that
can yield a fraction of the LEE interaction process involved
is the SSB/DSB ratio. The SSB/DSB ratio results in this
study are of the order of tens of SSBs per single DSB
compared to 2:8 in the case of LEE irradiation (28, 29). This
suggests that almost ten times more SSBs can be attributed
to the hole transfer to the sugar phosphate backbone in the
case of XUV irradiation.
CONCLUSION

FIG. 8. Yields of SSBs and DSBs, expressed in nmol J–1, as a
function of the dose per pulse. The dotted and dashed lines are the
average values of the SSB and DSB yields, respectively.

reactions between the transients, resulting in electron-hole
recombinations.
The ratio of average SSBs to DSBs in our study has an
overall decreasing trend as a function of the dose per pulse.
As the average dose per pulse is increased from 18.3 to
1,213.6 Gy, which corresponds to a dose rate of 1.2 3 1010
and 8.1 3 1011 Gy/s, respectively, the ratio of average SSBs
to DSBs drops from 58.1 to 25.3. Trends of the average G
values for SSBs and DSBs are shown in Fig. 8, where the
average G values for SSBs and DSBs are marked by dotted
and dashed lines, respectively. The dose-rate effects occur
from a competition between electron-hole recombination
and radical formation processes. If we assume that the
recombination probability drops for lower dose rates, then a
higher fraction of sugar cation radicals can be converted
into SSBs under these conditions. This is consistent with the
dependence as measured and shown in Fig. 8.
Cross-linking is more prevalent when the DNA is
irradiated in the absence of oxygen, as reported by Lett
and Alexander (76). They also suggested that the crosslinking process is mainly due to the direct effect of ionizing
radiation. This notion, and the observation that cross-links
were detected only in samples with the lowest salt/DNA
ratio (2:1), may support the hypothesis that it is indeed the
action of the directly absorbed radiation, i.e., the result of
ionization and excitation events. There is also the important
factor of the high packing density of DNA in the thin films.
This was suggested by Purkayastha et al. (65) as an
explanation of the measured higher yields of free radicals in
DNA thin films. The detected cross-links and measured
radiation chemical yields indicate that direct-type processes
are underlying strand break induction and are sensitive to
the rate at which the energy is being deposited.
The quantum yield values obtained in our study and those
obtained for LEEs are not easily comparable. It is evident

We have demonstrated the action of pulsed intense XUV
(26.4 eV) laser radiation on the induction of SSBs and
DSBs in a plasmid DNA. The radiation was delivered in
pulses with duration of 1.5 nanosecond, thereby reaching
very high dose rates of up to 8.1 3 1011 Gy/s. Our values of
SSB quantum yields are of the same order of magnitude as
DSB quantum yields reported in studies using synchrotron
radiation. Those findings suggest that the energy deposition
process of XUV is indeed dependent on the rate at which
the energy is being deposited. Calculated radiation chemical
yields exhibit a clear dose-rate dependence. The induction
of cross-links appears to be unrelated to the direct-type
effect of ionizing radiation only, but might be related to a
more complicated behavior of electrons and holes created
by XUV photons in the solvation shell of the DNA.
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