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Abstract

The development of the desktop, repetitive
XUV laser based on collisionally pumped transition
of Ne-like Ar ions in a pinching capillary discharge
[1] is of interest for numerous applications in radia-
tion biophysics. lonizing radiation induces a variety
of DNA damages including single-strand breaks
(SSBs), double-strand breaks (DSBs), abasic sites,
modified sugar and bases. Most theoretical and ex-
perimental studies have been focused on DNA
strand scissions, in particular production of DNA
double-strand breaks. The complexity of lesions
produced in DNA by ionizing radiations is thought
to depend on the amount of energy deposited at the
site of each lesion. We have studied the nature of
DNA damage induced directly by the pulsed 46.9
nm radiation provided by a capillary-discharge Ne-
like Ar laser (CDL). Different surface doses were
delivered with a repetition rate of a few Hz and an
average pulse energy ~ 1 pJ. A simple model DNA
molecule, i.e., dried closed-circular plasmid DNA
(pBR322), was irradiated. The agarose gel electro-
phoresis method was used for determination of both
SSB and DSB yields.
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INTRODUCTION

The study of radiation damage to biomolecules
is important for understanding of the mechanisms of
radiation damage to cell, tissues, and living organ-
isms. The primary target for radiation-induced cell
damage is the DNA molecule [2].

Ultrasoft X-rays induce almost exclusively ionizing
radiation damage. Direct ionization of binding elec-
trons in the sugar or the phosphate or indirect path-
ways due to water radicals produced in the track lead
to a formation of strand-breaks. Two SSBs on oppo-
site strands have been assumed to lead to a DSB if
separated by 10 bp or less. Double-strand breaks
(DSBs) are considered the most critical DNA lesions
induced by ionizing radiation. Damage to bases leads
to a variety of base alterations. At the system of DNA
irradiated under vacuum is predominantly involved
direct effect of irradiation.

Experimental studies where samples of plasmid DNA
were irradiated in vacuum with photons of energies in
the 7-150 eV range provide evidence for the ability of
photons as low as 7 eV to induce both SSB and DSB
[3]. The primary ionizing radiation generates low en-
ergy secondary electrons in biological materials
through photoelectric effect. These low electrons are
expected to induce biological effects more effectively
than higher energy electrons/photons [4]. They deter-
mined, using a monolayer DNA sample irradiated
under vacuum conditions with extremely low-energy
electrons (below 20 eV), that dissociative electron
attachment play an important role in DNA strand
breakage and in the decomposition of nucleobases.

The biological effects of low-energy X-rays
were currently studied using single sub-nanosecond
1-keV X-ray pulse produced by a large-scale, dou-
ble-stream gas puff target, illuminated by sub-kJ,
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near-infrared (NIR) focused laser pulses [5]. The
yields of SSBs and DSBs as well as the SSB/DSB
ratio were in very good agreement with the results
of other groups using soft X-ray tubes and synchro-
tron radiation, i.e., at much lower dose rates. The
ability of the plasma source to induce measurable
radiobiological change by an action of even a single
shot was demonstrated.

MATERIALS AND METHODS

DNA sample preparation and measurement of
strand breaks

The pBR322 DNA plasmid (4361 bp) was pur-
chased from Fermentas Life Sciences (York, UK).
More than 95% of the used DNA was characterized
to be in the supercoiled form. To prepare thin films of
DNA, we pipetted 5 ul of solution containing 110 ng
of plasmid DNA in a Tris-EDTA buffer (10 mM Tris-
HCI, 1 mM EDTA, pH = 7.6; abbreviated as 1 x TE
buffer) onto a glass coverslip (Hirschmann Labor-
gerite, Eberstadt, Germany), and allowed to dry in
air. The DNA samples were prepared immediately
before irradiation, and redissolved in 8 pl of 1 x TE
buffer just after irradiation. After one dehydration-
rehydration cycle, the supercoiled decreased to about
92%.

After drying, a film of DNA/buffer solutes having a
diameter of 3.5 mm was formed on the coverslip. The
thickness of DNA samples was measured by a sur-
face profiler (Alpha Step 500, Tencor Instruments,
Mountain View, CA) to be 65-70 nm. The fraction of
XUV pulse energy deposited in the sample was esti-
mated from the sample thickness, the density of DNA
(1.7 g/em®) [6] and the elemental composition of
pBR322 DNA (C6'8H9'8N3'202'4P0_9) llSil’lg the X—ray
atomic absorption cross-section tables [7]. It has been
found that for our sample and radiation ~ 99.2% of
the energy is deposited in the irradiated material.

The samples were analyzed to evaluate the fractions
of SSBs and DSBs by agarose gel electrophoresis
using established method [5]. Irradiated and control
samples containing about 110 ng DNA were mixed
with 2 pl of 30% (w/v) glycerol/0.25% (w/v) xylene
cyanol/0.25% (w/v) bromophenol blue. The mixtures
were applied to a neutral 0.8% agarose gels and run
in 0.5 x TAE buffer (20 mM Tris, 10mM sodium ace-
tate, 1 mM EDTA, pH=8.0) at 100 V. Under these
conditions, undamaged 'supercoiled' (form 1) DNA
migrated faster than did a linear form (form 3) DNA,
followed by a relaxed form (form 2) DNA. The gels
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were stained with SYBR Green I solution (1:10000,
Sigma Aldrich, Taufkirchen, Germany). Images of
the gels were taken on a UV transilluminator table
(UVT-20ME; Herolab, Wiesloch, Germany) with
an Olympus C-720 digital camera. Obtained images
were transformed to black and white format and
peaks corresponding to different forms of DNA
were integrated by home made software Luthien.

XUV source

The experimental setup we used for the radio-
biological experiments is shown in Fig. 1(a). The
samples were irradiated with the beam of a Ne-like
Ar capillary discharge laser operating at 46.86 nm
wavelength on a 3p—3s transition (J=0 to 1) in Ne-
like argon. Full details of this table-top soft X-ray
laser have been given in the previous publications
[4,8]. The discharge driven by a 22 kA peak current
occurs through a 380 mTorr argon gas in a 21 cm
long and 3.2 mm diameter capillary tube. Laser
pulse energy, monitored by means of the vacuum
photodiode, was adjusted to 1.2 uJ (3 x 10" XUV
photons/pulse) with a high shot-to-shot stability.
Optimization of the plasma conditions in this de-
vice can yield up to 10-uJ pulses [12]. Measured
pulse duration is of 1.5 ns FWHM (Fig. 1b).

Axial emission spectrum with one dominant 46.9
nm spectral line is shown in Fig. 2. The spectrum
was obtained with flat-field XUV spectrometer
equipped with a back illuminated X-ray charge cou-
pled device (CCD; Princeton Instruments) behind a
0.40-pum aluminium foil.

The samples were placed into the vacuum chamber
at a distance 105 cm from the source and irradiated
at a repetition rate of 3 Hz. Typically, samples were

Photodiode

Fig. 1. (a) Scheme of the CDL and the vacuum chamber
for irradiating plasmid DNA. (b) Time progress in dis-
charge current and laser output intensity.
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irradiated when the vacuum pressure had reduced to
less than 10 mbar within the sample chamber. Note
that control sample is subjected to the same vacuum
cycle, but is not exposed to XUV light. The beam
position is checked by installing a Ce:YAG scintilla-
tion crystal (Crytur Ltd., Czech Republic) at the sam-
ple position and viewing the fluorescence due to the
incident radiation. The broad-band incoherent UV-
Vis radiation emitted from the plasma column of the
capillary discharge was filtered out using 0.15-pm
and 0.4-pm thick aluminium foils (>17 eV, Goodfel-
low Cambridge Ltd, England).
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Fig. 2. XUV lasing at 46.9 nm on the 3p—3s, J=0 to 1
transition in Ne-line argon. Axial emission spectrum (nor-
malized at 46.9 nm) in the region between 25 and 70 nm.

RESULTS AND DISCUSSION

The DNA molecule in solid films adopts a dou-
ble-helix conformation known as A-form. Under
physiological conditions, the dominant form of DNA
is the B-form. In very low humidity, the B conforma-
tion changes to more compact, with 11 bases per turn
instead of 10.5 in the B form. Its base pairs are tilted
rather than perpendicular to the helix axis. The transi-
tion of B-form to A-form is reversible process, de-
pending on the levels of sample hydration [9].

SSB and DSB yields were determined in dry DNA
films irradiated by XUV laser pulses. A control sam-
ple for each series of the irradiation was placed into
the vacuum chamber but was not irradiated. The re-
maining samples were irradiated at the same distance
from the source by different number of pulses,

screened by aluminium foils of different thicknesses.
The energy density for each sample was calculated
from the time progress in discharge current generated
by the photodiode and corrected to the transmission
of the particular aluminium foil.

Figures 3 and 4 show the yields of the different forms
of DNA quantified in the gel, plotted on the ordinate
as percentages of total amount of initial DNA as a
function of energy density on the sample surface (i.e.,
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Fig. 3. Loss of supercoiled DNA and yields of SSBs as a
function of energy density on the sample surface irradi-
ated behind 0.15-pm aluminium shielding foil.
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Fig. 4. Loss of supercoiled DNA and yields of SSBs as a
function of energy density on the sample surface irradi-
ated behind 0.4-pm aluminium shielding foil.

behind 0.15-um and 0.4-um Al foil), respectively.

The yield of the different forms of DNA irradiated
without using of the Al filters is plotted in Fig. 5 as
percentages of total numbers of initial DNA mole-
cules versus energy density on the sample surface.
We observed that the quantity of surviving undam-
aged supercoiled DNA decreases with increasing
XUV energy density on the sample surface in a
roughly exponential manner. The amount of super-
coiled DNA increased with increasing exposures.
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Comparing the results in the figures, in the experi-
ment without attenuated radiation form XUV laser
we have observed the production of linear form of the
plasmid. We have not detected linear DNA in the
samples irradiated behind Al foils at the same doses.
The observed DNA SSBs damage presented in this
paper can be assigned to 46.9 nm radiation exclu-
sively due to the effective blocking of out-of-band
radiation by aluminium foils. For unfiltered radiation
the DSBs were present probably due to the influence
of out-of-band radiation. At large XUV exposures,
the decrease in supercoiled form of DNA is close to
saturation, near 20%, which suggests that no more
than 80% of the plasmids in the solid can be con-
verted to either relaxed or linear DNA. Prise et al. [2]
observed a similar exponential loss of supercoiled
DNA with dose and a saturation from irradiation of
DNA  plasmids by  low-energy  photons.
The yields of DNA SSBs and DSBs per base pair as a
function of energy density on the sample surface for
all three experiments (i.e., without Al foil and behind
a particular Al filter) are presented in Fig. 6 (a,b),
respectively.

The yields of SSBs and DSBs were determined from
relative peak areas corresponding to the supercoiled
(S), linear (L) and relaxed (R) forms of plasmid DNA
separated on agarose gels. The yields of SSBs and
DSBs were calculated as Gggp=In(1-L)/S and
Gpsg=L/(1-L), respectively, where S+L+R=1 [10].
The G(SSB) and G(DSB) for sample irradiated with-
out Al filters are summarized in Table 1. The ratio of
SSB and DSB yields was calculated to be 11.7 + 3.2.
For 1 keV radiation, the ratio of SSB and DSB yields

Energy density G(SSB) G(DSB)
(J/m?) (breaks/bp x 10 | (breaks/bp x 10
1.5 0.58 0.03
3 0.59 0.06
7.5 1.2 0.13
15 1.62 0.17
24 2.08 0.18
75 2.96 0.25
120 3.18 0.3
Control 0.12 0
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Fig. 6. Yields of (top) SSBs and (bottom) DSBs induced
in pBR322 DNA plasmid per base pair induced by XUV
laser.
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Tab. 1. Yields of DNA Strand Breaks

was determined to be 8.7 + 0.8 [5]. The found value is
close to the value of 11 [11] determined similarly as
in our study for 1.5 keV AIK, X-rays and 10 obtained
for y-radiation [12].

CONCLUSIONS

Both SSB and DSB yields were determined in
plasmid DNA irradiated by nanosecond pulses of
46.9-nm laser radiation. Obtained values of SSB
yields clearly indicate that XUV CDL initiated
chemical changes in DNA are more similar to that
caused by an ionizing radiation rather than photo-
modification due to ultraviolet illumination. How-
ever, DSBs appeared only when DNA was irradiated
by both plasma emissions, i.e., coherent XUV laser
beam and incoherent broadband UV-Vis emission.
This finding is a subject of further investigation. Any-
way, both yields determined here are very close to the
values obtained with soft X-rays. An absolute re-
calibration of vacuum photodiodes is in progress to
confirm the agreement. In conclusion, XUV CDL has
been proven as a source of ionizing electromagnetic
radiation which is suitable for investigation of radia-
tion damage to bio-molecular solids.
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