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Abstract

Purpose—Determine experimentally the absolute cross sections (CS) to deposit various amount
of energies into DNA bases by low-energy electron (LEE) impact.

Materials and methods—Electron energy loss (EEL) spectra of DNA bases are recorded for
different LEE impact energies on the molecules deposited at very low coverage on an inert argon
(Ar) substrate. Following their normalisation to the effective incident electron current and
molecular surface number density, the EEL spectra are then fitted with multiple Gaussian
functions in order to delimit the various excitation energy regions. The CS to excite a molecule
into its various excitation modes are finally obtained from computing the area under the
corresponding Gaussians.

Results—The EEL spectra and absolute CS for the electronic excitations of pyrimidine and the
DNA bases thymine, adenine, and cytosine by electron impacts below 18 eV are reported for the
molecules deposited at about monolayer coverage on a solid Ar substrate.

Conclusions—The CS for electronic excitations of DNA bases by LEE impact are found to lie
within the 10716 — 1018 cm? range. The large value of the total ionisation CS indicates that
ionisation of DNA bases by LEE is an important dissipative process via which ionising radiation
degrades and is absorbed in DNA.
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1. Introduction

The genotoxic effects of ionizing radiation in cells result from the transfer of the primary
ionizing radiation energy to the production of a large number of secondary low-energy
electrons (LEE) having energies below ~ 100 eV along with ion, radical, and excited
species, which are created by both the primaries and these LEE. This chain of events can be
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described with detailed-history Monte Carlo (MC) simulations that account event-by-event
for the slowing down of all generations of particles in matter and thus can provide a local
dosimetry at the sub-cellular level and thus links directly the dose to the biological effects
(Nikjoo et al. 2008, Zhang and Tan 2010). Several research groups have developed such MC
codes to investigate the effects of charged particle track structure on the production of
various DNA damage in a biomolecular target; for an extended review on transport codes see
Nikjoo et al. (2006). Although considerable progress is being made in the incorporation of
large biomolecular target into the MC codes, unfortunately the essential input, that is the
cross section (CS) data for LEE interactions with important biomolecules particularly water
and DNA are still lacking. The reason for this lies in the aggregation and condensed-phase
effects along with the low-energy range where both experiments and theoretical calculations
are difficult to perform (Tan et al. 2004; Emfietzoglou and Nikjoo 2005, Nikjoo et al. 2008).

In view of the large number LEE produced either by the passage of ionising radiation in
cells or by short-range Auger electron emitters bound or incorporated into DNA of cells,
what are (a) the CS for various energy deposits by LEE at sites H,O, phosphate, sugar,
adenine, thymine, cytosine, guanine, lysine, hystidine, arginine, ... and (b) the probabilities
to form new species (i.e., cations, anions, and radicals) from fast energy decay and bond
rupture processes following the collisions in (a)? In an effort to provide a number of answers
to these interrogations, several experimental studies have been carried out on electron impact
on individual DNA bases to understand what fragments are generated. Most of them concern
the formation of various anion fragments produced by dissociative electron attachment to
these molecules in gas phase (Huels et al. 1998, Aflatooni et al. 1998, 2006, Abdoul-Carime
et al. 2000, 2004, Abouaf et al. 2003, 2003b, Denifl et al. 2003, 20044, 2004b, Ptasinska et
al. 2005a, 2005bh, Abouaf and Dunet 2005) and sublimated as thin films (Herve Du Penhoat
et al. 2001, Abdoul-Carime et al. 2001). Few studies have also examined their electronic and
vibrational excitations by electron-energy loss (EEL) spectroscopy in the gas phase (Dillon
et al. 1989, Abouaf et al. 2003a, 2004). So far, not much attention has been devoted on the
determination of the absolute CS for these different collision processes.

In line with these latter requirements, we present a short review of the quantitative studies of
the interaction of LEE with DNA bases that have been undertook in our laboratory during
the last decade. The EEL apparatus, sample preparation system, experimental method along
with the scattering model to extract the CS are described. The EEL spectra and absolute CS
for the electronic excitations of pyrimidine (Levesque et al. 2005b) and the DNA bases
thymine (Levesque et al. 2003, 2005a, 2005c), adenine (Panajotovic et al. 2007) and
cytosine (Bazin et al. 2010) by electron impacts below 20 eV are reported for the molecules
deposited at very low coverage on a inert solid argon (Ar) substrate.

Il. Scattering model and measurement methods

In our experiments an electron beam of current / and energy £q provided by a
monochromator, which has been described in details previously (Sanche and Michaud
1984), is incident at an angle & on a thin film of DNA molecules. The latter is prepared
under ultra-high vacuum (UHV) condition with a double-stage oven system (Levesque et al.
2005c) by sublimation onto a solid spacer of Ar (Matheson, Whitby, ON, Canada)
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condensed on a substrate of platinum (Pt) (Goodfellow, Oakdale, PA, USA) at a temperature
of 18 K. The current of electron backscattered in the direction 8,with an energy £ is
measured as a function of the energy transferred £- £y to the molecules by an analyser
(Sanche and Michaud 1984). Under single collision and near normal incidence conditions, it
can be shown (Levesque et al. 2005b) that the expression for such a current energy
distribution also called EEL spectrum reduces to

1 E
Mgv»(EovE—Eo)ns-

I1(04,Ey, E—E
(84, Eo 0) cosby (@h)

R

Here (6, Ep) is an effective incident electron current, which may be seen as the portion of
the incident current / that would be backscattered into the analyser in the same direction 64
by a model material having an elastic reflectivity equal to one. In practice, it is obtained
from extrapolating the linear relationship found between the total reflected (i.e., energy
integrated EEL spectrum) and transmitted currents as a function of increasing molecular
coverage on the substrate. The quantity o{ £y, £— Ep) is a CS per unit energy transfer range
for an electron of energy £ to deposit an energy £— E£q on a single molecule and be
backscattered over the whole half-angular space. The factor 1/cos &, accounts for the
projection of the incident electron beam section onto the film surface. Finally, ngis the
calibrated surface number density of molecules on the substrate. Given /(6 &) along with
ns, o Eg, E— Ep) is immediately obtained from an EEL spectrum using Equation 1. It is
then fitted with multiple Gaussian functions to delimit the various excitation energy regions.
Finally, the scattering CS to excite a molecule in its various excitation modes are obtained
from the areas under the corresponding Gaussian distributions.

[1l. Results

Pyrimidine

The electronic EEL spectra of thin films of pyrimidine (Sigma-Aldrich, Oakville, ON,
Canada), thymine (Sigma-Aldrich, Oakville, ON, Canada), adenine (Sigma-Aldrich,
Oakville, ON, Canada), and cytosine (Sigma-Aldrich, Oakville, ON, Canada), which are
sublimated onto the Ar substrate, are shown in Figure 1 in panels (a), (b), (c) and (d),
respectively. All EEL spectra were recorded with the monochromator oriented near to the
normal to the sample at &, = 15° along with the analyser fixed at 8,= 45°. The vertical
scales correspond to o £y, £ - Ep) and have the dimension of area x energy ~1. The thin
continuous lines passing through each of the spectra result from curve fitting with multiple
Gaussian functions to delimit the various electronic excitation regions, as shown in the
bottom of each of the panels.

Electronic EEL spectra of 3 layers of pyrimidine were recorded for several incident energies
Eq between 6 and 12 eV (Levesque et al. 2005b). The spectrum at £y = 12 eV along with the
resulting Gaussians are shown in Figure 1(a). Sensitivity to symmetry- and spin-forbidden
transitions as well as correlations to the triplet states of benzene (Sanche and Michaud
1981), made it possible to ascribe the main features, below 7 eV to triplet transitions. The
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lowest EEL feature with an energy onset at 3.5 eV was attributed to a transition to the 38;(n
— 7t*) valence electronic state whereas the lack of minimum around 4.5 eV to the
excitation of both the 3A,(n— n*) and LAy(n— mn*) states. The remaining EEL features
at4.3,5.2,5.8, and 6.5 eV were all assigned to T — m* transitions to states of symmetry
34, 3B, with 34y, 3B,, and 3B, along with 34, respectively. The most intense maximum at
7.6 eV was found to correspond to both 1B, and LA, transitions, as in the vacuum ultraviolet
(VUV) spectra (Bolovinos et al. 1984).

The electron scattering CS between 6 and 12 eV for the above electronic states are reported
in Table I. The fixed energy positions and full width at half maximum (FWHM) of the
Gaussians are specified in the caption to Table 1. The Gaussian £ stands for the 34, 34,
and 1A, transitions, £, for the 3B, and 3A4; transitions, £, for the 3B, 3B, and 34;
transitions, whereas the singlet excitations to the 18, and 1 A4; states are combined under
Ey- The contribution included under the £g label is the overall CS for the remaining EEL
signal. For instance, at the incident energy of 12 eV, it essentially accounts for the EEL
signal between 7.6 eV and 12 eV that is not included under the £ Gaussian.

Electronic EEL spectra of 1.4 layers of thymine were recorded for several incident energies
Eq between 5 and 12 eV (Levesque et al. 2005a). The spectum at £y = 12 eV along with the
resulting Gaussians are shown in Figure 1(b). The energies and relative magnitudes of the
EEL features bear the closest resemblance to those observed for thymine in the gas phase
(Abouaf et al. 2003a). Hence, the two lowest overlapping EEL features at 3.7 and 4 eV were
ascribed to the excitation of the triplet 134" (ry; — m3*) and 13A” (1, — m3*) valence states
of the molecule (Marian et al. 2002). The peak seen at 4.9 eV was ascribed to the excitations
of the 234’ (rty — m3*) state with a possible contribution from the 214" (my — m3*) state.
The weak shoulder around 6.0 eV was attributed to the excitation of both the 334" (t; —
ns*) and 234" (1, — m4*) states. The following maximum at 6.3 eV was found to arise
from transitions to both 434’ (rt; — m4*) and 334" (7 — m3*) states along with a
possible contribution from the 31 A" (t; — m3*) state. The broad feature at 7.3 eV was
attributed to the excitations of the 534’ (typ — m3*) state along with the 514" (g — 1t4*)
state and the shallow band around 9 eV to the 614" (g — m3*) state.

The CS to excite the above electronic states by electron impact between 5 and 12 eV are
reported in Table I1. The constant energy positions and FWHM of the Gaussians are also
specified in the caption to Table I1. The Gaussian £ stands for both transitions to the 134’
and 13A” states, £ to the 234" and 21 A" states, £, to the 334", 234", 434", 334" states
along with the 314" state, whereas the excitation of the 534 and 514 states are taken as the
distribution £y,. The contribution included under the £g label is the overall CS for the
remaining EEL signal. For instance, at the incident energy of 12 eV, it essentially accounts
for the EEL signal between 7.3 eV and 12 eV, which includes excitation of the 614" state.

The CS obtained for thymine were found to be in general 1.5 times higher than those for
pyrimidine. This difference in magnitude, although it falls well within the overall
experimental uncertainties, could be traced back more particularly to the higher film
thickness used in the case of pyrimidine (i.e., 3 layers). In fact for thymine, the EEL
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intensities were measured to be directly proportional to the amount of deposited thymine up
to about 1.4 layers. The departure from the linear behavior manifests as a monotonous signal
drop of about 20% at 2.5 layers that tends progressively to a saturation level at higher
coverages. This phenomenon is expected from the finite electron beam probing depth that
stems from the total electron mean free path, and beyond which the molecules in a film can
no longer be detected efficiently. Consequently, in the case of pyrimidine, having assumed
that the EEL signal was linear with the coverage and thus having merely divided the EEL
spectra by the 3-layer film coverage, suggests that those CS could be underestimated by 20
to 30%. In conclusion, if the thickness had been the same in both case (i.e., 1.4 layer), the
CS would have been found more similar.

The EEL spectra of a monolayer of adenine were recorded for several incident energies £y
between 8 and 12 eV (Panajotovic et al. 2007). The spectrum at £y =12 eV is shown in
Figure 1(c). In this case, the energy position of the Gaussians were initially constrained to be
in the range of energies in the theoretical studies (Mishra et al. 2000, Preuss et al. 2004,
Sobolewski and Domcke 2002, Marian 2005) and measured in the experiments (Dillon et al.
1989, Mishra et al. 2000, Preuss et al. 2004, Isaacson 1972). The spectrum could so be
deconvoluted into five Gaussians at the 4.7, 5.0, 5.5, 6.1, and 6.6 eV. Beyond the energy loss
of 6.8 eV the spectrum was too broad and featureless and did not give us an indication where
the possible excited states should be. In adening, since the lowest triplet states predicted at
3.63 and 4.42 eV (Marian 2005) were not clearly visible in the spectra for £y above 8 eV,
they were also not included in the analysis. Furthermore, the proximity of triplet and singlet
states, which has been predicted above 4 eV by Marian (2005), did not allow us to
distinguish between them in the EEL spectrum.

The electron scattering CS between 8 and 12 eV corresponding to the above electronic states
£, En, &, £v and £ are reported in Table 111. The constant energy positions and FWHM
of the Gaussians are also specified in the caption to Table 111. The residual CS corresponding
to £r was calculated as the difference between the convoluted curve and the EEL spectrum
and stands for the contribution from the electronic excitations beyond 6.8 eV. These CS were
found to be in the same range from 10718 to 10717 ¢cm? as those of thymine (Table I1).

The electronic EEL spectra of a monolayer of cytosine were recorded for £y between 5 and
18 eV, a larger incident energy range than for the previous molecules (Bazin et al. 2010). A
survey EEL spectrum, which results from averaging ten different scans between £y =9 and
18 eV is shown along with the resulting Gaussian distributions in Figure 1(d). The dashed
line accounts for the background contribution arising from multiple energy losses into the
underlying substrate (Goulet et al. 1994). The sharp rise above 11.5 eV is due to electronic
transitions in the Ar substrate (Michaud and Sanche 1994) and as such imposes an upper
limit to the investigated EEL range. The energies and relative magnitudes of these EEL
features were found to bear the closest resemblance to those observed by EEL spectroscopy
of cytosine in the gas phase (Abouaf et al. 2004). In that work the first two features at 3.5
and 4.25 eV, which appear essentially at low impact energies and large scattering angles,
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have been attributed to triplet states. Since the scattering conditions in Figure 1 were similar
to those conditions, the two lowest features at 3.55 and 4.02 eV were assigned to the
excitation of the 134" (n — n*) and 234" (m — w*) triplet valence states of the molecule.
The peak seen at 4.65 eV was recognised as the transition from the ground state to the
singlet 2L A’ (m — m*) state. The small peak at 5.01 eV was explained by the excitations of
both the singlet 1LA” (n— n*) and triplet 134" (n— =*) states, which have been
calculated at about the same energy and to be separated by only about 0.2 eV (Fleig et al.
2007). The following shoulder at 5.39 eV was assigned to the excitation of the singlet 314’
(m — 1*) state along with some contribution from the triplet 334" (r — m*) state that has
been predicted at 5.27 eV (Fleig et al. 2007). The maximum at 6.18 eV followed by the
weak shoulder at 6.83 eV was attributed to the 414" (r — n*) and 514" (r — n*) singlet
states, respectively, similarly to the gas phase. Finally, the broad band at 7.55 eV was found
to arise from the singlet 6L.A"(r — m*) state, which has been located around 8 eV in the
gas phase (Abouaf et al. 2004) and 7.35 eV in VUV spectroscopy of sublimed films
(Raksanyi et al. 1978). The Gaussians labeled /4, A, A, and / at about 8.55, 9.21, 9.83, and
11.53 eV, respectively, were compared to valence shell photoelectron spectrum of cytosine in
the gas phase (Trofimov et al. 2006). In that spectrum the vertical ionisation energies of the
molecule in its ground state (i.e., binding energies) encompassing the four highest occupied
molecular orbitals (MO) have been found at 8.89, 9.55, 9.89, and 11.64 eV along with a
shallow shoulder at about 11.20 eV.

The CS to excite various electronic states of cytosine by electron impact at different £ are
listed in Table IV. The constant energy positions and FWHM of the Gaussians are also
specified in the caption to Table IV. In contrast to our previous works, the EEL spectra at
different £y and so the impact energy dependences of the various CS were obtained for
exactly the same cytosine coverage on the inert Ar substrate. The end result was an
important reduction of the scatter suffered by the previous data and which was due to the use
of a new molecular deposition for each of the incident energies. In general, the CS are found
to be in the same range from 10718 to 10717 cm? as those of thymine (Table 11). The sum of
the CS attributed to the ionisation potential /1, b, &, and /4 (Table IV) rises steeply to a
maximum of 8.1 x 10716 cm? at the incident energy of 13 eV and then falls. This drop is due
to the fact that the analysis was limited to an EEL energy of 12 eV and thus ignored the
contribution from the inner valence shell MO, which have been found at about 12.93, 13.86,
14.94 and 18.02 eV in the gas phase (Trofimov et al. 2006). No experimental CS data for
electron impact ionisation of cytosine have been published, but the total ionisation CS has
been calculated for energies ranging from the ionisation threshold up to a few thousand eV
by several groups using semi-classical and binary-encounter-Bethe formalisms (Bernhardt et
al. 2003, Mozejko and Sanche 2003). The present total ionisation CS, which is linear the
first few eVs above the ionisation threshold, is about three times larger than the calculated
one. This was explained in part by the fact that in an EEL spectrum recorded for £j just
above an ionisation threshold, it is impossible to distinguish between a scattered and an
ejected electron. So, if the latter contributed to half of the ionisation EEL signal (i.e., both
electrons having about the same energy) the measured CS would be twice too large.
Nonetheless, the still large total ionisation CS confirms that ionisation of DNA basis by LEE
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is an important dissipative process via which ionising radiation degrades and is absorbed in
DNA.

IV. Discussion and conclusion

The present CS are akin to an electron backscattered angular distribution that would be
integrated over the whole half-angular space. If scattering was isotropic, such CS would
correspond to half of the integral CS. Owing to these conditions, the present electronic
excitation CS reflect short-range interactions, which include static-exchange and correlation
effects as well as capture of the incident electron by a molecule or electron resonance
(Schulz 1973). Electron exchange allows for instance the transition from an initial singlet
ground state to a final triplet excited state (Allan 1989). Electron correlation effects at long
range are responsible for the induced polarisation interaction that arises from virtual
excitation of optically allowed electronic transitions (i.e., associated with the dipole
moment) of the molecule (Lane 1980). When the incident electron energy £y exceeds the
corresponding transition energies, the electron then suffers inelastic collisions, which
transfer and partition its energy among the various electronic excitations.

The downward trend of the CS for the dipole allowed transitions (i.e., singlet states) with £,
which is better observed in the case of cytosine, can be related to the kinematics of the
electron-molecule collision (Inokuti 1971). Under the current scattering angle of 120° (i.e.,
6 = 15°, 6,= 45°), the electron wave-vector transfer associated to an excitation of 5 eV, for
instance, increases from 1.15 A1 at threshold up to 3.5 A~1 at £, of 18 eV. The same wave-
vector transfer range would be achieved if £y was set to 200 eV and the scattering angle was
varied from 9 to 28°. Since the CS for dipole allowed transitions are strongly forward
peaked at such incident energy and thus decrease with increasing scattering angle, suggests
that the present CS for the singlet states should reach a maximum slightly above their energy
thresholds and then decrease with £.

Effect of the environment more specifically the presence of water on the present CS for the
DNA bases remains to be investigated experimentally in more details. Differences may stem
from static (e.g., dipole) and correlation (e.g., polarisation) interactions with the surrounding
medium, excitation transfers (i.e., excitons), and coherent scattering. When the electron
kinetic energy compares in magnitude to the valence excitation energies, these effects are
expected to influence elastic and inelastic collisions involving small and large momentum
transfer and thus scattering in the forward and backward directions. So far, EEL
spectroscopy at 12-eV incident energy of water in close contact with thymine has revealed
that the CS for the electronic excitations of the 31 B; dissociative states of H,0O, which lead
to the production of OH radicals, was reduced by a factor of about three in the presence of
thymine (Cho et al. 2004). This finding was found to concur with radiation-induced DNA
damage, which indicates a considerable reduction of bond ruptures under dry DNA
conditions (i.e., 2.5 water molecules per nucleotide) (La Vere et al. 1996).

Our CS are directly related to dose calculation in targeted radionuclide therapy, which uses
carriers containing radionuclides that emit weak { particles and/or short-range Auger
electrons (i.e., LEE). Although, the contribution of LEE with their nm ranges is not required
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in the conventional dosimetry of fast primary particles in a macroscopic volume, such as an
organ, the same is not true when considering dose and damage heterogeneities at the level of
the cell nucleus, the chromosome, or the DNA (Terrissol 2004). This situation is met, for
example, when radiation dose is delivered with the concomitant administration of
radiosensitisers or high molecular weight (i.e., high-Z) atoms that incorporate into DNA of
the cancer cells (e.g., bromouridine and cis-platin). Under these conditions, the hanoscopic
dose and the evaluation of DNA damage could both be underestimated in conventional
dosimetry owing to the neglect of LEE.
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Figurel.
(a) Electronic EEL spectrum at the incident electron energy £y = 12 eV of 3 layers of

pyrimidine deposited on a 6-layer spacer of Ar condensed on the Pt substrate. (b) Electronic
EEL spectra at £y = 12 eV of 1.4 layers of thymine deposited on a 6-layer spacer of Ar. (c)
Electronic EEL spectrum at £y = 12 eV of a monolayer of adenine deposited on a 6-layer
spacer of Ar. (d) Survey electronic EEL spectrum of monolayer of cytosine deposited on a 3-
layer spacer of Ar. The thin solid line passing through each of the spectra results from curve
fitting with multiple Gaussian functions delimiting the different electronic excitation

regions, as shown in the bottom of each panel. The dashed line accounts simply for the
background contribution arising from multiple energy losses in the Ar/Pt substrate.
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