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Abstract

Absolute cross sections (CSs) for the interaction of low energy electrons with condensed
macromolecules are essential parameters to accurately model ionizing radiation induced reactions.
To determine CSs for various conformational DNA damage induced by 2—-20 eV electrons, we
investigated the influence of the attenuation length (AL) and penetration factor (# using a
mathematical model. Solid films of super-coiled plasmid DNA with thicknesses of 10, 15 and 20
nm were irradiated with 4.6, 5.6, 9.6 and 14.6 eV electrons. DNA conformational changes were
quantified by gel electrophoresis, and the respective yields were extrapolated from exposure—
response curves. The absolute CS, AL and fvalues were generated by applying the model
developed by Rezaee et al. The values of AL were found to lie between 11 and 16 nm with the
maximum at 14.6 eV. The absolute CSs for the loss of the supercoiled (LS) configuration and
production of crosslinks (CL), single strand breaks (SSB) and double strand breaks (DSB) induced
by 4.6, 5.6, 9.6 and 14.6 eV electrons are obtained. The CSs for SSB are smaller, but similar to
those for LS, indicating that SSB are the main conformational damage. The CSs for DSB and CL
are about one order of magnitude smaller than those of LS and SSB. The value of fis found to be
independent of electron energy, which allows extending the absolute CSs for these types of
damage within the range 2-20 eV, from previous measurements of effective CSs. When
comparison is possible, the absolute CSs are found to be in good agreement with those obtained
from previous similar studies with double-stranded DNA. The high values of the absolute CSs of
4.6 and 9.6 eV provide quantitative evidence for the high efficiency of low energy electrons to
induce DNA damage v/a the formation of transient anions.

[. Introduction

In radiotherapy, the energy imparted per unit mass (/.e., the radiation dose) to different
tissues and organs by the energetic primary photons or fast charged particles must be known
to maximize destruction of cancer cells, while minimizing side effects.> The primary
particles initiate the production of secondary species, including a large number of secondary
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electrons? as well as ions, radicals and excited states of the irradiated molecules.® Monte
Carlo (MC) methods are usually preferred to simulate the production of these initial reactive
species and the subsequent reactions engendered in biological materials.? Liquid water has
received considerable attention and has been modelled quite successfully.>

In the case of complex targets, such as DNA, the molecule can be superimposed over the
liquid water track structure of the MC calculation to obtain the yields of various types of
damage arising from the species produced in the liquid solution.® Such a simulation provides
data on the indirect effects of radiation, but the damage produced directly by the radiation-
induced reactive species from molecules other than water are not included. A priori, to
simulate the direct effect of radiation on a biomolecule, the absolute cross-sections (CSs) for
all scattering events of the high-energy particles, and secondary electrons, with the target
biomolecule embedded in a water medium, are required, particularly those leading to
biologically significant lesions.3-> These CSs could then be fed into the MC code as input
parameters and so provide absolute yields of temporal and spatial evolution of reactions and
the species produced by the direct effect of radiation along the tracks.

Electrons with less than 30 eV represent the vast majority of secondary electrons created
along high-energy particle tracks.2 Thus, CSs for such low energy electrons (LEES) are
needed to estimate the chemical and biological consequences of the direct effects of
radiation in cells and radiotherapy. They are essential to provide a quantitative description of
the energy deposited by any type of high-energy particle at the nanoscopic level. These CSs
are of particular importance in targeted radio-nuclide therapy (TRT). Usually in TRT,
radioisotopes emitting Auger electrons are administered to patients via pharmaceutical
carriers aimed at the cancer cells.”~2 When bound to or incorporated into the DNA of cells,
these radiopharmaceutical agents are highly radiotoxic, since the emitted Auger electrons
produce biological effects comparable to those induced by alpha particles, which have a high
linear energy transfer (LET).19:11 |n this type of radiotherapy, optimal treatment requires the
knowledge of the energy deposited by such agents at the single-cell level, with emphasis on
sub-cellular critical structures. In patient treatments with targeted Auger emitters of high
atomic number, the radionuclide decays by electron capture or internal conversion processes,
both of which create a cascade ejection of many Auger electrons (e.g., 5 and 25 electrons are
released on average per decay of 67Ga and 1251, respectively).12:13 Most of these electrons
have energies less than few hundreds of eV and ranges on the order of 10 nm in biological
media.1* Those with energies above the ionization potential of water, and those of
biomolecules in the cells, generate another distribution of LEEs, which necessarily have
high density considering the nanoscale dimensions of the reaction volume. The local density
of LEEs becomes even larger if the targeted radionuclides are combined with gold
nanoparticles® or embedded in gold nanocages.8 In this case, most of the radiation energy
is transformed into kinetic energy of LEEs.1” High local densities of LEES are also produced
in positron emission tomography (PET); since in this case, the emitted positron must be
short range in order to provide high spatial resolution. Hence, CSs for LEE-induced damage
may also be of considerable value to calculate the local absorbed doses in PET and help
better understand the biological consequences of radiation-based imaging.
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For relatively simple targets, one may introduce in the code calculations of electron—
molecule scattering, but these are usually free from multiple scattering effects present in the
condensed phase.18:19 At the experimental level, techniques have been developed to measure
product yields and effective CSs for LEE interactions within condensed matter.20 In these
techniques, the molecules are deposited on a metal substrate by vapour condensation,
sublimation, molecular self-assembly and freeze drying (lyophilisation). A flux of LEEs,
provided by an external electron source under ultrahigh vacuum conditions, is incident on
the molecular solid film.2! Depending on the apparatus, the measured signal includes
scattered electrons,2? trapped anions20 or the yields of products remaining in the film.21.23.24
The latter can be measured by liquid chromatography,?3 mass spectrometry?4 and gel
electrophoresis.2! The CS in the condensed phase necessarily depends on the environment,
including the band structure and molecular ordering.?!

In the past decade, most LEE-induced damage yields on complex biomolecules in films
were measured with the DNA molecule.2%:26 While these measurements provided valuable
information on LEE-DNA interactions, most measured CSs were effective in the sense that
they depended on film thickness.2’~2% Considering that the thermalization distance or
attenuation length (AL) of a LEE lies within the 10 nm range,* only a few monolayers of
DNA with a double helix diameter of about 2-3 nm in a film are needed to absorb the energy
of the incident particle. Thus, because of electron energy losses along the path of the LEE in
the film, the CS for DNA damage depends on the film thickness. Secondly, some LEES can
terminate their path in intermolecular traps, stabilize on a molecule, or via dissociative
electron attachment (DEA) stabilize as atomic or radical anions. These phenomena usually
cause film charging,30-32 which depends on the film thickness. So far, such effective CSs for
condensed films of supercoiled plasmid DNA have been directly obtained from quantifying
the configurational changes in the plasmid as a function of irradiation time #(.e., exposure—
response curve).27:29

Recently, Rezaee et al. developed a molecular survival model, which can extract from LEE
impact experiments on thin films the total damage CS independent of film thickness and
charging.33 As an example, these authors derived the “absolute” CS for DNA strand breaks
induced by 10 and 100 eV electrons within lyophilised plasmid DNA films. The ALs needed
for the calculations were obtained from exposure—response curves recorded as a function of
the film thickness. From these ALs and film thicknesses, the critical parameter of the model
(7.e., the penetration factor ( £)), which depends on the film thickness, density, uniformity
and morphology could be derived and applied to convert an effective CS measured at a given
energy to an absolute CS. In its present form, the model of Rezaee et a/.33 is useful to derive
absolute CSs for the sum of all types of conformational damage (/.e., the loss of the initial
supercoiled (LS) configuration of plasmid DNA).

In the present study, we show that the mathematical formulation of Rezaee et al. can easily
be adapted to generate absolute CSs for specific DNA damage induced by LEEs. In addition
to the absolute CSs for LS, we generate absolute CSs for the formation of single strand
breaks (SSB), crosslinks (CL) and double strand breaks (DSB) induced by electrons of
energies 4.6, 5.6, 9.6 and 14.6 eV, typical for the low-energy range. The electrons are
incident on lyophilized plasmid DNA films with thicknesses varying between 10 to 20 nm.
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The effective CS and AL are shown to depend strongly on the film thickness. The Ffactor,
which can be used to transform an effective CS into an absolute one, also depends on the
film thickness, but is found to be independent of electron energy in the investigated range.
We show that from this behavior of £ it is possible to transform previously measured
effective CSs, in the range of 2-20 eV, into absolute ones. When comparison is possible, the
latter are found to be in good agreement with previous measurements.

ll. Experimental method

The experimental details of sample preparation, irradiation, and post-irradiation analysis
techniques employed in the present studies have been reported in detail elsewhere 21:34.35
Here, we provide a brief description of the most pertinent elements.

Plasmid DNA [pGEM-3Zf(—), 3197 base pairs, ca. 1 968 966 amu per plasmid] was
extracted from Escherichia coli IM109 and purified with a HiSpeed plasmid Maxi kit
(QIAGEN). The purified plasmid consisted of 96% supercoiled, 1% concatemeric, 1%
nicked circular and 2% crosslink forms. The concentration of DNA relative to the quantity
of proteins in the plasmid solution was calculated by measuring the absorption ratio of 260
nm and 280 nm light with a spectrophotometer (BioTek, Epoch). The ratio was 1.92, which
corresponds to a purity greater than 90%.36 The TE buffer (Tris-EDTA: 10 mM/1 mM) was
separated from DNA by gel filtration with a Sephadex G-50 medium. The final solution
consisted of DNA with about 10% proteins and ddH,O after the filtration.

The DNA solution was separated into three parts and each of them was further diluted in
ddH,0 to obtain concentrations of 30, 45, and 60 ng ul~* DNA. To make 10, 15 and 20 nm
thick films of the plasmid, 7 pl of these solutions were deposited onto clean tantalum (Ta)
substrates (7 x 20 mm). The latter consisted of a thin layer (450 x 50 nm) of Ta sublimated
onto either a 0.4 mm thick silicon wafer or clean borosilicate glass. The deposited samples
were placed on a liquid-nitrogen cooled surface and frozen at ~—70 °C for 10 minutes in a
glove box held under dry nitrogen. Afterwards, they were dried under a pressure of 5-7
mTorr with a hydrocarbon-free pump for 2 hours to form solid films. The films were circular
in shape with 4 + 2 mm average diameter. Using the known density of 1.7 g cm~3 for
plasmids extracted from E. coli, their average thicknesses were estimated to be 10, 15 and 20
nm.

The present method does not allow measuring the orientation of the DNA in the film. Such
measurements can be made by atomic force microscopy, when the plasmids are ordered by
self-assembly.37 In this case, they lie parallel to the surface. As shown by electron stimulated
desorption of anions from self-assembled monolayers of DNA,38 orientation could influence
LEE-induced damage near the film surface, since the initial electron capture probability is
expected to depend on the orientation of the electron beam with respect to that of the basic
units within DNA.39 We also note that electrons of 4.6 and 9.6 eV produce no or very few
secondary electrons when hitting the Ta surface.

The samples were inserted into holders on a rotary platform inside an UHV chamber
equipped with an electron irradiator. The chamber was also filled with dry nitrogen to avoid
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any contamination by hydrocarbons and water from the atmosphere. The samples were
inserted into holders on a rotatory platform inside an UHV chamber equipped with an
electron irradiator. Afterwards, the chamber was evacuated for 24 hours, with a
hydrocarbon-free turbomolecular pump, to a pressure of 5 x 1072 Torr at room temperature.
By changing the potential between the sample target (ground) and the center of the filament
of the LEE gun, the electron energy could be varied from 2 to 20 eV. The films were
bombarded at 5, 6, 10 and 15 eV, with an electron current of 6 nA hitting a surface area on
the substrate larger than the DNA sample. The current density of the beam was 3 x 1011
electron s~ cm=2 and exposure times varied from 5 to 60 s. Four control samples were
placed into the irradiator chamber and left un-irradiated, to serve as the data point at zero
fluence in exposure—response curves. The energy scale was calibrated within —0.5 eV by
taking, as the zero electron energy reference, the onset of electron transmission through the
uncharged film. At this onset, the potential measured between the point of emission of the
filament and the substrate was +0.4 V, due to differences in work function between the
connections in our apparatus and the DNA—-vacuum interface. By subtracting 0.4 V from the
voltages (5, 6, 10 and 15 V) initially measured between the filament and the metal substrate
one obtains the absolute energies of 4.6, 5.6, 9.6 and 14.6 eV for the impinging electrons.

After irradiation, the samples were removed from the chamber and immediately dissolved in
10 pl of ddH,0. A comparison of the amount of recovered DNA with the original solution
showed that nearly 98% of the deposited DNA was recovered from the substrate. The
different structural forms of DNA (/.e., supercoiled, nicked circular and linear forms
corresponding to non-deformed DNA, SSB and DSB) and CL in the samples were separated
by agarose gel electrophoresis. The DNA samples and the agarose gels were stained with
SYBR Green | in the concentration of 100x and 10 000x, respectively. The samples were
passed on 1% agarose gel in 1x TAE buffer at 100 volts for 7 minutes followed by 75 volts
for 90 minutes (5 V cm™1). The gels were then scanned with a STORM 860 scanner
(Molecular Dynamics) adjusted for the blue fluorescence mode at an excitation wavelength
of 450 nm and a PMT voltage of 800 in the normal sensitivity mode. The amount of each
structural form of the DNA was analyzed using ImageQuant (Molecular Dynamics)
software. The binding efficiencies of SYBR Green | for the same amount (75 ng) of
supercoiled and linear DNA were measured to establish a correction factor for the weaker
binding of SYBR Green | to supercoiled DNA. A multiplication factor of 1.2 was applied to
the quantification of supercoiled DNA.

[1l. Calculation of cross-sections for DNA strand breaks

In the present study, absolute CSs for LEE-induced LS, SSB, DSB and CL to plasmid DNA
are derived from the survival model developed by Rezaee et a/.33 For a monoenergetic
incident electron beam with a uniform surface current density J impinging on a molecular
film, the current density Ax) at a depth xinside the film, after bombardment for time £ is
given by:

J(z, t):Joeffe*f (1)
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where A is the AL, which depends on the incident electron energy and < a film charging
time constant.#041 The total percentage of intact molecules in a film of thickness # after
bombardment for time #is obtained from

t T
. 1 h —oJoT (17677')67X
P(t)—Poh 0e dz P

where A, is the percentage of intact molecules in the film before irradiation and o is the CS
to change the supercoiled configuration (/.e., LS).33 Simulations of A% vs. time with
different values of the parameters indicate that the slopes of the exposure—response curves
for different © at = 0 are the same;33 j.e, the initial (#= 0) rate of decrease of the
concentration of the target molecules is independent of film charging. Therefore, for
sufficiently short irradiation times, the charging should have a minimal effect on the slope of
an exposure—response curve. Under this condition, the initial slope 2’ (0) is given by

P'(0)=—PyoJo (%) (1707%). 3

At a specific electron energy, the AL (/.e., 1) can be determined from the ratio Ry , of the
initial slope of exposure-response curves (P’ (0), 2’ (0)) between two different thicknesses
M and /»:

(4)

Since Pand A are known experimental parameters, it is possible to obtain a statistical
average value for A by repeating the analysis for all possible pairs (/.e., from three
thicknesses in our experiment). From the average value of A, the penetration factor fis
derived as33

The penetration factor corresponds to the last two terms of egn (3) so that:
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P(0)==Pyolof. (6)

The total conformational damage to DNA (LS) consists of SSB, CL, DSB and any other
damage not detected by electrophoresis that changed the supercoiled configuration. The
initial slope of these types of damage is denoted as 7' (0)ssg, 7 (0)cL and P (0)psg.
respectively, and because of the linearity of egn (6), the various absolute CSs for DNA
strand breaks ossg, oc| and opgg are readily obtained from:

/
P (0)
— o LS
015 =0gsp T0cL t0pspT0other == "R 7 1
’ ’ / /
:P (O)SSB +P (O>CL+P (O)DSB +P (0)0“‘”:%&(145)
PoJof - (7)

Each term in egn (7) can be assigned to the corresponding ossg, oc, and opgg. Similarly,
the effective CS (o) for each type of conformational damage can be correlated to the
P'(0)
corresponding initial slope via Ucﬂz—m. In other words, any effective CS measurement
of a given conformational damage can be converted to an absolute CS via the factor 7, if the
film thickness and electron energy are well characterized. If within a given energy range
does not vary, then it becomes possible to determine absolute CSs from effective CSs
recorded at different energies, as long as the absolute CS and Fare known for a single energy
within this range.

IV. Results and discussion

A. Yields and ALs for LEE-induced DNA damage

According to previous measurements of yield functions between 2 and 20 eV, strong
resonances appear at 4.6 and 9.6 eV in the effective CS for SSB formation and at 5.6 eV and
9.6 eV for the induction of DSB.34 The existence of core-excited transient anions in the
DNA and its subunits at these energies dictated our choice of electron impact energies. A
higher value of 14.6 eV was also chosen to represent a region devoid of resonances.3*

An example from 9.6 eV electron bombardment of the measured exposure—response curves
is presented in Fig. 1. It shows the percentage of LS, SSB, DSB and CL as a function of the
total number of incident electrons impinging on 10, 15 and 20 nm-thick films of lyophilized
plasmid DNA. The percentage of supercoiled DNA decreases (/.e. LS) with electron
bombardment, as the molecules are primarily transformed into the nicked circular
configuration viga SSB. At short exposures, the curves for LS, SSB and CL exhibit a near-
linear behaviour. The slopes of these curves become less steep and tend toward a saturating
value with increasing fluence, due to film charging. The yields of DSB display a linear
function, since the number of initial targets leading to DSB does not change appreciably
within the irradiation exposure range (/.e., both supercoiled and circular DNA can lead to
DSB). Probably due to the detection limit, no change in the number of DSB could be seen at
energies of 4.6 and 14.6 eV. The result is consistent with previous studies, where a resonance
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in the DSB yield function at 5.6 eV increases the damage, but yields cut off below 5 eV and
they are weak between 11 and 15 eV.34

Table 1 presents the ratios of initial slopes of exposure—response curves for LS as defined by
eqn (4). The ratios are given for thicknesses of 10, 15 and 20 nm and 4.6, 5.6, 9.6, and 14.6
eV electrons. The values of A deduced from eqn (4) for each ratio are also provided in Table
1 with the average. The ratios yield progressively smaller A values as the film thickness
increases at all energies. The AL depends on the film uniformity, density, morphology and
the targeted biomolecule. The latter three factors are not expected to change much with
different amounts of DNA in the lyophilisation process. It has been shown, however, that the
uniformity of lyophilized films varies considerably.*2 As the thickness increases, the
percentage of variation in /2 with respect to the total thickness decreases and we expect the
lack of film uniformity to have less influence on the value of AL. Thus, the variation of AL
with thickness probably arises principally from the local variations in film thickness.

All average values of A can be considered similar within standard deviations. Nevertheless,
we expect the longer AL to be found at 14.6 eV, as seen in Table 1, due to the absence of
transient negative ions (TNI) at this energy.3* TNI increase the electron-molecule
interactions leading to higher total energy-loss CS, which shorten the AL. The AL value for
9.6 eV electrons can be compared to those previously reported by Rezaee et a/.33 and
Boulanouar et a/3" (i.e., 10.4 + 5.4 nm and 14.1 + 5.4, respectively). It is particularly
encouraging to find that the present AL of 14.1 + 2.4 nm is in excellent agreement with that
of 14.1 + 5.4 nm obtained from diaminopropane (Dap)-DNA films,3” whose thickness was
verified to be highly uniform by AFM.

B. Penetration factor (f) and absolute CS

As shown from the model of Rezaee et al., for AIA < 2, which corresponds to our film
thicknesses, the effective CS can be corrected by a factor fto remove the effect of film
thickness. Based on eqn (7), the absolute CSs of DNA damage can be calculated from the
initial slope of the exposure—response curves, when A and fare known. As seen from the
values in Table 2, the calculated absolute CSs for a given energy are, as expected, similar for
three different film thicknesses and ALs. Table 2 presents absolute CSs for LS, SSB, DSB
and CL calculated from the results obtained with DNA films of different thicknesses
irradiated with 4.6, 5.6, 9.6 and 14.6 eV electrons. All types of damage have maximum
values at 9.6 eV. The opgg and o¢_ are about one order of magnitude smaller than those of
LS and SSB, indicating that a majority of supercoiled DNA transforms into SSB. The o of
9.6 and 4.6 eV are larger than those of 5.6 and 14.6 eV. The results are consistent with
previous studies33 suggesting that the first two energies correlate with the formation of TNI
in DNA that decay preferentially into inelastic channels leading to the formation of SSB.
The average fvalues for various LEE energies and thicknesses are plotted in Fig. 2.

Fig. 2A shows that fremains fairly constant with energy. In contrast, it depends on film
thickness as seen from Fig. 2B. Interestingly, the magnitude of 7(/.e., AI\) depends on the
experiment (/.e., ours or that of Rezaee et al.), but not the variation with thickness. The
change in magnitude probably reflects the slight differences in the lyophilisation procedure
of the two groups. On the other hand, since the absolute CS must be the same from one film
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to another under similar conditions, it is possible to calculate the fof other similar LEE-
DNA experiments based on the present fvalue. Furthermore, the invariance of fwith
electron energy should allow transforming effective CSs, recorded at other energies within
the low-energy range, to absolute values.

Table 3 compares the CS data for DNA damage measured in the present study with those
available in the literature from similar irradiation of dry plasmid DNA films; most of the
latter have been measured only at 10 eV. We provide in the last column the average cross-
section per nucleotide. These values assume that any electron coherence3® and sequence-
dependent?3 effects on the CS, average out for a 3197 base-pair DNA. The table also
contains fcalculated from egn (5) using data from experiments performed with sufficiently
thick films of DNA. From these fvalues, the reported CSs (o.ff) are transformed into
absolute CSs (o). Within experimental error, the present CSs are in good agreement with
those reported by Rezaee et al.,33 who applied the same mathematical model. The values
generated by the other authors,2744 which did not benefit from the model of Rezaee er al. in
their analysis, produce absolute CSs of lower values, when we transform their og¢ to o.
Panajotovic et a/2” and Dumont et a/** measured only o for SSBs, which may also
contribute to their lower value.

The interaction of a LEE with a condensed molecule is affected by the neighboring
molecules (e.g., viatarget polarization, diffraction and electron correlation)3® and film
morphology that may affect CS values. One expects different morphologies between the
films in the experiment of Boulanouar ef a/3” and those in the others. In the former, the
plasmid was different and stacked by intercalating Dap molecules. Thus, the similarity
between CSs generated from the results of Boulanouar et a/.,3 the present ones and those of
Rezaee et al33 suggests that film morphology is not a dominant factor contributing to the
values of LEE-induced damage CS generated from multilayer duplex DNA films.

The CSs in Table 3 can also be compared to those recorded with single-stranded DNA under
different film conditions. Cai er a/.2® measured strand break CSs for electron impact on self-
assembled monolayer DNA films consisting of 50-base oligonucleotides. At energies of 8,
12 and 18 eV, they obtained values of 3.2, 17 and 28 x 108 cm? per nucleotide,
respectively. The last two values, which are higher than those of Table 3 and Fig. 3, may
indicate that single-stranded DNA is more vulnerable to LEE-induced damage than duplex
DNA. Considering the relatively small number of nucleotides in the sample used by Cai et
al., sequence dependence*3 may also influence their cross-section values. Much higher
values are found for targets, which include the oligonucleotide and the supporting substrate.
In that respect, Keller et a/*> and Rackwitz et a/6 obtained an average strand break CS of
4.8 x 10715 cm? per nucleotide at 18 eV and 6.2 x 10715 cm? per nucleotide at 10 eV,
respectively, for a sub-monolayer of 13-mer oligonucleotide (5”-d(TT(ATA)3TT)) fixed on
an origami template; /.e., at least two orders of magnitude higher than the value from the
experiment of Cai et a/.,28 in which electron collisions occurred away from the gold
substrate.
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C. Electron energy dependence of absolute CSs for DNA damage

Luo et al. have reported the effective CSs for SSB, DSB, CL and LS induced by 2-20 eV in
plasmid DNA.3# These measurements were performed for films similar to those of the
present experiments. Hence, according to preceding arguments, the present data could be
used to generate absolute CSs over the 2—-20 eV range from their results, as long as the
assumption that fis independent of electron energy (Fig. 2A) remains valid. Here, we take
the absolute value of o g at 9.6 eV and the average fof 0.61 + 0.13 found in the present
experiments, to calculate the corresponding fin Luo et al. experiments (/7.e., 0.29 + 0.14). As
far as o|_g is concerned, the result shown in Fig. 3B is equivalent to simply calibrating the 2—
20 eV LS curve of Luo et al. on our absolute CS at 9.6 eV. The other absolute CSs in Fig.
3A and 4 are produced viaeqn (7) using £= 0.29 + 0.14 and the effective CS of Luo et a/3*
The error bars are the standard deviations in their experiments. When the systematic
percentage error on fis taken into account, the percentage errors on the CS values become
much higher (e.g., those of Fig. 3B vary from 54 to 70%). As seen from Fig. 3, comparing
the 2-20 eV CS with the present absolute values (open points) indicates that the
approximation of a constant fover the 2-20 eV range works fairly well for o g and oggg. In
similar comparisons in Fig. 4, larger deviations by factors of 1.5-1.8 and 1.7-2.4 are found
between our absolute values of o and opsg (open points), respectively, and those
extrapolated from eqn (7) with the data from Luo er a/.34 For determining the contributions
to this deviation arising from the errors in the measurements and those arising from the
assumptions in the model of Rezaee et a/. (and its extension from the invariance of fon
energy), much more data points would have to be recorded on the yields of CL and DSB.
Overall, the present results suggest the possibility to convert effective CSs to absolute values
viathe parameter fin the mathematic model of Rezaee et al.

Interestingly, the CSs at the four electron energies investigated, particularly those at 4.6, and
9.6 eV, are only about twice lower than those at 100 eV.47:48 100 eV electrons may cleave
DNA by multiple events through non-resonant mechanisms including ionization, excitation
and neutral dissociations.4® The CS for the sum of the ionization and fragmentation channels
at 100 eV is reported to be larger by one or two orders of magnitude than that at 10 eV for
most organic molecules.*%:°0 Therefore, it is expected that CSs of DNA SB at 100 eV should
be much larger than those below 20 eV. According to previous studies 5, 6 and 10 eV
electrons predominantly generate fragmentation in DNA by single events via the formation
of transient core-excited anions decaying into dissociative neutral states and DEA.2126 Since
100 eV electrons have about the same thermalization distance as those of 10 eV,14 this
comparison of the CS testifies the high efficiency (/.e., amount of damage per energy
deposited) of LEESs to damage DNA. These results confirm quantitatively the previous
suggestion?! that the formation of transient anions and DEA are more efficient processes
than others to damage DNA.

V. Summary and conclusions

Films with thicknesses varying between 10 and 20 nm, made of lyophilized supercoiled
DNA, were bombarded with electrons of 4.6, 5.6, 9.6 and 14.6 eV. The absolute CS at those
energies for the loss of the initial supercoiled configuration (LS) and formation of SSB, DSB
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and CL were generated by applying the model of Rezaee er a/33 to the yields measured near
zero fluence. The CSs and attenuation lengths were shown to depend strongly on the
thickness of the films. The crucial parameter of the model (7.e., the penetration factor 7) was
found to be independent of the LEE energy within experimental errors. This invariance
allowed determining the energy dependence of absolute CSs for these various types of DNA
damage, over a wider range (2-20 eV), from previously measured effective CSs. The CS to
produce SSB is smaller, but similar to that of LS, indicating that SSB are the main
conformational damage. The CS for DSB and CL are about one order of magnitude smaller
than those of LS and SSB. The results corroborate quantitatively previous measurements
indicating that LEEs are highly efficient to induce conformational DNA damage.

The good agreement of present results with the transformed values from previous
measurements suggests that it is possible to convert effective CSs to absolute CSs viathe
parameter fin the mathematic model of Rezaee et a/33 Considering the amount of work
required to generate absolute CSs, the present method appears highly efficient to produce
such CSs over a wide energy range. The present comprehensive study suggests that a similar
procedure could be adapted to obtain absolute CSs for electron-induced damage/reaction
occurring in other molecular or biomolecular solids. Similar studies are presently underway
with the chemotherapeutic agent cisplatin bound to plasmid DNA, to transform the LEE
energy dependence of effective CSs for damage to the cisplatin-DNA complex®! to absolute
CSs. The latter are expected to be of considerable value to estimate the increase in the local
dose distribution near the DNA of cancer cells in patients receiving concomitant radio-and
chemo-therapy.
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Fig. 1.

Incident electrons(x10'")

Exposure—response curves for lyophilized plasmid DNA films of 10 (H), 15 (@) and 20 (A)
nm average thickness, irradiated with 9.6 eV electrons. The measurements are expressed in
percentage of supercoiled, SSB, CL and DSB configurations. The dash-point lines are
guides for the eye. Each data point corresponds to the mean value of six electrophoresis
results from six different samples with the corresponding standard deviation.
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Average value of fas a function of electron energy (A) and film thickness (B). The data in
(B) were recorded with 9.6 eV (present experiment) and 10 eV electrons (Rezaee et a/33).

The error bars represent standard deviations.
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Absolute CSs for SSB (A) (solid triangles) and loss of the initial supercoiled configuration

of DNA (B) (solid diamonds) induced by 2-20 eV electrons. The black points are the
absolute values generated by using the effective yields of Luo et a/34 The error bars are the
standard deviations in their experiments. The penetration factor 7of 0.29 obtained from
transposing the present average fvalue from the dashed horizontal line in Fig. 2A to their
results was used in the calculation. Open points are the average absolute CSs of the present
study with the standard deviation given in Table 2.
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Absolute CSs for CL and DSB (solid points) induced by 2—20 eV electrons generated from

the effective yields of ref. 34 and the penetration factor = 0.29 + 0.14. The error bars are
the standard deviations in the experiments of ref. 34. The open points are the average CSs of
the present study with the standard deviations given in Table 2.
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