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ABSTRACT: This work stresses on damage at the molecular level caused by
ultraviolet radiation (UV) in the range from 3.5 to 8 eV, deoxyribonucleic acid
(DNA) films observed by X-ray photoelectron spectroscopy (XPS). Detailed
quantitative XPS analysis, in which all the amounts are relative to sodium—assumed
not to be released from the samples, of the carbon, oxygen, and particularly, nitrogen
components, reveals that irradiation leads to sugar degradation with CO-based
compounds release for energies above 6.9 eV and decrease of nitrogen groups which
are not involved in hydrogen bonding at energies above 4.2 eV. Also the phosphate
groups are seen to decrease to energies above 4.2 eV. Analysis of XPS spectra
allowed to conclude that the damage on bases peripheral nitrogen atoms are
following the damage on phosphates. It suggests that very low kinetic energy
photoelectrons are ejected from the DNA bases, as a result of UV light induced
breaking of the phosphate ester groups which forms a transient anion with
resonance formation and whereby most of the nitrogen DNA peripheral groups are removed. The degree of ionization of DNA
was observed to increase with radiation energy, indicating that the ionized phosphate groups are kept unchanged. This result was
interpreted by the shielding of phosphate groups caused by water molecules hydration near sodium atoms.

Bl INTRODUCTION phosphate groups.'® Despite several studies carried out making
use of different approaches and techniques,'® > the damage
mechanisms taking place at the different groups of the DNA
molecule itself (ie., outside of the cell environment), when
submitted to low-energy radiation are fairly well-understood,
namely, with respect to strand breaks discrimination. However,
there are still few studies on the full range of UV covering the
range of a few to 10 eV due to the complexity of the DNA
molecule and the surrounding biological environment. For this
reason, most of the data on the effect of radiation or particle
beams has been obtained on DNA constituents, with only few
works dedicated to this effect on DNA molecule as a whole and
even less to DNA within aqueous environments as achieved in
biomimetic rudimentary cells.

Calf thymus DNA is commercially available and was shown
to be easily processed in thin film form onto solid supports,13
which are stable under ultrahigh vacuum conditions, making it
adequate to address damage studies in condensed phase. In the
UV range of 110 to 300 nm, the calf thymus DNA films present
a vacuum ultraviolet absorption spectrum,"® which exhibits
absorption features that can be assigned as follows: the band at
2634 nm (4.71 eV) was assigned to excitations in all the
bases®” and to the anionic phosphate esters first ionization;?®

As a result of many investigations about the effect of radiation
in biological systems, namely in living cells and also on
biological molecules such as DNA, it is well established that
when primary ionizing radiation, as 3, y, UV, X-rays and cosmic
rays reach matter, a shower of excited and ionized molecules
and secondary or even thermalized electrons are generated with
energies below the ionizing energies. With respect to electrons,
although they have short lifetimes," normally within 1 ps before
being solvated, they can induce irreversible cell damage such as
DNA strand breaks, changes in nucleobases, sugar destruction,
cross-linking, and dimer formation, among others* and
references therein.

Low-energy radiation, as ultraviolet (UV), is also known to
cause DNA damage in the cellular environment, with severe
implications in cell-acting and promoting, in certain cases, the
germination of cancer cells.>™® Several studies have been
conducted toward the understanding of the chemical and
physical processes taking place at the molecular level, when a
DNA molecule, outside the cellular environment is subjected to
low-energy particles or radiation.”'” These studies revealed
that low-energy particles and radiation cause DNA changes or
removal of molecular groups12 and both single and double
DNA strand formation.” For example, phosphate groups were
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Figure 1. DNA bases chemical structures on the left and a schematic

representation of a fragment of a double strand DNA molecule.

the peak at 209.9 nm (5.91 eV) was considered to be due to n
— 7% guanine transition and to a £ — #* transition in
thymine;*® the peaks at 177.4 nm (6.99 eV), 188.3 nm (6.58
eV), and 201.5 nm (6.15 eV) were referred to the strong
transitions at 6.81 eV (8' A’), 6.38 eV (6' A’), and 6.28 eV (4!
A’), for purine N(7)H and N(9)H; the peak at 188 nm was
also associated with the 7 — #* transition of the C=O
chromophore in the sugar open-chain;*' a peak at 161.8 nm
(7.66 eV) was considered arising from strong thymine
absorption as determined by Shukla and Leszczynski;* and a
peak centered at 119.8 nm (10.35 eV) was attributed to direct
ionization of nucleobases.>* In this work, to better understand
the damage caused by different radiation energies, namely to
find damage thresholds, damage on calf thymus DNA films
caused by exposure to a vacuum UV radiation beam in the
range of 300 nm (4.13 eV) to 160 nm (7.75 eV) was
investigated using XPS. From both qualitative (binding
energies) and quantitative analysis (peak area combined with
sensitivity factors), as a function of the radiation energy, the
DNA damage thresholds will be obtained from XPS spectra
analysis and correlated with the UV—vis absorption spectrum.

B EXPERIMENTAL DETAILS

Cast films were prepared using DNA sodium salt from calf
thymus (DNA), obtained from Aldrich. DNA was dissolved in
pure water, obtained from the Millipore Milli-Q system
(resistivity > 182 MQ cm), to a concentration of 0.5 mg/
mL and cast onto silicon substrates which were previously
hydrophilized in a Piranha solution, H,SO,/H,0, (7:3), for 10

min. The films were dried for 2 h in vacuum desiccators and
exposed to a 1.14 X 10'® photons VUV radiation beam in the
range of 160 to 300 nm, from the Astrid Synchrotron radiation
source (UV1) facility at Aarhus University, Denmark.*>** The
setup consisted of a vacuum chamber containing a sample
holder. The wavelength was selected by means of a toroidal
dispersion grating placed upstream of the sample. The typical
resolution was better than 0.08 nm. Since all samples have been
submitted to ambient light conditions during handling,
nonirradiated samples will be considered as submitted to 340
nm wavelength radiation for graphical representation purposes.
Consequently, data relative to nonirradiated samples will be
designated in the Results and Discussion as irradiated at 340
nm wavelength radiation.

The characterization of DNA samples was performed in an
X-ray photoelectron spectrometer XSAM800 (KRATOS)
operating in the fixed analyzer transmission (FAT) mode,*
with a pass energy of 20 eV, a power of 60 W (= S mA X 12
kV) and the nonmonochromatised Al Ka X-ray (hv = 1486.6
eV) source. All the samples were analyzed on the central part of
the sample (ie., over a 1 X 3 mm? spot area at an angle of 0°
with respect to the sample surface normal using the high-
magnification mode). The measurement time was similar for all
the samples. Spectra were recorded with a Sun SPARC Station
4 with Vision software (Kratos) using a 0.1 €V step. X-ray
source satellites were subtracted, Shirley background and
pseudo-Voigt profiles (Gaussian-Lorentzian products) were
fitted to each region using a nonlinear least-squares algorithm.*®
No charge compensation (flood-gun) was used. Binding
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Figure 2. C Is, O 1s, and N 1s XPS spectra obtained at takeoff angle of 0° with respect to the normal to the surface, for DNA samples, from bottom
to top, irradiated with 160, 180, 200, 220, and 300 nm UV radiation. The top curves correspond to the nonirradiated sample spectra. For the sake of
simplicity, only the curve-fitting for the sample irradiated with 160 nm radiation is shown. Curves were set off along the y axis.

Table 1. Elemental Composition in Percentage, Obtained from XPS Spectra Taken at a Take-Off Angle of 0° Relative to Normal
of DNA Cast Films Surface, Irradiated with 1.14 X 10'® Photons UV Beam at Different Wavelengthsb

wavelength (nm) 160 180 200 220
C1 22.0 20.6 17.9 18.7
C2 183 19.9 21.1 20.4
C3 10.2 9.9 10.2 9.6
C4 1.5 1.5 1.8 1.9
total C 52.0 51.9 S1.0 50.6
(0) 10.7 9.8 9.5 9.8
02 104 9.9 8.4 7.7
03 74 8.9 10.0 11.8
04 1.0 0.7 0.9 0.6
total O 29.5 29.2 28.8 29.9
N1 2.7 29 33 3.0
N2 1.5 1.5 19 1.9
N3 5.5 5.9 5.8 5.9
N4 32 32 3.5 2.9
total N 12.9 13.5 14.5 13.8
P 2ps)s L5 17 20 19
P2p,, 0.9 0.9 1.0 1.0
total P 24 2.6 3.0 2.9
Na Is 32 2.8 2.8 2.8

300 340 assignment
19.8 19.8 C-C, C-H
21.0 20.7 C-N, C=N, C-0
9.5 9.8 N-C=0, N-C=N, C(N),;, N—C-0
19 22 N—(C=0)-N
52.2 52.4
9.9 10.5 aromatic O=C
6.7 7.5 PO, + Aliph. 0=C
104 9.5 PO, + O—C
0.6 05 H,0
27.6 28.0
4.0 3.8 see text and Figure 3
19 1.9
5.0 4.7
3.8 3.8
14.7 14.2
22 2.1 phosphate
1.1 1.1
32 32
23 2.3 Na*

“Sample not irradiated but submitted to ambient light conditions during handling was considered irradiated at 340 nm. PRelative errors are estimated

to be less than +10% for components and less than +2% for the total.

energies (BE) were corrected by setting the lowest C 1s BE to
285.0 eV.*’ For quantification purposes, sensitivity factors were
0.66 for O 1s, 0.25 for C 1s, 0.42 for N 1s, 0.39 for P 2p, and
2.3 for Na 1s. The chemical structure of the DNA bases and a
schematic DNA molecule fragment are displayed in Figure 1.

3. RESULTS AND DISCUSSION

3.1. XPS Characterization. A survey over XPS spectra of
UV irradiated DNA films at different wavelengths revealed the
presence of carbon, oxygen, nitrogen, phosphorus, and sodium.
The detailed spectra of carbon, oxygen, and nitrogen presented
several components, as shown in Figure 2 (panels a, b, and ¢),
respectively, where the pseudo-Voigt profiles used to fit
experimental peaks, for the sample irradiated with 160 nm
wavelength UV radiation, have also been included.

5406

The XPS C Is region was fitted, for all the samples, with four
components centered at 285.0 (C1, used as charging correction
reference), 286.5 + 0.1 (C2), 288.1 + 0.1 (C3), and 289.3 +
0.2 eV (C4). The first one is assignable to carbon in C—C or
C—H and the last one to N—(C=0)-N groups. The two
intermediary peaks correspond to a mixture of functions which
should have binding energies around those two values. By
increasing binding energy order, should correspond to the
groups: C—N, C=N, C-0O, N-C=N, N-C-0, N-C=0,
and N=C(NH,),. These peaks are in accordance with
literature.>’ > The computed atomic percentages for those
components are displayed in Table 1.

The O 1s peak was fitted with four components: one
centered at 531.0 = 0.1 eV (O1) assigned to O=C bonds in an
aromatic system; a second one centered at 532.1 + 02 eV
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(02), assigned to both O in phosphate group and carbonyl in
an aliphatic chain; a third one centered at 532.9 + 0.1 eV (03),
assigned to O in O—C bonds; and a fourth one centered at
536.1 + 0.2 eV (O4) assignable to water entrapped in the
film.*® For the N 1s fitting, the following methodology was
used: assuming that an equal number of AT and GC pairs exist
in the DNA here analyzed, four different nitrogen species were
identified in the ds-DNA. By increasing binding energy order:
sp2 (imine nitrogen) , donor sp2 (imine nitrogen acting as donor
in hydrogen bonding), acceptor sp3 (amine nitrogen acting as
electron acceptor in hydrogen bonding), and sp® (amine
nitrogen). They were labeled from N1 to N4, respectively. To
better-understand the nature and the stoichiometric ratio of
these components, Figure 3 displays the position and the
number of each of the species.

Therefore, the atomic ratio N1:N2:N3:N4 is 4:2:5:4. The N
1s region for the nonirradiated sample was, then, fit with four
components constrained to the referred atomic ratio. A good fit
was obtained with components centered at 399.07, 399.20,
400.18, and 400.86 eV, values which are in good agreement
with literature for sp* and sp> N 1s photoelectrons.*”*” For the
irradiated samples, the same set of peaks was imposed in what
regards the binding energy differences but without any atomic
ratio constraint. Fitted peaks were centered, for the set of
samples analyzed, at 399.0 = 0.1 eV (N1), 399.1 + 0.1 eV
(N2), 400.1 = 0.1 eV (N3), and 400.8 + 0.1 eV (N4).

Phosphorus P 2p region which, in all the samples, presented
a single doublet with a spin orbit split of 0.9 eV and with the
main component, P 2p;, centered at 133.4 + 0.1 eV, is
assignable to phosphorus in the phosphate group.*’

Finally, Na 1s was fitted with a single peak centered at 1071.3
+ 0.3 eV. The fwhm was about 2.0 eV in all the samples, except
for samples irradiated with 200 and 220 nm, where it shifted to
2.2 and 2.7 eV, respectively. This observation suggests that part
of the Na" ions, instead of being next to the DNA strand, are
water solvated. This leads to the broadening of the Na 1s peak
as a result of neighborhood diversity increase.

Quantitative information may also be extracted from XPS
data even in stratified samples such as LbL films, by taking into
account the contribution to the total intensity of photo-
electrons coming from different layers as performed in the
study published in ref 41. Here, since no stratification is
expected, the elemental composition values are presented as
obtained without further geometrical considerations. They are
listed in Table 1 for all the DNA samples together with the
respective assignments.

AWegss

Figure 3. N Is fitted components assignment.
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3.2. Damage Analysis. Since XPS qualitative analysis
shows that all the functional groups existing in the non-
irradiated samples are kept in the irradiated ones, a quantitative
analysis is required to follow the evolution of the relative
amounts as a function of photon energy, using the values in
Table 1. It should be remarked that part of the degradation
products may be in the gaseous state at room temperature
escaping the sample once they are produced. These products
could be C, N, O, and/or P based. The only element which is
not expected to escape from the sample is sodium, which was
then used as the reference to evaluate the evolution of all the
other elements with the UV energy increasing. All [X]/[Na]
ratios are displayed in Figure 4 as a function of the radiation
energy, where X is total P, C, O, and N. The UV absorption
spectrum was superposed to try to establish a correlation
between the promoted transition or ionization and the induced
composition changes.

From Figure 4, two energy intervals may be identified where
all the elements decrease their amounts with respect to sodium,
strongly suggesting that dissociative degradation is taking place.
Those intervals are ~4.2 to ~5.6 eV and ~7 to 7.8 eV. It should
be noted that, in the first interval, a strong UV absorption band
is centered. Other authors found thresholds for dissociative
DNA degradation, leading to the production of oxygen- and
nitrogen-based fragments, between 3.5 and 5 eV, when
irradiated with electron beams.** Here, it is clearly above 4.2
eV. Present data show also a decrease in phosphate groups
concentration with UV irradiation; the [P]/[Na] ratio (Figure
4), in nonirradiated samples, is 1.4, indicating that a part of the
phosphate groups are protonated, and consequently, DNA is
behaving as a polyelectrolyte with an ionization degree around
0.7. Since sodium atoms are not leaving from DNA and the
ratio between phosphorus and sodium is tending to unity as the
radiation energy increases, this means that protonated
phosphate groups are leaving from DNA. This conclusion is
further supported by the presence of sodium counterions which
can also be associated with DNA hydration** and is consistent
with the observed presence of oxygen component associated
with water (O4) and by the fact that water molecules start to
absorb UV radiation at energies above 6.5 eV*. Therefore, a
small interaction of radiation with the phosphate groups that
are surrounded by water molecules and counterions is expected.
This allows us to conclude that water molecules are playing a
role of protecting the phosphate groups. For the highest value
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Figure 4. XPS atomic ratios between the X elements and sodium,
where X is carbon, oxygen, nitrogen, and phosphorus. The UV
absorption spectrum is superposed. The thin solid lines are guidelines.
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of irradiating energy, a [P]/[Na] ratio lower than 1 (0.75) is
even reached. This means that other negatively ionized species
are accumulating in the medium and that sodium becomes their
counterion.

The detailed analysis of the evolution of the fitted
components to both the XPS C 1s and O 1s regions as a
function of the irradiation energy may also be useful. These
plots are shown in Figure S.

Plots of Figure Sa reveal that the components related to N—
C=0, N-C=N, C(N); and N—C-0 (C3) and to N—(C=
O)—N (C4) are the most robust under the action of UV
radiation decreasing just slowly with the increasing radiation
energy. The component related with C—O, C—N, and C=N
(C2) has two clear decreasing steps in the energy ranges from
4.1 to 5.6 eV and from 6.9 to 7.7 V. In the first energy interval,
the anionic phosphate esters suffer the first ionization. The
second one corresponds to the energy range where the intense
UV absorption band is centered. The C—C or C—H (C1)
component accompanies the decreasing of the C2 one in the
first energy interval but, in the second energy interval, it
increases while the C2 component decreases. This suggests that
in the range from 4.1 to 5.6 eV, a dissociative damage is
occurring, leading to the formation of gaseous products leaving
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Figure S. XPS atomic ratios between each (a) C 1s and (b) O 1s
components and Na. The solid lines are guidelines.

the sample, affecting both the carbon bound to carbon and
hydrogen and the carbon singly bound to oxygen. On the
contrary, in the second interval, it seems that the damage
consists of a transformation of a part of C2 into C1, compatible
with an opening of C—O sugar bond.'” The slow decrease of
C4, since the group N—(C=0)—N exists only in thymine and
cytosine, is related to the degradation of pyrimidines and does
not exhibit a clear threshold in this energy range.

Analysis of graphs of Figure Sb reveal that the aromatic O=
C (O1) has the same decreasing trend as C3 component, giving
strength to the assignment presented in Table 1. The O—C
(0O3) relative amount keeps rather constant until ~5.6 eV and
clearly decreases for higher energies. This trend is indicating,
once again, the rupture of the sugar ring, which may transform
the C—O bond into a C=0 one, explaining the behavior of the
O1/Na ratio. Summarizing, quantitative analysis of XPS data
related to carbon and oxygen elements indicates that radiation
is affecting, mainly, sugar rings. However, since carbon and
oxygen also exist in most common contaminants, oxygen is also
bound to P, and its binding energy may vary with the
phosphate degradation; the soundest elements to characterize
samples degradation are nitrogen, phosphorus, and sodium.
Thus, the effect of UV radiation on these elements will be
discussed below.

The effect of UV radiation on DNA bases can be better
analyzed by plotting, the atomic ratio between each of the N 1s
components above-described (N1 to N4; see Figure 3 for the
identification) and Na for the different DNA samples irradiated
at different energies, as displayed in Figure 6. As a matter of
fact, carbon and oxygen may exist also in contamination as well
as in sugars and phosphate, respectively, while nitrogen is a
good fingerprint of the DNA bases.

Plots of Figure 6 reveal that the large decrease of nitrogen
occurs in the energy interval where also the anionic phosphate
esters suffer the first ionization. However, the large
concentration decrease, and specifically in that irradiating
energy, affects mainly the components N1 and N4, that is, the
nitrogen atoms which are not involved in hydrogen bonding.
The N2 component has a very smooth variation, and N3 is
practically unaffected except in the irradiating energy interval
between 6.9 and 7.5 eV, where the intense UV absorption band
is centered. Crossing this result with the previous observation
that the C—O bond, just existing in sugars, was the most
affected, decreasing in the same irradiating energy interval as
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Figure 6. Atomic ratios [Nx]/[Na] (with x = 1, 2, 3, and 4) as a
function of the UV irradiating energy. The DNA absorbance spectrum
was also included. The thin solid lines are guidelines.
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the N1 and N4 components, strongly suggests that the damage
related with these depletions is caused by electrons that by
attaching to species by an impact mechanism lead to
dissociative states. Therefore, since the mean free electron
path of these low-energy electrons is low, the main collision
interactions occur with the nitrogen external groups in the ds-
DNA. A similar result has already been obtained when DNA
films were irradiated with an external electron beam with a
range of very low-incident energy (0 to 10 eV).** The
consequence of the interaction of these in situ generated very
low kinetic energy photoelectrons is the protection of the most
internal part of the double helix, which is formed of multiple
hydrogen bonds, involving both N2 and N3 type (Figure 3)
nitrogen atoms. The attachment of electrons with low energies,
namely, those with energy below the ionization potential,
initiate fragmentation of small molecules leading to the
formation of a resonance, a transient molecular anion state,
which decays by electron autodetachment or by dissociation
along one, or several, specific bonds such as RH*™ — R + H~
Therefore, a selective loss of H™ may occur.”! However, the
XPS results show that also nitrogen and oxygen are missing. It
should be also mentioned that the Zheng et al.** studying the
DNA damage by low-energy electrons concluded that electron
most likely is initially captured by the base, forming a transient
anion and, subsequently, the autodetaching electrons can be
transferred to the sugar and phosphate group. Thus, the
removal of phosphate groups by the photons reduce the
number of electrons in the sugar groups, suggesting that
electrons can be displaced from the bases to the sugar groups.

The effect of UV radiation is also critical on the phosphate
groups themselves, as seen above in Figure 4 through the [P]/
[Na] ratio. Also the stoichiometric ratio [C]/[P] may help to
further clarify this issue. This ratio in DNA, neglecting end
chain effects, should be [C]/[P] = 20/2 for the A-T pair and
19/2 for the G-C pair. Therefore, the expected ratio [C]/[P]
should be between 9.5 and 10, depending on DNA base
composition. The ratios of total carbon atomic percentages
relative to phosphorus percentages increase with the radiation
energy as deduced from Figure 4 plots, indicating that
phosphate groups are being removed by the UV radiation
more extensively than carbon. In the irradiating energy range
investigated, phosphorus decreases with respect to all the
elements, suggesting that the threshold for damaging phosphate
groups is 4.2 eV or lower. However, since the DNA
conductivity decreases with the loss of phosphates as
demonstrated in ref 18 and different conductivity values are
found in literature for DNA samples* then this suggests that
the damage of the phosphate group has a lower threshold.

By plotting the atomic ratios [P]/[Na] and [Nx]/[Na] (with
x =1 and 4) as a function of the UV irradiating energy, it can
be observed that all of these ratios follow the same trend (see
Figure 7). This allows us to conclude that damage induced on
DNA bases, namely the losses of N1 and N4, is directly related
with the losses of phosphate groups. One explanation for these
results can be translated by the following mechanism: during
the phosphate group’s removal, low-energy electrons can be
ejected from the DNA bases due to formation of resonances,
consequently leading to the loss of N1 and N4, as described
above.

The values of energy required to damage the different DNA
components discussed are summarized in Table 2. The
agreement of values of energy when different elements for
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Figure 7. Atomic ratios [P]/[Na] and [Nx]/[Na] (with x = 1 and 4)
as a function of the UV irradiating energy.

the same chemical group are analyzed demonstrates the
reliability of the obtained values.

4. CONCLUSIONS

Synchrotron UV radiation in the energy range of 3.5 to 8 eV
was shown to cause damage to several DNA components as
revealed by XPS spectra analysis of DNA cast films. Analysis of
XPS atomic ratios between all the elements (X) and sodium
reveals two main energy intervals where the relative amount of
X decreases, from ~4.2 to ~5.6 eV and from ~7 to 7.8 €V,
strongly suggesting that the absorption of UV leads to
dissociative damage of DNA. A detailed study of the evolution
of each component relative amount with radiation energy
reveals some group transformations. From 4.1 to 5.6 €V, the
decrease of ratio between the C 1s component assigned to C—
0, C—N, and C=N (C2), and sodium, shows that there is a
dissociative damage, leading to the formation of gaseous
products N- and/or O-containing. However, from 6.9 to 7.7 eV,
part of this C2 carbon transforms into aliphatic C—C and C—
H, compatible with an opening of C—O sugar bond, as
confirmed by the (O—C) from O 1s/Na ratio decrease for
higher energies. Also, the C—O bond may transform into a C=
O as inferred from the (C=0) from O 1s/Na ratio.
Interestingly, a large decrease of the nitrogen atoms not
involved in hydrogen bonding occurs for lower UV radiation
energies, specifically for energies where also the anionic
phosphate esters suffer the first ionization, while nitrogen
atoms involved in hydrogen bonds vary rather smoothly with
UV energy. The only exception is the amine nitrogen atoms
acting as electron acceptors, which markedly decrease for

Table 2. Summary of the Energy Values (0.1 eV) of the
Different DNA Groups Damaged

DNA group ener
component (eV%y XPS components
phosphate 4.2 eV or (02 + 03)
lower
P
DNA bases >4.2 N sp® (N1) and N sp® (N4) not involved in
hydrogen bonding
>6.9 acceptor N sp® involved in hydrogen
bonding (N3)
sugar ring >6.9 C2 (C-0)
deoxyribose)
03 (0-C)
01 (C=0)
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energies larger than 6.9 eV, coinciding with the intense UV
absorption band. These results strongly suggest that nitrogens
near the central axis of the ds-DNA helix are far more shielded
from damage than the peripheral nitrogen atoms in the DNA
bases. This result is compatible with a damage mechanism not
directly promoted by the UV photons but rather by the
photoelectrons ejected by the bases since phosphate ester
groups are the species with lower ionization potential in the
system. These photoelectrons with very low energy came from
the most peripheral nitrogen groups near sugars due to the
formation of transient molecular anion states which decay by
electron autodetachment. Analysis of the XPS data, associated
with phosphate groups, pointed out that an energy below 3.5
eV is sufficient to break DNA phosphate groups, a fact which is
useful in accounting for the different conductivity values found
in literature for DNA samples and can explain the ejection of a
very low-energy electron during the phosphate group removal.
This electron can migrate through the DNA bases, causing a
resonance formation and DNA base fragmentation.

Finally, analysis of XPS [P]/[Na] ratio which changed from
~1.4 to ~0.75 as radiation energy increases, revealed mainly
that the protonated phosphate groups are being removed and
not the ionized ones. This allows one to conclude that ionized
phosphate groups, surrounded by the sodium counterions,
congregate hydration water molecules which play a UV
radiation protection role.
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