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Abstract. Understanding the interactions of secondary electrons generated by ionizing radiation provides
a fundamental basis for developing strategies in cancer therapy. In this study, we investigated the inter-
actions of 25 eV low-energy electrons (LEEs) with calf thymus DNA and its constituents, four types of
nucleosides and nucleobases, using X-ray photoelectron spectroscopy (XPS). Based on the acquisition and
analysis of core-level spectra (O 1s, C 1s, N 1s, and P 2p) in DNA, structural changes induced by 25 eV
electrons suggest potential site- and base-specific selectivity. These changes may involve hydroxyl (C—OH)
group release from the sugar moiety, cleavage of C—N bonds (likely corresponding to N-glycosidic link-
ages), and phosphate backbone damage in calf thymus DNA. Among the four nucleosides, thymidine and
guanosine showed more evident structural modifications, while cytidine and adenosine were relatively sta-
ble. In addition, nucleosides displayed greater susceptibility to LEE-induced structural changes than their
corresponding nucleobases. This study reveals the selective damage mechanisms of LEEs on various DNA
constituents, which may provide mechanistic insights for future developments in precision cancer therapy

based on molecular-level damage.

1 Introduction

DNA is composed of two long polynucleotide chains
and encodes the genetic information required for the
synthesis of proteins and RNA in living organisms [1,
2]. In cells, if severe DNA damage occurs and is not
properly repaired, the resulting chromosomal disconti-
nuities often lead to cell death [3]. Types of DNA dam-
age are classified based on the number of lesions and
their specific locations within the DNA molecule, such
as base release, single-strand breaks (SSBs), double-
strand breaks (DSBs), multiple double-strand breaks
(MDSBs), and DNA-DNA or DNA-protein crosslinks
[4, 5].

As a major contributor to DNA damage and cell
death, ionizing radiation has been widely utilized as
an effective therapeutic modality in cancer treatment
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[6]. High-energy ionizing radiation (e.g., y-rays, X-rays,
protons, and heavy ions) releases a substantial amount
of energy upon interacting with living cells, which can
effectively alter the chemical structure of DNA and lead
to mutagenic and cytotoxic effects [7, 8]. Radiation-
induced DNA damage is generally categorized as either
direct or indirect, depending on whether the ionization
occurs within the DNA molecule itself or in the sur-
rounding medium [6, 9, 10]. Direct DNA damage refers
to DNA being directly exposed to ionizing radiation
and its secondary species, initiating a sequence of dam-
age processes. In contrast, Indirect DNA damage refers
to damage caused by radiolytic products generated in
the surrounding medium. When water molecules absorb
energy from ionizing radiation, they generate highly
reactive species, such as hydroxyl radicals ("OH), which
can lead to DNA damage [10-12]. The effects of these
indirect processes are primarily governed by the life-
times of the reactive species [13] and the presence of
radical scavengers, which modulate their reactivity [14].

As part of the direct action, prehydrated electrons,
transient species formed before complete solvation, are
considered among the most lethal agents to DNA
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[15]. These electrons are a dominant type of sec-
ondary species generated during ionizing radiation,
with approximately 5 x 10* ballistic electrons pro-
duced per MeV of deposited energy [16, 17]. Specifi-
cally, low-energy electrons (LEEs), which are defined as
having energies below 100 eV, can induce various types
of damage through their direct interactions with DNA
[18]. Sanche and coworkers demonstrated that LEEs
with energies below the electronic excitation thresh-
old of DNA can induce strand breaks in plasmid DNA
[4, 16, 19]. Following these studies, further research
revealed that LEEs with energies below 15 eV can initi-
ate strand breaks via the formation of a transient neg-
ative ion (TNI) upon electron capture by DNA compo-
nents, followed by bond dissociation through dissocia-
tive electron attachment (DEA) [18, 20]. LEEs in the
range of 5-40 eV were found to induce anion desorp-
tion through both resonant and nonresonant processes,
revealing base-specific sensitivities [20]. Furthermore, in
the energy range of 0-19 eV, LEEs have been shown to
induce phosphate-related bond scission via DEA [21].
Several studies have also demonstrated that LEEs can
induce strand breaks of DNA by cleaving the C—O bond
of the phosphodiester linkage between the deoxyribose
sugar and the phosphate group [18, 20, 22].

DNA strand breaks induced by LEEs in the energy
range of 15-100 eV are primarily attributed not only
to multiple electron energy loss events due to scatter-
ing, but also to non-resonant mechanisms such as elec-
tronic excitation, ionization, and direct dissociation [4].
It has been reported that above the threshold for dipo-
lar dissociation (~ 15 V), the yields of SSBs and DSBs
increase monotonically, reaching a plateau near 30 eV
with an intensity comparable to that observed at 10
eV [20]. The yield of MDSBs exhibits a pronounced
monotonic increase in the 30-100 eV energy range,
indicating that higher-energy LEEs are more likely to
induce DNA clustered strand breaks [4]. Building on
these findings, subsequent mass spectrometric stud-
ies systematically investigated LEE-induced decompo-
sition of nucleobases and their corresponding nucleo-
sides, including thymine [23], thymidine and uridine
[24], purine nucleobases [25], and adenine [26], reveal-
ing base-sugar bond cleavage, formation of fragment
anions, and specific dissociation pathways under elec-
tron impact. However, other analytical methods have
been used to gain an understanding of LEE interac-
tions with DNA molecules, especially at the molecu-
lar level. Among these, XPS enables the investigation
of chemical transformations by revealing both struc-
tural modifications and changes in elemental compo-
sition of DNA during LEE irradiation. For instance,
XPS-based investigations have demonstrated that the
presence of a water atmosphere can influence the extent
of DNA damage induced by LEEs [15]. Further stud-
ies have employed XPS to evaluate the effects of 5 eV
LEE irradiation on DNA [27], as well as the synergis-
tic DNA damage resulting from the combined action
of Fe?* ions and LEEs [28]. Expanding upon previous
research, we performed comprehensive investigations of
chemical changes in DNA induced by LEEs at an energy
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of 25 eV. This energy regime enables not only DEA
but also electronic excitation, ionization, and direct dis-
sociation, highlighting the complex interplay of dam-
age pathways. To resolve this complexity, we compared
the chemical changes observed in individual DNA con-
stituents with those found in DNA after irradiation,
which allowed us to provide deeper insights into LEE-
induced mechanisms.

2 Materials and methods

2.1 Chemicals and sample preparation

Calf thymus double-stranded DNA (molecular weight =
1.0-1.5 x 107 Da) in sodium chloride solution, nucleo-
sides (thymidine, adenosine, cytidine, and guanosine),
and nucleobases (thymine, adenine, cytosine, and gua-
nine) were purchased from Sigma-Aldrich and used
without further purification. Figure S1 summarizes the
molecular structures of four nucleosides and their corre-
sponding nucleobases. Aqueous solutions of each com-
pound (1 mg/ml) were drop-cast onto silicon substrates
covering an area of 8 mm x 8 mm, followed by dry-
ing under vacuum at room temperature to form a thin
solid film. Before DNA sample deposition, the silicon
wafers were cleaned with a 1:1 (v/v) mixture of deion-
ized water and ethanol, then immediately immersed
in 20 ml of ethanol and sonicated for 30 min. After-
wards, the substrate was dried using compressed air
and cleaned with air plasma for 15 min to remove sur-
face organic contaminants.

2.2 LEE irradiation

LEE irradiation experiments were carried out in a high-
vacuum chamber with a base pressure below 2 x 10719
mbar. The prepared DNA samples were exposed to
25 eV electrons. Each DNA sample was subjected to
cumulative irradiation through sequential 30-min expo-
sures. Accordingly, the spectra labeled as 60, 90, 120,
and 150 min correspond to the same sample after 2, 3, 4,
and 5 consecutive 30-min exposures, respectively. The
electron beam current was monitored with an amme-
ter (Keithley Instruments, Cleveland, OH, USA). To
minimize charging effects, all samples were placed on
grounded sample holders using silver conductive paint.
Electrons were thermionically emitted from a tungsten
hairpin filament, focused by the electron optics, and
subsequently accelerated to 25 eV by a potential differ-
ence between the electron gun and ground. The parti-
cle fluence F' is defined as the ratio of the total number
of electrons N. to the irradiated area A. The number
of electrons N . can be calculated from the irradiation
time t and the beam current I measured at the sample

(Eq. 1):
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where e is the elementary charge.

2.3 XPS data acquisition and analysis

Before and after LEE irradiation, thin films of calf thy-
mus DNA, nucleosides, and nucleobases were analyzed
using XPS with a SPECS Surface Nano Analysis sys-
tem (Germany). Details of XPS instrument have been
described elsewhere [29]. Briefly, the XPS system is
equipped with an anode X-ray source, a hemispherical
electron energy analyzer, and a detector consisting of
nine microchannel plates. The XPS generates an Al Ka
X-ray beam (70 W, photon energy = 1486.6 V) from an
aluminum anode in a microfocus X-ray source equipped
with a quartz crystal, which monochromatizes the X-
ray beam. The X-ray beam was incident at an angle of
approximately 60° relative to the surface normal. Sur-
vey spectra were collected with a pass energy of 70 eV
and a step size of 1.0 eV, giving a total resolution of
~ 1.0-1.5 eV. In addition, all high-resolution C 1s, N
1s, and O 1s spectra were acquired with a pass energy
of 20 eV and a step size of 0.05 eV, corresponding to a
total energy resolution of = 0.6-0.8 eV.The same acqui-
sition parameters were used for all samples, including
the calf thymus DNA films, nucleosides, nucleobases,
and substrate, allowing all spectra to be directly com-
pared. Each elemental region, including carbon (C 1s),
nitrogen (N 1s), and oxygen (O 1s), was typically mea-
sured over 30 min. For calf thymus DNA, the total
acquisition time was extended to approximately 1 h due
to the low intensity of the phosphorus (P 2p) region.
Control samples, including the bare silicon substrate
and unirradiated DNA, were also scanned five times
under the same conditions as the irradiated samples.

All photoelectron spectra were calibrated by referenc-
ing the first peak (Peak 1, corresponding to C-C/C-H
bonding) in the C 1s region to 285.0 eV. Peak decon-
volution was performed for the C 1s, N 1s, O 1s, and
P 2p regions using multiple Gaussian components in
CasaXPS. Where appropriate, the full width at half
maximum (FWHM) of selected peaks was constrained
to 1-2 eV. After peak deconvolution, relative peak area
ratios (%) were determined from the corresponding
peak areas as follows (Eq. 2):

A
Peak ratio (%) = (A : ) x 100 (2)
total

where A; is the area of the individual fitted peak. A;ora
is the total area of all fitted peaks for the correspond-
ing element. The uncertainty in the XPS measurements,
arising from factors such as peak fitting, surface condi-
tions variability, and instrumental limitations, is esti-
mated to be around 10-20% [30]. This uncertainty is
associated with each data point in the figures, which
present the relative peak area ratios as a function of
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irradiation time. As the error was predominantly sys-
tematic and remained consistent across all data points,
identical error bars would be applied throughout the
dataset. Consequently, the error bars were omitted from
these figures. Nonetheless, the uniform uncertainty has
been taken into account in the data interpretation and
discussion.

3 Results and discussion

3.1 Overview of survey and core-level spectra
with peak assignments

Figure 1 presents the full survey spectra of the SiO,
substrate, calf thymus DNA, and selected nucleosides
to confirm the elemental composition of the sample.
All subsequent high-resolution spectra were calibrated
by referencing the C—C component of the C 1 s peak
at 285.0 eV and used for detailed chemical state analy-
sis. For the SiO, substrate, only O 1s (~ 533 eV), Si 2s
(~155€V), Si 2p (~ 105 eV), and O 2s (~ 28 eV) peaks
were observed. After deposition of calf thymus DNA,
most Si substrate signals were no longer detectable.
Instead, peaks corresponding to C 1s (~ 286 eV), N
1s (~ 400 eV), O 1s (~ 533 ¢V), and P 2p (~ 135 V)
appeared, together with minor contributions from Na
KLL (~ 496 eV) and Cl 2p (~ 192 eV). The O 1Is,
N 1s, C 1s, and P 2p peaks arise from DNA, whereas
the Na KLL and CI 2p peaks are attributed to residual
salts. The disappearance of Si peaks indicates that the
DNA films completely covered the substrate. The effec-
tive thickness of the DNA films, therefore, exceeded the
maximum XPS detection depth, estimated at ~ 10 nm.
However, in a few cases (e.g., guanosine and all nucle-
obase samples; see Supporting Information, Fig. S2),
minor Si 2p and Si 2s signals were still detected. This
may be attributed either to incomplete coverage of the
substrate or to partial signal transmission through thin-
ner regions of the DNA films.

Figure 2 presents the photoelectron spectra of the
C 1s, N 1s, O 1s, and P 2p regions of calf thymus
DNA following 25 eV LEE irradiation for 30, 60, 90,
and 120 min. Unless otherwise stated, data collected
at 0 min (before irradiation) were only used as refer-
ences and are not shown in the figures. This is because
samples were prepared outside a high vacuum under
ambient conditions and often show instability, which
can interfere with signal interpretation. Representative
high-resolution spectra before electron irradiation are
provided in the Supporting Information (Fig. S3). The
O 1s, N 1s, and C 1s peaks of individual nucleosides
(Figs. S4, S5, S6 and S7) and their corresponding bases
(Figs. S8, S9, S10 and S11) are provided in the Support-
ing Information to illustrate their spectral similarities
and differences. For clarity and consistency, the nucleo-
sides and their corresponding nucleobases are discussed
in the order of thymine (T), adenine (A), cytosine (C),
and guanine (G) throughout the text. In general, due to
the mixed nucleoside composition of calf thymus DNA,
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Fig. 1 Survey XPS spectra
of the SiO, substrate, calf
thymus DNA, and
nucleosides
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the chemical environment is more complex, and the cor-
responding peaks are therefore typically broader than
those of individual nucleosides.

During irradiation, a decrease in the maximum inten-
sity of the peaks was observed. Specifically, the reduc-
tions in the C 1s, N 1s, and O 1s signals occurred
around 287 eV, 400-401 eV, and 533 eV, respectively,
corresponding to the higher binding energy components
within each region. This observation remains reason-
able even when considering potential peak shifts caused
by deconvolution uncertainty. In contrast, the nucleo-
sides and nucleobases exhibited different trends in peak
intensity decrease during irradiation. In thymidine, the
O Is and N 1s peaks decreased significantly, and a lower
signal was also observed in the higher binding energy
region of the C 1s peak (Fig. S4). In adenosine, the O
1s peak showed a pronounced decrease (Fig. S5). Cyti-
dine exhibited a decrease in the O 1s peak (Fig. S6),
while guanosine showed decreases in O 1s, N 1s, and
C 1s signals (Fig. S7). Among the nucleobases, only
cytosine (Fig. S10) and guanine (Fig. S11) displayed
similar decreasing trends. These differences may reflect
site-selective damage at specific structural constituents
such as the base, sugar moiety, or phosphate backbone.

@ Springer
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Figure 3 shows the peak fitting of photoelectron
spectra for calf thymus DNA after 30 min of elec-
tron irradiation. The peak assignments and their cor-
responding binding energies, referenced from the liter-
ature [10, 15, 31], are summarized in Table 1. Owing
to slight structural differences among the DNA types,
peak fitting procedures were adapted accordingly rather
than applied uniformly. Peak 4 is often difficult to
classify unambiguously, as it overlaps with peak 3 in
the C 1s region. Due to the weak intensity of this
component and the close binding energies, clear sep-
aration is challenging. Therefore, peak 4 is consid-
ered a minor carbonyl-type contribution (e.g., O-C=0,
N-C=0 environments), distinguishable in nucleosides
but not resolved in calf thymus DNA.

3.2 Detachment of C—OH groups revealed by O 1 s
and C 1 s spectral features

Figure 4 shows the relative peak area ratios of the C 1s,
O 1s, and N 1s peaks for calf thymus DNA and calcu-
lated using Eq. 2. To improve visual clarity, error bars
corresponding to a 10% uncertainty have been omitted.
We did not present results for P 2p, because phospho-
rus appears as two peaks due to spin—orbit splitting (P
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Fig. 2 Photoelectron spectra of the C 1s, N 1s, O 1s, and P 2p regions for calf thymus DNA after 25 eV electron irradiation
for 30 (black curve), 60 (red curve), 90 (blue curve), and 120 (green curve) min

2p3/2 and P 2p;/5), and their relative positions remain
unchanged under all conditions. In the O 1 s spec-
trum, the peak area ratio of peak 2 (C-OH) decreased,
while that of peak 1 (O in phosphate group, C=0)
increased. In the C 1 s spectrum, peak 2 (C-O and C-N)
also slightly decreased, as the changes also reflected
in the Ols spectrum. These changes are attributed
to electron-induced decomposition, likely due to the
desorption of small molecular fragments such as OH.
Detachment of hydroxyl groups (C-OH) refers to the
cleavage of which OH moieties from the parent molec-
ular structure through bond dissociation, resulting in
their release as ionic species [32].

Figures 5 and 6 show the changes in the relative O
1 s and C 1 s peak area ratios of four nucleosides under
25 eV LEE irradiation: (a) thymidine, (b) adenosine,
(¢) cytidine, and (d) guanosine. For adenosine (Fig. 5b),
only a single O 1 s component is present, which limits
the applicability of peak deconvolution. In the case of
guanosine (Fig. 5d), a substrate-related silicon signal
interferes with the spectrum, reducing the accuracy of
peak area quantification. In addition, the peak fitting
varied depending on the structural differences among
the nucleosides. Specifically, four peaks were resolved
for thymidine (Fig. 6a), cytidine (Fig. 6¢), and guano-
sine (Fig. 6d), whereas only three peaks were detected
for adenosine (Fig. 6b).

In thymidine, a decrease in the C-OH signal was
observed in both the O 1 s spectrum (Fig. 5a, peak 2)
and the C 1 s spectrum (Fig. 6a, peak 2). These changes
suggest that the release of the OH group from the sugar
ring may be accompanied by the formation and trans-
formation of C—O bonds into other chemical groups.
According to previous gas-phase studies [24, 25|, the
mass spectrum of thymidine exhibits extensive frag-
mentation and a very low intensity of the parent cation,
indicating a structurally fragile molecule. Two of the
most abundant fragments are the protonated thymidine
and a sugar-ring-associated cation [24]. Moreover, dur-
ing the sugar ring fragmentation, the most abundant
fragment is formed by the removal of an OH radical
[24].

In adenosine, the O 1s component corresponding to
the C-OH group remained constant (Fig. 5b, peak 2),
and no significant change in the relative peak area
ratio of this signal was observed in the C 1s spectrum
(Fig. 6b, peak 2). However, a gradual decrease in the
absolute peak intensities of both O 1s and C 1s was
noted (Fig. S5). Considering that the O 1s signal mainly
originates from the C-O bonding state in the sugar
ring, we speculate that partial cleavage of the OH group
may have occurred. However, the limited extent of this
release likely accounts for the absence of an apparent
change in the C 1s peak ratio.
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Fig. 3 Peak fitting of the C 1s, N 1s, O 1s, and P 2p photoelectron spectra of calf thymus DNA after 25 eV low-energy

electron irradiation for 30 min (representative examples)

In cytidine, a decrease in the C—OH signal was
observed in the O 1s spectrum (Fig. 5¢, peak 2), accom-
panied by a slight decrease in the corresponding peak
in th C 1s spectrum (Fig. 6¢, peak 2). These changes,
together with the overall decrease in absolute O 1s
intensity (Fig. S6), support the occurrence of C-OH
detachment in cytidine.

In guanosine, the relative peak ratio was relatively
stable in O 1s and C 1s (peak 2 in Fig. 5d and 6d),
but the peak intensity signal was decreased (Fig. S7).
The behavior observed in guanosine indicates a dis-
tinct chemical change compared to the other nucleo-
sides. Previous studies have shown that localized dam-
age in guanine-containing nucleosides is particularly
significant [33, 34]. During ionization, an electron is
ejected, and the resulting hole can migrate along the
DNA molecule. Guanine is the most easily oxidized
of the four canonical bases due to its lowest oxida-
tion potential [35], and its corresponding nucleotide is
widely used as a DNA model for studying redox behav-
ior under ionizing conditions [14]. This property makes
it the preferred site for hole localization, rendering gua-
nine highly susceptible to subsequent chemical damage
under conditions of ionizing or electronic excitation. As
a result, damage tends to concentrate at guanine bases
[14] and single-strand breaks (SSBs) in the DNA back-
bone [15].

Previous Electron-Stimulated Desorption (ESD)
experiments on DNA have demonstrated that OH™ can

@ Springer

Table 1 Binding energies (eV) of elements and their cor-
responding chemical bond assignments

Element Peak No BE (eV) Peak assignment
[10, 15, 31]

C1s 1 285 C-C, C-H, C=C

C1s 286—287 C-0O, C-N

C s 287-288 C=0, N-C-O

C 1s 4 (optional)  288-289 0-C=0,
N-(C=0)-N

N 1s 398-400 N=C, N=

N 1s 2 400-402  C-N, -NH,

O 1s 531-532 O in Phosphate
group, C=0

O 1s 2 532-533 C-OH, C-0-C

P 2p 133 P 2p3/2

P 2p 2 134 P 2p;

be generated during LEE irradiation [18, 20, 36]. Frag-
ments containing O~ and OH™ were detected following
electron exposure [18; 20], and O~ may generate OH™
via reactive scattering through the following reaction
(Eq. 3) [36]:
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Fig. 4 Relative peak area

Page 7 of 12 120

ratios of C 1s, O 1s, and N Calf thymus DNA @ Peak1 1B Peak2 4 Peak3
1s peaks for calf thymus 1N1s C=N
DNA ] =

:\; 50 *

S 45] C-N

g 60- O 1s O in Phosphate

o 1 C=0

< 50

4

< ]

Q 40- C-OH

2 50]Cc1s B— — ——@m C-0,CN

o ]

o 401 e o @ ————®CC,CHCC

30
20 A A A A Cc=0
I T T T
30 60 90 120
Irradiation time (min)

Fig. 5 RelaEiE/e)Ohls pgak (@) O 1s, Thymidine (b) O 1s, Adenosine
area ratios of (a) thymidine, ]
(b) adenosine, (c¢) cytidine, 100 - & & = u
and (d) guanosine under T -
25 eV LEE irradiation for 80| @ Peak 1 (C=0, O in Phosphate)

30, 60, 90, 120, and 150 min

|| #+ Peak 2 (C-OH)

60 -

(— o

(c) O 1s, Cytidine

(d) O 1s, Guanosine

Relative peak area ratios (%)

0] T w5 g

] —a—8 88
60 -
50
40-
30- .__‘/.,/o——o e & —eo—0—o
-_T'"l""I"Il"l"l"l"l
30 60 90 120 150 30 60 90 120 150

O~ + CyHapi2 — (C H,420)"" — OH™ + C,Hay g
(3)

Interestingly, peak 2 (C-OH) in th O 1s spec-
tra decreased in thymidine (Fig. 5a) and cytidine
(Fig. 5c¢), whereas it remained relatively stable or
slightly increased in adenosine (Fig. 5b) and guano-
sine (Fig. 5d). Given that thymidine and cytidine are
pyrimidine nucleosides, while adenosine and guanosine
are purines, these differences in spectral behavior may
reflect structural variations and distinct damage path-
ways characteristic of each nucleoside type.

Irradiation time (min)

Several additional phenomena were observed. First,
peak 3 (C=0) in th C 1s spectra (Fig. 6) of cytidine
and guanosine decreased with increasing LEE irradia-
tion time, suggesting that C=0-containing groups may
also undergo degradation upon prolonged LEE expo-
sure. At an energy of 25 eV, both DEA and electronic
excitation processes can occur, which may contribute
to the observed C=0 damage.

Furthermore, peak 4 (O-C=O0) increased in thymi-
dine, cytidine, and guanosine with longer irradiation
times, while it was absent in adenosine. This trend is
consistent with the molecular structures, as adenosine
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Fig. 6 Relative C 1s peak
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lacks an inherent C=O group. LEE irradiation may
promote the formation of O-C=O species in nucle-
osides containing C=0 functionalities. Although the
increase in the O—C=0 signal supports the occurrence
of LEE-induced oxidative processes, similar to the trend
observed for peak 3, the influence of uncertainties in
peak deconvolution cannot be entirely excluded.
Additionally, for the isolated nucleobases, slight
decreases in the O 1s and C 1s signal intensities were
observed in cytosine and guanine (Figs. S10 and S11),
suggesting that oxygen-related chemical modifications
may have partially occurred within the base moieties.

3.3 Nitrogen spectral evidence for C—N cleavage

A decrease in the C-N bonding signal was observed
in both the N 1s (peak 2) and C 1s (peak 2) spectra
of calf thymus DNA after 25 eV electron irradiation
(Fig. 4), consistent with potential cleavage of the C-N
bonds. In the DNA structure, C-N bonds are present
at two distinct sites: within the nucleobases and at the
N-glycosidic bond linking the base to the sugar moiety.
Except for guanine (Fig. S11), the N 1s signal intensi-
ties of the other three nucleobases did not show signifi-
cant changes during irradiation, suggesting that cleav-
age of the N-glycosidic bond may have occurred. The
N-glycosidic bond is critical as it connects the nucle-
obase to the sugar moiety, which in turn links to the
phosphate backbone. Cleavage of the N-glycosidic bond
can lead to the formation of apurinic/apyrimidinic sites.
This is especially relevant biologically, as base excision
repair begins by removing damaged or modified bases
through N-glycosidic bond hydrolysis, helping maintain
genome stability [37].

Figure 7 displays the relative N 1s peak area ratios
of four nucleosides under 25 eV LEE irradiation for 30,

@ Springer

9 120

—— s e T
150 30 60 90 120 150
Irradiation time (min)

60, 90,120 and 150 min: (a) thymidine, (b) adenosine,
(¢) cytidine, and (d) guanosine. Similar to the results
observed for calf thymus DNA, a gradual decrease in
the C—N signal was found in thymidine, both in the N
1s spectrum (Fig. 7a, peak 2) and th C 1s spectrum
(Fig. 6a, peak 2). Meanwhil peak (C=N) in the N
1 s spectrum showed a gradual increase. As discussed
previously, no significant damage was observed in the
corresponding nucleobase (thymine, Fig. S8), suggest-
ing that the primary site of damage was likely the N-
glycosidic bond. The DEA studies of thymidine sug-
gest that LEEs efficiently decompose this molecule into
the sugar and thyminyl moiety associated with the N-
glycosidic bond cleavage [23].

In adenosine, no significant spectral changes were
observed after irradiation (Fig. S5). However, a slight
decrease in the intensity of peak 1 (C-N) was noted
in both the C 1s (Fig. 6b) and N 1 s (Fig. 7b) spec-
tra. This observation may suggest a limited cleavage
of the N-glycosidic bond and the possible formation of
a new bonding configuration, such as a C=N (imine-
type) species. Nevertheless, due to the subtle nature of
these changes, it is also possible that they result from
uncertainties in the peak deconvolution process rather
than actual structural transformations.

In cytidine, no significant change was observed in
the relative intensity corresponding to the C-N bond
in either the C 1 s spectrum (Fig. 6¢, peak 2) or the
N 1 s spectrum (Fig. 7c, peak 2), indicating that the
N-glycosidic bond remained stable under LEE irradi-
ation. Among the four nucleosides, cytidine exhibited
the least evidence of C-N bond cleavage.

In guanosine, a decrease in the area of peak 1 (C=N)
at low binding energy was observed in the N 1 s spec-
trum (Fig. S7), and a similar trend was further con-
firmed in guanine (Fig. S11, N 1 s). These changes
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Fig. 7 Relative N 1s peak
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Fig. 8 Schematic representation of the N-glycosidic bond
between deoxyribose and the nucleobase (cytosine shown as
an example). The red line indicates the susceptible cleavage
site under LEE irradiation, leading to base loss and forma-
tion of abasic sites

suggest the possible release of NHy groups and addi-
tional bond cleavages within the nucleobase. Notably,
among the four nucleobases, only guanine exhibited a
slight but measurable decrease in signal intensity during
irradiation, suggesting that structural damage may be
localized in both the base moiety and the N-glycosidic
bond.

Figure 8 illustrates the cleavage of the N-glycosidic
bond in DNA, which exists as a C-N single bond
between the sugar and the nucleobase. Several stud-
ies involving electron bombardment of short single-
stranded DNA fragments (e.g., GCAT) have reported
the release of nucleobases upon irradiation [22]. The

90 120

LI | T L
150 30 60 90 120 150
Irradiation time (min)

previous observations suggest that core-excited reso-
nances formed by electron attachment to the bases can
retain the excess electron long enough to induce disso-
ciation of the N-glycosidic bond.

3.4 Structural changes in the DNA backbone
revealed by the phosphorus signal

Phosphate exists exclusively in the backbone structure
of DNA, where it forms phosphoester bonds that link
the sugar moieties and give rise to the phosphodiester
linkage. Thus, any changes in the phosphate signal indi-
cate structural alterations in the DNA backbone. In our
study, phosphate was present only in calf thymus DNA
and was absent in the nucleosides and nucleobases. In
the P 2p region (Fig. 2), a decrease in peak intensity
accompanied by an increase in FWHM was observed,
suggesting partial bond cleavage or the formation of
multiple phosphorus-containing species with slightly
different chemical environments. This phenomenon may
result from cleavage of the phosphoester bond between
the sugar and phosphate groups, forming fragments
with lower phosphorus oxidation states. Surface recon-
struction during irradiation may also expose more phos-
phorus sites, slightly enhancing some P 2p subpeak sig-
nals. A previous study suggested that the generation of
oxygen anions (O7) originates from the fragmentation
of the phosphate group in the DNA backbone, specif-
ically through cleavage of the O=P bond, rather than
from the C=0O groups present in thymine, guanosine,
or cytosine [38].

@ Springer
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Table 2 Relative elemental
intensity ratios of carbon,
oxygen, nitrogen, and

Elemental intensity ratio (%)

phosphorus in calf thymus Irradiation Time (min) C O N P
DNA as a function of 30 52.80 25.82 15.68 5.70
irradiation time
60 52.99 25.63 15.66 5.72
90 53.56 25.36 15.31 5.76
120 53.77 25.12 15.29 5.82

3.5 Overall changes for the elements

Significant damage, such as the release of hydroxyl
groups (C-OH), cleavage of C-N bonds, and frag-
mentation of the DNA backbone, may alter the rel-
ative elemental composition of the samples. Table 2
presents the relative intensity ratios of carbon, oxy-
gen, nitrogen, and phosphorus in calf thymus DNA
as a function of irradiation time. Only minor varia-
tions (< 1%) were observed, which fall within the esti-
mated 10-20% uncertainty of XPS measurements, and
therefore should be regarded as indicative rather than
quantitative changes. Compared to the 30-min irradia-
tion, after 120 min of exposure, the oxygen and nitro-
gen signals appeared slightly decreased, while those
of phosphorus and carbon appeared slightly increased.
The decrease in the O 1 s signal is consistent with
possible loss of hydroxyl groups, whereas the decline
in nitrogen may reflect C-N bond cleavage and sub-
sequent release of nitrogen-containing fragments. The
increased carbon signal could also be just a relative
effect, driven by the decrease of other elemental sig-
nals. Phosphate-containing fragments may have been
retained on the sample surface. A similar trend was
observed for the P 2p signal, although the peak inten-
sity decreased (Fig. 2), the relative phosphorus ratio
increased after normalization because the O and N sig-
nals decreased more markedly.

4 Conclusions

In this study, XPS was employed to investigate struc-
tural changes in calf thymus DNA and its components
after irradiation with 25 eV electrons. Spectral analysis
of multiple core levels (O 1s, C 18, N 1s, and P 2p)
showed that LEE exposure can induce specific chemical
modifications in DNA molecules.

A decrease in signals associated with C-OH groups,
particularly in the O 1 s and C 1 s spectra, is consistent
with possible detachment of hydroxyl groups from the
sugar moiety. Changes observed in the C—N components
of both the C 1 s and N 1 s regions suggest cleavage of
the N-glycosidic bond. Broadening and weakening of
the P 2p signals may indicate damage to the phosphate
backbone in calf thymus DNA. These changes indicate
progressive molecular fragmentation along with changes
in elemental composition. With longer irradiation, oxy-
gen and nitrogen signals gradually decreased, while the
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relative intensities of carbon and phosphorus slightly
increased.

Different nucleosides and their specific structural
sites exhibited varying responses to LEE irradiation.
Similar to the observations in calf thymus DNA, thymi-
dine and guanosine showed more pronounced spectral
changes, whereas cytidine and adenosine remained rel-
atively stable. Compared to their corresponding nucle-
obases, nucleosides were more susceptible to modifica-
tion by LEE exposure. Nevertheless, due to signal over-
lap and limited spectral resolution, structural interpre-
tation requires careful consideration.

This work provides experimental evidence of site-
selective and base-specific damage caused by low-energy
electrons. It offers insight into electron-induced molecu-
lar fragmentation in DNA systems and supports further
development of precision strategies in radiation-based
therapies.
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