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Single photon ionization mass spectrometry (SPI MS) followed by gel electrophoresis was developed for
investigation of low-energy electron (LEE) induced DNA damage. This method detects neutral species
generated from DNA molecules during LEE irradiation. The neutral yields are then correlated with single
strand breaks (SSBs) and double strand breaks (DSBs) as a function of incident electron energy. Specifically,
fragments with masses of m/z = 27, 68 and 69 show resonance structure between 6–12 and 15–25 eV
which is similar to that observed in the SSB and DSB probabilities. These fragments are likely associated
ingle photon ionization
ow-energy electron
issociative electron attachment
issociative ionization
NA strand breaks

with sugar damage and dissociative electron attachment (DEA) channels. Other fragments with masses
of m/z = 45, 56, 67 and 70 show a monotonic increase at threshold energies around 10–12 eV, indicating
the possible role of direct dissociative excitation or ionization. Resonance structure above the 10–12 eV
threshold for fragments with masses of m/z = 43, 44, 67 and 70 are also observed and can be associated
with compound states in the continuum and core-excited excitations. The results support the contention
that DEA resonances localized on DNA sub-units can lead to damage, especially at energies below the
ionization threshold. Damage also occurs due to direct dissociative excitation and dissociative ionization.
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. Introduction

Deoxyribonucleic acid (DNA) is one of the most important bio-
ogical molecules for the survival of living organisms. DNA damage
aused by radiation has been extensively investigated over the past
everal decades [1–8]. It is well known that high energy ionization
adiation, such as �-, �-, X-, �-rays, or heavy ions can cause sugar-
hosphate cleavage (strand breaks) in DNA. Depending on the site
f chemical bond dissociation, the DNA damage could be in the form
f either a single strand break (SSB) or a double strand break (DSB).
hese lesions (particularly DSBs), if unrepaired, are likely correlated
ith toxic or mutagenic effects and cell malfunction or death.

Most of the energy deposited in living cells by ionizing radiation
roduces secondary species such as ballistic electrons (1–20 eV),
eutrals, or ionic radicals [9]. Electrons are the most abundant
econdary species with an estimated yield of about 4 × 104 elec-
rons per MeV [10] and most of these secondary electrons have

nitial kinetic energies below 20 eV [11]. Pioneering work by Sanche
nd co-workers has demonstrated that low-energy electrons (LEE)
an localize on various DNA components (nucleobases, deoxyri-
ose, phosphate, or hydration water) to form transient negative

∗ Corresponding author. Tel.: +1 404 894 4012; fax: +1 404 894 7452.
E-mail address: thomas.orlando@chemistry.gatech.edu (T.M. Orlando).

n
d
h
D
c
t

o

387-3806/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2008.07.003
© 2008 Elsevier B.V. All rights reserved.

ons (TNI). The decay of the local transient anions into dissociat-
ng pathways, such as dissociative electron attachment (DEA) or
utoionization, directly leads to DNA strand breakage [12–14]. The
SB and DSB yields as a function of incident electron energy have
hown strong resonance features in the range of 5–15 eV with a
aximum around 8–10 eV when irradiated by free ballistic elec-

rons [12]. At higher energy, many non-resonant mechanisms and
ingle/multiple ionizations can cause bond cleavage with a mono-
onic rising yield above the thermodynamic threshold [14].

Recently, the interaction of low-energy electrons with con-
ensed films of DNA and substituent molecules (water, nucle-
bases, deoxyribose analogs and phosphate) have been investi-
ated extensively [13–15]. For example, many previous studies on
EE interactions with DNA monitored resonance damage features
y observing negative ion desorption [13] as a function of incident
lectron energy. Although negative ion (i.e., H−, OH−, and R−) yields
ave been correlated to SSBs and DSBs, the DEA active sites were
ot identified because these negative ions could result from many
ifferent DNA components. Though there are only few reports that
ave focused on the detection of neutral products desorbing from

NA during LEE irradiation [13], the detailed physical and chemi-
al processes leading to DNA damage can be better elucidated with
his information.

The previous work on neutral detection during LEE irradiation
f DNA films used electron-impact ionization quadrupole mass

http://www.sciencedirect.com/science/journal/13873806
mailto:thomas.orlando@chemistry.gatech.edu
dx.doi.org/10.1016/j.ijms.2008.07.003
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pectrometry (EI QMS) [13]. However, this method does not
lways generate molecular ions because most organic molecules
ragment when ionized by the high energy electrons (70–100 eV)
sed in the EI process. Single photon ionization mass spec-
rometry (SPI MS) is a novel technique with special advantages
egarding the detection of neutral molecules [16–18]. In this tech-
ique, pulsed or continuous vacuum ultraviolet (VUV) radiation
ources with photon energies higher than 10 eV are typically
sed to ionize neutral molecules [19]. One commonly used SPI
avelength is 118 nm (10.5 eV). This is often produced via third
armonic generation (THG) using a high intensity pulsed 355 nm

aser focused into a cell or jet containing xenon gas. Since the
onization potentials (IP) of most organic species range from

to 10 eV [20], SPI using VUV photons deposits less excess
nergy and favors the formation of parent molecular ions. This
akes SPI a relatively non-selective soft ionization method for
ost neutrals [21] and a powerful tool for the observation of

eutral products produced during the interaction of LEEs with
NA.

In this work, LEE induced DNA damage was investigated by mon-
toring the neutral yields as a function of incident electron energy
sing pulsed low-energy electron bombardment of DNA thin films
nd single photon ionization mass spectrometry. The SSB and DSB
ields were determined as a function of incident electron energy
sing post-irradiation gel electrophoresis. Section 2 describes the
xperimental arrangement, Section 3 presents the neutral fragment
ields and then correlates these with the SSBs and DSBs. A dis-
ussion regarding probable mechanisms involved in LEE induced
amage of DNA is also given in Section 3. Finally, conclusions are
iven in Section 4.

. Experimental method

.1. Sample preparation

P14 double stranded circular DNA was derived from pBluescript
K II (−) (Stratagene, La Jolla, CA). It contains 6360 base pairs with
molecular weight of ∼4.2 × 106 Da. The plasmid DNA was fur-

her cleaned using Qiagen Maxi Prep kit (Valencia, CA) and the
uffer and residual salts were removed by rinsing at least five
imes using nanopure water (18 M�). The purified plasmid DNA
as resuspended in 1× TBE solution with a final concentration
f 1 mg/mL verified by the UV–vis absorption spectrum. The DNA
olution was then deposited on a 5 mm × 5 mm Tantalum sub-
trate, which was previously cleaned by acetone, methanol, and
anopure water with 10-min sonication period. The DNA sam-
le was first held in a desiccator for 10 min and then moved

nto the loading chamber to be vacuum-dried. After about 24 h
vacuation, the solid DNA film was transferred into the analy-
is chamber (UHV, 10−9 Torr) for low-energy electron irradiation
xperiments.

Our results, as well as others [13] using various substrates,
ndicate the biomolecules chemically decompose upon adsorp-
ion onto metal surfaces. Thus, we chose to study relatively thick
>5 monolayers) DNA films. The penetration depth/mean free
ath of 5–100 eV electrons is in the range of 15–35 nm in liq-
id water or amorphous ice [22]. The film thickness (>100 nm)
ssured that the measured signals were produced from electron

nteractions with the DNA molecules and prevented/minimized
ffects of back scattered electrons from the metal substrate. Since
hick films could charge due to electron trapping, the poten-
ial build-up of charge was examined using a beam rastering
rocedure described below that allows routine imaging of the sam-
le.
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.2. Electron irradiation

DNA solid films were irradiated at room temperature with a
ulsed electron beam at various incident electron energies and
uxes. The pulsed electron beam was generated by a low-energy
lectron gun. The full-width at half maximum (FWHM) of the elec-
ron energy distribution was <0.5 eV. The focused beam size was
–2 mm, depending on the electron energies. Irradiation of the
ample (grounded or with an externally applied potential) was per-
ormed by the pulsed electron beam operated at 20 Hz with a 100 �s
ulse width. Variation of the electron flux was performed exclu-
ively by changing the gun emission current. The electron flux was
easured by picoammeter in the range of 1014 electrons s−1 cm−2.

he pulsed electron beam was focused on the target and controlled
y x–y deflection to scan the entire substrate surface. When the
lectron interacts with the substrate or DNA, the image of the target
substrate or DNA) could be obtained by monitoring the voltage or
urrent on the target. It was used to locate the DNA on the substrate
nd facilitated position control of the electron beam during irradia-
ion. By using pulsed electron beam scanning, charging effects were
reatly reduced. The total number of electrons exposed to the DNA
olecules was on the order of 1015 with a 100 s scanning inter-

al. The electron energy dependencies of the sample image quality
aken over the 100 s scan indicated that charging did not occur.

.3. VUV ionization and neutral detection

The neutral species produced and desorbed by low-energy elec-
ron irradiation of DNA molecules were ionized by VUV photons
nd detected by a quadrupole mass spectrometer (QMS), as shown
n Fig. 1. The VUV photons (118 nm, 10.5 eV) were generated by fre-
uency tripling 355 nm photons from a Nd:YAG laser in the THG cell
lled with high purity xenon gas. The 118 nm photon intensity was
ptimized by increasing the 355 nm laser power and adjusting the
enon pressure. Since the VUV photon intensity depends on the Xe
as pressure, signals generated from neutral species during electron
rradiation can be easily separated from background ions by doing
xperiments in the absence of Xe or simply turning the laser off. In
his work, the 20 Hz 355 nm laser (∼25 mJ/pulse) was focused into
he tripling cell by a quartz lens (200 mm), and the xenon pres-
ure was adjusted to ∼8 Torr by observing the highest ionization
ignals from the neutral molecules. The VUV pulse energy was not
easured but is expected to be approximately 0.01–0.1 �J based on

n approximate conversion efficiency of 10−6 to 10−5 reported in
he literature [23,24]. To avoid multi-photon ionization due to the
55 nm laser, the 118 nm photons were separated from the 355 nm
eam by taking advantage of the chromatic aberration of a LiF lens
f = 75 mm for 118 nm photons) which also serves as a window.
he distance between the sample surface and the 118 nm beam is
1–2 mm.

The electron beam incident angle was 45◦ with respect to the
NA surface. Neutral molecules that desorbed as a result of elec-

ron impact on DNA and ionized by 118 nm photons were detected
y a modified QMS mounted perpendicular to the sample surface.
n extraction plate was added to the QMS ion optics by applying
pulsed negative voltage after pulsed electron beam irradiation

f the DNA film. The filament of the electron ionizer in the QMS
as disconnected from the power supply to avoid fragmenting ions

enerated by VUV photons.
.4. Post-irradiation gel electrophoresis

After electron irradiation, the DNA samples were removed from
he chamber and re-dissolved in water. The amount of DNA was
uantified by measuring absorbance at 260 nm before and after the
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(100 s) interval. Our previous work [25] reports a strand break (SSB,
DSB and MDSB) yield of 10−3 using a dose of 1013 electrons/DNA
film. Since we are now using at least 1015 electrons/DNA film,
roughly 10% or more of the irradiated DNA form strand breaks. This
is consistent with the observation that a smear pattern of multiple

Table 1
Neutral species detected by SPI MS in LEE induced DNA damage

m/z Molecular formula Possible source

27 HCN Nucleobases
C2H3 Nucleoside

43 HCNOa Nucleobases
C2H3O Deoxyribose

44 C2H4O Deoxyribose
45 CH3NO Nucleobases
56 C3H4O T
67 C3H3N2 A, G
68 C3H4N2

a A, G
C4H4O Deoxyribose

69 C3H5N2
a A, G
Fig. 1. Schematic of the single photon ionization mass spectrom

rradiation. Usually, more than 95% of the deposited mass of DNA
ould be recovered and the post-irradiated DNA samples (∼200 ng)
ere analyzed by agarose gel electrophoresis. The supercoiled,

SB and DSB DNA could be separated by their different migrat-
ng abilities in agarose. Three controlled DNA samples were usually
nalyzed together with post-irradiation samples: (i) original plas-
id DNA, (ii) a DNA sample that was dried, transferred in vacuum

nd recovered in water without irradiation, and (iii) DSB DNA made
y the restriction enzyme ScaI. Quantitative analysis of SSBs and
SBs was carried out by integrating the light intensities of corre-

ponding ethidium-stained DNA bands.

. Results and discussion

.1. SPI study of neutrals in LEE induced DNA damage

The neutral species generated during low-energy electron inter-
ctions with DNA molecules were detected by SPI MS. Fig. 2 shows
he mass spectra of neutral molecules ionized by 118 nm photons
t various incident electron energies. In Fig. 2, nine peaks specifi-
ally generated from DNA were detected in the mass range of m/z
0–75 when DNA films were irradiated by low-energy (5–25 eV)
lectrons at different energies. The neutral species can be tenta-
ively assigned as fragments of DNA components (Table 1) based on
IST mass spectral library (v. 1.6) database searches and possible

ragmentation pathways.

.2. Post-irradiation analysis of LEE induced DNA damage by gel
lectrophoresis
As mentioned previously, after electron irradiation, DNA sam-
les were analyzed by agarose gel electrophoresis. The quantitative
SB and DSB yields as a function of electron energy are shown in
ig. 3(a). The strand breaks were normalized by the amount of ana-

7

eveloped to study low-energy electron induced damage of DNA.

yzed DNA and the number of incident electrons. The SSB yields are
ore than 10 times larger than the DSBs yields. This implies that
ost of the LEE induced damage is in the form of SSBs. It is also

oticed that both SSBs and DSBs have relatively high yields around
0 and 20 eV. These resonant features are consistent with the con-
ention that DNA damage by low-energy electrons can be caused
y DEA channels (below 15 eV) and other excitation process (above
5 eV).

To allow detection of the desorbed neutral species, relatively
igh fluxes of electrons (1014 to 1016 electrons s−1 cm−2) were used
o irradiate the samples. This was also over a relatively long time
C4H5O Deoxyribose
0 CH2N2O T

C2H4N3 A, G
C4N6Oa Deoxyribose

a Tentative assignment with lower probability.
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ig. 2. Mass spectrum of neutral species produced and desorbed from P14 DNA as a
he incident electron energy, Ei , was increased at 5 eV increments.

trand breaks appeared in the energy range between 10 and 25 eV.
ur fluence dependence measurements (not shown) also indicate

hat the dose used in our experiments (i.e., 1015 electrons/cm2) is

ot in the linear regime and that, in addition to DEA, multielectron

mpact processes are likely involved. Though this complicates the
echanistic analysis, the results are possibly relevant to hadron

reatment and the hyperthermal-energy ion beam studies which
esult in locally high ionization rates and reactive scattering of

ig. 3. DNA damage and neutral yields induced by low-energy electrons. (a) DNA
ingle and double strand breaks determined by gel electrophoresis; neutral yields
f (b) m/z = 27, 68, and 69 from DNA under the irradiation of low-energy electrons
5–25 eV).
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of low-energy electron bombardment and subsequent ionization by VUV photons.

nergetic fragments. It is important to note that the multielec-
ron process can lead to multiple bond breakage and the possible
xcision of major neutral fragments of DNA. Potential mechanisms
ased upon multielectron processes and multiple bond breakage
re discussed in more detail in Section 3.4.

.3. Correlation between neutral species and LEE induced DNA
amage

The yields of neutral species desorbed from DNA versus inci-
ent electron energy were compared to the corresponding SSB and
SB yields as a function of incident electron energy. In Fig. 3(b),

he yield of m/z = 27, 68 and 69 showed similar trends as the
SB and DSB probabilities shown in Fig. 3(a), indicating they may
orrespond directly with DNA damage. Since the resonance fea-
ures of neutral yields of m/z at 68 and 69 seem to fit the SSBs
nd DSBs, these two neutral species could be considered as good
ndicators of low-energy electron induced DNA damage. Indeed,
anche and co-workers observed DEA resonances in condensed-
hase deoxyribose analogues with peak energies around 10 and
0 eV [26]. The studies by Sanche monitored the H− signal whereas
he present work reports the probable neutral fragments of deoxyri-
ose (C4H4O and C4H5O). Though fragments (C3H4N2 and C3H5N2)
f the nucleobases can be formed, we favor the assignment of
eoxyribose fragments. This suggests that DEA of deoxyribose is
ne of the major paths for electron induced damage of DNA. The
0 eV resonance features of m/z = 68 and 69 could result from core
xcitations above the dipolar threshold which can support the for-
ation of a transient anion that decays via DEA or autoionization,

inally, the neutral molecule at m/z = 27 can also be correlated to
SB and DSB probabilities with resonance peaks at 10 and 20 eV,
uggesting it is mainly desorbed from deoxyribose. However, its
esonance shape between 5 and 15 eV is slightly different from that
f SSBs and DSBs. Considering the possible contribution of DEA
n nucleobase groups in DNA, the neutral molecules detected by
PI MS at m/z = 27 could also contain some nucleobase fragments

HCN).

In Fig. 4(a) and (b), the intensities of other neutral peaks at
/z = 45, 56, 67, and 70 were found to be dramatically different from

he SSB and DSB probabilities shown in Fig. 3(a). These neutrals,
herefore, were more likely generated from nucleobases rather than
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ig. 4. Neutral yields of (a) m/z = 45 and 56; (b) m/z = 67 and 70; (c) m/z = 43 and 44
rom DNA under the irradiation of low-energy electrons (5–25 eV).

eoxyribose. The yields of m/z = 56, 67, and 70 all displayed a reso-
ance peak at 15 eV superimposed on a monotonically rising curve.
his can be interpreted as direct ionization followed by dissociation
rom an electronically excited neutral state or direct dissociative
onization. The energy dependence of the m/z = 45 yields demon-
trated a typical single ionization curve with a threshold energy
f 15 eV. Although these neutral products might be able to react
urther with DNA components to cause strand breaks through sec-
ndary pathways, Fig. 4 shows nucleobases can protect the DNA
ugar moiety.

In Fig. 4(c), the neutrals of m/z = 43 and 44 showed strong res-
nance peaks at 20 eV, which match the SSB and DSB resonance
eatures at high energy. This indicates these two species could
rise from deoxyribose through decay of a transient anion into a
pecific excited electronic state of nucleobases around 20 eV [26]
ollowed by dissociation into reactive neutral species, leading to
evere strand cleavage on DNA.
.4. Mechanism of DEA related LEE induced DNA damage

Recently, several mechanisms of LEE induced DNA have been
nvestigated by observing DNA fragments using high perfor-

o
t
e
t
c
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ance liquid chromatography (HPLC) [27] and negative ion
ass spectrometry [28,29]. Low-energy electrons can attach to

ucleobase moieties, followed by charge transfer to the sugar-
hosphate backbone, and induce phosphodiester bond breakage
27]. Low-energy electrons can also impact the phosphates in
he backbone and produce OH− via DEA to induce strand
reaks [28]. In addition, DEA with resonance structure at 18 eV
as found to lead to C–O bond cleavage by transient elec-

ron attachment to a �* anion state of the deoxyribose group,
ollowed by dissociating into H− and corresponding radicals
29].

In view of previous LEE DNA damage studies and these recent SPI
S results, generalized though somewhat speculative DNA damage
echanisms under high electron fluences are proposed based on

everal coincident pathways. These are shown as pathways (1)–(3)
n Fig. 5.

We note that the primary waters of hydration are known to per-
ist under our experimental conditions and have been correlated
ith DNA damage probabilities [25]. Therefore, we suggest that
athway (1) involves these waters of hydration. For example, a 10 eV

ncident electron can produce O, O−, OH, and H− via compound
eshbach resonances involving water and the DNA phosphates or
ossibly the bases. These same reactive species can also be pro-
uced at 20 eV via the 2-hole, 1-electron (3a1

−11a1
−14a1

1) state
15] or possibly a core-excited resonance associated with a hole in
he 2a1 level [30] of the structural water surrounding DNA [25,31].
nce produced, these radicals can lead to the formation of deoxynu-
leoside radical X (C3′•) by 3′ cleavage [32]. The deoxynucleoside
adical can then form an intermediate neutral molecule Y (2-
ase-2,3-dihydrofuran) through 5′ cleavage[33]. Neutral molecule
can finally undergo DEA or dissociation to desorb as the neu-

ral products (m/z = 68 and 69) detected by SPI MS. Another fate
f molecule Y is to react with radicals or excited molecules cre-
ted from the nucleobases or surrounding water to form neutral
roducts (m/z = 68 and 69). Note that the formation and ejection of
he neutral sugar fragments is inherently a multistep, multielectron
rocess.

Pathway (2) involves essentially the same sequence and inter-
ediates. However, in pathway 2, a 10 eV electron can initiate

amage by directly attaching to the deoxyribose group to gen-
rate the deoxynucleoside radical X (C3′•). The nucleobases in
NA molecules can also capture an electron and transfer it to

he phosphate group [27]. According to theoretical calculations,
lectrons with incident energies <2–3 eV can cleave the C–O
ond of the DNA backbone via a initial �* transient anion, fol-

owed by transfer to the sugar. This transferred electron occupies
he dissociative �* orbitals of the phosphates and can lead to
fficient SSBs. DSBs require higher energy and may require an
utodetachment/autoionization step and intrinsic hydration water
25].

Pathway (3) is invoked to help explain the resonance struc-
ure seen for m/z = 43 and 44. At 18–20 eV, TNIs are formed by
ttachment to a �* anion state of the deoxyribose group [29]. This
NI then dissociates into the neutral deoxyribose radicals Z (C1′•).
he deoxyribose radical Z can further decay to neutral compounds
m/z = 43 and 44) and form radicals around the phosphodiester
ond to cause strand breaks. Another possible path for DNA dam-
ge at 18–20 eV is multiple scattering electron energy loss (EEL)
ollowed by resonance formation at lower energies (such as 10 eV)
14,34]. However, this process should generate a much stronger res-

nance damage peak at low energy [26], which is not supported by
he data shown in Fig. 3. Therefore, multiple scattering electron
nergy loss may not be a dominant pathway for strand breaks in
his study. In addition, the resonance structure at this high energy
an be associated with direct Franck-Condon mediated dissociative
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ig. 5. Proposed generalized mechanisms of low-energy electron induced DNA stra
teps. The pathways are shown for the prominent neutral yields of m/z = 43, 44, 68,

xcitation/ionization transitions to compound states in the contin-
um.

Based on the proposed mechanisms, it is concluded that low-
nergy electron induced DNA damage is a complicated process
hich involves different DNA components and surrounding water.
hen the electron energy is low (∼10 eV), DEA on the deoxyribose

roup is likely one of the major causes of strand breakage. Although
lectron capture by nucleobases does not directly induce the DNA
amage, it could facilitate the formation of TNIs by electron transfer
o the phosphate-deoxyribose moiety. At higher energy (∼20 eV),

lectrons interact with the deoxyribose group and surrounding
ater to produce strand breaks more effectively. The detection
f the sugar related molecules (m/z = 43, 44, and 68 and 69) sug-
ests that the deoxyribose radicals are involved in effective DNA
amage.

a
o
a
4
p

aks. The pathways discussed are likely to occur concurrently and involve multiple
9. The letter B represents the DNA base; R = radicals and M = counter ions.

. Conclusion

Single photon ionization mass spectrometry followed by gel
lectrophoresis was developed for investigation of LEE induced
amage of DNA plasmid films. Neutral fragments with masses of
/z = 27, 68 and 69 show resonance structure between 6–12 and

5–25 eV which is similar to that observed in the SSB and DSB prob-
bilities. These fragments are likely associated with sugar damage
nd dissociative electron attachment channels. Other fragments
ith masses of m/z = 45, 56, 67 and 70 show a monotonic increase
t threshold energies around 10–12 eV, indicating the possible role
f direct dissociative excitation or ionization. Resonance structure
bove the 10–12 eV threshold for fragments with masses of m/z = 43,
4, 67 and 70 are also observed and can be associated with com-
ound states in the continuum and core-excited excitations. The
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esults support the contention that DEA resonances localized on
NA sub-units or compound states involving structural waters can

ead to damage. Damage also occurs due to direct dissociative exci-
ation and dissociative ionization. This technology/methodology
s very likely to have broad applications in analyzing irradiation
ffects on other important molecules such as RNA and proteins.
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