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Many of the mutagenic or lethal effects of ionization radiation can
be attributed to damage caused to the DNA by low-energy elec-
trons. To gain insight on the parameters affecting this process, we
measured the low-energy electron (<2 eV) transmission yield
through self-assembled monolayers of short DNA oligomers. The
electrons that are not transmitted are captured by the layer. Hence,
the transmission reflects the capturing efficiency of the electrons
by the layer. The dependence of the capturing probability on the
base sequence was studied, as was the state of the captured
electrons. It is found that the capturing probability scales with the
number of G bases in the single-stranded oligomers and depends
on their clustering level. Using two-photon photoelectron spec-
troscopy, we find that, once captured, the electrons do not reside
on the bases. Rather, the state of the captured electrons is insen-
sitive to the sequence of the oligomer. Double-stranded DNA does
not capture electrons as efficiently as single-stranded oligomers;
however, once captured, the electrons are bound more strongly
than to the single strands.

monolayer � radiation damage � guanine � photoemission

Many of the mutagenic or lethal effects of ionization radi-
ation can be attributed to secondary electrons that are

created within 10�15 sec along radiation tracks and spurs and
have kinetic energies �20 eV (1, 2). Experimental (3) and
theoretical (4–6) studies indicate that electrons with subioniza-
tion energies play an important role in inducing damage in DNA
(7). Our goal in the present work is to determine the structural
and chemical elements in the DNA that are governing the
electron-capturing process by studying electron transmission
through organized adsorbed layers of DNA.

The detailed mechanism for electron–DNA interaction is diffi-
cult to address experimentally in vivo, where many parameters
affect the electron–DNA interaction and the electron energy is not
well defined. Therefore, we investigated the interaction of electrons
possessing well defined energy, with monolayers of single-stranded
(ss) and double-stranded (ds) DNA oligomers adsorbed on a gold
surface. By methodically varying the bases in the oligomers, the
effect of each base on the interaction with electrons could be
determined, as could the difference between single and double
strands. Furthermore, the binding energy of the captured electrons
could be determined.

Past findings hint that G bases act as ‘‘DNA protectors.’’ For
example, G-rich telomeres found at the ends of chromosomes (8)
were shown recently to increase the resistance of DNA to
ionizing radiation (9). It is also well accepted that G is the most
easily oxidized nucleotide (10, 11). It has been demonstrated also
that positive charges can transport over long distances in DNA
through multistep hopping between G bases (12, 13). The
putative role of G bases as protectors of the genome from
electrons with kinetic energies greater than the ionization energy
of the bases seems to result from their ability to easily form
cations (14, 15). Hence, in our study we specifically concentrated
on the role of the G bases in the interaction of the DNA
oligomers with the electrons.

Here we present a demonstration of the importance of G bases
as electron capturers in a condensed state of the DNA and not
in the gas phase. Furthermore, our results indicate that the

captured electrons do not reside on the bases and show that ds
DNA is more inert to low-energy electrons than the ss DNA.

Materials and Methods
Self-assembled DNA monolayers were prepared according to stan-
dard procedure (16, 17) by depositing 3�-thiolated 15-mers of DNA
on clean gold substrates. Fifteen-base ss, disulfide (S–S)-protected
oligonucleotides (MWG Biotech, Ebersberg, Germany) were sus-
pended in 0.4 M phosphate buffer (pH 7.2). The clean gold slide was
covered with the oligomer solution (50 �M) and kept overnight in
a clean and controlled humid environment. After deposition, the
slides were washed thoroughly.

To form layers of ds DNA, 3� thiolated ss DNA was
hybridized ex situ with its complementary nonthiolated DNA
oligomer by combining equal amounts of the two oligomers in
0.4 M phosphate buffer (pH 7.2) and heating the mixture for
10 min at 80°C, followed by slow cooling to room temperature
over several hours. Complete hybridization was determined by
nondenaturing gel analysis. The hybridized ds oligomers then
were deposited by using the same protocol as that for ss DNA
oligomers.

Fig. 1 shows the different DNA oligomers and their corre-
sponding abbreviations used in the current study. Atomic force
microscopy, contact-angle measurements, and ellipsometry were
used to characterize the monolayers. The thickness of the
monolayers consisting of the various ss DNA oligomers was
found to be 3.2 � 0.2 nm, regardless of the sequence of the
oligomer, and the thickness of the monolayer made from ds
DNA was 3.7 � 0.2 nm. 32P-labeled DNA oligomers were used
to characterize the adsorption quantitatively. For all the differ-
ent ss DNA oligomers, the monolayer density was found to be
n � 1.4 � 0.4 � 1013 molecules per cm2 (as determined by Fuji
PhosphorImager analysis). This density is in agreement with a
theoretical calculation of the expected density of a closely
packed monolayer based on the size of the molecules. The results
obtained for the ds DNA oligomers are also consistent with this
density. The adsorbed oligomers most likely contain structural
water molecules even when placed in an ultra-high-vacuum
chamber (18).

In the experiment (Fig. 2), photoelectrons are ejected from the
gold substrate on which the molecules are adsorbed (19). The
sample is held in an ultra-high-vacuum chamber [10�9 torr (1
torr � 133 Pa)]. An excimer laser operating at 193 nm (6.4 eV)
is used for ejecting the electrons. Its energy is kept very low (20
pJ per pulse, energy density � 2 nJ�cm2) to avoid any nonlinear
processes. The sample is exposed to the laser beam for only 20
�sec to avoid UV-radiation damage. The photon energy is above
the gold work function (�5 eV); however, it is less than the
ionization potential of the DNA bases (�8.4 eV) (20). There-
fore, all the photoelectrons originate from the metal substrate.
They are transmitted through the DNA monolayer to the
vacuum, where their energy is measured by a TOF spectrometer.
Electrons that are not transmitted are captured in the layer and
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transferred back to the grounded metal substrate (Fig. 2C).
Because of the short lifetime of the captured electrons and the
low-laser intensity and repetition rate, the monolayer is not
charged by electrons between two laser pulses. This observation
was verified by observing a stable electron energy spectrum,
which does not vary with time.

Several control experiments were performed to verify the
validity of the electron-transmission results. The first experiment
checked whether the UV light, used for ejecting the electrons,
damages the adsorbed DNA layer. Radiolabeled DNA oligomers
were exposed in solution to 193-nm light with an energy density
(100 nJ�cm2) 50 times larger and 106-times-longer exposure time
(14 sec) than that used in the experiment (2 nJ�cm2 and 20 �sec).
By performing gel electrophoresis analysis, no ss breaks could be
detected in the DNA.

Second, by monitoring the electron signal as a function of the
laser intensity, we could verify that the electrons ejected from the

gold were indeed produced by a single photon. The results
indicate that there is a linear dependence of the electron signal
on the laser flux.

Finally, to probe the effect of the salt (and therefore counter
ion) on our measurements, DNA monolayers on gold were
prepared from an ethyl-alcohol solution instead of water, and
electron-transmission experiments were performed. The results
were identical to those obtained for monolayers made from
aqueous solutions of DNA.

Detailed characterization and control experiment data are
provided in Supporting Text, which is published as supporting
information on the PNAS web site.

Results and Discussion
Fig. 3 shows the electron signal versus energy for photoelectrons
ejected from the gold substrate and transmitted through mono-
layers composed of the different ss DNA oligomers. The data in

Fig. 1. The different DNA oligomers used in the experiment and their abbreviations. In oligomers 3Gx and 5Gx, the G bases are clustered together. G3C and
C3G are ds oligomers bound to the substrate through a propyl-thiol group attached to either the G or C ss oligomer, respectively.

Fig. 2. The experimental system. (A) A scheme of the experimental setup in which � is the length of the TOF tube and B is the magnetic field applied to collimate
the electrons. (B) The energetics involved in the single-photon photoelectrons transmission studies. EF and Ev are the Fermi and vacuum levels, respectively. (C)
Schematic energy levels involved in the TPPE studies.
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Fig. 3A indicate that the electron-transmission intensity de-
creases as the fraction of G bases in the DNA oligomer increases.
The same transmission efficiency was obtained regardless of
whether the single G base was positioned at the 5� end or 3� end
of the DNA oligomer [farther from (sequence 1G5) or closer to
(sequence 1G3) the surface, respectively]. The transmission yield
is lower when the G bases are clustered together (oligomers 3Gx
and 5Gx; Fig. 3B) than when they are separated by an A base (3G
and 5G). In addition, the transmission efficiency was found to be
much higher for monolayers made of DNA oligomers consisting

of C and A bases, rather than G and A bases (Fig. 3C). The
transmission is more efficient through layers made of ds DNA
than with the ss one (Fig. 3D). Importantly, the capturing by
layers made of ds DNA is by �2.3 times less efficient than
capturing by a layer made of ss GA-rich oligomers and 1.5 times
less efficient than capturing by layers made of ss CT-rich
oligomers.

To confirm the effect of the double strand, we washed the
samples, after measuring the transmission, extensively with water
to denature the ds DNA. After the washing, the transmission

Table 1. The electron-capturing probability

Strand 1G3� 1G5� 2G 3G 3Gx 5G 5Gx 8G 5C 3C G3C C3G

Capturing probability,
% � 2*

44 43 47 54 57 61 65 71 22 22 31 33

Capturing probability,
% � 3†

44 46 51 51 58 57 64 81 — — 66 39

*Obtained from electron transmission studies when the capturing probability is given by (IAu � InG)�IAu, when IAu

is the energy-integrated photoelectron signal obtained for bare gold and InG is the integrated electron
transmission signal (Fig. 3) obtained for the nG oligomer.

†The calculated capturing probability is based on the TPPE signal (Fig. 5) and is normalized relative to the signal
obtained for 1G3� oligomer.

Fig. 3. Electron transmission spectra. (A) The kinetic energy spectra of photoelectrons transmitted through monolayers made of ss DNA oligomers containing
15 bases with various numbers of G (the rest being A bases). The photon energy is 6.4 eV. The abbreviations of the strand sequences are given in Fig. 1. (B) The
effect of clustering of the G bases on the transmission signal. When the G bases are clustered together (3Gx and 5Gx), the transmission yield is reduced compared
with the oligomers in which the G is separated by A bases. (C) The kinetic energy spectra of photoelectrons transmitted through monolayers made of various
oligomers (see Fig. 1 for the assignment). The transmission through layers made of the 3C and 5C oligomers are compared with 3G and 5G. (D) Kinetic energy
spectra of photoelectrons transmitted through layers made of ds DNA (red and black solid lines). For a comparison, the transmission through layers made of ss
DNA is shown (8C and 8G). The curves with the dashed lines correspond to the spectra obtained after washing the ds samples with pure water to induce
denaturation.
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efficiency decreased (dashed lines in Fig. 3D), as expected from
a ds DNA that had been converted to mainly ss oligomers.

The qualitative description above can become quantitative if
one calculates the energy-integrated photoelectron signal. If InG
and IAu are the integrated electron transmission signal (Fig. 3)
obtained for the nG oligomer and bare gold, respectively, InG �
IAu(1 � P), where P � (IAu � InG)�IAu. The energy-integrated
capturing probability calculated for each oligomer is shown in
Table 1. Within the studied electrons energy range, the capturing
probability was found to be energy-independent.

InG can be represented by, InG � IAue�Nn(�G–�A), where N is the
number of adsorbed molecules per unit area, and �G and �A are
the scattering cross sections for an electron scattered from a G
and an A base, respectively. Fig. 4 shows that indeed a plot of
ln(InG) versus n produces a good approximation to a straight line.
The slope indicates that �G � �A � (67 � 24) � 10�16 cm2. This
difference in cross section is large but not unreasonable for an
electron interacting with a molecule possessing a large dipole
moment. Boudaiffa et al. (21) measured the cross section for 10-
to 50-eV electron damage to DNA by creating DNA strand
breaks and obtained values of up to 30 � 10�16 cm2. Because the
capture cross section of the electrons is expected to be higher
than for the actual breaking of the DNA, the results obtained
here are consistent with those discussed in ref. 21.

To explore the state of the captured electrons on the adsorbed
layer, we conducted two-photon photoemission (TPPE) studies (22,
23). In these experiments, electrons are excited in the metal
substrate with photon energy below the work function of the
substrate. Some of these electrons are transferred to the lowest
unoccupied molecular orbital (LUMO) of the adsorbed layer. A
second photon is used to eject these electrons from the LUMO to
the vacuum, and their kinetic energy, Ek, is measured (Fig. 2C). The
kinetic energy, Ek, of the electrons ejected is related to their binding
energy Eb by Ek � h� � Eb when h� is the photon energy (3.55 eV).

Fig. 5 presents the TPPE spectra observed for DNA layers
composed of different oligomers. The TPPE signal depends on the
transition probability (kT) (Fig. 2) of the electrons from the metal
to the layer and on the lifetime of the electrons residing on the
LUMO. This lifetime depends on the relaxation rate of the elec-
trons back to the metal (kR). Hence, an intense TPPE signal means
that either the layer captured very efficiently the excited electrons
(kT is high) or the lifetime of the electron in the LUMO is very long,
allowing for a high transient population. On the other hand, the
electron transmission intensity depends only on the capturing
probability by the layer. By comparing the results from two different
experiments (electron transmission and TPPE) we find that the

calculated capturing probability from the electron transmission
experiments matches closely with the electron-capture probability
calculated from the TPPE experiment (Table 1). Fig. 5A shows that
in the case of ss oligomers, the TPPE signal is inversely proportional
to the transmission signal in Fig. 3A and proportional to the
capturing probability (Table 1). When the G bases are clustered
together (oligomers 3Gx and 5Gx), the capturing probability in-
creases (Fig. 5B). This inverse correlation between the transmission

Fig. 4. The measured integrated transmission yield (InG) as a function of the
number of G bases in the DNA oligomers. The straight line indicates that InG �
IAue�Nn(�G–�A) with �G � �A � (67 � 24) � 10�16 cm2.

Fig. 5. Kinetic energy spectra of electrons ejected by a TPPE process. The
photon energy is 3.55 eV. (A) The TPPE spectra obtained from monolayers
made of ss DNA oligomers containing 15 bases with various numbers of G (the
rest being A bases). (B) TPPE spectra demonstrating the effect on the electron
transmission caused by clustering of the G bases (5Gx and 3Gx) versus them
being separated by A bases (5G and 3G). (C) TPPE spectra from layers made of
ds DNA (dashed lines) versus layers made from ss oligomers. Note the shift in
the peak of the TPPE spectra for the ds layers compared to the ss layers.
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and the TPPE signals, for layers made of ss oligomers, means that
both results are controlled by the capturing probability of electrons
by the layer. Hence, the TPPE signal is controlled by the transmis-
sion probability from the metal, kT, and not affected by kR. Hence,
the lifetime of the LUMO (which is inversely proportional to kR)
must be about the same for all oligomers, which indicates that the
LUMO may be the same for all ss oligomers.

The TPPE studies show that for layers made from ss DNA, the
energy distribution of the ejected electrons does not depend on the
sequence, as can be seen by the similar shape and peak position.
This result is consistent with the conclusion that the nature of the
LUMO is the same for all ss oligomers, as indicated by the same
lifetime. For the ds oligomers, the relative TPPE signal (Fig. 5C) is
stronger than expected based on the capturing probability given in
Table 1. Hence, the difference between the TPPE spectra of the
layers made from ss versus ds oligomers is not due solely to
the difference in the capturing probability but also depends on the
lifetime of the electrons in the LUMO (kR), i.e., the lifetime of the
LUMO in the layers made from ds DNA is longer than those layers
made from single strands. This conclusion is supported further by
the shape of the TPPE spectra, showing that the electrons on the
ds layers are bound more strongly by �0.2 eV compared with the
electrons bound to the ss layers.

The results show that the number of G bases controls the
capturing efficiency of slow electrons. The fact that clustering of
G bases are more efficient in electron capturing than G embed-
ded in an A sequence indicates that it is not the A-G combina-
tion, rather than solely the G, that affects the capturing. In
principle, the high capturing efficiency of a base can arise either
from its high electron affinity or from negative ion resonances at
energies relevant to that of the transmission electrons. It is
important to realize that most quantitative experiments per-
formed thus far on electronic properties of DNA bases, such as
ionization potential and electron affinity, were performed
mostly in the gas phase and rarely in the condensed phase (3, 20,
24–28). In addition, comparison of theoretical and experimental
results shows that the determination of electronic affinity values
of the DNA bases is still a matter of controversy (29). Hence,
these former experiments are of limited use in our case. Another
difficulty is that electronic structure calculations were per-

formed usually on a single base and at most on one base pair.
Overall, both former studies and calculations show that G is not
distinct from the other bases in terms of its electron affinity.

The one property of G (amino-oxo tautomer) that seems to be
relevant to the present results is its very large dipole moment of
�7 debye (30), which is three times larger than that of A (2.2
debye) and almost twice as large as that of T. However, C
(amino-oxy tautomer) also has a high dipole moment, like G,
but, unlike G, it has a negative electron affinity (4–6, 31). Hence,
one may speculate that G, through its dipole, may act as a
gateway for electron capturing. This subject clearly deserves
more calculations and experiments.

The results presented here indicate that, once captured, the
electron is not localized on one of the bases but instead is either
on the sugar phosphate backbone or between the molecules in
the monolayer in a nonlocalized state.

The low capturing yield by monolayers made of ds DNA oli-
gomers may result from either the difference in the energetics of
their electronic states or simply their better organization. Whereas
monolayers made from ss oligomers are expected to form irregular
layers because of their less rigid structure, the monolayers made of
the ds DNA are more organized because of the rigid and regular
structure of the double helix. Numerous studies show that, in
general, the capturing of low-energy electrons by well organized and
regular monolayers of organic molecules is by far less efficient than
in the case of irregular layers (32). Hence, the difference obtained
between electron capturing yield by layers made of ss and ds DNA
is consistent with the difference in their organization. It is inter-
esting to note that, in vivo, close packing of DNA enhances its
protection against radiation damage (33, 34). Despite the fact that
our experiments are performed in a very different environment
than under the in vivo conditions, the ds DNA layers most likely
contain structural water (18) and cations and therefore include all
the basic building blocks of DNA in its in vivo environment. Their
density is also similar to the one observed in vivo. Hence, our
observation relating the organization of the DNA to the reduction
of electron capturing suggests that a similar mechanism possibly
exists in a biological environment (35).
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