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Abstract

Single stranded DNA oligomers (ssDNA) immobilized onto solid surfaces forms the basis for several biotechnological applications such as
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NA microarrays, affinity separations, and biosensors. The surface structure of the surface-bound oligomers is expected to significantly influence
heir biological activity and interactions with the environment. In this study near-edge X-ray absorption fine structure spectroscopy (NEXAFS) is
sed to characterize the components of DNA (nucleobases, nucleotides and nucleosides) and the orientation information of surface-bound ssDNA.
he K-edges of carbon, nitrogen and oxygen have spectra with features that are characteristic of the different chemical species present in the
ucleobases of DNA. The effect of addition of the DNA sugar and phosphate components on the NEXAFS K-edge spectra was also investigated.
he polarization-dependent nitrogen K-edge NEXAFS data show significant changes for different orientations of surface bound ssDNA. These

esults establish NEXAFS as a powerful technique for chemical and structural characterization of surface-bound DNA oligomers.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Immobilization of single-stranded DNA oligomers (ssDNA)
nto solid surfaces and characterizing their molecular organi-
ation on the surface (packing density, orientation, etc.) is of
ignificant importance for applications such as diagnostics, DNA
icroarrays, etc. [1–12]. There are several different schemes that

ave been used to immobilize ssDNA onto a surface [13–21].
hese different approaches can cause the ssDNA molecules to be

mmobilized onto the surface with different surface structures.
or example, DNA physically immobilized onto poly(lysine)
oated surfaces would be expected to lie flat on the surface due
o strong interaction between the negatively charged phosphate
ackbone and the positively charged lysine groups [22]. Spe-
ific immobilization through thiol linkers attached to their 3′ or
′ ends of the DNA oligomer is expected to result in a more

∗ Corresponding author. Tel.: +1 206 543 8094; fax: +1 206 543 3778.
E-mail address: castner@nb.engr.washington.edu (D.G. Castner).

upright orientation [23–29]. The different orientations resulting
from the different immobilization methods could have signifi-
cant influence on the hybridization efficiency of ssDNA. Hence,
information about the structure of immobilized ssDNA would be
invaluable for optimizing the performance of DNA microarrays
and other applications using surface-bound oligomers.

Various tools have been employed to characterize the immo-
bilization of ssDNA to gold surfaces with a short alkanethiol
linker and the subsequent hybridization with complement DNA.
These tools include X-ray Photoelectron Spectroscopy (XPS)
[14,30], radiolabeling [14], neutron reflectivity [31], Surface
Plasmon Resonance (SPR) [23], Atomic Force Microscopy
(AFM) [32], and more recently FT-IR [24]. The results from
these characterization experiments have provided information
about the structure of surface immobilized ssDNA. Based on
XPS [14,30], neutron reflectivity [31] and electrophoretic mea-
surement [26], thiolated ssDNA has been proposed to initially
bind to the surface through the nitrogen groups in the bases, then
become more upright when backfilled with short-chain alkyl
thiol molecules.
368-2048/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.elspec.2006.04.004
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The first part of the paper describes the near-edge structure at
the carbon, nitrogen and oxygen K-edges of the different DNA
components (nucleobases, nucleotides and nucleosides). The
present study extends the earlier experiments [33–37] charac-
terizing the near-edge structure of the DNA bases by system-
atically examining the effect observed in the NEXAFS spectra
when DNA sugar and phosphate groups are added to the nucle-
obases. All the samples were prepared by the same procedure
used in a previous Time-of-Flight Secondary Ion Mass Spec-
trometry (ToF-SIMS) and XPS study [38]. The latter part of
the paper demonstrates the ability to probe different molecular
orientations of the surface immobilized ssDNA. The ability to
obtain information about molecular orientation is demonstrated
by using ssDNA sequences that adopt different orientations on
the surface.

2. Experimental methods

2.1. Preparation of the reference samples

Nucleobases (adenine, cytosine, guanine, thymine, uracil),
nucleosides – nucleobase plus one sugar – (2′-deoxyadeno-
sine, 2′-deoxycytidine, 2′-deoxyguanosine, thymidine, 2′-de-
oxyuridine) and the nucleotides – base plus sugar plus phosphate
– (2′-deoxyadenosine 5′-monophosphate, 2′-deoxycytidine
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• polydT-SH: 5′-HS-(CH2)6-(dT)16-3′
• polydA: 5′-(dA)16-3′

where dA = deoxyadenosine and dT = deoxythymidine.
The adsorption experiments were done at room temperature

from 1 �M solutions in TE buffer (10 mM Tris, 1 mM EDTA
and 1 M NaCl at pH 7.0) for time periods up to 24 h. The
samples were then washed copiously with DI water (resistiv-
ity > 18 M� cm) and stored in Petri dishes and back-filled with
nitrogen until analysis.

2.4. X-ray photoelectron spectroscopy

All XPS data were acquired on a Surface Science Instru-
ments S-probe spectrometer. This instrument has a monochro-
matized Al K� X-ray source, hemispherical analyzer, multi-
channel detector and a low energy electron flood gun for
charge neutralization. X-ray spot size for these acquisitions was
800 �m × 800 �m. Pressure in the analytical chamber during
spectral acquisition was less than 5 × 10−9 Torr. The analyzer
pass energy for the survey spectra (composition) was 150 eV and
for high resolution C1s spectra was 50 eV. The take-off angle
(the angle between the sample normal and the input axis of the
analyzer lens) was 55◦ (a 55◦ take-off angle corresponds to a
∼50 Å sampling depth). The Service Physics ESCAVB Graphics
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-monophosphate, 2 -deoxyguanosine 5 -monophosphate,
hymidine 5′-monophosphate and 2′-deoxyuridine 5′-mono-
hosphate) were purchased from Sigma Chemical (St. Louis,
O) and were used as received. Indium shot was obtained

rom AESAR (Seabrook, NH). Small pieces of Indium shot
∼2 mm radius) were cut with a scalpel to expose fresh metal
urfaces, then pressed into disks of ∼5 mm radius. The DNA
owders were compacted into the surface of the indium disks.
ecause of the pliable nature of indium, the powders were
asily compacted into the metal and provide a stable and smooth
urface for analysis. All the samples were stored under nitrogen
n Petri dishes until analysis.

.2. Gold substrate preparation

Gold-coated silicon wafers were used as substrate material
or DNA immobilization. Silicon wafers (Silicon Valley Micro-
lectronics, Inc., San Jose) were diced into 10 mm × 10 mm
quares and cleaned by sonication in DI water, methylene
hloride, acetone, and methanol for 5 min two times in each
olvent. Substrates were coated by electron beam evapo-
ation of a 10 nm titanium adhesive layer followed by a
00 nm gold layer (99.99%) at pressures below 1 × 10−6

orr.

.3. Adsorption of the DNA oligomers

The HPLC purified synthetic ssDNA oligomers were
btained from Trilink Biotechnologies [39]. All the oligos were
tored in 25 mM Tris at pH 7.4. The sequences for the different
ligomers were:
iewer program was used to determine peak areas, to calculate
he elemental compositions from peak areas, and to peak fit the
igh resolution spectra.

.5. Near-edge X-ray absorption fine structure (NEXAFS)

The NEXAFS experiments were done at the National Syn-
hrotron Light Source (NSLS), NIST U7-A beamline. The
eamline uses a ∼85% polarized, high intensity beam and a
onochromator with 600 l/mm grating that provides a full-width

t half-maximum (FWHM) resolution of ∼0.15 eV at the car-
on K-edge. The monochromator energy scale was calibrated
y setting the C (1s) to �* transition in the graphite carbon
-edge NEXAFS spectrum to 285.35 eV [40]. Partial electron
ield (PEY) was monitored using a channeltron with a negatively
pplied bias voltage to monitor the Auger and photoelectron
ield from the sample. The NEXAFS spectra were normalized
ith the signal (Io) from an in situ gold coated 90% transmission
rid placed in the path of the X-rays, to account for changes in
he incoming X-ray intensity with time and energy changes.

The data for the reference bases was collected with the chan-
eltron cone bias voltage maintained at −150 V for the carbon
-edge spectrum, −280 V for the nitrogen K-edge spectrum

nd −390 V for the oxygen K-edge spectrum. The higher bias
oltages for the nitrogen and the oxygen K-edges were used
o eliminate the carbon and nitrogen Auger electrons. For all
he spectra, the pre-edge was subtracted using a linear back-
round and then normalized to unit absorption jump height. The
eference spectra of the different nucleobases, nucleosides and
ucleotides were acquired at an angle of 55◦ where the polar-
zation effects were expected to be minimal. An electron flood
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gun operating in constant current mode with electron energy
of 10 eV and an emission current of 60 �A was employed to
prevent charging of the substrates.

The nitrogen K-edge spectra for polydT-SH and polydA were
collected with a detector bias voltage of −360 V. This removed
the carbon Auger signal and the Au 4d photoelectrons, and
resulting in a more straightforward background subtraction of
the partial electron yield data in the nitrogen K-edge region. A
small dip was detected around 427 eV due to the second har-
monic peak of the nickel line. The presence of the nickel likely
arises from contamination in the beamline optics and is detected
only when the detector bias is around −360 V. For lower values
of the grid bias, a higher electron yield signal is obtained, and this
feature is no longer prominent. Polarization-dependent experi-
ments to probe the orientation of the immobilized ssDNA were
done by monitoring the NEXAFS spectra at various polar angles
(the angle between the incoming X-rays and the sample surface).
At normal incidence the direction of the incoming X-rays is nor-
mal to the sample surface and at glancing incidence the incoming
X-rays are 20◦ from the sample surface. The pre-edge was first
subtracted from the spectra using a linear background. Then the
difference in the signal 40 eV above and below the first resonance
was normalized to unit absorption jump height. A disordered
system does not show any polarization-dependence (change in
NEXAFS peak intensities with changing incidence angle of the
X-rays) because of random distribution of the molecular orien-
t
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Table 1
Chemical structures of the DNA nucleobases

Adenine (A)

Cytosine (C)

Thymine (T)

Guanosine (G)

Uracil (U)

groups [48]. The �∗
CO peak normally appears at 286.6 eV, but is

shifted to 288.1 eV when a nitrogen is attached to the carbonyl
group. Similarly, the peak shifts further to 289.4 eV when two
nitrogens are attached to the carbonyl group. Thus, the peak at
289.4 eV in the thymine and uracil spectra can be assigned to the
�∗

HNCONH peak. The peak at 285 eV is assigned to �∗
C C species,

similar to the features found in NEXAFS spectra of polymers
ations. However, as the directional alignment of the molecules
n the overlayer increases the polarization-dependence of the
EXAFS spectra will increase.
The possible effect of X-ray irradiation on the ssDNA

ligomers was examined by repeated exposure to X-rays. No sig-
ificant changes in the nitrogen K-edge spectra were observed
n repeated scans, indicating the ssDNA samples were stable
nder the X-ray flux used to acquire the NEXAFS spectra (data
ot shown). This is unlike peptides and proteins, which show
dditional beam damage features in the nitrogen K-edge spectra
n repeated scans [41].

. Results and discussion

.1. Carbon K-edge of the DNA bases

The structures of the different DNA nucleobases are shown
n Table 1. The carbon K-edge NEXAFS spectra of these nucle-
bases are shown in Fig. 1. As can be seen from the spectra in
ig. 1, the different nucleobases could be distinguished based on

heir characteristic carbon K-edge spectra (except thymine and
racil, which only differ by replacement of a hydrogen atom
n uracil with a methyl group in thymine). The peak positions
or the �* orbitals for the nucleobases are listed in Table 2.
sing results from previous studies on amino acids and poly-
ers [33–37,42–48], the major peaks in the spectrum of thymine

nd uracil can be uniquely assigned to the functional groups
resent in these nucleobases. For example, the peak at 288.1 eV
s assigned to a transition to the �* orbital of the O C–NH group
�∗

CONH). This assignment is based on the work done recently
howing how the �∗

CO peak shifts with addition of different
 Fig. 1. Carbon K-edge NEXAFS spectra of the DNA nucleobases.
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Table 2
Peak positions of the prominent �* features in the carbon K-edge NEXAFS
spectra for DNA nucleobases and nucleosides

�∗
1 (eV) �∗

2 (eV) �∗
3 (eV) �∗

4 (eV) �∗
5 (eV)

A 285.1 286.5 287.5 – –
C 284.9 286.0 287.5 – 288.9
T 284.9 285.8 288.0 – 289.4
G 285.0 286.5 288.1 – 288.6
U 284.8 285.9 288.0 – 289.4
A + S 285.0 286.6 287.5 288.5 –
C + S 284.9 285.9 287.4 288.4 289.0
T + S 284.9 285.7 287.9 288.5 289.4
G + S 285.0 286.8 287.4 288.1 288.6
U + S 284.8 285.9 288.0 288.5 289.4

A = adenine, T = thymine, C = cytosine, G = guanine, U = uracil, S = sugar, and
P = phosphate group.

[49] and amino acids [46] containing double-bonded and aro-
matic carbon atoms. The peak at 286 eV is assigned to a �∗

C C–N
species based on the assignments for the amino acids [46]. This
building block approach to interpreting the peaks found in the
NEXAFS spectra is successful in explaining the many features
in NEXAFS spectra, provided there is not extensive delocaliza-
tion in the structure resulting in new electronic states [49]. The
spectra of polymers and amino acids have been explained using
the building block approach [43,45,46,49].

Adenine has a double ring structure that contains carbon,
nitrogen and hydrogen atoms. A small �∗

C C peak is observed
at 285 eV. The two strong peaks near 286.5 and 287.5 are from
the C–Nx species in the adenine structure. Guanosine has a sim-
ilar two ring structure to adenine. The two differences between
these nucleobases is the location of the amine group on the six-
member ring and the addition of a carbonyl group in guanosine
(see Table 1). These changes do not change the location of the
C–N peak at 286.5 in the guanosine spectrum, but does result
in an unresolved doublet near 288.5 eV. Part of the intensity of
this doublet is due to a �∗

CONH peak. The structure of cytosine
is similar to that of uracil. The only difference is one of the car-
bonyl groups in uracil have been replaced by an amine group
in cytosine (see Table 1). This replacement does not change the
energies of the �∗

C C and �∗
C C–N peaks, but does slightly lower

the energy of the �∗
HNCONH peak. The cytosine spectrum also

has a peak near 287.5 eV. Based on the fact three nucleobases
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Fig. 2. Nitrogen K-edge NEXAFS spectra of the DNA nucleobases.

nucleobase structure in immobilized ssDNA. The nitrogen K-
edge NEXAFS spectra shown in Fig. 2 for the five nucleobases
can be divided into two regions. Peaks due to transitions to �*

orbitals are located around 400 eV and peaks due to transitions
to �* orbitals are located above 405 eV. These assignments are
based on recent quantum mechanical calculations and experi-
mental studies [35,44]. The peak positions for the �* orbitals
for the nucleobases are listed in Table 3. Similar to the carbon
K-edge spectra, the nitrogen K-edge spectra exhibit differences
among the five nucleobases. The �* peaks in thymine and uracil
spectra are near 401 eV, consistent with the fact that all nitro-
gen atoms in these two nucleobases are located next to carbonyl
groups. The major �* peak for adenine, which has no carbonyl

Table 3
Peak positions of the prominent �* features in the nitrogen K-edge NEXAFS
spectra for DNA nucleobases, nucleotides, and nucleosides

�∗
1 (eV) �∗

2 (eV)

A 399.3 401.2
C 399.0 400.2
T 401.2 –
G 399.9 400.7
U 401.0 –
A + S 399.4 401.7
C + S 399.0 400.1
T + S 401.0 –
G + S 399.9 401.6
U
A
C
T
G
U

ith amine groups attached to ring structures (adenine, cytosine,
nd guanosine) all have peaks in their NEXAFS spectrum near
87 eV is likely this peak is due to a transition to the �* orbital of
he C–NHx group. However, because of the extended aromatic
tructure of adenine, cytosine and guanosine, rigorous quantum
echanical calculations are needed to confirm the peak assign-
ents for their NEXAFS spectra. It has been recently shown

hat ab initio calculations are capable of capturing the different
* features in NEXAFS spectra arising from different carbon

pecies [34,42,47].

.2. DNA bases nitrogen K-edge

The nitrogen in the DNA resides in the nucleobases. Hence,
he nitrogen K-edge spectra can be used to selectively probe the
+ S 401.0 –
+ S + P 399.4 401.2
+ S + P 399.9 400.8
+ S + P 401.3 –
+ S + P 399.8 401.0
+ S + P 401.3 –
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Fig. 3. Oxygen K-edge NEXAFS spectra of the DNA nucleobases.

groups, is located near 399 eV, consistent with the location of
the nitrogen �* peak in other biomolecules that have nitro-
gen atoms present in a ring structure (e.g., the amino acid
histidine) [41,46,50]. The remaining two nucleobases, guano-
sine and cytosine, have nitrogen groups both adjacent and
removed from carbonyl groups (see Table 1). These two nucle-
obases have unresolved doublet �* peaks in the 399–401 eV
energy range (see Table 3 for the exact energy positions),
consistent with the type of nitrogen species in guanosine and
cytosine.

3.3. DNA bases oxygen K-edge

The oxygen K-edge NEXAFS spectra of the five nucleobases
are shown in Fig. 3. The peak positions for the �* orbitals for
the nucleobases are listed in Table 4. Recent quantum mechan-
ical calculations have shown the �* peak for carbonyl species
(�∗

C O) is located near 532 eV and �* peaks for oxygen species
are located above 535 eV [35]. The peak positions in Fig. 3 are
consistent with these assignments. All nucleobases except ade-
nine have a strong �∗

C O peak near 532 eV and �* peaks above
535 eV. The relative intensities and positions of the �* peak vary
slightly among the nucleobases, as expected from their slightly
different structures. Thymine shows a slight splitting of the �∗

CO
peak compared to the other nucleobases. Uracil does not show
an apparent splitting of the �∗ because of the lower energy res-
o
t
l
d
n

Table 4
Peak positions of the prominent �* features in the oxygen K-edge NEXAFS
spectra for DNA nucleobases, nucleosides and nucleotides

�∗
1 (eV) �∗

2 (eV)

A – –
C 532.5 –
T 531.8 533.0
G 531.8 –
U 532.1 –
A + S – –
C + S 532.5 –
T + S 531.9 –
G + S 532.0 –
U + S 531.9 –
A + S + P – –
C + S + P 532.3 –
T + S + P 532.0 –
G + S + P 531.9 –
U + S + P 531.9 –

3.4. Effect of addition of different DNA constituents in their
NEXAFS spectra

DNA is made up of the different nucleobases, each attached
to a ribose sugar and a phosphate group (see insert in Fig. 4).
Thymine is used as a typical case to show the effect on the
carbon K-edge NEXAFS spectra of adding the sugar and phos-
phate groups (Fig. 4). The NEXAFS carbon K-edge spectra of
the thymine nucleotide (thymidine 5′-monophosphate) were not
collected because of excess carbon contamination in the sample
(similar problems were observed with the XPS characteriza-
tion results [38]). For this reason, the spectrum of polydT-SH

F
a
t
phosphate components.
CO
lution at the oxygen K-edge. The position of the �∗

CO is shifted
o 532.5 eV for cytosine. Similar trends have been reported ear-
ier as well [35,48]. As expected NEXAFS spectra of adenine
oes not show any signal since it does not contain oxygen (data
ot shown).
ig. 4. The effect on the carbon K-edge NEXAFS spectra from adding the sugar
nd phosphate groups of DNA to thymine (T). The insert shows a schematic
hat represents the chemical structure of DNA with its nucleobase, sugar and
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(24 h) is used to represent the effect of addition of the phosphate
group. The major peaks expected from the thymine �* features
are present in all three spectra, but their intensities vary as the
sugar and phosphate groups are added. With the addition of the
sugar to the base, a new peak at 288.5 eV is observed, which is
attributed to the �* peak from the carbon atoms attached to the
oxygen in the sugar unit [49,51]. Upon addition of the sugar,
enhanced intensities are also seen in the �* peaks from the C–C
and the C–O bonds in the region beyond 290 eV. PolydT-SH
shows a similar spectrum to the thymine nucleoside spectrum.
This is expected since the phosphate group does not contain any
carbon atoms. Similar trends were seen for the other nucleobases
upon addition of the sugar in the carbon K-edge region (data not
shown). The increase in intensity of the �* feature at 285 eV for
PolydT-SH is due to adventitious carbon contamination. This
is evident from the excess carbon seen in the XPS composition
data for PolydT-SH (Table 6).

Using guanine as a typical example, the effect of adding
the sugar and phosphate groups to a nucleobase on nitrogen
K-edge NEXAFS spectra is shown in Fig. 5. Since neither the
sugar or phosphate groups contain nitrogen, no large changes
are expected. This is the case for the �* region above 405 eV.
However, the addition of sugar and the phosphate groups did
have a noticeable effect in the �* region of the spectrum. This
effect is most apparent for guanine, which shows shifts in the
position of the �* peaks (see Table 3). However, detailed calcu-
l

F
s
t
p

Fig. 6. The effect on the oxygen K-edge NEXAFS spectra from adding the sugar
and phosphate groups of DNA to thymine (T). A reference spectrum of sodium
phosphate is also shown. The insert shows a schematic that represents the chem-
ical structure of DNA with its nucleobase, sugar and phosphate components.

peak positions. Adenine also shows some shifting in the position
of the second �* peak around 401.5 eV (see Table 3). Thymine
and uracil do not show large changes in the position of their �*

peak with the addition of the sugar and phosphate groups (see
Table 3).

The effect in the oxygen K-edge of adding the sugar and phos-
phate groups to thymine is shown in Fig. 6. The major change
is a significant reduction in the �∗

C O intensity relative to the �*

intensities. This is expected since the oxygen species in the sugar
and phosphate groups should only contribute intensity in the �*

region. The spectrum of a sodium phosphate salt is shown to pro-
vide an example of the oxygen K-edge spectra of the phosphate
group. With the addition of the sugar and phosphate groups, the
thymine spectrum becomes more characteristic of the phosphate
group.

3.5. Probing the molecular-orientation of surface-bound
DNA oligomers

To determine the ability of NEXAFS to probe the orientation
of surface-bound ssDNA two different oligomers which adopt
different surface structures on gold surfaces were selected for
investigation. The first was polydT-SH, which should attach to
the surface through the thiol groups and is expected to adopt a
more upright structure. The second was polydA, which should
a

ations are needed to understand the origin of the shift in the �*
ig. 5. The effect on the nitrogen K-edge NEXAFS spectra from adding the
ugar and phosphate groups of DNA to guanine (G). The insert shows a schematic
hat represents the chemical structure of DNA with its nucleobase, sugar and
hosphate components.

i
t
m
a

ttach to the surface through interactions with nitrogen groups
n the nucleobases and is expected to adopt a more flat orien-
ation. Recent results from several studies point to the different

olecular orientations adopted by specifically (through thiol)
nd non-specifically (through the side-chain bases) immobi-
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Table 5
Elemental composition (atomic percentage ± standard deviation) determined by XPS for the ssDNA oligomers adsorbed onto gold surfaces from TE buffer at different
adsorption times

C 1s N (1s) O (1s) P (2p) S (2p) Au (4f)

PolydT-SH (24 h) 46.8 ± 1.1 6.7 ± 1.0 24.8 ± 0.2 2.9 ± 0.6 0.0 18.8 ± 0.3
PolydA (24 h) 38.2 ± 5.5 8.0 ± 1.3 16.1 ± 1.4 0.0 0.0 37.7 ± 2.9

Table 6
Theoretical vs. XPS-determined elemental compositions (atomic percentage ± standard deviation) of the DNA oligomers excluding gold

C 1s N (1s) O (1s) P (2p) S (2p) P/N C/N O/N

PolydT-SH (24 h) 57.7 ± 1.2 8.2 ± 1.3 30.5 ± 0.3 3.6 ± 0.7 0.0 0.4 7.0 3.7
PolydT-SH (theoretical) 50.9 9.5 34.3 5.0 0.3 0.5 5.4 3.6
PolydA (24 h) 61.1 ± 5.9 12.9 ± 2.6 26.0 ± 3.4 0.0 0.0 0.0 5.0 2.0
PolydA (theoretical) 47.6 23.8 23.8 4.8 0.0 0.2 2.0 1.0

lized ssDNA oligomers [23–29,52]. In particular, polydA was
immobilized non-specifically because of the amine groups in the
nucleobases interacting with the gold surface [23,24]. In con-
trast, polydT-SH would be primarily immobilized through the
thiol groups because of the low affinity of its nucleobases to the
gold surface [24]. Hence, we hypothesize that the two immobi-
lized ssDNA molecules on gold surfaces should exhibit different
polarization-dependent NEXAFS spectra characteristic of their
different interactions and structures on gold surfaces.

The elemental surface compositions of the different
oligomers adsorbed onto gold surfaces are listed in Table 5. All
the elements from the ssDNA oligomers are detected, except
sulfur from polydT-SH. Sulfur is not detected because of its
low concentration in polydT-SH (S atomic percent = 0.3%) and
its attenuation by the immobilized ssDNA overlayer. The XPS
determined P/N and O/N elemental ratios for polydT-SH agree
well with the theoretical ratios expected from the stoichiometry
of the polydT-SH (Table 6). The agreement between the XPS and
theoretical P/N and O/N ratios is not as good for polydA. For
both ssDNA oligomers the amount of carbon determined by XPS
was greater than the amount expected from their stoichiome-
tries (see Table 6), indicating the presence of some hydrocarbon
contamination on these samples. The carbon concentration did
decrease for polydT-SH at the 24 h assembly time relative to
earlier time points (data not shown), indicating as more ssDNA
oligomers are immobilized onto the surface some of the resid-
u
X
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t
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s

s
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X

means on gold surfaces polydT-SH stands more upright struc-
ture with the plane of the nucleobases relatively parallel to the
surface while polydA lies flat on the surface with the plane of
the nucleobases relatively perpendicular to the surface (see the
idealized schematic in Fig. 8). Similar trends were observed
with surface-bound double-stranded DNA oligomers [53] and
surface-bound single-stranded peptide nucleic acids [52,54,55]
on gold surfaces. This result is also consistent with previous stud-
ies that show polydT-SH binds mostly through the thiol group
and polydA binds mostly through the nucleobases [23–25].
However, the amount of polarization-dependence in the nitro-
gen K-edge spectra of both ssDNA samples is relatively small.
This is suggestive of some disorder in the ssDNA monolayers

F
d
adsorption time) and (b) PolydT-SH (24 h adsorption time).
al carbon contamination is removed from the gold surface. The
PS gold concentration for the 24 h assembly of polydT-SH was
alf the value of the gold concentration for the 24 h assembly
f polydA. The differences in the gold concentrations indicate
he polydT-SH overlayer was thicker or more dense than the
olydA overlayer. This is consistent with a more upright surface-
tructure of polydT-SH on gold compared to polydA.

Fig. 7 shows the polarization-dependent nitrogen K-edge
pectra of the two ssDNA oligomers immobilized onto gold.
he �* region of the polydT-SH spectrum exhibits enhanced

ntensity at glancing X-ray incidence. In contrast the �* region
f the polydA spectrum exhibits enhanced intensity at normal
-ray incidence. Since the electric field vector of the incident
-ray beam is parallel to the surface at normal incidence this
ig. 7. Nitrogen K-edge NEXAFS spectra at normal and glancing X-ray inci-
ence for ssDNA oligomers adsorbed onto gold surfaces. (a) PolydA (24 h
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Fig. 8. Idealized schematic indicating the orientation of the polydT-SH and polydA oligomers on gold surfaces. The orientations of the incident X-rays and electric
vectors that produce maximum intensity in the �* region for each ssDNA oligomer are also shown.

[52]. The large change in the �* structure between polydA and
polydT-SH are consistent with the change between the nitrogen
K-edge spectra of adenine and thymine shown in Fig. 2.

4. Conclusions

The major conclusions from the present study are

• NEXAFS spectra at the carbon K, nitrogen K and oxygen
K-edges of the DNA nucleobases exhibit a range of features
and can be uniquely assigned to specific species in the nucle-
obases.

• The carbon K and oxygen K-edge NEXAFS spectra show
significant differences with the addition of the sugar and phos-
phate components of DNA. The nitrogen K-edge NEXAFS
spectra of adenine and guanine show noticeable shifts in the
peak positions of the �* peaks upon addition of the sugar and
phosphate groups.

• Polarization-dependent NEXAFS experiments demonstrate
the ability to probe different molecular orientations adopted
by polydT-SH and polydA on gold surfaces.
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