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While the primary biological function of DNA involves informa- XPS, atomic force microscopy, contact angle measurements,
tion storage and transfer, its unique structural properties can bespectroscopic ellipsometry, and radioactive labeling were used to
exploited to build up molecular devices. Among these characteristics characterize the monolayers. The average monolayer thickness of
are the specific and reversible interaction of complementary both 15-mer ssDNA oligomers was found to be 3:20.2 nm, a
sequences of DNA oligomers and the ease with which DNA can value considerably smaller than the length of a fully extended 15-
be synthesized and modified to comprise different lengths or contain mer (about 5.1 nm); however, the characterization clearly indicates
functional groups that allow attachment to various surfacéSelf- that the molecules are standing almost perpendicular to the surface
assembled monolayers of DNA oligomers adsorbed on*gbfat (see Supporting Information); 32P-labeled DNA oligomers were
siliconf~10 substrates were studied very intensively in recent years. used to characterize the adsorption quantitatively. For both 15-mer
Films of single-stranded DNA (ssDNA) immobilized on surfaces ssDNA oligomers, the monolayer density was found toNoe=
form the basis of a number of important biotechnology applications, (1.4 4 0.4) x 10" molecules/crh(as determined by phosphorim-
including DNA microarray8-*2and biosensor$:*4The organization ~ ager analysis). This value is much smaller than the expected density
of ssDNA as monolayers allows one to investigate various of a close-packed monolayer (127 10" molecules/crh for
properties of the DNA in a controlled manfeand to use DNA  cylindrical geometry with 1 nm diameter cross-section). Within our
for analytical applicatiori§” as well as for exploring futuristic  experimental uncertainty, this density is independent of the deposi-
schemes for molecular electroniés. tion time (see below). Since both the thickness and the density

It is commonly assumed that the adsorbed DNA layer contains represent averages over the surface, the above results are consistent
some structural water and the cations. Although former XPS studieswith a heterogeneous monolayer in which “solid” domains of fully
were performed on monolayers of DNA, no one, to our knowledge, stretched, densely packed ssDNA molecules coexist with a surface
referred to the amount of the metal cations in the layer. Here we “gas” of ssDNA adsorbed in a mushroom-like configuration.
show, based on XPS studies, that when monolayers of ssDNA are Figure 1 shows XPS spectra obtained from monolayers of 15
formed from NaCl buffer and washed thoroughly, no"Ndgnal base single-stranded DNA, prepared from solutions containing
is detected. A finite concentration of ions is observed when the sodium or magnesium ions. The deposition times for the monolayers
DNA is made from a solution of M ions, but it is still only & \ere varied (10 s, 30 s, 15 min, and 12 h). Table 1 presents the
fifth of what it would be if all the phosphate ions were fully  atomic concentration ratios for the two types of monolayers, as
neutralized by the metal cations. derived from the XPS data. Each experiment was repeated several

Self-assembled DNA monolayers on gold films were prepared times, and the:10% accuracy reflects the reproducibility of the
according to standard procedtt& by depositing 3thiolated 15-  results. While for all layers, the phosphate-to-carbon ratio (P/C)
mers of DNA on clean gold substrates. Fifteen base single-strandedgnd the nitrogen-to-phosphate ratio (N/P) are in a reasonable
disulfide (S-S)-protected oligonucleotide$/(WG Biotech were agreement with the expected values,sodium signal is measured
suspended in 0.4 M, pk 7.2 sterile phosphate buffer. The clean i, the case of a layer of ssSDNA depositegmight from a sodium-

Au slide was covered with the oligomer solution (50 mM) and kept ¢ontaining buffer solutionNotice that although monovalent metal

for a given time at controlled humidity. After adsorption at room jons are also never observed in crystallographic studies of DNA
temperature, the slides were rinsed in sterile 0.4 M phosphate buffer,crystals22 it is sometimes argued that they are not sufficiently well
pH 7.5. The slides were then soaked in sterile 0.4 M sodium |ocalized within the crystals to be detected by X-ray diffracid?t:
phosphate buffer, pH 7.2, while shaking for 15 min. This was | oyr case, such ions are directly observable by XPS, and their
followed by rinsing for 15 min in 0.2 M phosphate buffer, pH 7.2,  apsence cannot be explained by the above argument. We further
and subsequently, by a through rinse in sterile deionized (Millipore) fing that, for short deposition times, some low concentration of
water for three consecutive times for 20 min and then kept for 12 gqiym is always observed, despite the extensive washing procedure

hiin sterile deionized (Millipore) water to remove any excess salt (see Taple 1). Even though the actual deposition time in this limit
left on the surface. The next day, the slides were rinsed again with (below 30 s) is poorly defined, it seems to exhibit a maximum for

fresh sterile deionized (Millipore) water and then dried by a stream o Na/P ratio at around 30 s. Since the washing procedure is
of pure N, (99.999%). We studied various single-stranded DNA.  jjantical for all samples, the observation of higher sodium

Here we present data for two 15-mer long sSDNA strands: 5 .,ncentration for short deposition periods indicates that replacement
AAAAAAAAAAAG-3 ' ' BGAA- o - i,
AAA, AG-3 ' (referred to as 1G) and &G of sodium ions by protons is not a trivial consequence of the

GAGAGAGAAGG-3 (referred to as 8G). We studied also a 26- washing.
mer long sSDNA strand” &TA-AGA-TTT-TCT-GCA-TAG-CAT- While there is no direct experimental evidence on the origin of

TAA-TG- 3'. the dependence of sodium depletion on deposition time, it is
plausible that it is directly related to the kinetics of the reorganiza-
T Department of Chemical Physics, Weizmann Institute. : inai i it
# Chemical Research Support, Weizmann Institute. tion processes that take place inside the adsorbed Iayt_ar._SmC(_a, within
§ Bar-llan University. the 15% accuracy of our XPS data, only small variations in the
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magnesium ion by two protons. Interestingly, deposition of longer
DNA molecules (26 bases) from Na-based solutions (15 min
adsorption time and 12 h washing) also gives slightly higher cation
concentrations, 1216%. The density of the monolayer in this case
is found to be lower than that for the shorter oligomers (15 bases).
These observations agree with the expectation that formation of
ordered domains of longer (charged) oligomers is hindered by larger
free energy barriers. As a result, the molar fraction of these domains

Intensity (2.u)
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= is smaller than that for shorter ssDNA molecules, and higher ion
3 §:'“J-k concentrations are detected.
% gﬂ "fy,.w*\_ While the proposed mechanism is obviously tentative, our
2 ) *‘rk&p\« experimental results clearly prove that, in ssDNA adsorbed on gold

substrate, the concentration of metallic cations is far below the value
required to fully neutralize the DNA molecules. Since the XPS
Figure 1. XPS spectra taken for several samples prepared by exposing results indicate that the !za_yer 'S_ not charged, a _faCt V_e”f'ed from
gold to sodium phosphate solution containing a single-stranded DNA the absence of any significant line shifts, DNA is believed to be

oligomer containing 15 bases (14 adenine and 1 guanine) for 10 s (olive), neutralized mainly by protons, which are unobservable in XPS
30 s (red), 15 min (black), and 12 h (orange), or to magnesium phosphate gnalysis.
solution containing the same oligomer for 12 h (magenta).
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