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Identification of Single-Strand DNA by in situ Scanning Tunneling Microscopy
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In this report we show that bound ruthenium-hexammine(ll)/
(I (RuHex) can be used to identify DNA strands on a Au(111)-
surface by in situ electrochemical scanning tunneling microscopy
(in situ STM) at the single-molecule level.

The molecular orientation and accessibility of oligonucleotides
attached to a surface are crucial in DNA biosensor function.
Electrochemical detection of immobilization and hybridization of
DNA-based redox probes is a facile and inexpensive alternative to
optical or radioactive techniques. The RuHex redox couple has been
broadly used to probe quantitatively monolayer coverages of
oligonucleotided: 2 RuHex binds to the backbone of DNA, and
the reversible transition between the two oxidation states can be
detected by cyclic voltammetry or chronocoulometry.

Previous work from our group has shown that monolayers of
single-strand oligonucleotides self-assembled on Au(111) at the Tr‘?s + 50 mM NaCl (pH 7.6); = 0.35 NA, Vojas = —0.08V, Esample=
open circuit potential are disordered and individual oligonucleotide —0.21 v (SCE).
strands almost indistinguishable. As the Au(111)-electrode potential
is shifted to a strongly negative value the strands form highly
ordered dense monolayer§or which the lattice structure can be
determined. A recent theoretical study based on Monte Carlo
simulations of the surface grafting of rodlike polyelectrolyte brushes
indicates that a new nematic phase is formed at high grafting
densities. This resembles the observed ordered thiol-modified
oligonucelotide adlayers and provides a rationale for both the
upright orientation and high surface densityhe high coverage
by single-strand (ss) oligonucleotide molecules is, however, pro-
hibitive for hybridization with the complementary strand and even
stimulates dehybridization of adsorbed preformed double-strand
molecules$ A mixed monolayer of the ss-oligonucleotide and a
diluent such as mercaptohexanol (MCH) provides, however, ample _ ]
space for hybridizatio”t>’MCH also prevents the oligonucleotide  rigire 2. 60 nm x 60 nm in situ STM image of MCH in 10 mM Tris-
from nonspecific adsorption to the gold-surface. The number of 50 mM NaCl, pH 7.6y = 0.4 nA, Viias = 0.02 V, Esampe = —0.21 V
oligonucleotide molecules in the mixed monolayer can, finally, be (SCE).
controlled via the adsorption time, ionic strength of the buffer, and
the structure of the linket8:°

In this report we have used a sequence of 13 bases with arinsing with buffer (10 mM Tris+ 50 mM NaCl, pH 7.6) and then
mercaptohexyl linker (HS(CH,)e-5'-CGC ATT ATT ACG C,HS- by adsorption of MCH for 1 B3 In situ STM of the mixed
13mix). The mixed-sequence strand adsorbed on Au(111) shows monolayer at-0.26 V (SCE) showed a disordered structure, Figure
broadly similar electrochemical and in situ STM patterns as ss- 3 ajl in situ STM images of both pure and mixed monolayers
oligonucleotides consisting of 10 adenine bases and a mercaptohexy]show pits, which are characteristic for thiol-bound adlayers. Pits
linker, HS-10A, studied previoush. Figure 1 shows an in situ
STM image of a HS-13mix monolayer on Au(111) in 10 mM Tris-
(hydroxymethyl)aminomethane (Tris) 50 mM NacCl buffer, pH
7.6. The self-assembled monolayer (SAM) of the oligonucleotide . ) ) .
was disordered, but by stepping the potentiat@61 V (SCE) an A potentlal shift to —0.61 V (SCE), Where. oligonucleotide
ordered, densely packed monolayer was formed. domains normally appear showed no formation of an ordered

A SAM of MCH in 10 mM Tris + 50 mM NaCl (pH 7.6) was ~ monolayer.
investigated as a reference (Figure 2) MCH also forms a h|gh|y The absence of domains SUggeStS that MCH and Oligonucleotides
ordered SAM, as expected for a thiolated alkane ckafmixed are completely mixed in the monolayer, since areas containing
monolayer was prepared by adsorbing HS-13mix on a freshly solely MCH or oligonucleotide would give ordered structures. The
annealed Au(111) electrode for 1 h. This was followed by thorough oligonucleotide cannot be distinguished from MCH in the in situ

are caused by missing gold atoms beneath the thiol adlayer, i.e.
thiols are adsorbed in the dark patches just a gold atom layer
deeper?
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Figure 3. 60 nm x 60 nm in situ STM image of mixed monolayer of  Figure 5. 60 nm x 60 nm in situ STM image of mixed monolayer of
HS-13mix/MCH with 10 mM Tris+ 50 mM NaCl (pH 7.6) as electrolyte. HS-13mix/MCH after addition of RuHex. 10 mM Tri¢ 50 mM NacCl

STM: I = 0.1 nA, Vpias= —0.05 V, Esample= —0.26 V (SCE). (pH 7.6) as electrolyte. RuHex concentration in the cell was 0.4 mM.
STM: |y = 0.1 nA, Vhias= —0.05 V, Esample= —0.26 V (SCE).
) /\é

2 o0 through bare ss-oligonucleotides. The bright spots can therefore

'EM / reasonably be assigned to single oligonucleotide molecules with

3 RuHex bound to the backbone. It is notable that RuHex binding

08 et Butex induces strong conductivity in the ss-oligonucleotide, commonly

0z 01 00 01 02 assigned much lower conductivity than the double-stf&nthe

€ (V)ve. SCE RuHex-based hopping channel and possibly RuHex-induced struc-

Figure 4. Cyclic voltammograms recorded before and after addition of tural rigidity of the oligonucleotide can account for this.

RuHex. First scans. Scan rate 50 mv/s. The results show that ss-oligonucleotide molecules on a Au-
. . ) . . (111)-surface can be identified to molecular resolution by in situ

STM image (Figure 3) consistent with the results for a disordered g sing RuHex as a marker. This offers interesting perspectives

layer of oligonucleotide$.The voltammogram in Figure 4 recorded  {o, 1ecording hybridization at the single-molecule level by in situ

directly in the STM cell reflects the featureless properties of the g1

adlayer.
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