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Molecular electronics, which involves molecular building blocks
as active electronic elements, has been the subject of intense
research for many years because of the fundamental interests in
molecular charge transport1 and potential applications, such as
(bio)nanosensors2 and molecular memory devices.1b,3 Molecular
electronics requires a method for making reliable electrical contacts
to single-molecules.4 To date, several approaches have been
reported: scanning-probe microscopy,5 mechanical break junctions,6

nano patterning,1 and direct deposition of electrode on a self-
assembled molecular monolayer.7 However, most methods are
laborious and difficult for large-scale application and more impor-
tantly cannot control the number of molecules in the junction.4,8

Recently, DNA has been used as a template for metallic nano-
structures, such as Ag, Au, Pd, and Cu nanowires.9 Moreover,
oligodeoxynucleotides (ODNs) have been tethered to organic
molecules to screen libraries of synthetic molecules,10 for DNA
detection,11 and nanostructure constructions.12 Collectively, these
techniques should provide an efficient route toward large-scale
molecular electronics.

We envision using a DNA-organic molecule-DNA (DOD)
triblock architecture, where the DNAs are subsequently “metallized”
to enable contacts to a single molecule. Long double strand DNAs
(dsDNAs) (>a few-hundred nanometers) are needed to tether
individual molecules to lithographically patterned microscopic
electrodes. However, the synthesis of long triblock DOD is
challenging and has not been reported. As a key first step, we
demonstrate the synthesis of such triblock adducts and their
subsequent elongation to construct molecular electronic suitable
DOD architectures using polymerase chain reaction (PCR) (Scheme
1). The PCR approach is also the first example in the extension of
ODNs on both sides of a single molecule and a simple method to
prepare DODs with various organic molecules.

To construct the triblock adducts, compared with solid-phase
reactions13 and DNA-templated organic reactions,10 traditional
coupling reactions provide high purity triblock molecules when
purified by gel electrophoresis14 and allow the preparation of 3′
terminated ODNs needed for the subsequent PCR. An amide-
coupling reaction has advantages to link an organic molecule with
two ODNs,15 due to the easy accessibility of 5′ (or 3′) aminated
ODNs and the high nucleophilicity of primary amines toward
carbonyl groups (pKaH of -NH2 ) 35).16 Furthermore, we varied
the substrate molecule, pH level, and solvent to optimize the
reactivity. Our amide-coupling reaction generally involved 5′
aminated 24-mer ODNs (12 nmol) in 6 µL of MOPS (pH 8.0, 50

mM) and an organic molecule (3.6 nmol) in 20 µL of DMSO for
3 days at room temperature. The products of the reaction were
isolated17 and then successfully confirmed by electron spray
ionization mass spectrometry (ESI-MS).

In our first attempt, 1,4-disuccinimidyl terephthalate (DST) was
utilized and gave product 4 in 6.8% yield with an observed mass
value at 15416.0 Da (calculated value: 15416.1 Da) (Scheme 1).
With less steric hindrance than DST, disuccinimidyl suberate (DSS)
increased the reactivity under the same reaction condition discussed
above; as a result, it afforded product 5 in 8% yield with an observed
mass value at 15424.3 Da (calculated value: 15424.2 Da). However,
the yield of product 5 at pH 7.4 was half-that at pH 8.0 because of
the reduced nucleophilicity of the primary amine at lower pH.
Taking the solubility effect into consideration, we introduced bis
(sulfosuccinimidyl) suberate (BS3) because of its good solubility
in both water (up to 10 mM)18 and DMSO. When compared to
water-insoluble DSS, it noticeably increased the reactivity to afford
product 6 in 15.3% yield with an observed mass value at 15422.3
Da (calculated value: 15424.2 Da). This result indicates that the
solubility of organic molecules in an appropriate solvent mixture
has a direct correlation to the reactivity of the amide-coupling
reaction. On the other hand, in an aqueous solution system (20 µL
of water and 6 µL of pH 8.0 MOPS), the yield of product 6 was
decreased to 5.8% yield, even though NHS-ester and NHSS-ester
have almost identical reactivity to primary amines.18 The lower
yield is due to faster hydrolysis of NHSS-ester in aqueous solution
versus the DMSO-water mixture;18 we monitored this difference
in hydrolysis rate by a deconvolution of the mass spectrum
(Supporting Information).

The PCR technique is not only a fast way to amplify a specific
DNA fragment, but can also be used for the DNA-templated
polymerization of ODNs (i.e., primers) using a DNA polymerase
as a catalyst, a counter-primer, and a DNA-template. The latter
approach has been employed to elongate the length of ODNs
forming up to 35 kbp dsDNA.19
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Scheme 1. Schematic Representation of Building Triblock
Architectures, DNA-Organic Molecule-DNAa

a PCR ) polymerase chain reaction; NHS ) N-hydroxyl succinimide;
NHSS ) N-hydroxyl sulfosuccinimide.
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For PCR, both forward and reverse primer sequences were
obtained from λ-phage DNA and 5′ amine-modified: 5′ NH2-C6-
TCCGATAGTGCGGGTGTTGAATGA (forward primer, 24-mer)
and 5′ NH2-C6-TGCATGTGGAAAGTCCTACGGTCA (reverse
primer, 24-mer). In addition, the forward primer was used to
synthesize the triblock molecules (i.e., triblock primers) (Scheme
1, 4-6). In our experiments, a reaction mixture containing 5′
aminated forward and reverse primers amplified approximately a
1.5 kbp dsDNA fragment from λ DNA. In contrast, the triblock
primers and the 5′ aminated reverse primer amplified about 3 kbp
DOD architectures from λ DNA. The PCR results were analyzed
by 1% agarose gel electrophoresis; 1.5 kbp dsDNA adducts and
triblock architectures appeared at 1.5 kbp and 3 kbp band on the
gel, respectively (lanes 1-3, Figure 1a).20 As a control experiment,
5′ aminated forward primer was used instead of the triblock primer,
but a 3 kbp band was not observed on the gel (lane 4, Figure 1a).
The PCR products were further confirmed by atomic force
microscopy (AFM): in AFM height images, the average length of
the triblock architectures was estimated to be ∼940 nm (calculated
length: 990 nm) (Figure 1b-d).

In summary, we have successfully developed a simple and
versatile approach using PCR to synthesize triblock architectures
comprising “long dsDNA-organic molecule-long dsDNA.” The
amide-coupling reactions allowed us to incorporate molecules with
3′-ODN end substitutions and can be easily extended to introduce
other organic molecules to build various ODN nanostructures, for
example three-armed ODN nanostructures.21,22 Moreover, the PCR
method is a powerful tool to rapidly build micrometer-scaled DNA
structures from the ODN precursors. By incorporating organic
molecules with interesting electronic properties, this strategy could
constitute a versatile biomolecule-based platform for single-
molecule electronics.
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Figure 1. Characterizations of PCR results by 1% agarose gel electro-
phoresis and AFM. In the gel image (a): (lane 1) 1.5 kbp dsDNA-DST-1.5
kbp dsDNA; (lane 2) 1.5 kbp dsDNA-DSS-1.5 kbp dsDNA, (lane 3) 1.5
kbp dsDNA-BS3-1.5kbp dsDNA; (lane 4) control experiment with a pair
of 5′ amine-terminated primers; (lane 5) 1 kbp DNA ladder. The arrows
indicate 3 kbp band (top) and 1.5 kbp band (bottom). The AFM height
images show (b) 1.5 kbp dsDNA-DST-1.5 kbp dsDNA, (c) 1.5 kbp dsDNA-
DSS-1.5 kbp dsDNA, and (d) 1.5 kbp dsDNA-BS3-1.5kbp dsDNA. The
scale bars are 500 nm, and the heights are 2.5 nm in all images. See
Supporting Information for detailed procedures.
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