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1 Introduction

DNA may be the most versatile molecule discovered to date. Beyond its well-
known central role in genetics, DNAhas the potential to be a remarkably useful
technological material. It has been demonstrated as a scaffold for the assembly
of organic and inorganic nanomaterials [1]; a vehicle for drug delivery [2]; a
medium for computation [3]; and a possible wire for transporting electrical
signals [4]. A key factor in exploiting DNA in these ways is the ability to
integrate DNA with other materials. In this paper, we review two approaches
to forming DNA complexes with functional nanomaterials: (1) linking DNA
with single-wall carbon nanotubes (SWCNTs), which can then be used as
nanoscale electrical contacts for probing electron transport in DNA; and (2)
directed nanoassembly of Au nanoparticles using DNA/PNA (peptide nucleic
acid) hybrid scaffolds.

2 DNA-SWCNT Junctions

This work is motivated by the original work of Guo et al. [5, 6], which
demonstrated the efficacy of SWNT electrodes for the study of charge transport
through individual molecules. SWNTs are nearly ideal for this purpose. They
are outstanding one-dimensional conductors, they can be linked to organic
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molecules through straightforward carbon-carbon chemistries, and they are
essentially the same size (diameter) as individual molecules, ensuring that
only a single molecule is being probed in each experiment. This platform was
first applied to the study of charge transport in DNA by the Nuckolls group at
Columbia, where they demonstrated efficient transport through well-matched
dsDNA strands connected to SWCNTs via an amine linkage, supporting the
contention that dsDNAcontacted in this way maintains its native conformation
[7]. The single-molecule devices in this and the previous work were fabricated
by a process in which a nanoscalegap in a SWCNT is formed by “cutting”
the SWCNT through a lithographically-defined stencil using an O2 plasma.
This approach has been quite successful, in terms of demonstrating electron
transport in DNA and other molecules, however, it is extremely inefficient;
only ∼3% or fewer of cut nanotubes result in reconnection with the DNA.
The primary reason for this is the difficulty in precisely matching the size of
the opening to the length of the dsDNA molecule.

In order to overcome this difficulty, we have taken a new approach in
which the most challenging aspect of the process, namely, formation of the
connection between the DNA molecule and the SWCNT electrodes, would
be achieved in solution by chemical means. Once these hybrid structures are
formed, they could be placed on a surface for electrical measurement, using
either a shadow mask electrode in conjunction with a conductive AFM tip (a
technique developed by the Porath lab) or using pre-patterned electrodes on
the surface. The extended length of the SWCNT-dsDNA hybrids renders them
far easier to contact than individual DNA molecules.

SWCNT-dsDNA hybrid complexes (Fig. 1) were created by reacting a
water solution of SWCNT segments with amine functionalized dsDNA (26
base pairs mixed sequence, described below). Two reaction schemes were
developed, one consisting of one step, the other consisting of two steps. The
second scheme results in a higher yield of the desired CNT-dsDNA-CNT
structure (Fig. 1).

The starting material consisted of short SWCNT segments wrapped in sin-
gle stranded DNA [DNA sequence: (GT)20] and dissolved in deionized water
(concentration ∼40 μg/ml), obtained from M. Zheng at NIST. The solution is

Figure 1 Schematic of end-connected SWCNT-dsDNA Hybrid Structure.
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the result of a purification procedure based on size-exclusion chromatography
(SEC) which sorts the CNT segments into fractions of uniform length [8]. The
SWCNT segment length distribution was quantified by tapping mode AFM
imaging (Fig. 2a) and software analysis (ImageJ, Fig. 2b). AFM samples were
obtained by depositing 10 μl of CNT solution diluted 1:20 in deionized water,
on a silicon dioxide substrate treated with oxygen plasma. The solution was
dried in air and the samples were then washed by dipping them for 10 seconds
in a solution of 50% DI water, 50% ethanol, then immersing them in a solution
of 10% DI water, 90% ethanol for 50 minutes and finally letting them dry in
air. The average length and standard deviation of the CNT segments in the
starting solution were found to be 148 ± 93 nm. Using this average length we
estimated the molar concentration of CNT segments to be about 70 nM.

Two different schemes were followed to create the SWCNT-dsDNA
hybrids. In the first scheme, a one-step reaction, the starting SWCNT solution
was activated by mixing it, 1:1 by volume, with a solution consisting of 0.2
M MES buffer (pH 6), 4 mM EDC and 10 mM sulfo-NHS. The SWCNTs sat
in this solution for 30 min. at room temperature, during which the EDC and
sulfo-NHS form an intermediate compound with the carboxyl groups on the
CNT ends. Following activation, 2 μl of 0.5 μM amine-functionalized dsDNA
(amine-26bp, described above) was added. The intermediate compound reacts
with the amine groups on the DNAstrands resulting in a covalent bond between

Figure 2 a) Tapping mode AFM image of the pristine DNA-wrapped SWCNT segments
deionized water solution. (b) Histogram of the nanotube segments length distribution of the
starting solution. The histogram was built by measuring the SWCNT length with ImageJ
software. 1024 nanotube segments were measured, from different AFM images of different
substrates on which the same solution was deposited. The average length and standard deviation
of the SWCNT segments in the starting solution were found to be 148 ± 93 nm
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the dsDNA and the SWCNT segments. This method for DNA attachment to
acid-oxidized carbon nanotubes ends was previously reported by Weizmann
et al. [10]. The concentration of amine-26bp during the reaction was 5 nM,
corresponding to about one seventh of the nanotube concentration. The differ-
ence in concentration increases the probability that each DNAstrand will react
with two nanotube segments, one on each side, yielding the desired SWCNT-
dsDNA hybrid structure. The mixture was left to react overnight at room
temperature. Any unreacted DNA strands were removed by centrifugation in
Millipore Amicon 100K tubes. During purification the buffer was exchanged
to DPBS 1X.

A histogram showing the length distribution of the resulting
SWCNT-dsDNA hybrid structures (Fig. 3) was obtained by tapping mode
AFM imaging and software analysis as explained above for the start-
ing SWCNT solution. The average length and standard deviation of the
CNT-dsDNA synthesized by this one step reaction were 325 ± 283 nm.

A second, two-step reaction scheme was also investigated. In this scheme,
20 μl of the starting SWCNT solution was mixed, 1:1 by volume, with a
solution consisting of 0.2 M MES buffer, 4 mM EDC and 10 mM sulfo-NHS.
This solution was let to activate for 30 min at room temperature before adding
20 μl of 0.5 μM amine-functionalized dsDNA (amine-26bp). The resulting
concentration of amine-26bp was 167 nM, making it sufficiently likely that

Figure 3 (a) Tapping mode AFM image of the SWCNT-dsDNA solution generated by the
one-step reaction. (b) Histogram of the length distribution of the CNT-dsDNAhybrid structures
obtained with the one-step reaction. The histogram was built by measuring the SWCNT length
with ImageJ software. 525 nanotube segments were measured, from different AFM images of
different substrates on which the same solution was deposited. The average length and standard
deviation of the CNT segments in the starting solution were found to be 325 ± 283 nm.
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both ends of all SWCNT segments would be saturated. The mixture was left
to react overnight at room temperature. Any unreacted DNA strands were
removed by centrifugation in Millipore Amicon 100K tubes (the residual
concentration of dsDNA after purification was estimated to be less than 0.5
nM). During purification the buffer was exchanged to DPBS 1X. 20 μl of the
starting SWCNT solution was mixed, 1:1 by volume, to a solution consisting
of 0.2 M MES buffer, 4 mM EDC and 10 mM sulfo-NHS. This solution was
left to activate for 30 min. at room temperature before adding it to the same
volume of the purified SWCNT-dsDNA. This second reaction resulted in the
attachment of the activated SWCNT segments to the ones previously bound
to the dsDNA.

The size distribution of the resulting CNT-dsDNA hybrid structures is
shown in Fig. 4. The average length and standard deviation of the CNT-dsDNA
synthesized by this two steps reaction are 248 ± 113 nm.

Both the one-step and two-step synthesis schemes result in the formation
of SWCNT-dsDNA hybrid structures, as demonstrated by the increase in the
average length, shown in the two distributions. However, the two-step reaction
produces a significantly narrower length distribution, which likely reflects a
higher yield of the desired SWCNT-dsDNA hybrid structure. This is reason-
able, since in the one-step scheme, a percentage of the SWCNT segments

Figure 4 Tapping mode AFM image of the SWCNT-dsDNA solution generated by the two-
step reaction. b) Histogram of the length distribution of the SWCNT-dsDNA hybrid structures
obtained with the two-step reaction. The histogram was built by measuring the SWCNT length
with ImageJ software. 1833 nanotube segments were measured, from different AFM images of
different substrates on which the same solution was deposited. The average length and standard
deviation of the CNT segments in the starting solution were found to be 248 ± 113 nm.
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could be expected to be saturated with dsDNA on both ends, rendering them
unable to link any further. The two-step scheme remedies this by introducing
a new, unreacted population of activated SWCNTs which can bind with the
saturated nanotubes.

Figure 5 shows a small area AFM scan of a dilute solution of SWCNT-
dsDNA hybrids deposited on mica. Several different conformations can be
observed, including both straight and kinked structures,which correspond to
what would be expected for the SWCNT-dsDNAhybrids. Presumably, the kink
could indicate the location of the dsDNA within the structure. We believe that
these structures are well-suited for electrical characterization, the results of
which will be reported separately.

3 Nanoassembly using DNA-PNA Hybrids

Peptide nucleic acid (PNA) is an analogue of DNA with a backbone made
from N-(2-aminoethyl glycine) units instead of DNA’s deoxyribose phosphate;
the N-terminal of the PNA backbone corresponds to the 5’ end of the DNA
backbone [11, 12]. The last decade has seen increased attention paid and
progress made in developing PNA targeting reagents and methods. PNA has
been explored for uses in drug development and diagnostics [13]. Moreover,
PNAbinding to DNAcan affect gene expression, and offers increased chemical
stability in the presence of other enzymes. For example, PNA bound to a
restriction enzyme site inhibits site cleavage by that enzyme [14]. PNA has
also been explored for use with DNAorigami as part of DX (double crossover)

Figure 5 AFM scan of SWCNT-dsDNA Hybrids on Mica Prior to Electrode Deposition
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molecules [15]. In this way, it has been incorporated into arrays of 2D nucleic
acid tiles, a useful tool for self-assembling large-scale arrays on surfaces.

PNA can bind to DNA in several ways: duplex formation with ssDNA or
RNA, triplex formation by Watson-Crick and Hoogsteen binding, and strand
displacement for Watson-Crick binding of PNA base pairs to the DNA duplex
[12]. PNA also forms double helical structures nearly identical to DNA. For
this reason, design of complementary PNA labels is highly sequence and site-
specific. In this work, we employ strand displacement of part of one strand
of the DNA duplex in order to bind a PNA-DNA chimera to dsDNA [16].
Complementary base-pair binding can be used for DNA labeling; an identical
backbone is not necessary for hybridization of labels by base pairs. Whereas
DNA has a negatively charged backbone, the backbone of PNA is neutral.
PNA-DNA duplexes are more stable at higher temperatures than DNA-DNA
duplexes; the melting temperature of a PNA-DNA duplex increases in melting
temperature by 1◦C per base pair over a DNA-DNA duplex in the presence
of 100mM NaCl [17]. Strand displacement/invasion of DNA by PNA takes
advantage of the breathing modes inherent in heated DNA. When DNA is
heated, the individual strands come apart slightly, allowing PNA to prefer-
entially bind to the complementary base pairs. If PNA is introduced into the
solution at this time, as the solution cools, the base pairs of the PNA strand
will preferentially pair with complementary base pairs on the DNA, as there is
less electrostatic repulsion as in DNA-DNAbinding. The PNAforms a triplex,
creating a loop in the DNA.

Stadler et al. proposed that naturally-occurring lambda DNA could be
used as a scaffold for assembly of functional nanomaterials[16]. Toward that
end, they demonstratedsolution-based binding of Au nanoparticle to synthetic
double-stranded DNA via duplex invasion of a PNA-DNA chimera[16]. We
sought to build upon this method by optimizing the binding conditions to con-
trol the placement of nanoparticles on a surface, with an eye toward ultimately
using naturally-occurring λ-DNA in order to extend the length scales across
which DNA-modulated architectures could be self-assembled. It is possible
to tune the PNA sequence and incubation time and temperature in order to
invade specific sites on -DNA, which measures 16 m in length[18, 19].This
could enable site-selective placement of nanoscale architectures over length
scales far exceeding the dimensions of DNA origami. One caveat is that the
properties of differently-synthesized PNA greatly affect binding specificity
and yield. Put simply, every different PNA designed may require a different
binding process; there is no one-size-fits-all method of determining binding
conditions for every PNA molecule.



184 Shalom J. Wind et.al

To test the binding of PNA to lambda-DNA fragments, binding conditions
were adapted from Chan et al and Zohar et al.[18, 19]. The PNA was a
bis- with sequence: N-dig-OO-Lys-Lys-TCC TTC TC-OOO-JTJ TTJ JT-Lys-
OO-Lys-O–COOH [18, 19]. The "J" base pair is pseudoisocytosine, which
can replace cytosine in the sequence and reduces the binding sensitivity to
ionic strength. This sequence preferentially invades DNA using triplex inva-
sion [20]. Triplex invasion complexes are very stable at high temperatures.
Lambda DNA (NEB, 48kbp) was digested with NcoI and XbaI for 1.5hrs at
37◦C in NEB4 buffer, yielding a 607bp fragment. PNA (Biosynthesis, Inc.,
Lewisville, TX) was incubated with the restricted lambda for 25 hours at 37◦C
in the presence of 2mM NaCl, thenallowed to cool to room temperature on
the benchtop. The gel was stained with SYBR green, an ultrasensitive dye,
for imaging via 4% polyacrylamide gel-shift assay.

We also examined binding of PNA to a 45bp synthesized lambda DNA
fragment [21]. The DNA sequence used was: 5’ -GCA ACA GTG GCATGC
ACC GAGAAG GAC GTT TGTAAT GTC CGCTCC-3’, which is a fragment
of lambda DNA from base pairs 24342–24386, with melting temperature
70.5◦C.

PNA was mixed with single-stranded complementary and non-
complementary strands in the following molar ratios to the single strands: 10:1,
5:1, 1:1, 0.5:1, and 0.1:1.Although we followed the protocols for binding PNA
to DNA from Chan et al. [18] and Zohar et al. [19], The oligos were incubated
with PNA for a shorter time because of their reduced size as compared to
full lambda DNA. Briefly, PNA was added to DNA with 100 mM NaCl in
1X Tris-EDTA bufer and incubated in a water bath at 63◦C for 1.5hrs. then
allowed cool to room temperature. A 4 polyacrylamide gel was run at 90V for
2 hrs. We confirmed the binding of PNA to 45 base-pair dsDNA duplexes. In
panel (a) of Figure 6, gel shifts can clearly be seen with PNA hybridized to
DNA at molar ratios of 10:1 and 5:1. Gel-shift experiments with larger lambda
fragments from restriction digests were less consistent. Experiments involving
PNAbound to a restriction-digested enzyme were inconsistent, but it is thought
that a gel-shift occurred with a 607bp fragment, as in Figure 6, panel (b).

Hybridization of PNA to DNA was performed following the methods
of Stadler et al. [16]. In this method, 200 base-pair fragments of syn-
thesized dsDNA are incubated with 25 base-pair long single-stranded (ss)
PNA-DNA chimeras at 50 ◦C overnight, allowing the single-stranded PNA-
DNA chimera to preferentially invade the charged DNA helix. Although
this labeling was been done in solution, we sought to perform directed self-
assembly of DNAstructures on lithographically-patterned surfaces, increasing
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Figure 6 Gel-Shift Assays. PNA binds well to the 45bp dsDNA fragments at higher molar-
ratios, but is barely visible (and not supershifted) on the larger restriction-enzyme-digested
portion. (a) PNA gel-shift assay on 45bp dsDNA duplexes. Column 1 is 45bp dsDNA; 2 shows
a gel shift due to PNA bound to DNA at a 10:1 molar ratio; 3 shows a gel shift due to PNA
binding DNA at a 5:1 molar ratio. Columns 4, 5, and 6 show no gel shift; PNA was incubated
with DNA at molar ratios of 1:1, 0.5:1, and 0.1:1, respectively. Column 7 shows 45bp ssDNA,
and Column 8 is ssDNA incubated with 0.1:1 PNA:DNA (shows nobinding). (b) PNA gel-shift
assay on 607bp fragment. Columns 1 and 2 shows gel shiftson 607bp lambda + PNA + an
anti-digoxigenin Fab fragment and 607bp lambda + PNA, respectively. Column 3 shows the
607bp fragment alone.

nanopattern resolution and allowing self-assembly of functional nanoma-
terials on these surfaces. Placement of DNA molecules on a surface can
be directed by binding them between patterned nanodots, which are func-
tionalized with complementary oligonucleotides. This assembly scheme is
illustrated in Figure 7.

The nanodots anchors were formed by nanoimprint lithography (NIL) and
selective pattern transfer [22] on oxidized Si substrates. The Si NIL template
was patterned by electron beam lithography using hydrogen silsesquioxane
(HSQ) as a resist [23]. After annealing in air for densification, the HSQ itself
served as the three-dimensional relief structure for NIL. Thermal NIL of
poly-methylmethacrylate (PMMA) and subsequent pattern transfer processes
yielded approximately spherical nanodots, with uniform diameter ∼7 – 8 nm.
The nanodots were patterned in arrays of dimers with an inter-dot spacing
of 60 nm.
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Figure 7 Schematic of Au NPs bound to PNA-DNA chimera - labeled dsDNA scaffold on
AuPd nanodot-patterned surface.

The nanodots were functionalized with ssDNA using a thiol linker [24].
The following sequence was used: 5-ThioMC6-D / TTT TTTTTTTTTTTT
TAA CCT AAC CTT CAT; the 5’ thiolated end bound to the AuPd dots. Prior
to hybridization to thessDNAlinkers, duplex invasion of a PNA-DNAchimera
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was used to functionalize a 200bp fragment of dsDNA [c16]. Briefly, PNA
was incubated with DNA in a 3X molar excess at 50 ◦C overnight in 10 mM
phosphate buffer with 100mM NaCl. After overnight incubation, the resulting
solution was left to cool to room temperature. Scaffolds were incubated with
an equal molar concentration of linker arm ssDNA for several hours at room
temperature.

The scaffold consisted of a 200bp dsDNA duplex with different length
linker arms. The sequences of the two halves of the zigzag structure (shown
in Fig. 8) were: 5-ACG TAC CAA ATA CGT CGA TTG GCT ACG TAA
TAA CAA TTT CTA TTG GTT CCG CAA GCT GGC CCT CAC TTC
AAC GCA TTG TTA TTA ATC TTC CAA TGG GCC ACC TAC CGT
AGA CAC GGA CTC TCT ACG CGT TAT GCC TCA GCA TAT TGT
TAT TAC TGC GGG ACA TAC GAT AGA GCT TTG CTA AAA TAA
GTC CCT GCC TT-3 and 5-ACG TAC CAA ATA CGT CGA TTG GCT
ACG TAA TAA CAA TTT CTA TTG GTG GAA AGG CAG GGA CTT
ATT TTA GCA AAG CTC TAT CGT ATG TCC CGC AGT AAT AAC AAT
ATG CTG AGG CAT AAC GCG TAG AGA GTC CGT GTC TAC GGT
AGG TGG CCC ATT GGAAGA TTAATAACAATG CGT TGAAGT GAG
GGC CAG CTT GCG GA-3 with the PNA-binding sequence in bold. The
sequence of the linker arms was: 5-ACG TAT TTG GTA CGT (T)n ATG AAG
GTT AGG TTA-3, where poly-T chains of n = 18, 36, and 54 were inserted
into the linker to extend their length and allow for more room for binding to
occur.

The sequence of the PNA-DNA chimera, which bound to the bold section
of the DNA, was: N-TAA TAA CAA T-Linker-CAC ATC TCT TCT GAA
-3, with the PNA sequence in bold. After overnight incubation of ssDNA
on nanodots, substrates were removed from hybridization buffer, dip-rinsed
in a beaker of PBS, and partially dried with a laboratory wipe until only a
thin film of PBS buffer remained on the substrate. The substrates were then

Figure 8 Schematic of the Zigzag DNA Scaffold, Including 3’ Sticky Ends. The Linker
Length was Varied to Optimize the Binding Percentage.
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incubated with 20μL of 100–200n DNA-PNA scaffold solution and incu-
bated motionless at room temperature for 6–8 hours. Following incubation
of the PNA-containing 200bp scaffold, a 795nM solution of 10 nm gold
nanoparticles coated with ssDNA complementary to the ssDNA portion of
the PNA-DNA chimera was added. The sample was incubated overnight at
room temperature to allow the nanoparticles to bind to the scaffold via the
PNA-DNA chimera.

The binding yield was determined by SEM analysis.Approximately 500 or
more sites for each sample were measured. Nanoparticles within a 30nm radius
of the AuPd nanodots were deemed to be tethered by one end of the dsDNA
duplex, while nanoparticles between the dots counted as trimers tethered by
both ends of the dsDNA duplex. To determine the degree of non-specific
nanoparticle binding to the surface, control experiments were performed with
no PNA-DNA chimera attached to the scaffolds.

Linker arm lengths were varied in order to determine the optimal length
for binding, and how much extra length was necessary to accommodate the
nanoparticle binding to the PNA-DNAchimera and subsequent surface deposi-
tion. Poly-thymine linkers with lengths of 18, 36, and 54 base pairs were used.
These made total scaffold lengths of 236, 272, and 290 base pairs, respectively.
Table 5.1 illustrates results of experiments with varying linker lengths.

Stadler et al. were able to achieve a binding yield of ∼26% in solution
[16]. In analyzing surface binding to nanodots with 60nm spacing, we found
that the best results came from a linker length involving the 36-T linker. In
this case, 8.5% of dot-pairs had a gold nanoparticle in between them. An
additional 13.4% of pairs had an AuNP nearby, indicating monovalent DNA-
PNA scaffold tethering to a single AuPd nanodot. This contributes to a total of
∼22% of dot pairs which have a nanoparticle self-assembled to the scaffold
containing the DNA-PNAchimera, as shown in Fig. 9. This surface-based self-
assembly result corresponds to nearly 85% of the solution yield. By contrast,
only ∼10% of dot pairs using scaffolds with 18-T and 54-T linkers displayed
trimers or single-tethered nanoparticles. This may be explained by the 18-T
linker being too short, while the 54-T linker is too long for efficient binding.
Control experiments using a scaffold with no attached PNA-DNA chimera
show ∼6% of dot pairs with a nanoparticle nearby due to nonspecific Au
nanoparticle binding or AuPd nanopattern defects.

Nanofabricated templates offer a starting point for directed self-assembly
of double-stranded DNA arrays. As demonstrated here and elsewhere, site-
specific labeling of dsDNA at tunable sites is possible using PNA, LNA,
and nick-translation in solution [16, 18,19]. In this work, annealing PNA to
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Figure 9 Directed assembly of PNA-labeled DNA scaffolds on AuPd dot pairs. Positions of
trimers are highlighted by white ellipses.

DNA was done using only short (∼45–600bp) double-stranded DNA frag-
ments. Moreover, we have demonstrated surface-based self-assembly of gold
nanoparticles onto a double-stranded DNA scaffold via PNA-DNA and DNA
base-pair interactions. However, PNA invasion is extremely sensitive to con-
ditions such as temperature, time, any linkers present (e.g. digoxigenin or other
haptens) and base-pair sequence. Therefore, it remains difficult to massively
tune hybridization conditions for PNA on lambda DNA. For DNA fragments
up to 200 base pairs, PNA invasion works in solution for up to 26% of the
sample [16]. Therefore, a rate of∼22% for surface-based assembly of nanopar-
ticles in between and aroundAuPd nanodots constitutes 85% of solution-based
binding efficiency. Labeling this DNA via PNA increases the resolution
of these methods by enabling the site-specific placement of functional
nano-objects (e.g. Au nanoparticles, quantum dots, nanowires, etc.) on
surfaces. This has positive implications for self-assembly of larger, more
complicated structures on surfaces.

4 Conclusions

In this work, we have demonstrated two approaches to integrating DNA with
functional nanomaterials. One approach results in a hybrid nanostructure
that has the potential to be further integrated into an active nanoelectronic
device (i.e., where the DNA serves as the active element). The other approach
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demonstrates a new way to look at DNA as a scaffold for directed assembly.
Together, both demonstrate the versatility of DNA as a technological material
that can be exploited for many future applications.
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