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Abstract: The synthesis of supramolec-
ular conducting nanowires can be ach-
ieved by using DNA and pyrrole. Oxi-
dation of pyrrole in DNA-containing
solutions yields a material that contains
both the cationic polypyrrole (PPy)
and the anionic DNA polymers. Inti-
mate interaction of the two polymer
chains in the self-assembled nanowires
is indicated by FTIR spectroscopy.
AFM imaging shows individual nano-
wires to be continuous, ~5nm high

and conformationally flexible. This fea-
ture allows them to be aligned by mo-
lecular combing in a similar manner to
bare DNA and provides a convenient
method for fabricating a simple electri-
cal device by stretching DNA/PPy
strands across an electrode gap. Cur-
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rent-voltage measurements confirm
that the nanowires are conducting, with
values typical for a polypyrrole-based
material. In contrast to polymerisation
of pyrrole on a DNA template in bulk
solution, attempts to form similar wires
by polymerisation at surface-immobi-
lised DNA do not give a continuous
coverage; instead, a beads-on-a-string
appearance is observed suggesting that
immobilisation inhibits the assembly
process.

Introduction

Considerable recent efforts have focused on the self-assem-
bly of molecular building blocks as a means of realising
nanometer-scale electronic components and devices.!! Bio-
polymers, and DNA in particular, are well suited to building
systems and architectures spanning the nm-pm length
scale:>? however, the intrinsically low conductance of this
material” necessitates further functionalisation for electron-
ic applications. This can be overcome by templating® and
the deposition of metals such as Cu,*” Ag[® Ault®!Y and
Pd™ or MoGe alloy,™ single-wall carbon nanotubes!'**!
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and nanoparticles,'® have been demonstrated as methods
for preparing conducting nanowire systems.

Conducting polymers are attractive materials for nano-
scale electronics''” as well as for chemical and biological
sensors, due to their ease of synthesis and stability. The abil-
ity to tune their conductivity by molecular design may offer
new fabrication strategies and applications. Although the in-
teraction of cationic conducting polymers with DNA is
known and has been exploited previously for bioanalytic ap-
plications,"® there have been surprisingly few attempts to
combine these materials for nanometer-scale electron-
ics.[l("m

We have demonstrated previously the synthesis and im-
mobilisation of bulk polypyrrole (PPy) films at DNA-modi-
fied silicon electrodes.”” The immobilisation arises from
electrostatic interaction between the cationic, oxidised PPy
and the polyanionic DNA. We reasoned that, because pyr-
role oligomers formed during the initial stages of oxidative
polymerisation exhibit DNA-binding motifs, the formation
of individual DNA :PPy hybrid strands should also be possi-
ble through supramolecular interactions (Scheme 1).

Here, we report on the synthesis of individual supra-
molecular nanowires based on DNA-templating of PPy. The
syntheses were performed in solution and at surface-immo-
bilised DNA, and the resulting materials were characterised
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Scheme 1. Proposed mechanism of self-assembly of DNA/PPy nanowires. a) Oxidation of pyrrole monomer with FeCl;, b) association of oligomers on
DNA through supramolecular interactions, ¢) polymer growth on DNA template.

by IR spectroscopy, AFM and two-terminal /-V measure-
ments.

Results and Discussion

Polymerisation of pyrrole in DNA-containing solutions: A
common method for preparing polypyrrole (PPy) involves
chemical oxidation of the pyrrole monomer in organic or
aqueous solution.!'”! FeCl, is a typical oxidant and this was
used here for DNA-templated reactions. Firstly, the effect of
incubating supercoiled plasmid DNA with FeCl; was investi-
gated to establish whether strand cleavage would be prob-
lematic at the concentrations and reaction times employed.
The use of supercoiled DNA provides a stringent test of
strand cleavage because even single-strand breaks are readi-
ly observed due to the markedly different mobility of super-
coiled and relaxed forms. Some evidence for single-strand
cuts was observed, but only after reaction times longer than
those in the polymerisation experiments. More significantly,
there was no evidence of linear DNA, indicating that, al-
though some single-strand nicks may occur, these are at a
sufficiently low frequency to make strand scission negligible
during the formation of DNA-polypyrrole nanowires
(DNA/PPy).

The synthesis of DNA/PPy nanowires involved addition
of an aqueous pyrrole solution to a solution of DNA. A so-
lution of FeCl; was immediately added to start the polymeri-
sation. FTIR spectra of the isolated material provided evi-
dence of the formation of a supramolecular hybrid polymer
containing DNA and polypyrrole (Figure 1) (see also Fig-
ure S1 and Table S1 in the Supporting Information). One of
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Figure 1. FTIR spectra of DNA/PPy complex vs. controls. Infrared spec-
tra of DNA, DNA/PPy complex, PPy and the difference spectrum
(DNA/PPY)—(DNA) are shown.

the significant features indicating the incorporation of con-
ducting polypyrrole in the hybrid polymer is the appearance
of a broad absorption above 2000 cm™: this is well known
to be due to intrachain (free carrier) excitations.”™ The
sample of pure polypyrrole prepared in the absence of DNA
exhibits a similar broad absorption band in this region.
However, in DNA itself, no such broad absorption above
2000 cm™! was observed, instead a large band centred at
~3300 cm™' due to bound water and N—H is observed. This
feature is also partly observed in the DNA/PPy (decrease in
absorbance at >3300cm™), as well as the strong feature
just below 1800 cm™'. The presence of DNA in the DNA/
PPy is revealed clearly in the 1100 to 1800 cm™' region
(Figure 1 and Figure S1), and the spectra of both DNA itself
and the hybrid polymer are similar in this region, though
some peak shifts are observed. Polypyrrole itself exhibits ab-
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sorptions significantly different from both DNA and the
hybrid polymer in this region, especially the broad absorp-
tion at 900 cm™'. This feature is not immediately apparent in
the DNA/PPy spectrum because of the intense DNA bands
just above 1000 cm ™!, however, the difference spectrum ob-
tained directly by subtracting the DNA spectrum shown
from that of the DNA/PPy shows clearly the characteristic
900 cm ! band of the PPy in the nanowires.

The IR spectra also show that the DNA/PPy sample is
not a simple mixture of DNA and PPY, but rather indicate
an intimate interaction of DNA with PPy in the hybrid poly-
mer (Figure S1 and Table S1). The negative feature in the
difference spectrum at 3300 cm™' shows that bound water
has been displaced from the polymer. A careful examination
of the fingerprint region reveals that the DNA-related
bands are slightly shifted relative to the pure DNA spec-
trum. In DNA itself, vibrations associated with the PO,~
symmetric stretching at 1086 cm™!, along with P—O or C—O
backbone stretching at 1070 cm ™!, as well as with C—O deox-
yribose stretching at 1022 cm™, are observed as a broad,
slightly split band. In the DNA/PPy, the splitting is lost and
the band is shifted to lower energy (1057 cm™'). Further-
more, PPy itself has a vibration at 1039 cm™'. The PO,~
asymmetric stretching vibration (1238cm™' in the free
DNA) is also shifted to lower frequency in the hybrid mate-
rial (1207 cm™), and a small peak at 1277 cm™! appears in
the hybrid material, although PPy itself has a vibration at
lower frequency (1187 cm™!) attributed to a pyrrole-ring
breathing mode. Moreover, in DNA, the vibrations associat-
ed with the nucleobases at 1371, 1485, 1657 and 1690 cm™
are all shifted to lower frequencies in the hybrid material
(see Supporting Information). One exception is the mode at
1530 cm™' due to the in-plane vibration of cytosine and gua-
nine, which is shifted to higher energies (1539 cm™') in
DNA/PPy. Because we observe all the bands of PPy in the
difference spectrum (though some are shifted with respect
to pure PPy: Figure S1 and Table S1), these spectral changes
suggest that interactions of the PPy with the DNA strands
involve both the phosphate/phosphodiester backbone and
the nucleobases.

Stretching and alignment of DNA/PPy strands: When the
DNA/PPy strands formed in solution were deposited on
mica and studied by using non-contact AFM (Figure S2),
the strands appeared to be randomly coiled on the surface.
Thickening of some of the strands relative to the dimensions
of bare DNA alone is clearly evident (&3-6 nm). There are
also large globular particulates (height~16 nm), which are
probably non-templated polypyrrole. However, on hydro-
phobic surfaces, such as an alkylated silicon (111) wafer,¥
it was possible to stretch the DNA/PPy by molecular comb-
ing to create highly aligned isolated strands (Figure 2) in a
similar manner to native DNA.>?! This is possible because
the interaction between the hydrophilic DNA/PPy and the
hydrophobic surface is much weaker than between DNA/
PPy and mica. That the DNA/PPy strands retain the ability
to be combed, because of their conformational flexibility,
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Figure 2. DNA/PPy stretched on alkylated silicon (111) surfaces. a) AFM
image showing that material isolated from the reaction contains bare
DNA-scaffold molecules (white arrow) and thicker DNA/PPy nanowire
(black arrow). The coverage of the DNA/PPy strand is seen to be highly
continuous. Scale bar=1 um, height scale is 4 nm. b) Surface plot high-
lighting the height variation along a single DNA/PPy nanowire (black
arrow in (a)), which ranges from 2.6-6.6 nm. Height scale is 7 nm.

proved to be especially useful for manipulation during the
fabrication of a simple electrode device (see below).
Figure 2 shows individual DNA/PPy strands to have a highly
continuous coverage over several microns. Differences are
evident in the width and height along the length of individu-
al strands (Figure 2b), with heights ranging from around 2.6
to 6.6 nm (average of around 5 nm) and widths ranging from
30 to 63 nm (average of around 48 nm). Also evident in the
images are much thinner strands; the height and the width
of these are almost constant, with heights ranging from 0.7
to 1.3 nm. These values are entirely consistent with other
studies of single duplex DNA molecules by AFM™! and in-
dicate that not all of the template DNA is modified during
reaction.
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These data further support the FTIR data and indicate
that polyanionic DNA molecules are a suitable template for
directing the growth of polycationic polypyrrole nanowires.
The differences in the increased height/width at different
continuous sections of particular single wires compared to
bare DNA identify the assembly of PPy on the DNA mole-
cule. The resulting material can be considered a supramolec-
ular polymer assembly of DNA and PPy. AFM analysis of
material isolated from control experiments performed in the
absence of pyrrole (i.e., DNA and FeCl;) gave, as expected,
strands that extended over several microns with metrics
characteristic of bare duplex DNA molecules.

Attempts to polymerise pyrrole at surface-immobilised
DNA, again by using FeCl; as oxidant, produced strands
with a rather different appearance to those from solution-
phase reactions. AFM showed these strands to have a beads-
on-a-string appearance, with particulate PPy bound along
the length of the DNA (Figure 3). Section analysis indicates

Figure 3. AFM image of immobilised DNA on mica after in situ polymer-
isation of pyrrole. Non-specific absorption of polymer particulates is evi-
dent as bright spots. Scale bar =200 nm, height scale is 4 nm.

that these features have increased height and width, ~6 and
36 nm, respectively, relative to free DNA (height~1 nm,
width =14 nm). In these samples, non-specific absorption of
polymer particulates to the surface is also more evident,
though the majority of the polypyrrole appears to be associ-
ated with DNA.

Although mica-immobilised DNA can act as a template
for PPy, the beads-on-a-string appearance suggests that al-
though nucleation occurs at numerous points along the
DNA backbone, polymer growth does not proceed continu-
ously along the strand. Furthermore, handling and analysis
lead to loss of the beads from the DNA strands. This sug-
gests that the fine details of the DNA—polypyrrole interac-
tions of material assembled on mica surfaces are different to
those produced in solution. In both cases, polymer growth is
likely to be initiated at many points along the DNA, and the
lower dimensional freedom of surface-immobilised strands
appears to inhibit strand growth. In free solution, nucleation
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and strand extension may be followed by increased supra-
molecular interactions, possibly including interwinding of
PPy and DNA strands, accounting for the increased robust-
ness of the resulting material.

Alignment and electrical conductivity of PPy nanowires: To
measure the conductivity of the DNA-templated nanowires,
the current-voltage (/-V) characteristics were investigated
by using a simple two-terminal electric circuit. This was fab-
ricated by positioning DNA/PPy strands formed in solution
(or bare DNA as controls) across the gap between two gold
electrodes. The oxide between the gold electrodes was treat-
ed with chlorotrimethylsilane (Me;SiCl) to produce a hydro-
phobic surface suitable for stretching and aligning the DNA/
PPy nanowires. AFM imaging confirmed that, after combing
an aqueous drop containing preformed DNA/PPy, one or
more nanowires spanned the electrodes. Figure 4 shows an
AFM image of part of the actual electrical-measurement
device incorporating one single bridging DNA/PPy nano-
wire (Figure S5). The DNA/PPy nanowire shows continuous
growth and variation in diameter, as described above.

Figure 4. AFM image of part of the actual electrical-measurement device
fabricated to measure the electrical conductivity of the DNA/PPy nano-
wires. The image shows one DNA/PPy nanowire (black arrow) with di-
ameter ~5.2 nm and length ~7 um, bridging the gap in the device. Scale
bar=2 pm.

A two-terminal /-V measurement was performed on this
device and confirmed charge transport involving the DNA/
PPy nanowires. The /-V measurements exhibit a reproduc-
ible, non-linear response (Figure 5) at room temperature,
typical of the formation of Schottky barriers at the PPy
nanowire/gold electrode interfaces.””?*! This phenomenon
has been observed for other systems such as polyaniline-
based nanofibres® and Au-PPy-Au nanorods.””

The resistance obtained from the linear portion of the
graph (inset Figure 5) is around 843 MQ. This resistance, as
in all two-terminal measurements of nanowires, will include
a contribution from the barriers at the wire/Au interface
and, therefore, represents an upper boundary to the resist-
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Figure 5. Current-voltage (I-V) measurements for the device with one
DNA/PPy nanowire (solid line) bridging the gap shown at the top of the
image in Figure 4. In contrast, insulating behaviour (dashed line) is dem-
onstrated between electrode and oxide. Inset: the ohmic region at small
bias voltage corresponds to a resistance of 843 MQ. Note: the I-V curve
obtained with DNA molecules bridging the gap in the absence of poly-
pyrrole gave a measured resistance > 10" Q, confirming that DNA of this
length is insulating. This is in line with the results of others (Figure S6).

ance of the nanowire itself. Nevertheless, by using the top-
ography from AFM, we can make a comparison with the
conductivity of polypyrrole obtained by other procedures.
Assuming the DNA/PPy wire bridging the gap in the device
has a length of ~7 um and a diameter of ~5.2 nm, this gives
an approximate room-temperature conductivity of
~4Scm™' (lower boundary). This conductivity is of the
same order as the conductivity of bulk polypyrrole powder
(1.7Scem™) prepared chemically by using FeCl; as oxi-
dant.”™ Moreover, the room-temperature conductivity of
DNA/PPy nanowires fabricated on DNA templates is mark-
edly higher (~10°) than the previously reported rod-shaped
PPy scaffolded by alumina templates (~3 mScm™").”" The
above observations, in combination with all of the control
measurements (no detectable current for bare DNA, see
Supporting Information), demonstrate that the electric cur-
rent detected is carried solely by the PPy nanowires scaf-
folded by DNA templates.

Discussion

DNA-templated conducting metal wires, prepared by solu-
tion-phase methods, have been known for some time. These
metallic wires are typically 30-100 nm thick, depending on
preparation route, and tend to have a continuous, though
granular or dendritic, appearance. Very recently, highly ho-
mogeneous, ultrathin (5-15 nm) nanowires of superconduct-
ing Mo,;Ge,y have been fabricated by the metallisation of
DNA by sputtering.!"

By comparison, DNA-templated nanowires derived from
conducting organic polymers, and based on polyaniline,
have emerged only recently.”*'! Enzymatic polymerisation
(horse radish peroxidase/H,0, at pH 4) of aniline at silica-
immobilised DNA has been reported,!! as well as a range
of polymerisation methods in solution, including horse
radish peroxidase/H,0,, [Ru(bipy);]** and (NH,),S,0; at
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pH 3-5. In all of these cases, AFM imaging shows strands
with somewhat incomplete coverage of the DNA and the
formation of polymer domains or particles. The low pH re-
quired for protonation of polyaniline, necessary to effect
electrostatic binding to DNA, is clearly a concern if using
DNA as a template, as it is sensitive to acid-cataysed depuri-
nation. This may be a factor in the non-continuous growth
observed, another appears to be surface immobilisation. To
date, polymerisation reactions at surface-immobilised DNA,
for polyaniline®-*!! and polypyrrole (this study), have result-
ed in strands with this type of appearance. In contrast,
DNA/PPy wires prepared in solution show continuous cov-
erage and are smooth compared to typical metal-based
wires.

In addition to DNA templating, considerable efforts have
focused on the preparation of conducting polymer nano-
wires (or other one-dimensional nanostructures, especially
nanotubes and nanorods) by alternative methods. For bulk
preparations, templating in porous inorganic solids such as
alumina,?*¥ zeolites,™ or polymer membranes®™ has been
developed, and more recently, seeding™>*! and surfactant
doping have been used.””*! For individually isolated wires,
electrochemical deposition in fabricated structures such as
channels®™ or electrode gaps''*?**! has produced wires with
widths ranging from 100 nm“” to <20 nm.” Direct writing
with an Electrochemical Dip-Pen method has been used to
prepare wires of ~30 nm.!! In contrast to these approaches,
the DNA-templating method gives conducting wires whose
widths are amongst the smallest for chemically prepared
nanowires.*

Conclusion

The present results demonstrate the directed assembly of
conducting polymer nanowires on DNA as a template. Dif-
ferences in the resulting supramolecular strands are appar-
ent for reactions carried out on surface-immobilised DNA
and DNA free in solution. The former method results in a
beads-on-a-string appearance for the strands; in contrast,
nanowires prepared in solution have coverage of DNA that
is essentially smooth and continuous. The latter type of
strand is electrically conducting and conformationally flexi-
ble, allowing alignment of the polymer nanowires by molec-
ular combing in the same manner as DNA itself. To our
knowledge, similar flexibility for other types of DNA-tem-
plated material has not been demonstrated. This facilitates
the positioning of the nanowires at electrode junctions, and
may offer a convenient method to fabricate more-complex
arrangements, such as one- and two-dimensional arrays.

Experimental Section

DNA-templated synthesis of polypyrrole in solution: An aqueous solu-
tion of pyrrole (5puL, 1 mM) was added to 100 uL of A-DNA solution
(100 ngpL™" diluted in Nanopure water, containing 0.5 mm MgCl,), and
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the solution was mixed thoroughly. Aqueous FeCl; (5 pL, 1 mm) as oxi-
dant was added. The solution was mixed and incubated for 1h at RT.
The resulting material was analysed by AFM by placing ~10 pL of the
reaction mixture onto the appropriate support (either mica or alkylated
Si(111) surface).

DNA-templated synthesis of polypyrrole at surface-immobilised DNA:
A 10-pL drop of 2-DNA solution containing 0.5 mm MgCl, was deposited
onto a freshly cleaved mica and left to adsorb for 5 min. The surface was
rinsed with Nanopure water and blown dry by using compressed air. Im-
mediately following DNA deposition, freshly distilled pyrrole (&2 pL)
was allowed to incubate with the DNA for 10 s. After removing the pyr-
role by using compressed air, the surface was spotted with 10 pL of a 0.1-
M FeCl; solution and allowed to react for 10s. The surface was then
rinsed thoroughly with water, dried with compressed air and character-
ised by AFM. Control experiments in which DNA was treated with
either pyrrole or FeCl; alone showed no change by AFM.

Alignment and stretching of DNA/PPy strands: Alkylated Si(111) sub-
strates were prepared as described previously by using 4,4,-dimethoxytri-
tyl-undecenol.” These surfaces are hydrophobic and atomically flat and
proved well suited for aligning native and polymer-functionalised DNA
by molecular combing.>2* Typically, a 10-uL drop of the A-DNA/PPy re-
action mixture was pipetted onto the alkylated Si surface. The droplet
was then dragged by using a pipette to pull the solution across the sur-
face in one direction. The surface tension at the moving air/water inter-
face is sufficient to stretch the molecules in the direction of movement.

Infrared spectroscopy: Spectra (in the range 600-4000 cm ' with spectral
resolution of 4 cm™') were obtained by using a Biorad FTS-40 spectrome-
ter fitted with a deuterated triglycine sulfate (DTGS) detector in normal
transmission alignment. The DNA used was from Herring testes, type
XIV (Sigma-Aldrich, average molecular weight =700 bp). A DNA con-
centration of ~1 mgmL™" was used in the IR spectroscopy study. All
samples and controls were deposited on clean Si(111) substrate.

AFM imaging: AFM imaging was performed in air by using Tapping
Mode on a Multimode Nanoscope Illa (Veeco, Metrology group) and
NanoProbe tips (Veeco). All of the AFM images shown are height
images, unless otherwise indicated.

Electrical measurements of PPy nanowire devices: Conductivity meas-
urements were performed by using gold electrodes deposited on oxidised
silicon. Firstly, five pairs of small finger electrodes of e-beam evaporated
metals (3 nm titanium followed by 5 nm gold) were patterned by using
photolithography and wet etching, the gap between each pair of fingers
ranging from none to several micrometers. Next, five pairs of large pads
were patterned by using photolithographic lift-off from e-beam evaporat-
ed layers of 10 nm of titanium followed by 100 nm of gold. The two pads
in each pair are separated by 100 um. The two small gold fingers in each
pair provide contacts to the DNA-templated PPy wires (or DNA mole-
cules), and the two large gold pads in each pair serve as electrical con-
tacts for external measurement of the system. Prior to aligning of DNA,
the oxide layer was treated with SiCIMe; vapour to produce a hydropho-
bic surface between the metal electrodes to facilitate molecular combing.
Onto these electrodes, 6 uL of an aqueous solution of PPy nanowires (or
DNA (100 nguL ' A-DNA solution containing 1 mm MgCl,) as a control)
was deposited and aligned across the gap between the gold fingers by
using molecular combing.?>%!

Measurements were made by using a Teledyne probing station and elec-
trical measurements were conducted by using a HP1455A semiconductor
parameter analyser on devices. For each of the electrical tests, the current
was measured for applied voltages from —10 to 10 V in steps of 0.05 V.
All of the electrical measurements were carried out at RT in air without
light illumination.
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