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T he miniaturization of the transistor has had an enormous impact
on technology and fuelled many important research efforts in the
materials sciences.As the transistor and other electronic devices are

miniaturized to nanoscale dimensions, traditional silicon processing
techniques and device architectures begin to fail. The push towards
miniaturization has focused considerable attention on the use of
macromolecules and small molecules as new building blocks for
electronic devices1–6. For example, the construction of a nanoscale
transistor by using carbon nanotubes has recently been reported7,8.
Small molecules, particularly those with π-conjugated structures, have
also shown potential as functional components in electronic
devices1,7,9–12. Nanoparticles with diameters of one to a few nanometres
are particularly attractive candidates, with dimensions that lie
conveniently between those of larger building blocks (such as nanotubes)
and small molecules. Recently both metal and semiconductor
nanoparticles have been used as the functional components of nanoscale
electronic devices13–17. The above examples show that several nanoscale
building blocks can be used as individual devices.

A general challenge in nanoscience involves finding methods to
organize, interconnect and address individual nanostructures on
surfaces18. Extended linear and branched chains of closely spaced19

nanoparticles are thus desirable target structures13,19–21 because they
could be used as nanoscale interconnects and as building blocks for
active nanodevices.

Biomolecular nanolithography, the patterning of nanoscale
building blocks on biopolymer scaffolds, is a versatile approach to
organizing and interconnecting assemblies of nanoparticles on
surfaces13,22. In particular, polypeptides and polynucleotides (DNA and
RNA) have been widely investigated as scaffolds because of their
structural diversity, well-defined polymeric sequences, and wealth of
side-chain and backbone functionalities that can be used to attach
nanoparticles to the scaffolding (for example, electrostatics, groove
binding and intercalation)23–25. For applications in which the electronic
properties of the assemblies are important, a unique advantage of
scaffolding methods is the ability to separate structural (provided by the
scaffold) and electronic (provided by the nanoparticles) properties.
Few studies report examples26–30 of such scaffolding methods; however,
in those that do, assemblies with consistent interparticle spacing and
long-range order are rare.

Here we demonstrate the use of DNA scaffolds to pattern closely
spaced gold nanoparticle assemblies of lines, ribbons and junctions 
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on surfaces. The nanoparticles form close-packed linear assemblies
along the DNA scaffold and show extended linear structures that often
reach nearly 1 µm in length. Two-dimensional, ribbon-like structures
are also observed, resulting from the cross-linking of DNA scaffolds by
the polyvalent gold nanoparticles.A similar degree of order observed in
the linear structures is present in the ribbons. Further, these two-
dimensional (2D) ribbon structures also form well-defined branched
assemblies. The work presented below provides some of the first direct
microscopic evidence that demonstrates the viability of biomolecular
nanolithography as a technique to pattern low-dimensional extended
structures on surfaces.

In the interest of developing a general method for the solution phase
assembly of low-dimensional gold nanoparticle chains onto a
biomolecular scaffold (DNA),we exploited the electrostatic interaction
between the negatively charged phosphate backbone of DNA and a
functionalized gold nanoparticle with a cationic headgroup in the
ligand shell.Generation of the nanoassemblies in solution minimizes or
eliminates non-specific binding of the nanoparticles to the substrate.
Because accurate determination of the spacing of the nanoparticles is of
primary concern for the investigation of electronic properties of the
assemblies, transmission electron microscopy (TEM) was chosen to
image the structures.

The nanoparticles are synthesized according to previously reported
methods18,31,32 from a triphenylphosphine passivated precursor
nanoparticle by a biphasic ligand exchange reaction with thiocholine
(N,N,N-trimethylaminoethanethiol iodide)13,33.Assembly for the TEM
involves mixing the readily available λ-DNA HindIII—an extended
double-stranded DNA (the sample is composed of seven fragments of
differing lengths ranging from ~8 µm (23,130 base pairs) to ~42 nm
(125 base pairs)—with the nanoparticles in an unbuffered aqueous
solution and aerosoling this mixture onto a silicon-monoxide-coated
TEM grid after a given incubation period. This preparation yields
assemblies that demonstrate a high degree of structural order and a low

degree of free nanoparticles on the substrate. The remainder of this
paper will focus on the types of structures formed by using the solution-
phase assembly technique, provide some explanation about the
mechanism of formation of each type of assembly, and discuss reasons
why the ligand-stabilized nanoparticle assemblies are observed to be
close-packed and extended.

We captured representative ‘snapshots’ of the assembly by
aerosoling samples of the reaction mixture onto TEM grids at different
incubation times. Although the assembly conditions (including
concentrations of the building blocks and scaffold) were designed to
generate linear chain-like structures formed by decoration of DNA with
nanoparticles as shown in Fig. 1a,because of the polyvalent character of
both building blocks,we expected to (and did) observe higher-order 3D
aggregates/assemblies as well.On analysis by TEM,we also observed two
unexpected structural types, 2D ribbons (Fig. 1b) and branched
assemblies (Fig. 1c), in addition to the lines and 3D assemblies.
The abundance of each type of structure was found to depend on the
concentrations of the two building blocks in solution and the amount of
time that the solution was incubated before the TEM sample was
prepared. Longer incubation times and higher building block
concentrations lead to more 2D and 3D assemblies on the TEM grid.

A striking feature observed on all TEM grids analysed by using these
assembly conditions is extended closely spaced linear nanoparticle
chains such as shown in Fig. 2a. The assembly shown in Fig. 2a is
representative of the linear structures assembled under these
conditions. It displays the features commonly observed, including
extended chains, closely and evenly spaced nanoparticles, and a
surprising degree of linearity.

All of the linear assemblies observed by TEM display an extended
chain-like structure.The length of these assemblies (up to nearly 1 µm)
is not surprising because the longest of the λ-DNA fragments is nearly
8 µm.However, the degree of coverage of the DNA by the nanoparticles
is surprising because of the expected electrostatic repulsion between the

Figure 1 Nanoassemblies of gold nanoparticles formed during solution phase assembly. Electrostatic assembly of cationic nanoparticles onto the anionic backbone of
DNA produces a wide range of structures including a, closely spaced linear arrays, b, ribbons or bundles comprising multiple parallel chains, and c, branched assemblies wherein
a ribbon structure splits into narrower ribbon assemblies. Owing to the polyvalency of both building blocks (nanoparticles and DNA), three-dimensional aggregates are formed at
long incubation times.

+ 3D Aggregates
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highly charged nanoparticles. The large distances over which these
assemblies extend also points to the overall robustness (see below) of the
structures formed with this method.In some cases,the linear assemblies
terminated at or bridged the higher-order 2D and 3D assemblies also
present on the grid.

Further analysis of the linear structures confirms and quantifies the
initial observations that suggested a close-packed arrangement of the
ligand-stabilized particles along the DNA scaffold.Size analysis of linear
nanoparticle/λ-DNA assemblies imaged by TEM gives an average
interparticle spacing along the DNA scaffold of 1.4 ± 0.5 nm (n = 130)
and an average particle size of 1.9 ± 0.8 nm (n = 790).Figure 2b shows a
representative example of the images that were used to make these
measurements. The calculated interparticle spacing for a close-packed
assembly of ligand-stabilized gold nanoparticles functionalized with
the thiocholine ligand would be approximately 1.3 nm (approximately
twice the length of thiocholine ligand assuming no appreciable
interdigitation), showing the measured value to be in good agreement
with calculation. Although others have reported scaffolding studies in
which nanoparticles interact with a DNA strand26–30 these are the first
extended linear assemblies in which well-separated ligand-stabilized
transition metal nanoparticle cores can be clearly visualized.

The high degree of linearity observed in assemblies on single 
λ-DNA scaffolds such as that shown in Fig. 2 is surprising 34.Given that
the persistence length of B-form DNA has been reported to be around
53 nm35,36, almost linear structures spanning a range of lengths up to
nearly 1 µm were not expected.In addition,based upon much work on
protein–DNA interactions, one might conclude that, at least for
instances of low particle coverage, nanoparticle binding would cause
significant DNA bending37. In our system, where we observe full
coverage of the particles, the assemblies do not appear to bend, but
adopt a linear arrangement. This could be due to the electrostatic
repulsion of neighbouring particles along the chain, a structural
change in the DNA38,39, or structural reinforcement of the scaffold by
the nanoparticles40.

The large number of particles in each assembly, the close packing of
those particles, and the linearity of the assemblies may provide some

insight into the possible mechanism of assembly.The highly (positively)
charged nanoparticles should be electrostatically attracted to the
anionic DNA strand. On the other hand, one might have expected
electrostatic repulsion between neighbouring particles to result in a
larger spacing between the particles than we observe.If the particles bind
to the DNA strand and are fixed at a specific location,then the spacing of
the particles might be irregular and dominated by the electrostatic
repulsion between the particles. Our observations suggest another
possibility: that binding of the particles to the DNA might occur
through a nucleation and growth mechanism analogous to the assembly
of oligo- or poly-lysines along a DNA scaffold41.

In poly-L-lysine (a large polycation to which our cationic
nanoparticles are somewhat analogous) binding to a DNA strand is
cooperative42.The electrostatic repulsion that could potentially prevent
full coverage of the strand is overcome by an interaction that is
favourable between nearest neighbours (perhaps because of a
conformational change within the DNA strand on poly-L-lysine
binding)39,43. Thus, in the lysine system, the initial binding event
(nucleation) induces a structural change in the DNA that allows
subsequent formation (growth) of the peptide assembly despite the
possible electrostatic repulsion between closely spaced neighbours41.

In the nanoparticle assemblies we observe, one might explain the
observation of close-packed ligand-stabilized nanoparticle assemblies
by an analogous nucleation and growth mechanism, and experiments
are planned to test this hypothesis.An alternative mechanism by which
closely spaced assemblies might be formed is through migration of
particles along the scaffold after an initial binding event. The fact that
charged proteins can migrate44,45 along the DNA strand once bound
offers support for the idea that the nanoparticles might display similar
behaviour, allowing dispersed particles to consolidate into closely
spaced assemblies along the DNA scaffold. Electrostatic repulsion
between neighbouring nanoparticles might explain the extended
linearity observed in the 1D assemblies. Investigation of the detailed
mechanism of assembly should provide a better understanding of the
formation of these assemblies,allowing the fine-tuning of the resultant
structures for specific applications.

Because the nanoparticle building blocks are multivalent
(possessing about 100 ligands per nanoparticle, each of which is
terminated with a quaternary ammonium head group),they are capable
of cross-linking the DNA scaffolds to form 2D structures.TEM images,

Figure 2 Transmission electron microscopy (TEM) of close-packed, linear
nanoparticle/DNA assemblies. a,TEM micrograph of a nanoparticle/DNA assembly
made up of a single λ-DNA scaffold.The linear assemblies are observed to have an
extended structure,with some of the larger assemblies reaching nearly 1 µm in length.
Over these distances the particles are observed to be closely and evenly spaced along the
DNA scaffold.b,TEM micrograph of an expanded portion of the assembly showing that the
average interparticle spacing is uniform along the DNA scaffold.The average interparticle
spacing X = 1.4 ± 0.5 nm (n = 130) consistent with a close-packed arrangement of the
nanoparticles along the DNA scaffold.The average diameter of the nanoparticles
Y = 1.9 ± 0.8 nm (n = 790).

Figure 3 Ribbon-type assemblies composed of multiple λλ-DNA scaffolds cross-
linked by the gold nanoparticles.TEM micrographs of two sections of
nanoparticle/λ-DNA ribbons that are composed of multiple λ-DNA scaffolds linked by
particles on neighbouring assemblies as shown in the inset.a,An assembly composed of
parallel λ-DNA scaffolds cross-linked by the polyvalent gold nanoparticles.b,A higher-
order assembly composed of multiple nanoparticle/DNA assemblies.
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for example,Figs 3 and 4,provide evidence for extended nanoassemblies
formed from DNA and nanoparticles, which take the form of ribbons,
bundles and branched ribbons. The image shown in Fig. 3 (inset)
illustrates a typical ribbon/bundle structure. Portions of these
structures consist of parallel λ-DNA scaffolds that are bound together
by the polyvalent cationic nanoparticles as demonstrated in Fig. 3a,b
and illustrated in the inset. In these portions the assemblies do not cross
one another and the spacing between nanoparticles bound on adjacent
chains is larger than the interparticle spacing (about 1.5 nm) along
individual chains. The expected separation between nanoparticles on
parallel assemblies in such a structure ranges from 1.5–3.5 nm,
depending on the binding position of the nanoparticles on each
scaffold.Other areas of the image provide evidence that some chains are
assembled into 3D bundles: chains appear to cross one another, and, in
some cases, the nanoparticles appear larger because two layers of them
are overlapping.

Branching is an unexpected feature of the ribbon-like structures
observed in this study (see Fig. 4). The observation of these
previously unreported structures is important because it
demonstrates the potential for forming complex, interconnected
nanoparticle patterns on surfaces. The branched assembly shown in
Fig. 4 is representative of those formed by using the conditions
reported here. In each assembly observed, a branch point leading to
two narrower ribbons disrupts the extended structure of a larger
nanoparticle ribbon. The illustration in Fig. 4 (inset) provides one
plausible explanation for the formation of the branched structures.
The figure shows how the termination of a DNA strand at the interior
of a ribbon might spawn two smaller ribbons on the other side of the
branch. The fact that the combined widths of the daughter branches
are approximately equal to the width of the parent ribbon is
consistent with this hypothesis. The discovery of these branched
structures supports the proposal that the use of deliberately branched
DNA such as replication forks and Holliday junctions will be useful in

templating molecularly interconnected arrays of nanoparticles
through solution-phase assembly methods.

Although several approaches involving electrostatic assembly of
cationic nanoparticles onto DNA have been reported to yield 2D and
3D structures46,47, this study provides the first images in which the
individual nanoparticles in the assembly can be visualized,showing the
regular spacing of nanoparticles along the scaffolds and resolving the
nanoparticles that cross-link the DNA scaffolds. Further control
experiments confirm the role of the double-stranded DNA as a
structural scaffold in the electrostatic assembly process.Mixtures of the
thiocholine-stabilized nanoparticles and single-stranded DNA and
mixtures of nanoparticles stabilized by anionic and neutral ligands
with λ-DNA do not lead to extended, linear structures. In the former
case, only small aggregates with short-range order were observed by
TEM. In the latter two cases no evidence for interaction of the
nanoparticles with the DNA scaffold was observed by either TEM or
ultraviolet–visible spectroscopic analysis (see Supplementary
Information). Thus, these data provide evidence that electrostatic
assembly of thiocholine-stabilized nanoparticles onto double-
stranded DNA in solution is a viable approach to preparing close-
packed, templated 2D and 3D structures as well as linear nano
particle assemblies.

Spectroscopic evidence further confirms binding of the
functionalized gold nanoparticles to the DNA scaffolds, and also
provides a method by which the assembly process in solution can be
monitored. Because both building blocks (nanoparticles and DNA)
have unique spectral signatures, we are able to monitor solution-phase
assembly with visible spectroscopy (Fig. 5). As the solution phase
assembly proceeds, the absorptions due to both building blocks decay
simultaneously, which suggests that both components are being
incorporated into an extended nanoassembly that precipitates over
time. At long times (>30 minutes), an insoluble dark precipitate forms
and little material remains in solution. These results suggest that cross-

Figure 4 TEM micrograph of a branching portion of a nanoparticle/DNA assembly.
TEM micrograph shows a representative example of a branched assembly. In these
commonly observed features the overall dimension of the ribbon assembly is preserved in
the daughter arms.The inset shows the idealized version of this type of structure where the
end of a single scaffold contained within the parent ribbon assembly leads to a branch point
of the remaining scaffolds.

Figure 5 Monitoring the assembly process in solution by ultraviolet-visible
spectroscopy.A series of ultraviolet-visible spectra collected to monitor the interaction
between the functionalized gold nanoparticles and the λ-DNA.The nanoparticles and λ-
DNA cross-link to form a dark precipitate which accounts for the decrease in the
absorbances of the two species.Spectra were collected every 10 min on a sample with a
relative concentration of 7:1 nanoparticle:DNA.The characteristic absorbances (indicated
by the labels on the top spectrum) of the λ-DNA at 262 nm and of the gold nanoparticles at
520 nm were observed to decrease in concordance with each other.
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linking of individual DNA scaffolds by the polyvalent gold
nanoparticles leads to the formation of the dark solid.This hypothesis is
further strengthened by the fact that,in the presence of MgCl2 (saturated
aqueous solution), aggregates are not formed. There is no evidence for
interaction of the nanoparticle and DNA observable by
ultraviolet–visible spectroscopy, and no extended structures are
observed by TEM (see Supplementary Information).

A second set of ultraviolet–visible spectroscopy experiments
confirms that the precipitate is an extended nanoassembly of DNA and
nanoparticles and offers evidence that robust cross-linking holds the
assemblies together. Neither heating to near 100 °C nor sonication for
10–15 min were effective in bringing the solid back into solution.
However, on addition of KCN, which is known to cause the
decomposition of gold nanoparticles48, the dark solid rapidly 
re-disperses and the DNA absorbance at 262 nm reappears in the
absence of the nanoparticle absorbance at 520 nm (see Supplementary
Information).These results further suggest that the cross-linking of the
DNA scaffolds by the nanoparticles leads to aggregation followed 
by precipitation.

Solution-phase assembly of interconnected nanoparticles onto
DNA is a powerful approach to patterning 1D and 2D arrangements of
nanoparticles for applications in nanoelectronics. The linear, ribbon-
like and branched nanoparticle assemblies prepared by this method
have a high degree of order and form close-packed,extended structures
on surfaces that are readily observed by TEM.In addition,the assemblies
appear to be thermally robust. Detailed analysis of the assembly
structures suggests a possible mechanism for assembly that involves
nucleation and growth. Higher-order structures composed of multiple
nanoparticle/λ-DNA assemblies are also formed during the assembly
process through cross-linking of the DNA scaffolds by the polyvalent
nanoparticles. Branched assemblies are also observed and their unique
structures are attributed to the termination of one of the internal DNA
strands. Further investigation of the assembly mechanism will prove
useful in the development of this method for nanostructure
preparation. The attributes of this system (the accessibility of diverse
structural types,close-packing of nanoparticles along the scaffolds,and
the thermal stability of the assemblies) offer support for the idea that
such assemblies should prove useful as building blocks in the
construction of integrated nanoelectronic devices.

METHODS
SYNTHESIS OF CATIONICALLY FUNCTIONALIZED GOLD NANOPARTICLES
The nanoparticles used in this study were synthesized by using a procedure we developed that employs

ligand exchange reactions between a small (dcore < 2 nm) phosphine-stabilized precursor nanoparticle

and a water-soluble thiol ligand31,32. Briefly, the triphenylphosphine particles are synthesized by the

NaBH4 reduction of HAuCl4 under phase-transfer conditions to generate the precursor nanoparticles

that possess the requisite small core size and reactivity towards ligand exchange32. The water-soluble thiol

ligand is synthesized according to the procedure outlined in the Supplementary Information. Water-

soluble thiol-stabilized nanoparticles are synthesized from the precursor nanoparticles and the water-

soluble ligand by a biphasic ligand-exchange reaction at room temperature31. The product nanoparticles

possess the same small core size and narrow size dispersity as the precursor particles.

FORMATION OF NANOASSEMBLIES AND DEPOSITION ON SiO-COATED TRANSMISSION 
ELECTRON MICROSCOPY GRIDS FOR ANALYSIS
The nanoassemblies were formed by mixing the nanoparticles and the HindIII digest of λ-DNA (New

England Biolabs, Beverly, Massachusetts, USA) in solution (each sample contained 0.35 µg µl–1 nanopar-

ticles and 0.05 µg µl–1 λ-DNA in 110 µl of Ultrapure water (Barnstead, Boston, Massachusetts, USA))

and incubating at room temperature for a given period of time ranging from 5 min to 3 h. Samples were

deposited by aerosoling approximately 10 µl of a premixed sample of λ-DNA and nanoparticles onto

SiO-coated 400-mesh copper grids (Ted Pella, Redding, California, USA). Excess water was blotted off the

grids with filter paper and then the samples were dried under ambient conditions before inspection by

TEM. TEM was done on a Philips CM-12 microscope operating at an accelerating voltage of 120 kV.

Images were recorded and processed as described previously49.

SPECTROSCOPIC CHARACTERIZATION OF DNA/NANOPARTICLE ASSEMBLIES
UV-visible spectroscopy was performed on solutions of the same concentrations listed above. The KCN

experiments were done by adding 0.5 ml of a 5 mM solution of KCN to a sample that had been incubated

for approximately 3 h. A Hewlett-Packard HP8453 diode array ultraviolet–visible spectrometer was used,

with a fixed slit width of 1 mm, and 1-cm quartz cuvettes.
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