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Abstract
Scaffolded DNA origami has recently emerged as a versatile, programmable method to fold DNA
into arbitrarily shaped nanostructures that are spatially addressable, with sub-10 nm resolution.
Toward functional DNA nanotechnology, one of the key challenges is to integrate the bottom up
self-assembly of DNA origami with the top-down lithographic methods used to generate surface
patterning. In this report we demonstrate that fixed length DNA origami nanotubes, modified with
multiple thiol groups near both ends, can be used to connect surface patterned gold islands (tens of
nanometers in diameter) fabricated by electron beam lithography (EBL). Atomic force
microscopic imaging verified that the DNA origami nanotubes can be efficiently aligned between
gold islands with various inter-island distances and relative locations. This development represents
progress toward the goal of bridging bottom up and top down assembly approaches.

In recent years, structural DNA nanotechnology has advanced to the point that fully
addressable, self-assembled, DNA nanostructures can be rationally designed and easily
constructed1-3. Among these developments, scaffolded DNA origami is especially
remarkable for designing and constructing various 2- and 3-D nanostructures with control
over structural dimensions and spatial addressability4-11. In this method4 a single stranded,
genomic DNA scaffold is folded by approximately 200 short staple strands into a variety of
predesigned shapes. Due to the unique sequences of individual staple strands, DNA origami
structures possess addressable binding sites with ~ 6 nm resolution and have been utilized as
templates to direct the assembly of metal nanoparticles, carbon nanotubes and biological
materials12-19. It has been envisioned that, as a fully addressable molecular pegboard, DNA
origami could be used as an excellent template to build functional nanoelectronic circuits in
a self-assembling system. However, a significant barrier to this is the lack of precise control
of the position and orientation of the assembled, solution phase structures on solid
substrates, thus limiting the function of the DNA origami directed nanomaterials. While
routine, top-down lithographic methods exhibit control of the position and orientation of
fabricated structures on a relatively large scale, it is difficult to reach the sub-10 nm regime
without the state-of-the-art (and typically expensive) lithographic tools. One unique property
of self-assembled DNA origami is that the overall size can be as large as several hundred
nanometers, while nanometer precision is maintained through independent, addressable
binding sites, making it an ideal candidate for bridging structures formed using bottom-up
and top-down nanofabrication methods.
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With efforts directed at meeting the above challenges, progress has recently been reported
with the site specific attachment of DNA origami structures onto lithographically generated
surface patterns. In one example, Soh and co-workers formulated a chemical strategy to
attract and immobilize rectangular shaped DNA origami structures onto gold surfaces
through charge-charge interaction using a carboxylic acid-terminated self-assembled
monolayer20. In another case, triangular shaped DNA origami structures formed in solution
were successfully assembled onto hydrophilic oxide surface patterns with matching
triangular shape and size, but not to the surrounding hydrophobic substrate21. This method
has been further utilized to pattern 5-nm gold particles into ordered, large-area, two-
dimensional arrays22, demonstrating the potential of integrating DNA directed self-assembly
with lithography to create functional structures. In the above methods, the interactions
responsible for the attachment of DNA origami structures to substrates are non-covalent
associations such as electrostatic forces. To achieve better chemical selectivity between the
lithographically patterned substrate and the DNA nanostructures and to create more complex
nanoarchitectures an alternative approach must be employed. The site-specific attachment of
DNA origami to lithographically patterned surfaces can be realized through covalent
chemical bonds. While electrostatic interactions have the advantage of allowing the target
DNA origami structures to dynamically adsorb/desorb and orient/reorient themselves onto
the substrate to reach equilibrium, covalent binding may provide a relatively stronger
association force and higher selectivity, making the DNA nanostructure registration on the
substrate more stable.

Here we demonstrate a covalent approach to achieve interconnection of EBL generated gold
islands of several different patterns using fixed length DNA origami nanotubes. Our strategy
is to use thiolated DNA strands extending from both ends of the DNA nanotubes and
directly attach the tubes to discrete gold islands on the substrate through well-known, dative
covalent, thiol-Au bonds23-24. When the inter-island distance matches the length of the
thiolated-tube structure, bridging of the gold islands can be achieved (Figure 1a).

The overall fabrication process is illustrated in Figure 1b. First, a clean Si or SiO2 substrate
is spin-coated with a monolayer of Hexamethyldisilazane (HMDS) and poly (methyl
methacrylate) (PMMA) resist (~ 80 nm). Next, to create well-defined holes, the PMMA
resist layer is exposed to an E-beam using a predesigned pattern. After subsequent O2
plasma treatment, 2 nm thick Cr and 7 nm thick Au are deposited consecutively through
evaporation. The O2 plasma treatment step cleans the surface to facilitate strong adhesion of
the metal islands to the substrate. Finally, acetone lift-off is performed to remove the Au on
PMMA and PMMA layers, leaving patterns of gold islands adhered to the substrate with the
surrounding surfaces covered by HMDS. The HMDS layer is hydrophobic and prevents the
hydrophilic DNA origami structures from non-specifically binding to the substrate in areas
without gold islands.

The DNA origami nanotube composed of six DNA helices bundled with a hexagonal cross
section was designed and synthesized in a similar fashion as described previously25-26. The
fully extended, end-to-end length of the DNA origami nanotube is ~380 nm. The distance
between the thiolated groups located near each end is approximately 320 ± 20 nm,
considering all possible orientations of these strands. Therefore, the distances between
neighboring gold islands on the patterned surface was designed to be within, or far beyond
this range to maximize or minimize the probability of bridging two islands by a single DNA
nanotube.

A select number of helper strands (4, 2 or 1) located close to both ends of the tube were
modified with single stranded regions (33 nucleotide long) extending out from the tube, each
carrying a thiol group at the 3′ end (see supporting information for details of the design and
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DNA sequences). The thiol groups direct the specific and efficient attachment of the DNA
nanotubes to the Au islands in the surface assembly stage and the multi-valency provides a
way to tune the strength of the DNA nanotube attachment. The DNA origami nanotubes
were formed by annealing the M13 scaffold (10 nM) with thiolated strands at a 1:1 ratio and
with the rest of the helper strands at a 1:10 ratio. The assembled DNA origami nanotubes
were purified using agarose gel electrophoresis to remove any excess helper strands and
incorrectly formed tubes; the correctly formed tubes were extracted from the agarose gel
with a freeze-squeeze column. The thiol groups in the origami tube were reduced by 20 mM
tris (2-carboxyethyl) phosphine (TCEP) for 1 hour before use. Extra TCEP and other small
molecules were removed using a Microcon centrifuge device (MWCO 100kD).

The gold island, patterned substrate was cut into 5 mm × 20 mm sections and individual
pieces were submersed into a sample tube containing a freshly reduced DNA origami
nanotube solution (100 μl and 2 nM) and incubated for 20 hours at room temperature with
gentle shaking. The tubes were attached to the gold islands through dative covalent, thiol-Au
interactions during the incubation process. Then the substrate was thoroughly rinsed with
water, dried under a stream of nitrogen gas, and imaged in air in tapping mode with an
atomic force microscope (TM-AFM) (see more details in the supporting information).

Figure 2 shows a typical AFM image of a gold island patterned substrate section after
incubation with 2 nM DNA origami nanotubes for 20 hours. Pairs of gold islands were
created on the substrate: each island is 60 nm in diameter with a 300 nm center-to-center
distance between the pair; the distance between adjacent island pairs is 600 nm, a distance
too large for the 380 nm DNA tube to bridge. The DNA origami tubes contained 4 thiolated
groups at both ends providing a tetra-valent interaction with each gold island. Analysis of
the AFM images show that ~96% of the gold islands have one or more DNA tubes attached,
with the yield of gold islands connected by a single DNA tube ~86%. Occasionally, more
than one DNA nanotube was found between the same island pair. For this gold island lattice
pattern, all the DNA nanotubes bridging the island pairs were aligned in a parallel fashion
due to designed spacing between particles. However, some DNA nanotubes attached to the
gold islands at a single end and were orientated in the wrong direction, preventing the other
end from reaching an adjacent island.

Several experimental factors were found to affect the efficiency of DNA nanotube
attachment to the patterned gold islands: 1) the incubation time, 2) the number of thiol
groups at each end of the DNA nanotube, 3) the diameter of the gold islands, and 4) the
DNA nanotube concentration used in the incubation step.

First, increasing the incubation time improved the number of correct tube attachments to the
gold islands. When the incubation time was increased from 20 to 40 hours while keeping the
other conditions the same, the average number of tube interconnections (calculated by
dividing the total number of DNA tubes connected between a pair of gold islands by the
number of gold pairs in the same image area) increased from 1.33 (276/208) to 1.5
(226/152). However, increasing the incubation time further (up to 70 hours) revealed an
increase in nonspecific binding of the DNA origami tubes to the substrate background. The
measured surface water contact angle decreased from ≥ 40° to ≤ 20° after 70 hours,
indicating partial removal of the HMDS layer during the extended incubation, increasing the
surface hydrophilicity, and thus decreasing the specificity of the DNA nanotube attachment
to the gold islands.

Second, the number of thiol-Au bonds per linkage had a significant effect on the efficiency
of attachment. As the number of thiolated groups at each end of origami tube was reduced
from 4 to 2, the average number of interconnected islands decreased from 1.33 to 0.17
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(19/110), with all other conditions kept the same. Using a single thiol group per binding site
resulted in almost no gold island connections, except for the largest island size (80 nm) (Fig
3). This indicates that at least two thiol-Au associations per site are required to achieve
efficient binding for this type of DNA origami tube nanostructure. A single DNA origami
structure contains ~ 7200 base pairs with a molecular weight of more than 4 Mega Dalton.
As the size of a tethered particle increases, the inertia increases and the force required to
overcome the random Brownian motion and hold the particle in place also increases.
Apparently, a single thiol-Au linkage is not strong enough to hold the whole structure in
place.

The size of the gold islands also plays an important role in the DNA tube attachment
efficiency. For a given gold island pattern, when the island size was increased from 60 to 80
nm (for a 2 nM origami tube sample with 2 thiolated DNA strands at each end), the average
number of tubes connecting each pair increased from 0.17 to 1.04 (157/151). When origami
tubes with 4 thiolated DNA strands at each end were used, the average number of tubes
connecting 80 nm gold island pairs was 1.75 (312/178), compared to 1.33 for 60 nm islands
(Fig. 3) (see additional AFM images in SI). In contrast, when the island size was reduced to
40 nm, no connected gold island pairs were observed even with 4 thiols per site. It is
possible that as the size of the islands decrease, the probability that thiol groups at one end
of a tube can attach to the same gold island is significantly reduced, thus the rate of the
specific surface adsorption decreases. It was also observed that for substrates with smaller
gold islands, many gold islands were missing, maybe due to weaker adhesion of the gold
islands to the substrate.

In addition to patterns with gold island pairs, we also fabricated a hexagonal lattice pattern
in which each 60 nm diameter gold island is surrounded by 6 islands with equal, 300 nm
center-to-center distances. After 20 hours of incubation with 2 nM DNA origami tubes
containing 4 thiol groups at each end, interconnection between neighboring gold islands was
observed (shown in Fig. 4a). The most common patterns that were observed are triangle or
rhombus structures made by origami tubes at the sides and gold islands at the vertices. Fig.
4b contains a histogram showing the distribution of the number of origami tubes that
attached to the hexagonal gold island pattern. Statistically, the number of DNA tubes
attached to a single gold island exhibited a broad distribution ranging from 0 to 8, with an
average of 3.5 (899/259). In order for the hexagonal lattice pattern to be fully
interconnected, at least 6 tubes should be attached to each island, forming connections with
all the neighboring islands. However, only 11.5% of islands have ≥ 6 tubes attached, with
full interconnection not achieved for this condition. To improve the efficiency of attachment
we increased the concentration of purified DNA origami tubes 5 fold to 10 nM,
concentrating several 2 nM samples using 100 kD Microcon centrifugal filter devices. The
average number of tubes attached to a single gold island increased to 4.61 (1730/375),
indicating that a higher DNA origami tube concentration can indeed enhance the binding
efficiency (see additional AFM images are shown in SI). However, 100% interconnection
between all the gold islands was not yet achieved.

Using the optimized incubation conditions and modified gold island patterns, we further
constructed more complex DNA tube patterns as demonstrated in Fig. 5. Clusters of 80 nm
gold islands were designed to form the corners of triangle, square, hexagon or opened “z”
pattern, with inter-island distances ~ 300 nm within a single group, but > 600 nm between
different groups. After 60 hour incubation with 1 nM DNA origami tubes containing 4 thiols
at each end, triangle, square, hexagon and “z” shaped inter-connected gold island structures
were observed. This result shows that the orientation and position of DNA origami tubes on
a substrate can be precisely controlled by gold patterns fabricated using top-down methods.
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In summary, we have described a new strategy to connect lithographically patterned gold
islands to DNA origami tubes using covalent bond associations. We have found that
incubation time, number of thiolated strands, island size and concentration of DNA origami
in solution are the major factors that affect the binding efficiency. This interconnection
strategy was used to construct complex networks of DNA origami nanotubes, with the
orientation of origami tubes precisely controlled by the distance and pattern of the gold
islands. These DNA origami nanotubes may be further modified to carry metal nanoparticles
or quantum dots, exhibiting enhanced functionality at desired locations along the tubes. In
the future, lateral, nucleated reduction could facilitate the formation of fixed length metallic
nanowires between gold islands at desired locations on substrate. In addition, other types of
chemical bonding strategies for silicon27-28or oxide surfaces29 could be used to improve the
selectivity and complexity of the method. The merger of DNA directed self-assembly with
top-down approaches may lead to novel methods to fabricate electronic devices. This
demonstration of guided DNA self-assembly highlights the possibility of creating fully
addressable and massively parallel nanopatterns in the sub-10 nm regime.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
a) Schematic drawing of gold islands connected by DNA origami tubes on the substrate
surface. Thiolated DNA strands (shown in red) are extended from each end of DNA origami
tube and the thiol-gold bonds align the tubes along the gold islands. The distance between
the thiolated groups is designed so the tube will only connect gold islands that match its
length. b) The fabrication of gold islands and binding of DNA origami tubes. An HMDS and
PMMA resist layer were spin coated on a clean Si or SiO2 substrate. E-Beam exposure was
performed with a designed pattern. After O2 plasma treatment was used to eliminate the
exposed HMDS, 2 nm Cr and 7 nm Au were deposited through evaporation. After lift-off
with acetone, patterns of gold surface islands with the background covered by HMDS, were
fabricated on the substrate. Gold patterned substrate was cut into ~ 5 × 20 mm sections and
incubated with freshly purified and reduced DNA origami tube solution to facilitate the
specific attachment of the DNA tubes to the gold islands.
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Figure 2.
AFM images of gold islands connected by DNA origami tubes. The gold islands in the
images are 60 nm in diameter. For each pair, the distance between the gold islands is 300
nm, while the distance between neighboring pairs of gold islands is 600 nm. Interconnection
can be observed for most gold island pairs. DNA origami tubes were aligned along the pairs
of the gold islands with either 0° or 180° orientation. Scale bar is 500 nm.
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Figure 3.
Graph showing how the binding efficiency depends on both the number of thiol groups at
each end of the DNA tube and the diameter of the gold islands. The average interconnection
number was calculated by dividing the total number of observed connections by the total
number of gold pairs in the image area. The incubation time for all the samples represented
in the graph was 20 hours; DNA tube concentration was 2 nM. Note the flat square
corresponding to the 40 nm island indicates zero because we observed no DNA nanotube
binding in this case.
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Figure 4.
a) AFM image of a hexagonal gold island lattice with by DNA origami tube connections.
Scale bar is 500 nm. b) Corresponding histogram of the number of DNA nanotubes attached
to each gold island, with a wide distribution from 0 to 8, with 4 tubes the most frequent
number observed (22%). Only a small fraction of the gold islands (~11.5%) have 6 or more
tubes attached.
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Figure 5.
Various structures formed by connecting gold islands with DNA origami tubes. a) triangle,
b) hexagon, c) square, d) “z” shape. All scale bars are 300 nm.
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