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Abstract DNA origami have been established as versatile

templates to fabricate plasmonic nanostructures in prede-

fined shapes and multiple dimensions. Limited to the size

of DNA origami, which are approximate to 100 nm, it is

hard to assemble more intricate plasmonic nanostructures

in large scale. Herein, we used rectangular DNA origami as

the template to anchor two 30-nm gold nanoparticles

(AuNPs) which induced dimers nanostructures. Transmis-

sion electron microscopy (TEM) images showed the

assembly of AuNPs with high yields. Using the linkers to

organize the DNA origami templates into nanoribbons,

chains of AuNPs were obtained, which was validated by

the TEM images. Furthermore, we observed a significant

Raman signal enhancement from molecules covalently

attached to the AuNP-dimers and AuNP-chains. Our

method opens up the prospects of high-ordered plasmonic

nanostructures with tailored optical properties.

Keywords DNA origami � Gold nanoparticles � Surface-

enhanced Raman scattering

1 Introduction

Plasmonic nanostructures have induced more attention

because of their potential applications including biosensing

[1–3], harvesting energy [4–8] and sub-diffraction limit

imaging [9–12]. The typical method for the assembly of

plasmonic nanostructures is top-down lithography.

Although it can fabricate plasmonic nanostructures with

versatile shapes and novel behaviors, there still exist some

problems such as the cost for mass production or making

structures in multiple dimensions [13, 14]. Bottom-up

approaches, such as soft templates, offer new opportunities

to fabricate plasmonic nanostructures [15–18].

DNA origami technology is a milestone during the

history of DNA nanotechnology. It broke through the tra-

ditional rules that folded a long single-stranded DNA

(ssDNA) by hundreds of staples to create thousands of

nanostructures with custom-designed shapes or precisely

controlled motions in multiple dimensions [19–22]. DNA

origami have been proved as templates for the assembly of

plasmonic nanostructures [23–26].

Because the local fields are enhanced by the oscillations

of conduction electrons around metal nanoparticles (NPs),

these plasmonic nanostructures illustrate novel optical
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behaviors such as surface-enhanced Raman scattering

(SERS), ultraviolet–visible spectrometry and circular

dichroism [27–32]. The high precise addressability of DNA

origami makes them excellent tools to study the interaction

between metal NPs. A typical example is a 40 9 45 nm2

DNA origami template to organize two 40-nm AuNPs into

dimers with sub-5-nm gaps. The strong optical coupling

between the AuNP-dimers induced enhanced SERS signals

during the measurements of an external analyte and ssDNA

oligos attached to the NPs [33]. Also, dynamic DNA ori-

gami were employed to organize two gold nanorods

(AuNRs). The movement of DNA origami regulated the

CD performance of the AuNRs [34].

To study the more novel optical behavior of the plas-

monic nanostructures, more functional templates and the

precise and high-yield placement of NPs onto the template

are of vital importance. Limited to the size of DNA ori-

gami, which are approximate to 100 nm, it is hard to

assemble more intricate plasmonic nanostructures in large

scale. Herein, we firstly employed rectangular DNA ori-

gami as the template for the programmed positioning of

two 30-nm AuNPs. TEM images showed the high yields of

AuNPs’ assembly on the rectangular DNA origami. Then,

the connecting strands were used to link the DNA origami

templates together, which generated chains of AuNPs.

Furthermore, we observed a significant Raman signal

enhancement from molecules covalently attached to the

AuNP-dimers and AuNP-chains.

2 Experimental

2.1 Chemicals and reagents

All DNA strands were purchased from Sangon (PAGE

purification). Thiol-modified DNA was purchased from

Takara (high-performance liquid chromatography purifi-

cation). M13mp18 ssDNA was purchased from New

England Biolabs which was used as received. 30-nm gold

nanoparticles were obtained by BBI. All chemicals were

supplied by Sigma.

2.2 Preparation of AuNPs–DNA conjugates

We added 1 lL 100 nM thiol-modified DNA to 100 lL

30 nm AuNP solution in a 0.5 9 TBE buffer (89 mM Tris,

89 mM boric acid, 2 mM EDTA, pH 8.0) and then incu-

bated the buffer for 4 h at 37 �C. Then, we placed 10 lL of

3 M NaCl into the reaction solution slowly for four times

in 2 h, and the final concentration of NaCl was reached at

300 mM. Then, the solution was kept at 37 �C for 12 h.

We purified the DNA-functionalized AuNPs by repeated

centrifugation (7000 rpm, 10 min). Each time, the

supernatant was carefully removed and then the AuNPs

were resuspended in a 0.5 9 TBE buffer to get rid of

excess thiol-modified DNA. The concentration of AuNPs

was characterized by UV–Vis spectroscopy.

2.3 Assembly of rectangular DNA origami

A rectangular DNA origami template was obtained in a

one-pot construction, in which 2 nM of M13mp18 DNA

was incubated with 10 nM of staple strands in a 1 9 TAE/

Mg2? (40 mM Tris-HCl, 20 mM boric acid, 2 mM EDTA

and 12.5 mM magnesium acetate, pH 8.0) buffer. The

mixture was annealed from 95 to 20 �C with slowly

decreasing the temperature at a rate of 1 �C min-1. Then,

the prepared DNA origami were filtered by the 100 kDa

(MWCO) centrifuge filters for four times to remove the

extra strands.

2.4 Assembly of AuNPs onto a DNA origami

template to form AuNP-chains

The rectangular origami template was mixed with the

AuNPs at a molar ratio of 1:4. The mixture was performed

by annealing from 45 to 30 �C four times at a rate of

0.6 �C min-1 and then cooling to 4 �C. Then, the 1 lL

2 lM DNA edge staples were added into the previous

mixture overnight.

2.5 TEM characterization

For TEM imaging, a 10-lL sample was dropped on a

carbon-coated grid (400 mesh, Ted Pella). During deposi-

tion for 15 min, the excess solution drop was wicked from

the grid by absorption into filter paper. To get rid of the

deposited salt, a droplet of water and filter paper were used

to remove the excess water away. The grid was kept in a

bake oven at 37 �C for 4 h for drying. The TEM charac-

terization was conducted using a Tecnei G2-20S TWIN

system and operated at 200 kV with a bright field mode.

2.6 SERS characterization

For SERS characterization, the samples were incubated

on a 5 mM 4-mercaptobenzoic acid (4-MBA, 99%)

ethanolic solution for 2 h and dropped onto silicon. The

SERS spectra were recorded by a confocal Raman micro-

scope (In Via, Renishaw, England) equipped with a

633-nm He–Ne laser. Resolution grating of 1800 grooves

and a slit of 100 lM were used on all measurements. The

spectra ranged from 1000 to 1850 cm-1. For all measure-

ments, the experimental parameters were as follows:

excitation wavelength 633 nm, objective 209, laser power

0.08 mW and acquisition time 10 s.
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3 Results and discussion

3.1 Strategy for the assembly of 30-nm AuNPs

into AuNP-chains

In principle, larger-sized AuNPs may generate stronger

plasmonic resonance. Compared to small-sized AuNPs,

large-sized AuNPs should be assembled with more ssDNA

on their surface which may lower the possibility for pre-

cipitation. Hence, more capture strands were needed to

resist the charge repulsion between DNA–AuNPs and the

templates. The rectangular DNA origami were designed by

folding a long ssDNA scaffold with hundreds of staples.

Four staples at the central part in each half of the DNA

origami were designed with a capture part for the anchor-

ing of two 30-nm AuNPs (Fig S1). The gaps between two

AuNPs were set to 10 nm. To make the AuNPs into AuNP-

chains, linker A and linker B were prolonged to the staples

at each side of the rectangular DNA origami, which could

be linked together by hybridization with linker C (Fig. 1).

3.2 Assembly and characterization of AuNP-dimers

nanostructure based on rectangular DNA

origami

The rectangular DNA origami were folded by M13

(virus ssDNA) with hundreds of staples, carrying capture

strands and linkers. AFM images (S1) demonstrated the

formation of rectangular DNA origami. The schematic in

Fig. 2 illustrated that AuNPs were anchored onto the

rectangular DNA origami into dimers by the hybridization

of capture strands on the template and ssDNA on AuNPs.

The gaps between two AuNPs were set to 10 nm. Typical

TEM images in Fig. 2 demonstrated the successful

assembly of AuNP-dimers. The yield of AuNP-dimers was

80.6% according to the TEM images. The gaps seem to be

1–2 nm between AuNPs, which were much smaller than

10 nm. This phenomenon may be induced by the shrink

during the sample preparation for TEM.

3.3 TEM characterization of the assembly of AuNP-

chains

In order to obtain larger plasmonic nanostructures,

linkers were employed to organize the rectangular DNA

origami template into nanoribbons, which could be vali-

dated by the AFM images (Fig. S2). By the addition of the

linkers, the AuNP-dimers were organized together into

AuNP-chains. Typical TEM images showed that 30-nm

AuNPs were linked into chains (Fig. 3 and Fig S3). In fact,

there was another way to form AuNPs, which used DNA

nanoribbon as the template. But this approach seemed

much easier to make the AuNPs to participate. In the TEM

images, similar phenomenon of shrink also happened. The

gaps between AuNPs in AuNP-chains seem to be 1–2 nm

wide according to the TEM images.

3.4 AuNP-dimers and AuNP-chains for surface-

enhanced Raman spectroscopy

The AuNP-dimers and AuNP-chains are typical plas-

monic nanostructures which impelled us to consider their

potential functionalities. Previous studies showed that

proper distances between AuNPs in the plasmonic

Fig. 1 (Color online) Schematic showing of the formation of AuNP-

chains on the template of rectangular DNA origami

Fig. 2 (Color online) Schematic illustration and TEM images of

rectangular DNA origami-based AuNPs-dimers. The scale bars are

100 nm
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nanostructures would generate hot spots which may have

induced signals of surface-enhanced Raman scattering

(SERS). The distance between the capture strands is

10 nm. When 30-nm AuNPs were anchored, the AuNPs

were closed to each other with no gaps. According to the

TEM images, the gaps were 1–2 nm because there existed

the charge repulsion between DNA–AuNPs. AuNPs with

these gaps may generate the coupling of plasmons in the

AuNPs assemblies (Fig. S4). 4-Mercaptobenzoic acid (4-

MBA) was employed as a Raman-active molecule. They

can covalently attach to the AuNPs by the strong interac-

tion of an Au–S bond. The typical SERS spectrum is shown

in Fig. 4. The frequency of 1578 and 1075 cm-1 in the

SERS spectra was clearly attributed to 4-MBA. Using

individual AuNPs samples (black curve) as a control, the

AuNP-dimers (red curve) and AuNP-chains (blue curve)

obtained significant enhanced signals under SERS

detection. Taken the peak at 1075 cm-1 for example, the

SERS signal intensity increased from 929.6 (AuNP-dimers)

to 4963.9 au (AuNP-chains) (Fig. 5), the reason of which

may own to the increasing of hot spots between AuNPs.

4 Conclusion

In summary, we have anchored large-sized AuNPs on to

the rectangular DNA origami with high yields. By using

the linkers to connect the DNA origami templates together,

chains of AuNPs were obtained. Thus, prepared AuNP-

dimers and AuNP-chains were validated by TEM images

which demonstrated their organization and structural uni-

formity. Furthermore, significant enhanced signals of

SERS detection were obtained for the samples of AuNP-

dimers and AuNP-chains. This strategy is a simple and

Fig. 3 (Color online)

Schematic illustration and TEM

images of 30-nm AuNP-chains.

The scale bars are 100 nm

Fig. 4 (Color online) Typical SERS spectra of 4-MBA attached to

AuNP-dimers and AuNP-chains based on the rectangular DNA

origami

Fig. 5 The characteristic SERS intensity at 1075 cm-1 of AuNPs,

AuNP-dimers and AuNP-chains
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timesaving way to construct large-scale plasmonic nanos-

tructures based on AuNPs, which may open up the pro-

spects of high-ordered plasmonic nanostructures with

tailored optical properties.
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