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3D plasmonic chiral colloids are synthesized through deterministically

grouping of two gold nanorod AuNRs on DNA origami. These nanorod

crosses exhibit strong circular dichroism (CD) at optical frequencies

which can be engineered through position tuning of the rods on the

origami. Our experimental results agree qualitatively well with theo-

retical predictions.
The asset of DNA as nature's designer toolkit for structural
technology has been explored for several decades.1–5 The excel-
lent control over topology and superior accuracy in templated
synthesis bestow DNA the most successful molecule for
programmable assembly of matter on the nanoscale.6–10 The
DNA origami technique, introduced by Rothemund,11 relies on
the nanoscale folding of a single-stranded viral DNA by
numerous helper strands to create arbitrary 2D or 3D
shapes.11–18 Due to the fact that each individual helper strand
can be modied and extended to produce a sequence-depen-
dent surface tag, DNA origami can serve as a template to
assemble functionalized nanoparticles.19–24 Signicant progress
in DNA origami technology has been concurrent with the
prompt spanning of the scope of utility and diversity of possible
conjugate materials. Among them, metal nanoparticles are one
of the most exciting materials, whose versatile contributions in
multiple disciplines have been indisputably witnessed.25 A
metal nanoparticle supports localized surface plasmons, which
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are associated with the collective oscillation of the conductive
electrons in the nanoparticle. The localized nature of particle
plasmons enables a vast range of useful applications, including
surface-enhanced optical spectroscopies and subwavelength
photonic devices, as well as medical diagnostics and
therapeutics.

Recently, considerable effort has been directed towards DNA
origami templated assembly of gold nanoparticles into assort-
ments of functional nanostructures.26,27 Optical chirality in the
visible spectral range is one of the most important pursuits in
that it generally does not occur in natural chiral molecules.
Recent seminal work was carried out by organizing gold
spherical nanoparticles in a helical staircase on a DNA origami
bundle.28 However, due to the weak interaction between tiny
gold nanoparticles, CD of these plasmonic helices was rather
small. Alternatively, AuNRs have been considered owing to their
excellent optical properties and stronger oscillator strength. For
example, AuNRs were assembled on DNA origami to form chiral
nanostructures.29 However, the achieved CD response was still
quite weak and the induced chiral effect due to the presence of
DNA was not considered.

Here we demonstrate 3D plasmonic chiral colloids assem-
bled by DNA origami. Assemblies of crossed AuNRs templated
by DNA origami are dispersed in a water-based solution. In each
structure, two AuNRs are assembled on the opposite surfaces of
a planar DNA origami sheet, forming a 90� twisting angle (see
Fig. 1). Such crossed AuNRs constitute the simplest chiral object
in that two is the smallest number of rods that allows for 3D
chirality. The plasmonic chiral colloids exhibit strong CD
response at optical frequencies. In addition, the salient
addressability of DNA origami allows us to engineer the struc-
tural handedness through precise control over the positions of
the two AuNRs in the individual structure.29,30 This is imple-
mented by the parallel shiing of one AuNR from one to the
other end of the second AuNR with spatial accuracy on the
nanoscale.

Inherent from the native assembly, the double stranded DNA
(dsDNA) helices are unidirectionally oriented along the long
Nanoscale, 2014, 6, 2077–2081 | 2077
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Fig. 1 Schematic illustration of the experiment. A long single DNA
strand (M13) hybridizes with helper and capture strands to form a
rectangular DNA origami template with well-defined binding sites. The
capture strands are extended from the top and bottom surfaces of the
origami template. Multiple binding sites are used to robustly assemble
one gold nanorod (AuNR). The binding sites with different DNA
sequences are illustrated using red, purple, and blue colors. AuNRs
(nominally 40 nm � 12 nm) functionalized with corresponding
complementary DNA strands are assembled at the predesignated
locations on the origami template through DNA hybridization, forming
left- and right-handed structures, respectively.

Fig. 2 Agarose gel image and TEM images of the left- and right-
handed AuNR structures. (a) Ethidium bromide-stained agarose gel of
the products. Lane 1: M13. Lane 2: rectangular DNA origami. Lanes 3, 4,
and 5: single AuNR dressed DNA origami at binding groups of red,
purple, and blue (see Fig. 1). Lane 6: left-handed crossed AuNR
structures. Lane 7: right-handed crossed AuNR structures. The target
products are contained in the bands highlighted by the white dashed
lines. (b) Up: TEM images of the left-handed crossed AuNRs. Down:
TEM images of the right-handed crossed AuNRs.
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side of the rectangular origami sheet. Such an ordered align-
ment of the DNA helices provides a unique platform to inves-
tigate the interaction between DNA molecules and plasmonic
nanostructures. We demonstrate that the resulting chiral
molecule-induced CD is highly orientation dependent and can
be controlled through varying the orientation of a single AuNR
with respect to the direction of the dsDNA on the origami. Our
work lays the basis for achieving complex 3D plasmonic nano-
materials with distinct designer optical functionalities. The
modularity and generality of this DNA origami technology for
plasmonics is thus conclusively established.

Fig. 1 illustrates the experimental scheme. Rectangular DNA
origami was prepared by annealing the mixture of the M13
scaffold strand, capture strands, and helper strands at a ratio of
1 : 5 : 10 from 90 �C to room temperature for 8 hours. The
product was then puried with a lter device [100 kDa, molec-
ular weight cutoff (MWCO), Amicon, Millipore] to remove the
extra helper and capture stands. The dimensions of the rect-
angular origami were approximately 90 nm � 60 nm � 2 nm.
DNA capture strands with carefully designed sequences were
extended from the two surfaces of the rectangular DNA
2078 | Nanoscale, 2014, 6, 2077–2081
template. For each AuNR, multiple binding sites were used in
order to achieve robust assembly [see ESI†]. In Fig. 1, red,
purple, and blue colors are used to highlight these three
different groups of binding sites. Red and blue groups are on
the top surface, whereas the purple group is on the bottom
surface of the DNA origami. AuNRs (nominally 40 nm � 12 nm)
modied with corresponding complementary DNA strands were
assembled through DNA hybridization at the designated
binding sites on the DNA origami. The absence of symmetry
planes enforced by the 90� twisting angle results in two plas-
monic enantiomers: a le handed one (AuNRs placed at groups
red and purple) and a right-handed one (AuNRs placed at
groups blue and purple), respectively. DNA origami structures
dressed with single AuNRs were obtained by placing one AuNR
at the red, purple, or blue group, following similar experimental
procedures. The puried DNA origami and functionalized
AuNRs were then mixed and annealed from 43 �C to 23 �C for 30
cycles over 48 hours.30 Aer DNA hybridization, the AuNRs were
immobilized on the DNA origami template at the desired
positions (see ESI†).

Subsequently, the annealed products were analyzed and
separated by agarose gel electrophoresis. The gel image is
shown in Fig. 2a. Lanes 1 and 2 correspond to the M13 strand
and the rectangular DNA origami, respectively. Lane 3, 4, and 5
correspond to the DNA origami structures dressed with single
AuNRs at the red, purple, and blue groups. Lanes 6 and 7
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Optical characterization of the 3D plasmonic chiral structures.
(a) Measured CD spectra of the left- (red) and right-handed (blue)
crossed AuNRs. Strong CD is observed around 730 nm, which corre-
sponds to the longitudinal resonance of the AuNRs. The CD response
of the left-handed sample is stronger than that of the right-handed
one. Smaller CD is observed around 520 nm, which corresponds to the
transverse resonance of the AuNRs. (b) Calculated CD spectra of the
left- (red) and right-handed (blue) crossed AuNRs. (c) Hybridization of
the plasmons in the crossed AuNRs forms symmetric and antisym-
metric plasmonic modes.
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contain the le- and right-handed crossed rods, respectively.
The target gel bands highlighted by white-dashed lines in
Fig. 2a were then cut and extracted by electro-elution with
dialysis tubing membranes (MWCO: 50K). Fig. 2b shows the
transmission electron microscopy (TEM) images of the le- and
right-handed crossed rod structures. The TEM images match
our designs well. It is noteworthy that in some structures the
twisting angle between the two AuNRs is not exactly 90�,
stemming from the DNA origami deformation by the AuNRs
during the drying process on the TEM grids. Nevertheless, as
revealed by the TEM images, the position and orientation
accuracy of the AuNRs on the DNA origami is very good.

CD measurements were carried out with a quartz cuvette
(0.5 cm path length) using a J-810 Circular Dichroism Spec-
trometer. All the samples were dispersed in 1 � TAE/Mg2+

buffer (water-based). The extinction spectra of the samples can
be found in the ESI.† Fig. 3a shows the CD spectra of the le-
handed (red) and right-handed (blue) crossed rods. It is evident
that the two plasmonic enantiomers display bisignated spectral
bands with opposite chirality. More specically, the le-handed
sample shows a larger CD response compared to the right-
handed one.

In fact, the conguration of our crossed AuNRs is strongly
reminiscent of the interacting chromophores in the quantum
exciton-coupling theory used by Kuhn and Born to interpret
optical activity of natural chiral molecules. In order to gain
deeper insight into the CD mechanism, a classical electrody-
namics theory calculation was carried out to describe the plas-
monic CD generated in our plasmonic assemblies.28,31,32 We
utilized the Discrete Dipole Approximation (DDA) method33–36 to
obtain fully numerical results. In the aqueous solution, the
plasmonic assemblies are randomly oriented and illuminated
by light of xed direction. This is equivalent to averaging over
the results of a single assembly interacting with light for all
possible incident directions. The details of the computational
process can be found in a recent paper.32

The longitudinal resonance of the AuNRs is located around
730 nm as shown in Fig. 3a. When interacting with circularly
polarized light, the near-eld coupling between the two AuNRs
results in symmetric and antisymmetric hybrid modes (see
Fig. 3c). The symmetric mode is blue-shied compared to the
resonance of the individual AuNRs. This is caused by Coulomb
repulsion of the charges, which oscillate in phase in the two
AuNRs. On the other hand, the antisymmetric mode is red-
shied due to anti-phase oscillations of the charges in the two
AuNRs. Such a mode splitting gives rise to a characteristic bis-
ignated CD couplet, centered at the extinction wavelength of the
AuNRs around 730 nm.37,38 Another CD signature is visible at a
shorter wavelength around 520 nm (see Fig. 3a), which is due to
the plasmonic excitations along the transverse direction of the
AuNRs. The CD response at this wavelength is substantially
smaller, as expected from the weaker strength of the transverse
mode compared to that of the longitudinal mode (see the inset
of Fig. 3a). Fig. 3b presents the calculated results. The calcula-
tions qualitatively agree with the experiment. The line widths of
the experimental CD spectra are broader than those of the
calculated CD spectra mainly due to the inhomogeneous size
This journal is © The Royal Society of Chemistry 2014
distribution of the synthesized AuNRs. Also, the CD spectra are
mirrored for the le- and right-handed structures in the calcu-
lations. At this stage, it is still challenging to model the DNA
origami sheet in the theoretical calculations, which might be a
main reason for the observed larger CD response in the le-
handed sample compared to that in the right-handed one in the
Nanoscale, 2014, 6, 2077–2081 | 2079
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experiment. Still, CD resulting from the 3D plasmonic chiral
nanostructures plays a dominating role with respect to any
possible induced CD, given the markedly large CD amplitudes
in the experiment. Another possible reason could be due to the
preferred folding dynamics of the DNA origami in the aqueous
solution,39–41 which likely renders the le-handed conguration
more favorable. Further research on this front is still needed.

It has been theoretically proposed that the optical activity of
natural chiral molecules can be both amplied and transferred
to the resonance position of a plasmonic particle via their
Coulomb interaction. Such an interaction is highly anisotropic
and dependent on the orientation of the chiral molecule with
respect to the plasmonic particle.42,43 For a long time, rigorous
experimental verication of this orientation aspect has
remained elusive, due to the signicant challenge in controlling
molecular orientations on the nanoscale. Fortunately, DNA
origami offers a native platform to orient DNA strands through
directed self-assembly. In our case, aer DNA hybridization the
dsDNA is unidirectionally aligned along the long side of the
rectangular origami sheet. Such an orientationally engineerable
chiral system constitutes a fundamental basis for experimental
investigation of chiral molecule-induced CD. The strong CD in
Fig. 3a that mainly arises from the 3D chiral geometry of the
crossed AuNRs overshadows the characterization of the chiral
molecule-induced CD, which possesses substantially smaller
response. We therefore utilize a simpler system, which contains
an achiral plasmonic element, a single AuNR on DNA origami,
to study this aspect.

Fig. 4 shows the experimental CD results of the DNA origami
dressed with single AuNRs. A AuNR is oriented either parallel or
perpendicular to the long side of the DNA origami (i.e., the axis
of the dsDNA helices). It is apparent in Fig. 4 that the two
orthogonal congurations result in bisignated CD spectra
centered at around 730 nm, which are ipped when switching
Fig. 4 Optical characterization of the DNA origami dressed with single
AuNRs. Chiral molecule-induced CD is clearly observable centered at
around 730 nm. CD in the parallel AuNR cases (red and blue) shows
opposite chirality compared to that in the vertical AuNR case (purple).
The experimental results clearly demonstrate that the chiral molecule-
induced CD is highly orientation dependent. The smoothed lines that
are imposed on the raw data were obtained using the Savitzky–Golay
method.

2080 | Nanoscale, 2014, 6, 2077–2081
between the parallel and perpendicular orientations. More
specically, when the AuNR is assembled parallel to the dsDNA
helices, it generates a peak-to-dip line shape, giving rise to le-
handed induced CD. In contrast, when the AuNR is assembled
perpendicular to the dsDNA helices, the CD spectrum is char-
acterized by a dip-to-peak line shape, revealing a right-handed
induced CD. As a result, the anisotropic nature of the AuNRs
enables a clear identication of the orientation dependence of
the chiral molecule-induced CD.

Conclusions

The interdisciplinary character of structural DNA technology
has prompted it to the forefront of nanoscience and nano-
technology. The programmability of DNA offers unprecedented
spatial control over discrete constituents down to the nano-
scale. Simultaneously, this capacity also provides an excellent
playground to explore exotic optical functionalities of articial
nanostructures, in particular, chirality at optical frequencies.
The ubiquitous relationship between the 3D congurations of
plasmonic chiral objects and their chirality will be the driving
force to develop a new generation of 3D plasmon rulers, which
hold great potential for structural analysis, pharmacology, and
biomachinery.
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