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ABSTRACT: Asymmetric three-dimensional (3D) nanoarchitectures that cannot coincide with their mirrored-symmetric
counterparts are known as chiral objects. Numerous studies have focused on chiral plasmonic nanoarchitectures created
intentionally with 3D asymmetric configurations, whose plasmonic chirality is promising for various nanoplasmonic and
nanophotonic applications. Here, we show that gold nanorod (AuNR) plasmonic nanoarchitectures assembled on a soft 2D
DNA origami template, which was often simplified to be a rigid rectangle, can exhibit strong chiroptical activities. The slight
flexibility of the origami templates was found to play a critical role in inducing the plasmonic chirality of the assembled
nanoarchitectures. Our study set a new example of reflecting the native conformation of nanostructures using chiral spectroscopy
and can inspire the exploration of the softness of DNA templates for the future design of assembled chiral nanoarchitectures.
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Chiral plasmonic nanoarchitectures have shown great
potentials as building blocks for negative index materi-

als,1,2 broadband circular polarizers,3,4 and label-free biosensing
and structural characterization of biomaterials.5,6 The advan-
tages of such metal nanoarchitectures originate in their surface
plasmon resonances with strong optical absorption, which can
enhance the optical activity significantly.7−9 Furthermore, the
handedness, wavelength, and intensity of the plasmonic
chirality can be rationally tuned by simply tailoring the
geometry of the nanostructured components.10−13

Recently, DNA origami has proved to be a versatile template
for controlled assembly of noble metal nanoparticles, allowing
the creation of well-defined plasmonic chiral nanostructures.
For instances, tubular origami that displays helical arrangement
of anchor sites enables organizing of three-dimensional (3D)
gold nanoparticle (AuNP) chiral plasmonic helices.14 Instead of
3D DNA origami, a two-dimensional (2D) rectangular DNA
origami has been used to construct 3D chiral plasmonic
structures by precisely positioning AuNPs on its up and bottom
side, respectively, forming 3D asymmetric AuNP chiral

tetramers.15 One of our recent efforts further extended this
facile strategy to obtain complex 3D gold nanorod (AuNR)
dimer structures with tunable chiroptical activities by rationally
designing the locations of AuNRs on both sides of a 2D
rectangular DNA origami.16

So far, most of the DNA-guided plasmonic chiral nanoma-
terials were fabricated intentionally with precise 3D structures.
In fact, owing to the flexibility of the DNA molecules, the DNA
origami still maintains the nature of soft materials, and exhibits
dynamic and Brownian motion in liquid, which will certainly
lead to the deformation of the assembled nanostructures.
However, the DNA origami used as template for directing the
assembly of nanostructures is often treated as rigid and ideal as
the designed model. For example, DNA origami has been
widely treated as rigid template for the assembly of
heterogeneous nanomaterials out of quantum dots and gold
nanoparticles,17 gold nanoparticle chiral tetramers,11 gold
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nanorod dimer structures,16,18 silver nanoparticle structures,19

and self-similar gold nanoparticle chain structure.20

To our best knowledge, few studies have focused on
significant impact of the nature of origami as soft materials
on the property of the origami-guided nanostructures, in
particular, the chiral nanostructures. In this work, we
demonstrated that a series of AuNR dimer nanostructures,
assembled on one side instead of two sides of a soft 2D DNA
origami template, which was ideally taken as a 2D planar
structures without chirality before,21,22 can exhibit strong
optical chiral responses. The flexibility of the soft DNA origami
was found to play an essential role in the strong chiral response
of the quasi-2D AuNR dimer nanostructures. The DNA
origami templates (90 nm × 60 nm × 2 nm) were obtained
by hybridizing a M13 single-stranded DNA (ssDNA) with a set
of ∼200 short staple strands23 and were used to guide the
assembly of AuNR dimer nanostructures (Figure 1a). First,
AuNRs were functionalized with four different sets of ssDNA,
respectively. Second, four types of capturing strands that are
complementary to the ssDNA functionalized on AuNR surface
protrude from one side of the DNA origami and seven copies
of each capturing strand were used to anchor one AuNR on the

DNA origami. Third, the predesigned AuNR dimer nanostruc-
tures were assembled by hybridizing the DNA origami and
AuNRs. Four types of AuNR dimer nanostructures were
designed and assembled in this study as defined as Dimer 1,
Dimer 2, Dimer 3, and Dimer 4, in which the geometrical
symmetry was finely tuned by rationally designing the position
of AuNR on the origami. The assembled AuNR dimer
nanostructures were collected by gel electrophoresis in a high
purity up to 90% as manifested by transmission electron
microscopy (TEM) images in Figure 1b (see Supporting
Information for more TEM images). As shown in Figure 1c,d,
most of the tip-to-tip distances are about 15−20 nm, and most
of the angles for Dimer 1, Dimer 2, and Dimer 3 are about 80−
95° and 170−180° for Dimer 4. These statistics further depict
that all of the assembled configurations are in good agreement
with our original design. It is notable that the observed objects
under TEM slightly vary from the predesigned model
structures, which resulted from the drying process during
sampling.
We then carried out the plasmon absorption measurement of

the purified Dimers. As exhibited in Figure 2a, both DNA-
capped AuNRs and AuNR/origami monomer conjugates have

Figure 1. (a) Schematic illustration of the assembly of AuNRs onto the quasi-2D DNA origami forming AuNR dimer. When only considering the
ideal design of AuNR structure without origami deformations, Dimers 1 and 2 can be viewed as reversed structures by flipping the origami plane
around, which would be equivalent to a mirror reflection, thus, Dimers 1 and 2 are described as mirror-symmetric-like configurations here. (b) TEM
images of the assembled AuNR dimers. (c, d) Statistics of the tip-to-tip distances and the angles between nanorods for different configurations.
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longitudinal plasmon resonance frequency close to 742 nm,
illustrating the negligible influence of DNA sequences and
DNA origami on the plasmon resonance property of AuNRs.
Due to the weak interactions between the longitudinal plasmon
modes, Dimers 1−3 with “L” geometry have close resonance
peak position as compared with the AuNR/origami monomer
conjugates. In contrast, when AuNRs are arranged along the
length axis forming linear geometry, strong coupling occurs
between the longitudinal plasmonic dipoles, giving rise to a
large plasmon wavelength shift of 10 nm (Dimer 4 in Figure
2a). Such strong plasmonic interactions within the linear
geometry of AuNR dimer were also reported on the single
particle level.24,25 Overall, the plasmon resonance frequency
shifts insensitively with varying the configuration of Dimers.
Especially, the “L” geometry shows almost the same plasmon
resonance frequency in comparison with its mirror-symmetric-
like counterpart. Therefore, it is difficult to identify the detailed
structures and distinguish the conformations of these
enantiomers by monitoring their plasmonic absorptions.
In spite of the “seemingly” 2D geometry, the L-assemblies

exhibit strong optical activity, which can be clearly observed
using circular dichroism (CD) spectroscopy. CD spectroscopy
is widely used in the structural analysis of organic molecules
and biomolecules, because the CD spectrum arises from the
differential absorptions of left- and right-handed circularly
polarized light for the molecular chiral center, and is very
sensitive to the 3D arrangement of molecule dipoles. Metal
nanoparticles have much larger optical absorption than small
organic molecules because their surface plasmon resonances
greatly increase the absorption cross-section, leading to the
enhanced CD response at plasmonic resonance wavelengths. As
illustrated in Figure 2b, single AuNR/origami (monomer)

shows almost no CD signal, indicating that the chirality
observed here is not mainly contributed by the molecular
chirality of DNA origami. The asymmetric “L”-shaped
assemblies of Dimers 1−3 present much higher CD signals
around the longitudinal plasmon frequency compared to the
linear geometry of Dimer 4. In particular, Dimers 1 and 2
exhibit reversed CD spectra arising from their mirror-
symmetric-like configurations. Dimers 1 and 3 have close
optical activities not only in handedness but also in CD signal
intensity, as a result of their similar L-shaped configurations of
AuNR arrangements.
In previous studies, DNA origami templates were widely

considered as rigid, planar substrates for guiding the assembly
of nanoparticles.11,16−20 In that case, the as-assembled AuNR
dimer structures templated by the 2D DNA origami would not
exhibit chiroptical activities according to our numerical
simulations (discussed below). However, as observed in Figure
2b, the “L” dimer assemblies obtained in our study exhibited
significant CD signals. This means that the AuNR dimers are
supposed to have certain 3D configurations. Further, these 3D
“L”-shaped AuNR dimers are highly comparable to the
plasmonic version of the Born-Kuhn modeled structures that
can be realized as two identical corner-stacked and orthogonal
nanorods. The near field plasmonic coupling between the
nanorod resonantors generates bonding and antibonding
plasmonic modes according to the hybridization model.
These two plasmonic modes have differential absorption for
the left- and right-handed circularly polarized light in different
wavelength region, and thus give rise to the characteristic
bisignate line shape of chiral spectra. Giessen et al. have also
experimentally observed similar chiroptical activities from their
plasmonic Born-Kuhn system consisting of two nanorods

Figure 2. (a) Absorption and (b) circular dichroism spectra of the four types of AuNR dimers. The plasmonic chirality responds much more
sensitively to the spatial variation of the assembled AuNR dimers, compared to their plasmon resonance coupling.
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fabricated through a two-step electron beam lithography
procedure.26

Now let us consider how the basic origami template induces
3D configurations of the assembled AuNR dimer structures, in
the view of the original design of origami. According to the
classic design of the origami used here, the DNA double helix
in DNA origami (10.67 bp/turn) deviates from the natural B-
type helical pitch (10.4 bp/turn). Such minimal structural
difference can induce slight strain during the formation of the
origami and cause the origami template to curve. As shown in
Figure 3, we use Cando software to replot the DNA origami

template employed in this study, which undoubtedly depicts
the curvature and 3D structure of the origami (see Supporting
Information for details).27 Such 3D configuration of the DNA
origami template will propagate its 3D nature to the assembled
AuNR dimers.
In addition to the curvature of the DNA origami, the intrinsic

softness and dynamic motion of origami in solution also
influence the real-conformation of the assembled AuNR
structures, and such structural dynamics is hard monitored by
TEM or cryo-TEM which are usually used to imaging static
objects.28 Nevertheless, we monitored the ensembles of
origami-guided nanostructures through chiral signal output,
which is highly sensitive to the in situ structure of the measured
objects.
We have experimentally demonstrated the 3D native

conformation of the AuNR dimer structures assembled on
the classic planar origami template. To further disclose the real
conformation of the AuNR dimer nanostructures, numerical
simulations of the optical activities were carried out using
Comsol Multiphysics based on the finite-element methods (see
Supporting Information for details). Because the mirrored-
symmetric like AuNR dimers display vertically symmetric chiral
spectra, we choose single typical enantiomeric structure (Dimer
1) for the theoretical studies. The numerical method was first
validated by comparing the simulated absorption spectrum of a
single AuNR with the experimental result. Based on the AuNR
dimension obtained statistically from TEM images (10 nm ×
36 nm), the nanorods in simulation exhibited an absorption
peak at 745 nm which agrees well with the experimentally
measured resonance (Figure 4a). This peak is the longitudinal
dipole resonance from the AuNR as confirmed by the simulated
charge distribution image (inset in Figure 4a).
The single longitudinal peak splits into two peaks (728 and

763 nm) when such two AuNRs were placed close to each
other (Figure 4a). By examining the simulated field distribution
and the spatially resolved charge density (insets in Figure 4a),

we found that the dipole resonances are oscillating in-phase
between the AuNRs at the longer wavelength, whereas out-of-
phase resonances are observed around the blue-shifted peak.
Such characteristic oscillation patterns identify the two split
peaks as bonding and antibonding resonances due to the
electromagnetic coupling between the two dipole resonances
from each AuNR.29−31 It is worth noting that the double peaks
were not observed experimentally, which can be explained by

Figure 3. Replotted modeled origami structure from Cando software:
(a) the front view, (b) the top view, (c) the side view.

Figure 4. (a) Simulated absorption spectra of monomer (red triangles)
and dimer (black squares) assemblies. The peak splitting due to the
near-field coupling can be observed in the spectrum of the AuNR
dimer. The insets are the charge density distribution of the AuNR
assemblies showing the dipolar mode on each AuNR. (b) The spectral
peak split between the bonding and antibonding resonances of AuNR
dimer assemblies reduces with increasing inter-rod spacing, indicating
weaker coupling at larger distance. (c) The amplitude of the split
resonances changes in different directions as the illumination switches
from left-hand circular polarization to right-hand polarization (black
square and red triangle, respectively). Such opposite changes resulted
in the CD with a positive amplitude at 728 nm and negative at 768 nm
(blue circles). Qualitatively similar chiral behavior is retained in the
CD spectrum averaged over the 4π angles (cyan diamonds).
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the variations of geometries over many AuNR assemblies being
measured simultaneously in bulk solution. In fact, the inter-rod
gap dependent simulations revealed that slight increases of the
distance between the AuNRs would reduce the amount of
wavelength shifting and likely smeared double-peak feature in
experimental data (Figure 4b).
A planar AuNR dimer assembly (with two AuNRs located in

the same plane) does not exhibit optical activity in simulations,
as we would expect from its nonchiral geometry. However, as
soon as one of the AuNRs tipped up even for a small angle (10°
in our simulations), CD response appeared in simulated
differential absorption spectra. Experimentally, the orientation
of the AuNRs attached to the origami templates would follow
the small curving of the template due to the strain predicted in
Figure 3. The small curving brings the AuNR out of the original
plane and results in a 3D chiral structure in the AuNR dimer
assemblies. Based on the field distribution map provided by the
numerical methods, the amplitude of these two resonances
(bonding and antibonding) is sensitive to the polarization of
the excitation light only when the AuNR assembly has a chiral
structure. Figure 4c showed the simulated results from a dimer
assembly with 15 nm tip-to-tip spacing and with one of the
AuNR tipped up for 10° (pivot at the end of the NR). This
subtle geometry change effectively brings one AuNR out of the
plane the other AuNR is residing in, which therefore results in
the chiral structure and the optical activities. The bonding (in-
phase) mode appears to be more pronounced under right-
handed circular polarization than that under the left-handed
polarization, whereas the antibonding mode decreases in
amplitude (Figure 4c). The opposite change of the magnitude
between the two modes led to well-defined CD response. The
differential absorption spectrum (under left-handed and right-
handed polarized light) crosses zero right around 745 nm, the
wavelength in the middle between the two split resonances.
To resemble the experimental measurement conditions

where AuNR assemblies were dispersed in solution with
random orientations, we further simulated the CD spectra from
the full 4π angular directions to account for the effect of
illumination directions on the geometrically anisotropic AuNR
assemblies. Specifically, we simulated CD spectra by varying the
incident light directions (θ and φ with 10° interval) and took a
surface-area-weighted average of all the obtained spectra. The
sign of the chirality appeared to be insensitive to the
illumination direction, whereas the amplitude fluctuates as the
illumination direction changed (Figure 4c). The averaged CD
spectra over the angles in simulation agree with measured
results very well. Alternatively, when we mirror the structure
assembly, the chirality changes its sign and become negative at
shorter wavelength and positive at longer wavelength.
The amplitude of the chirality in simulation is dependent on

the interplane spacing of the nanorods forming the chiral
structure. Since such chiral structure could only be resulted
from the distortion of the origami template, further quantitative
study in the future may provide a convenient method to
measure the curving of origami platelets in solution based on
optical spectroscopy.
In summary, strong plasmonic chirality was observed from

the quasi 2D AuNR dimer nanoarchitectures assembled on a
soft 2D origami, which were associated with their geometric
asymmetry.31 The intensity of the chiral response of the
obtained AuNR dimers was significantly dependent on the
flexibility of the template. Our results show that the critical role
of the DNA template on the precise conformation of the

assembled nanostructures and the properties thereof, which
should not be depreciated and may be taken advantage of in the
design of self-assembly of nanostructures, particularly when
optical activities are of interest.
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