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We investigate the optical response of gold nanorod (AuNR) 

dimers assembled in parallel on DNA origami template.  

Plasmonic circular dichroism (CD) was found to be highly 

dependent on the orientation of the dimers relative to DNA 

axis and the inter-rod distances. Dipole-dipole distances play 

a critical role in the induced plasmonic chirality.  The 

orientation dependence of induced CD was further verified 

by AuNR/Au nanosphere (AuNS) heterodimers. The 

experimental results of the plasmonic CD agreed well with 

theoretical calculations. 

Chiral nanocrystals and nanostructures have attracted 

considerable attention in recent decades1-5.  However, the 

synthesis of artificial chiral nanomaterials, in the aspect of the 

structural and handedness control, is still time-consuming and 

costly.  In comparison, self-assembly is considered as an 

efficient method to enable the fabrication of three-dimensional 

chiral superstructures with a variety of geometries, such as 

tetrahedral6 and helical7-9 configurations, which mimicked the 

natural chiral molecules.  More than four nanoscale 

components are usually required to construct the 3D 

asymmetrical geometries. Assembly of 3D chiral 

nanostructures with significant circular dichroism (CD) 

response and fewer nanoparticles still remains as the challenge, 

but it is of great significance in biomimicking and 

nanofabrication10. 

In 3D chiral nanostructures, the precise control of 

geometrical parameters, such as the spatial orientation, position 

of the nanoelements and inter-components separations, is 

critical for tuning CD signals. Structural DNA 

nanotechnology11-17 has been demonstrated as a programmable 

methodology for bottom-up fabrication of complex 

nanostructures with well-defined shapes and well-controlled 

functionalities.  In particular, DNA origami18, which is featured 

with unprecedented flexibility and spatial addressability, makes 

a programmable breadboard for placement of a variety of 

nanoscale objects.  DNA origami has been successfully used as 

the template for single-molecule chemical reactions19, DNA 

motors20 and biomolecular networks21.  In addition, DNA 

origami template has been used for site-selectively immobilized 

metal22 and semiconductor nanoparticles23 with nanometer 

precision, aiming for optical nanoantenna24, surface-enhanced 

Raman scattering and waveguides25, 26.  Notably, the assembly 

of noble metals nanoparticles, such as gold27-32 or silver33, can 

be directed by DNA origami template to achieve geometrical 

regulation of the nanoparticles construction, resulting in the 

controllable models of interparticle plasmon resonance and 

tunable field-enhancement effects.  An example can be found in 

the fabrication of centrally symmetric chains with progressively 

decreasing size and separations of six gold nanoparticles34, 

which can theoretically enhance the local field by orders of 

magnitude.  Previously spherical gold nanparticles in helical35 

or tetrameric36 configurations have been successfully arranged 

with DNA origami template, and the spatial positions and the 

interparticles separations were strictly controlled.  The 

asymmetric frame, integrating the dynamic Coulombic 

dipole−dipole and electromagnetic interactions, resulted in 

chiral response with controllable CD shape and intensity in the 

visible wavelength range, demonstrating the great potential of 

DNA origami in the construction of chiral artificial plasmonic 

nanostructures. 
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Distinctive from spherical nanoparticles, anisotropic metal 

nanoparticles, such as gold nanorods (AuNRs), possessed two 

orthogonal plasmon resonances, and two nanorods can interact 

with each other in an orientation-dependent manner.  The 

anisotropy also allows the use of the minimum of two nanorods 

for the fabrication of the 3D mirrored asymmetric architectures.  

DNA origami was used as the template for self-assembly of 

discrete AuNRs dimers to achieve CD response, the intensity 

and the shape of which were efficiently regulated through 

adjusting the spatial configuration.  On the other hand, the 

previous work27, 30, 32 focused on the crossed orientation of 

AuNR dimers, and the hybridization of the plasmons was 

considered as the dominant role in the 3D chirality.  However, 

it has to be noted that in the AuNRs/DNA complex systems, the 

double-stranded DNA (dsDNA) helices may also take part in 

the chiral response37, because of the coulomb interactions 

between the chiral molecules and the plasmonic nanoparticles.  

With the bifacial DNA rectangular sheet the template, dsDNA 

helices are unidirectionally oriented along the long axis of the 

origami, and such anisotropic interaction may efficiently 

transfer the chirality from the chiral molecule to the plasmonic 

particle.  The induced chirality was ever found in the individual 

AuNR assembled on DNA rectangular origami30 and chiral 

cysteine/AuNRs assemblies38.  Previous simulations reveal that 

the enhanced plasmonic CD signal is based on the Coulomb 

interaction between chiral molecules and nanosphere dimers39, 

but little is known about the role of DNA helices-nanorods 

interactions in the chiral response on experimental and 

theoretical levels, while this is of great significance for 

understanding the origin of the chirality of the plasmonic 

anisotropic nanoparticles self-assemblies.  

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Schematic illustration of the DNA origami directed assembly of 

gold nanorod architectures. (a) DNA capture strands are extended from the 

surface of bifacial DNA origami template to form multiple binding sites. 

The binding sites with different DNA sequences are illustrated using 

different colors.  AuNRs functionalized with corresponding complementary 

DNA strands are assembled at the predesignated locations on the origami 

template through DNA hybridization. (b) A series of AuNR dimers 

architectures were assembled by precisely tailoring the location of the 

capture strands on the origami template: (1, 2) two AuNRs assembled on the 

same side of template, parallel to the axis of the dsDNA helices (3) two 

AuNRs assembled on opposite side of template, parallel to the  axis of the 

dsDNA helices; (4, 5) two AuNRs assembled on the same side of template, 

perpendicular to the axis of the dsDNA helices; (6) two AuNRs assembled 

on opposite side of template, perpendicular to the  axis of the dsDNA 

helices. The distance between designed binding sites was estimated as the 

inter-rod distance.  

Therefore, in this work, with DNA rectangular origami as the 

template we fabricated side-by-side AuNRs dimers, the 

geometric symmetry of which was significantly enhanced 

compared with the crossed configurations of nanorods as 

reported27, 30, 40, 41.  The effect of the dimers orientations and the 

inter-rod distance on CD signals was investigated, and it was 

found that giant optical activity of AuNR dimers were induced 

by the oriented dsDNA helices through dipole-dipole 

interactions, which could be well described by the theoretical 

models (see Figure S5 in the support information).  Our study may 

provide insight for the mechanism of the chirality in plasmonic 

architectures assembled by DNA nanostructures.  

Figure 1a illustrates the experimental scheme.  A rectangular 

DNA origami (90nm×60nm×2nm) was assembled by annealing the 

designed staple strands, capture strands and M13 scaffold DNA from 

90oC to room temperature for 14 hours (for the experimental 

details and sequence design, see Supporting Information).  The 

product was then purified with a filter device (100kDa, 

molecular weight cutoff (MWCO), Amicon, Millipore) to 

remove the excessive staple and capture strands. DNA capture 

strands with carefully designed sequences (in orange and green) 

were extended from the rectangular DNA template at two 

specific sites to organize AuNRs precisely.  The binding sites 

were located either on the same side or the opposite sides, and 

two binding sites were arranged in the side-by-side fashions. At 

each binding site, ten capture strands with identical-sequence 

were used to immobilize one AuNR (39nm×12nm).  To avoid 

nonspecific binding, the capture sequences were different at the 

two individual binding sites. The purified DNA origami and 

AuNRs functionalized with corresponding complementary 

DNA strands were mixed and annealed from 43oC to 23oC for 

over 48h. After DNA hybridization, AuNRs were assembled at 

the designated binding sites on the DNA template to form side-

by-side geometrical configurations. To thoroughly investigate 

the effect of DNA helices on the chirality of AuNR dimers, 

side-by-side AuNR dimers were arranged perpendicular or 

parallel to the long side of the rectangular origami sheet (i.e. the 

axis of the dsDNA helices), on one side or opposite sides, with 

different inter-rod distances.  Single AuNR was also assembled 

onto the origami surface, perpendicular or parallel to the axis of 

dsDNA helices as the control, following similar experimental 

procedures. 

The annealed products were analyzed by agarose gel 

electrophoresis, and the resulting gel image is shown in Supporting 

Information Figure S1.  Lanes 3-8 correspond to AuNR dimeric 

structures (1)-(6) in Figure 1b.  The target gel bands were then sliced 

and extracted by electro-elution with dialysis tube membranes 

(MWCO: 50K).  Figure 2b show transmission electron microscopy 

(TEM) images of AuNR dimers that were arranged on same side and 

opposite sides of the origami surface, respectively.  Figure 2a shows 

the TEM images of single AuNR on the origami.  The stained 

structures of the products in TEM matched well with schematically 
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illustrated structural characters of the self-assemblies, including side-

by-side geometrical dimer configurations, parallel and perpendicular 

orientation relative to the long side of the origami sheet.  This 

demonstrates the precise control of AuNRs arrangement by the 

rectangular origami template. The inter-rod distance in TEM images 

is not exactly equal to the theoretical value estimated from the 

designed structures, which is attributed to the capillary force during 

the drying process on the TEM grids. More TEM images can be 

found in Figure S2. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2 TEM images of AuNRs/origami nanostructures.  (a) TEM images of 

control groups with only one AuNR assembled on the DNA origami.  (b) TEM 

images of the designed nanostructures corresponding to Fig.1b (1)-(6). The scale 

bar in all above images is 100 nm.  

CD measurements were carried out with a quartz cuvette using a 

J-810 Circular Dichroism Spectrometer.  All the samples were 

dispersed in water-based 1×TAE/Mg2+ buffer.  The CD spectra of the 

six side-by-side AuNR dimeric structures are shown in Figure 3a.  It 

is evident that the plasmonic dimers perpendicular and parallel to 

dsDNA helices exhibit bisignate spectra bands with opposite 

chirality, characteristics of right-handed and left-handed self-

assemblies.  It was also found that the arrangement of side-by-side 

AuNR dimers on the opposite side of the origami sheet displayed 

larger CD response than on the same side.  These results indicate 

that the dipole-dipole interactions between dsDNA helices and 

AuNRs may affect the chirality of the complex assemblies 

significantly.  Moreover, AuNR dimers on the same side displayed 

stronger CD signals than single AuNR, and smaller inter-rod 

distance resulted in the larger chiral response.  The dependence of 

the CD intensity on the rod number and spacing may reflect the 

cooperative dipole interactions between AuNR dimers and dsDNA 

helices. 

 
 
Figure 3 CD spectra of the AuNRs/origami nanostructures.  (a) Experimental 

CD spectra of the designed nanostructures and control groups. The AuNR 

concentrations of all of the samples are the same.  (b) Calculation results of the 

CD spectra. Each plot (left) was correlated to the frame of the respective sample 

(right) through colors. 

We also designed and constructed an asymmetric heterodimer 

composed of one 15 nm Au nanosphere (AuNS) and one AuNR onto 

the rectangular origami sheet, to further demonstrate the role of 

DNA helices in the chirality of the plasmonic self-assemblies, with a 

similar assembly procedure(Figure 4c and S5).  Figure 4 shows the 

schematic drawing, CD spectra and TEM of the assembled 

heterodimer. Four AuNS/AuNR dimer architectures were designed: 

(1) AuNS and AuNR on opposite side of template with AuNR 

parallel to the axis of the dsDNA helices (red curve, surface distance 

12 nm); (2) AuNS and AuNR on the same side of template with 

AuNR parallel to the axis of the dsDNA helices (black curve, surface 

distance 3 nm); (3)AuNS and AuNR on the same side of template 

with AuNR perpendicular to the axis of the dsDNA helices (blue 

curve, surface distance 3 nm); (4) AuNS and AuNR on the opposite 

side of template with AuNR perpendicular to the axis of the dsDNA 

helices (purple curve, surface distance 12 nm). Experimental 

measured CD showed that the parallel and perpendicular orientation 

of the nanorod in the dimers, relative to the axis of dsDNA helices, 

resulted in the opposite chiral response, and the heterodimers on the 

opposite side of the origami surface displayed stronger CD signals 

than those on the same side. 

Here we present a qualitative theory to understand the basic 

features of these experimental results.  Single AuNR that was 

not assembled on the DNA origami does not show any chiral 

response.  Therefore, unlike the chiral properties in other 

systems in which AuNR dimers were arranged in crossed 

fashions, the CD spectrum of the composite system of DNA 
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origami and side-by-side AuNR dimers comes from the 

induction of the aligned dsDNA helices.  We apply the dipole 

approximation method to study the optical properties in the 

following38. 

 
 
Figure 4 (a) Experimental CD spectra of the pre-designed AuNS-AuNR 

heterodimers nanostructures and control groups. The concentrations of all of the 

assembled heterodimers were the same.  (b) The CD spectra of the assembled 

nanoarchitectures. Each plot (left) was correlated to the frame of the respective 

sample (right) through colors.  (c) Corresponding TEM images AuNS-AuNR 

heterodimers.  The scale bar in all above images is 100 nm. 

A number of theoretical models proposed various possible 

mechanisms for plasmonic (or excitonic) CD induction38,42,43.  In our 

approach, the AuNR/AuNS is represented by a dipole at its center，

while the DNA origami may be viewed as effective dipole(s) at 

positions right opposite to the center of AuNR(s)/AuNS(s).  The 

response of DNA origami/effective dipole(s) can be described by the 

polarizability tensor defined by DD Ep


 ̂ , where DE


the electric field 

on the dipole(s) with moment Dp


.  The electric field on the effective 

dipole of DNA origami is the summation of the incident field 0E


 and 

the dipole field from AuNR/AuNS  

])(3[
1

3 MM ppnn
R




                                                    (1) 

where R  the distance between the effective dipoles (Figure S6), n


 

the unit vector along the centers between the effective dipoles, the 

dipole of the AuNR 0Ep MM


 , M the effective polarizability of 

AuNR/AuNS. (See Support Information for more details)  The 

dominant contribution of CD at visible light regime is the origami 

induced and AuNR/AuNS amplified absorption difference between 

left and right circularly polarized light, i.e., 

RL QQCD                                                                (2) 

2/*/

/ ||)Im( RLRL

MRL EEQ


                                     (3) 

])(3[
1 //

3

/

0

/ RL

D

RL

D

RLRL ppnn
R

EE



                                   (4) 

where 
RLE /

0



 and 
RL

Dp /
are the left/right circularly polarized incident 

field and the induce dipole of DNA origami in the presence of 

incident field.  The corresponding theoretical results are shown in 

Figure 3b.  

Impressively, the theoretical results are in good agreement with 

the experimental observations，and some important conclusions can 

be drawn from our theory.  First, yGCD ( xGCD ) (as seen in 

equation S9 in Support Information) is induced by chirality of DNA 

origami.  Though yxG / is small in the visible light regime and the CD 

is hard to detect without AuNR/AuNS, the presence of AuNR/AuNS 

enhances the CD signal in the visible light regime due to the surface 

plasmon resonance (because ]Im[ MCD  ).  The anisotropic of DNA 

origami ( xy GG 
) lead to opposite sign of CD for AuNR along X 

and Y directions. Moreover, the enhanced field on DNA origami due 

to multiple AuNR (for AuNR/AuNS dimer at the same side of DNA 

origami) or gap near field (for AuNR/AuNS dimer at the different 

sides of DNA origami) may further amplify the CD strength.  The 

occurring of another CD signal is due to the plasmonic excitations 

along the transverse direction of AuNRs.  The CD response at this 

wavelength is not obvious compared to the theoretical result.  The 

main reason is that the inhomogeneous size distribution and 

imperfect shape of the synthesized AuNRs and relatively high CD 

signal of the longitudinal mode. 

Conclusions 

In summary, using rectangular DNA origami sheet as the 

template, side-by-side AuNRs dimers were fabricated.  DNA-

based assembly provided remarkable spatial control of 

plasmonic nanostructures and chiral molecules, which allow the 

unprecedented study of orientation dependence of chiral 

molecule-induced CD.  CD response was largely affected by 

the dimers orientation relative to the axis of dsDNA helices and 

inter-rod distances.  The experimental results are consistent 

with the theoretical simulation that took the dipoles of dsDNA 

helices into account, revealing the dominant role of dipole-

dipole distances in the plasmonic chirality.  The induction of 

the chirality from the plasmonic architectures by DNA helices 

were further verified by AuNS-AuNR heterodimers on the 

origami sheet.  Our work may advance the development of the 

regulation methodologies and provide insights for the 

mechanisms of the chiral response of the plasmonic 

nanoparticles/chiral molecules complex. 
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