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ABSTRACT: Circular dichroism (CD) from hybrid complexes of 
plasmonic nanostructures and chiral molecules has recently at-
tracted significant interest. However, the hierarchical chiral self-
assembly of molecules on surfaces of metal nanostructures has re-
mained challenging. As a result, a deep understanding of plasmon-
exciton coupling between surface plasmons and chiral collective 
molecular excitations has not been achieved. In particular, the crit-
ical impact of resonant plasmon-exciton coupling within the hybrid 
is unclear. Here, we employed DNA-templated strategies to control 
the chiral self-assembly of achiral chromophores with rationally 
tuned exciton transitions on gold nanosphere (AuNP) or gold na-
norod (AuNR) surfaces. Unlike many previous chiral plasmonic 
hybrids utilizing chiral biomolecules with CD signals in the UV 
range, we designed structure with the chiral excitonic resonances 
at visible wavelengths. The constructed hybrid complexes dis-
played strong chiroptical activity that depends on the spectral over-
lap between the chiral collective molecular excitations and the plas-
mon resonances. We find that when spectral overlap is optimized, 
the molecular CD signal originating from the chiral self-assemblies 
of chromophores was strongly enhanced (maximum enhancement 
of nearly an order of magnitude) and a plasmonic CD signal was 
induced. Surprisingly, the sign of the molecular CD was reversed 
despite different self-assembly mechanisms of the Au nanoparticle-
chromophore hybrids. Our results provide new insight into plas-
monic CD enhancements and will inspire further studies on chiral 
light-matter interactions in strongly coupled plasmonic-excitonic 
systems.  

Introduction 

Controllable fabrication of nanoparticle-molecule hybrids with de-
fined structures has profound significance in the pursuit of novel 
materials and functionalities.1-7 Unprecedented collective behav-
iors could emerge from the engineered nanoparticle-molecule hy-
brids due to controlled interactions between the constituents. For 

instance, through integrating metal nanoparticles and chiral mole-
cules, molecular chirality transfer to visible wavelength plasmonic 
resonances8-10 was demonstrated, and has been a topic of intense 
research. Such chiral plasmonic hybrids exhibit great potential in 
ultrasensitive chiral sensing, enantioselective catalysis, and op-
tics.11-13  

To date, a variety of plasmonic nanoparticle-chiral molecule hy-
brids have been created.9-12, 14-20 Dipole-dipole coupling8 or atomic 
surface reconfigurations21 are considered to be the two main chi-
rality transfer mechanisms depending on the dimensions of the con-
stituent nanoparticles. Previously reported nanoparticle building 
blocks include metal nanorods,9 nanocubes,22 and core-shell parti-
cles.14, 23 Chiral biomolecules, such as DNA,23 peptides,20 and 
amino acids24 usually serve as the chiral molecular sources.   

However, the construction of chiral plasmonic hybrid structures 
with controllable molecule positioning including defined separa-
tion and hierarchical self-assembly directly on nanoparticle sur-
faces remains a significant challenge. In previous studies, chiral 
molecules were often directly conjugated to nanoparticles as cap-
ping ligands20, 22-23, 25 or incorporated in between nanoparticles,9, 15, 

25 without deliberate control of the molecular self-assembly. As a 
result, the majority of studies have been limited to weakly con-
trolled and non-quantitative interactions between nanoparticles and 
non-electronically coupled isolated molecules (Scheme 1A). Spe-
cifically, coupling between nanoparticle surface plasmons and col-
lectively coupled chiral excitons from hierarchical molecular self-
assemblies is not well-understood.  

Moreover, interactions between nanoparticle plasmons and molec-
ular excitons with optimized spectral overlap leading to strong res-
onant coupling could greatly influence the resultant chiroptical ac-
tivity. However, the majority of previous studies on hybrid com-
plexes made from plasmonic nanostructures and chiral excitons 
have employed chiral molecules with absorption at ultraviolet 
wavelengths, far from the typical plasmon resonance of metal na-
noparticles (Scheme 1A).13, 20, 22, 24 To explore the critical role of 
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resonant coupling, rational design and self-assembly of chiral plas-
monic hybrids with tunable molecular excitons and plasmons are 
required. 

Herein, we report a systematic study of the critical influence of 
spectral overlap and resonant coupling in chiral molecule-nanopar-
ticle hybrids via rational engineering of molecular self-assembly on 
metal nanoparticle surfaces (Scheme 1B). DNA nanotechnology 
has proven to be a powerful tool to rationally design and precisely 
control the self-organization of nanoparticles and molecules.4, 26-40 
Through DNA-templated strategies, we constructed three different 
types of chiral plasmonic Au nanoparticle-chromophore hybrid 
structures. These hybrids include a complex of AuNRs and cyanine 
dye K21 J-type aggregates on DNA duplexes, and two complexes 
of AuNPs and cyanine dye (Cy3 or Cy5) dimers constructed in the 
middle of DNA duplexes. The chromophores are all individually 
achiral but display collectively coupled chiral excitons when they 
self-assemble with the aid of the DNA duplex templates. We find 
that the chirality of the Au nanoparticle-chromophore hybrids has 
contributions from both molecular CD of the chiral self-assemblies 
of chromophores and induced plasmonic CD by the chiral self-as-
semblies. Surprisingly, the sign of the molecular CD is reversed 
with an enhanced magnitude compared to the DNA templates and 
chromophores only. The signal intensities of both the molecular 
CD and plasmonic CD depends on the spectral overlap between the 
surface plasmons and the collective chiral excitons of the chromo-
phores. All of these features specific to the hybrids highlight the 
critical impact of resonant coupling between the Au nanostructures 
and the chiral self-assemblies of chromophores. 

Scheme 1. Key differences between previously reported chiral 
molecule-plasmonic hybrids (A) and the hybrids in this work (B). 
(A) Shows an individual chiral molecule, while (B) shows a chiral 
assembly of achiral molecules in proximity to the metal nanoparti-
cle surface. Differing exciton absorption wavelengths of the mole-
cules are shown in blue and red, indicating poor and good spectral 
overlap with the surface plasmon, respectively.  

Results and Discussion 

By taking advantage of the strong binding of K21 cyanine dyes to 
double-stranded DNA (dsDNA),41 we assembled K21 aggregates 
on dsDNA-functionalized AuNRs (Figure 1A). The dsDNA 
strands (17 bp) were pre-hybridized on AuNRs (~ 10 nm × 44 nm), 
and then K21 was added to bind to the dsDNA through electrostatic 
attractions to the negatively charged DNA and hydrophobic inter-
actions with the bases. After K21 binding to the dsDNA, a new 
extinction band with a maximum at 460 nm appeared in the spec-
trum (Figure 1B). This red-shifted resonance relative to K21 mon-
omer indicates the formation of J-type aggregates of K21 on 
dsDNA with an end-to-end configuration.42 The AuNRs have two 
separate plasmon resonances, a transverse mode centered at 510 
nm and a longitudinal mode centered at 725 nm (Figure 1B). The 
collective exciton of the K21 aggregates overlaps with the tail of 
the AuNR transverse plasmon, but is far away from the longitudinal 
plasmon. These spectral features enable us to investigate the influ-
ence of relative spectral positions between plasmons and collective 
excitons on the chiroptical response of the AuNR-K21 hybrid.  

We found that the chiroptical response is highly impacted by the 
coupling between the collective excitations of the K21 aggregates 
and the AuNR transverse plasmon mode. As shown in Figure 1C, 
the dsDNA templated K21 aggregates alone displayed a sharp 

peak-dip CD lineshape (red), compared with the featureless CD 
spectrum of free K21 (blue). The zero crossing point of the CD 
spectrum at 460 nm is coincident with the maximum absorption 
wavelength of K21 aggregates on dsDNA (Figure 1B). When K21 
aggregates were assembled on the DNA duplexes and aligned on 
the AuNR surface, the original molecular CD dip was reversed in 
sign to produce a sharp peak at 465 nm with an order of magnitude 
enhanced intensity (Figure 1D). The intensity enhancement can be 
seen directly by comparing the magnitudes of the CD spectra in 
Figure 1C and 1D, which are expressed in units of molar ellipticity. 
In addition a new broad CD peak arose at ~510 nm, coincident with 
the AuNR transverse plasmon mode. The observations of sign re-
versal for the molecular CD and the appearance of plasmonic CD 
were reproducible with different K21 concentrations (Figure S1). 
The AuNR-dsDNA complexes without K21 displayed a featureless 
CD spectrum (Figure 1D). Also, no CD signal was detected from 
AuNR-K21 hybrids at the longitudinal plasmon mode around 725 
nm due to significantly reduced spectral overlap between the lon-
gitudinal plasmon mode and the collective excitons of the K21 ag-
gregates. This result indicates that spectral overlap leading to reso-
nant coupling plays a critical role in the observed chirality of the 
AuNR-K21 hybrid. 

 
Figure 1. A) Schematic of the self-assembly of the hybrid complex 
of AuNR-K21 aggregates, templated by dsDNA conjugated on the 
AuNR surface. B) Normalized extinction spectra of aqueous solu-
tions of K21 before (blue) and after (red) binding to dsDNA and of 
AuNRs alone (black). C) CD spectra of K21 before and after bind-
ing to dsDNA. D) CD spectra of AuNRs conjugated with dsDNA 
before and after K21 self-assembly on the DNA templates. The mo-
lar ratio of K21 to dsDNA on the AuNR surface was set to 160 in 
the reaction. All the CD spectra in panels C and D were normalized 
to the dsDNA concentration to obtain the molar ellipticity, except 
for the K21 only sample, which was normalized by the K21 con-
centration. The number of ssDNA per AuNR before DNA hybrid-
izations to form dsDNA was estimated to be ~125 using Mirkin’s 
model.43 All the ssDNAs conjugated to the AuNR surface were as-
sumed to hybridize with their complementary strands to produce 
dsDNAs when calculating the molar ellipticity of the hybrid. 
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Therefore, the molar ellipticity of the AuNR-K21 hybrid normal-
ized by the dsDNA concentration is likely even higher than the val-
ues shown in panel D.  

We did not observe CD at the longitudinal plasmon mode of the 
AuNRs, despite the potential existence of minor AuNR aggregation 
that could improve the molecular chirality transfer to the longitudi-
nal mode through local electric field enhancement.9 The extinction 
spectra of AuNRs showed a red-shift of 10-30 nm after K21 bind-
ing for both plasmon modes (Figure S2). This spectral shift likely 
results from an increased refractive index of the surroundings44 and 
potentially the occurrence of AuNR aggregation due to electro-
static interactions between K21 and dsDNA-capped AuNRs. The 
lack of observable CD at the longitudinal plasmon resonance, how-
ever, indicates that only minor AuNR aggregation could have oc-
curred on the measurement timescale. Otherwise, the strong elec-
tromagnetic hot spots generated in the nanoparticle aggregate gaps 
should have enabled a plasmonic CD signal at the longitudinal 
mode induced by the K21 assemblies despite the poor spectral 
overlap.13 

Figure 2. A) Schematic of the dsDNA mediated self-assembly of 
the AuNP-dye dimer hybrids. Note that any ssDNAs with only a 
single dye that may remain unhybridized on the AuNP surface are 
not shown, because single dyes conjugated to ssDNAs are not ob-
served to contribute to the CD of the hybrid (Figure S3). Experi-
mentally measured extinction (B and E) and CD spectra (C, D, F 
and G) demonstrate the importance of spectral overlap on the CD 
intensity and sign for the AuNP-dye dimer hybrids. Cy3 (B-D) and 
Cy5 (E-G) were used for the sample preparation. In all panels, dye 
monomer refers to a single dye conjugated to ssDNA, while dye 
dimer denotes two coupled dyes organized by dsDNA. All CD 
spectra were normalized to the DNA concentrations (ssDNA or 
dsDNA) to obtain the molar ellipticity for direct quantitative com-
parison. 

To achieve more quantitative insight, we utilized a dsDNA hybrid-
ization strategy to engineer AuNP-cyanine dye dimer hybrids with 
more precise control over the number of attached dye molecules 
and the AuNP-dye distances. Cy3 or Cy5 dyes with distinct elec-
tronic transition wavelengths were rationally selected to obtain a 
large spectral overlap for Cy3 or a large spectral separation for Cy5 
with respect to the plasmon resonance for 30 nm AuNPs centered 
at 525 nm.  

A schematic of the self-assembly for the AuNP-dye dimer hybrid 
is shown in Figure 2A. Thiolated single-stranded DNA (ssDNA1, 
16 nt) with a single dye (Cy3 or Cy5) modified in the middle of the 
sugar-phosphate backbone was first attached to the AuNP surface 
through Au-S linkage. This step was followed by the addition of a 
fully complementary DNA (ssDNA1’, 16 nt), also with a single dye 
of the same type labeled in the middle of the backbone. After DNA 
hybridization with 8 bp flanking each side of the pair of dyes in the 
middle, a layer of chiral dye dimers was organized around the 
AuNP. The layer of the dye-dimers was separated from the AuNP 
surface with a distance of approximately 2.5 nm (8bp, 0.335 
nm/bp) (Figure 2A). Note that one must keep two dsDNA frag-
ments (i.e. 8bp here) flanking each side of the dye dimer in order 
to ensure the stability of the dye dimer. After we estimated the ther-
mal stability of the dsDNA fragment based on its length, we cau-
tiously chose the 8bp length of the dsDNA fragments, because this 
length is close to the minimum value that can keep the fragment 
stable under our mild experimental condition. 

Molecular dynamics simulations have predicted different confor-
mations of dye dimers associated with the neighboring nucleotides 
in the DNA duplex template.45-46 Here the formation of the dye di-
mers caused a clear red-shift of the lowest electronic transition 
compared to dye monomer from 550 nm to 560 nm for Cy3 and 
from 645 nm to 660 nm for Cy5 (Figures 2B and 2E).47 This red-
shift is indicative of anti-symmetric dipole-dipole coupling similar 
to that in a J-type aggregate.45-46 The exciton transition for the Cy3 
dimer located around 560 nm has significant spectral overlap with 
the AuNP plasmon (Figure 2B). In contrast, the corresponding tran-
sition for the Cy5 dimer at about 660 nm is shifted away from the 
AuNP plasmon (Figure 2E). It is noteworthy that the CD spectra of 
the Cy3 and Cy5 dimers alone in the dsDNA template have similar 
CD lineshapes with a strong peak at the 0-0 transition and a rela-
tively weak dip at the 0-1 transition (Figures 2C and 2F). Both dye 
dimers therefore have similar collective excitations and dipole-di-
pole interactions among the constituent monomers. As expected, 
both the achiral Cy3 and Cy5 monomers conjugated with ssDNA 
without the AuNP showed no CD signals in the visible region (Fig-
ures 2C and 2F).  

When dye dimers were assembled on the AuNP surfaces, the CD 
of the hybrid (Figures 2D and 2G) drastically changed from that 
without AuNPs (Figures 2C and 2F). The CD spectra of AuNP-dye 
dimer hybrids and dsDNA-dye dimers were compared after nor-
malization to the dsDNA concentration (i.e. dye dimer concentra-
tion). The number of dye dimers per AuNP was estimated to be ~ 
70 by using gel electrophoresis and band intensity analysis (Figures 
S4 and S5). For the AuNP-Cy3 dimer hybrid, a plasmonic CD peak 
at 530 nm close to the AuNP plasmon resonance at 525 nm ap-
peared, accompanied by a sign reversal of the molecular CD around 
560 nm. In addition, the intensity of the molecular CD arising from 
the collective transitions in the Cy3 dimer was enhanced by a factor 
of ~6 through coupling to the plasmon resonance in the AuNP-dye 
dimer hybrid, compared to the dye dimer only (Figures 2C and 2D). 
When Cy5 was employed in forming the dye dimer on the AuNP 
surfaces, only a weak molecular CD at 660 nm was observed with 
an enhancement factor of ~1.5 (Figures 2F and 2G). While the mo-
lecular CD similarly showed a sign reversal, no plasmonic CD 
could be detected at 525 nm. 
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DNA duplex-decorated AuNPs without the dye dimers showed no 
detectable CD signals in the same spectral range (Figures 2D and 
2G), indicating that DNA duplexes minimally contribute to the CD 
signals of the AuNP-dye dimer hybrids, compared to the chiral dye 
dimers. We also investigated the CD from AuNP aggregates that 
might have existed at small quantities and could have contributed 
to CD through strong enhancement of molecular chirality transfer 
from the DNA and dye dimers in electromagnetic hot spots (Figure 
S6). We deliberately hybridized two batches of AuNPs decorated 
with complementary ssDNA labeled with a single Cy3 and pro-
duced random AuNP aggregates with Cy3 dimers in between 
neighboring AuNPs. However, no CD signal was detected. We pre-
pared dilute AuNP aggregates as a control, because the sharp gel 
bands of the AuNP-Cy3 dimer in Figures S4 and S5 indicate scarce 
or no existing AuNP aggregation. On the other hand, there is likely 
only very few Cy3 dimers in the nanoparticle gap due to the steric 
hindrance between AuNPs, which could also be an explanation for 
no observation of a CD signal. Overall, no observation of CD signal 
from AuNP aggregates indicates that the chiral dye dimers on sin-
gle AuNPs was the basis for the observed CD spectra.  

The significantly different chiroptical activities induced by the the 
Cy3 and Cy5 chiral dimers are undoubtedly a result of their distinct 
couplings with the AuNP plasmon. With a larger spectral overlap 
between the chiral collective exciton transitions and the AuNP 
plasmon in the case of Cy3, resonant-like strong coupling occurred 
and caused a larger CD enhancement for both molecular and plas-
monic CD, accompanied by a sign reversal of the molecular CD. 
These observations are consistent with those observed in the 
AuNR-K21 aggregates, demonstrating the generality of our find-
ings across both systems studied here.  

Previous theoretical reports have shown that molecular CD mildly 
changes when interacting with surface plasmons in a non-resonant 
hybrid.8 Such relatively-weak, non-resonant effects were indeed 
observed in several experimental studies using chiral biomolecules, 
such as DNAs and peptides20, 48. In these non-resonant structures, 
the near-field Coulomb interaction between the molecular and plas-
monic components typically creates the so-called plasmon-induced 
CD, which appears at the plasmon resonance of the non-chiral na-
noparticle.8, 13, 20, 48 In contrast, the molecular CD is expected to be 
more complex in a resonant hybrid. In this case, molecular CD lines 
could be strongly enhanced or suppressed depending on the orien-
tation of individual molecular dipoles relative to the nanoparticle 
surface.8, 13 In addition, strong exciton-plasmon Fano interferences 
or hybridization could impact the spectral shape of the plasmon-
induced CD.8 So far, mostly the non-resonant regime of plasmon-
induced CD has been modeled8, 13 and we cannot apply such non-
resonant theory directly to our case. However, one of the central 
results of the theory of Coulomb-assisted molecular-plasmon CD 
can be utilized for our case. This result tells us that the plasmonic 
enhancement of molecular CD signals is inversely proportional to 
the spectral distance between the molecular line and the plasmonic 
peak, λplasmon-λexciton. We observe this behavior in Figure 2. For the 
resonant case in Figure 2d, the enhancement of the molecular CD 
is 6-fold, whereas the non-resonant case in Figure 2g exhibits a 
smaller enhancement factor (<2).  

In previous theoretical studies of nanoparticles interacting with a 
single chiral molecule, the calculated internal molecular absorption 
is enhanced when the molecular exciton and the nanoparticle plas-
mon are resonant.8 This absorption enhancement could be an ex-
planation for the molecular CD enhancement observed here. Re-
garding the sign reversal of the molecular CD, we hypothesize that 
the chiral collective excitons of the chromophores are modulated 
by the nanoparticle plasmon due to the strong near-field coupling 
between them. This collective interaction correlated with the local 
fields on the nanoparticle surface is distinct from the exciton-exci-
ton coupling in the uniform light field without the nanoparticle. For 

example, theoretical studies have demonstrated that the CD line-
shape of Cy3 dimers without the AuNP is associated with the sym-
metric and anti-symmetric coupling between the excitons.45 One 
would expect that the electric polarizability of the dye could be 
greatly influenced through the near-field coupling with the nano-
particle when they are in close proximity. This near-field coupling 
will further impact the symmetric and anti-symmetric coupling be-
tween the molecular excitons and potentially modify the orienta-
tion of the collective dipoles with respect to the nanoparticle plas-
mon, which could drastically change the molecular CD lineshape.8 
We also note that the mechanisms of interaction between a chiral 
molecule and a plasmonic nanoparticle can be of two types: (1) the 
Coulomb interaction between molecular and plasmonic dipoles and 
(2) short-range orbital (contact) interaction between a chiral mole-
cule and the surface of a nanoparticle. Clearly, more theoretical 
studies are needed to understand this class of chiroptical effects ap-
pearing in the chiral plasmonic hybrids introduced here.  

Conclusions 

To summarize, we rationally constructed three different types of 
chiral Au nanoparticle-chromophore hybrid complexes using DNA 
templated strategies, featuring tunable chiral collective molecular 
excitations relative to the plasmon modes. We found that spectral 
overlap between plasmons and the collectively coupled chiral ex-
citons lead to enhanced molecular CD with a maximum enhance-
ment factor close to 10 and induction of plasmonic CD. In contrast, 
collective molecular excitons without significant spectral overlap 
with the plasmon resonances showed rather weak enhancement of 
molecular CD. Similarly, plasmon modes without significant spec-
tral overlap with the collective molecular excitons displayed no dis-
tinguishable plasmonic CD. In addition, we found that the sign of 
molecular CD was reversed for all different Au nanoparticle-chro-
mophore hybrids compared to the chromophore-DNA only struc-
tures, despite the different self-assembly strategies employed here. 
We envision that this study will inspire the rational design and con-
struction of nanoparticle-molecule hybrid architectures with in-
creased hierarchy, complexity, and chiral coupling, utilizing the 
power of DNA nanotechnology. Furthermore, our findings provide 
new insights into chiral molecule-nanoparticle interactions, and in-
spire new possibilities for strongly coupled chiral systems, which 
have significant potential in achieving chiral molecule sensing on 
the single molecule level. 
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