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Abstract 

Although fluorescence and lifetimes of nanoscale emitters can be manipulated by plasmonic materials, it 
is harder to control polarization due to strict requirements on emitter environments. An ability to engineer 
3D nano-architectures with nanoscale precision is needed for controlled polarization of nanoscale 
emitters. Here, we show that prescribed 3D hetero-cluster architectures with polarized emission can be 
successfully assembled from nanoscale fluorescent emitters and metallic nanoparticles using DNA-based 
self-assembly methods. An octahedral DNA origami frame serves as a programmable scaffold for 
heterogeneous nanoparticle assembly into prescribed clusters. Internal space and external connections 
of the frames are programmed to coordinate spherical quantum dots (QDs) and gold nanoparticles 
(AuNPs) into hetero-cluster architectures through site-specific DNA encodings. We demonstrate and 
characterize assembly of these architectures using in-situ and ex-situ structural methods. These cluster 
nanodevices exhibit polarized light emission with a plasmon-induced dipole along the QD-AuNP 
nanocluster axis, as observed by single-cluster optical probing. Moreover, emittance properties can be 
tuned via cluster design. Through a systematic study, we analyzed and established the correlation 
between cluster architecture, cluster orientation and polarized emission at a single-emitter level. 
Excellent correspondence between the optical behavior of these clusters and theoretical predictions was 
observed. This approach provides the basis for rational creation of single-emitter 3D nanodevices with 
controllable polarization output using a highly customizable DNA assembly platform. 
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It is well recognized that the fluorescence emission processes depend strongly on local environments.1,2 
At the nanoscale, that dependence was used to control the emitters’ behavior with plasmonic 
nanostructures acting as optical antennas,3 and a number of effects were demonstrated, including an 
enhancement of the emission rate,4-10 a lifetime decrease,4,5,11-13 and emission with polarization and 
directional properties.14-18 For a single nanoscale emitter, such as a quantum dot (QD), manipulating the 
emission polarization requires either growth of the QD into a quantum rod19,20 or precisely positioning 
plasmonic nano-objects14-16 relative to the emitter and to each other in three dimensions (3D), which 
remains a significant challenge. Commonly used QDs, such as CdSe@ZnS core-shell nanocrystals with 
attractive features21 such as narrow and tunable photoluminescence (PL), suffer from a limited inherent 
polarization capability due to a 2D degenerate dipole isotropically oriented in the “bright plane”.22-24 
However, polarized emittance of the QDs can be realized using lithographically fabricated plasmonic 
nanoantennas,14-17 but these approaches typically lack precise 3D structural control and ability to tune 
distances and architectures. Moreover, an integration of wet-chemistry derived nanoparticle emitters and 
plasmonic components with lithographically defined surfaces is a challenging task. Also, since the 
lithographic methods are constrained to the substrate-supported structures, fabrication of support-free 
polarized emitters, which might be needed for sensing and for incorporation into optical, quantum and 
communication devices, is practically impossible. Those limitations hinder the development and 
application of nanodevices based on polarized nano-emitters. 

Self-assembly is a versatile alternative for fabrication of structures from QDs;25-30 however achieving a 
deliberate local control over QD architectures is still challenging. DNA-based assembly strategies provide 
a powerful means to build targeted nano-structures owing to the programmability of DNA constructs 
through sequence-encoded interactions.31-35 In particular, well-defined DNA constructs such as tiles36 and 
origami37 open the possibility for prescribed nano-architectures38-40 with the capability of directional 
coordination to nano-components in clusters,41-45 linear,43,46-49 planar33,43,44 and 3D arrays.50-53 For 
instance, chiral plasmonic clusters have been fabricated using nanoparticles41,43 or nanorods,54,55 and 
complex lattice organizations of plasmonic particles were demonstrated.44,50,51 Here, we show that an 
assembly strategy based on rigid 3D DNA constructs is advantageous for combining geometrical control 
with interactions encoding, and permits assembly of spatially defined clusters from multiple types of 
nanoparticles, referred to here as heterogeneous nanoclusters. This approach can directly address the 
challenge of enabling and manipulating a polarized emission of individual and free-floating QDs.  

In this study, we demonstrate the assembly of designed cluster architectures, composed of QDs and gold 
nanoparticles (AuNPs), using interaction-encoded octahedral DNA origami frames, and show that such 
clusters exhibit polarization emission at the single QD level. In our design, QDs and AuNPs were positioned 
via site-selective recognition inside frames and at its vertices, respectively (Figure 1a). A series of designed 
QD-AuNP nanoclusters has been successfully assembled with a high yield for various AuNP sizes, from 20 
to 50 nm, and different number of AuNPs (one or two), as confirmed by the electron microscopy and X-
ray scattering methods. These cluster architectures were observed to emit a polarized light with 
controllable photoluminescent (PL) enhancements, as probed by single-molecule fluorescence methods. 
We reveal the relationship between an optical output of these clusters and a cluster design and excitation 
conditions.  
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Results and Discussion 

We illustrate in Figure 1a an assembly of nanoclusters from QDs and AuNPs using octahedral DNA frames, 
where QDs are placed inside of the frames and AuNPs at the vertices. The 29 nm-long edges of DNA 
octahedral frames are six-helix bundles, adapted from our previous design,43 are encoded with two sets 
of distinctive, sticky-ended DNA strands that hybridize to nanoparticles grafted with complementary DNA. 
That strategy allows for creating a spatially defined arrangement of nanoscale objects of interest. 
Specifically, selected four in-plane edges have eight single-stranded DNA (ssDNA) sticky ends (inner 
anchoring staple strands, Fig. 1a) projecting toward the interior of the DNA octahedra to encapsulate 
complementary ssDNA-capped QDs; one vertex or two opposite (diagonal) vertices are activated with 
another sets of sticky ends (four strands on each vertex, Fig. 1a), providing hybridization with 
complementary ssDNA-coated AuNPs.43 Such selectivity and specificity of DNA encoding of the rigid 
nanoscale molecular frames enable precise integration of various types of optical components in 3D. 
Moreover, using octahedral frames as cages permits for encapsulating single QDs (Fig. 1c) inside the frame 
and further realization of strict stoichiometric and spatial control over QDs and AuNPs, which plays a 
crucial role on the optical response. The sizes of AuNPs in the nanocluster system can be varied to 
introduce another level of optical control. In addition, to study the plasmonic-induced effect the excitation 
photon energy is chosen to be at or off the surface plasmon resonance (SPR) of the AuNPs since the QDs 
(6-nm-sized CdSe@ZnS core–shell nanocrystals; characteristic emission wavelength λemi = 605 nm) have a 
rather broad absorption spectrum and poor spectral overlap between the QD PL spectrum and the AuNP 
absorption spectra (Fig. 1b; the absorption spectra of AuNPs with various sizes are shown in Fig. S28). 
Here, we use two excitation wavelengths λexc = 532 nm (at SPR) and 440 nm (off SPR), respectively.  

Different numbers and sizes of AuNPs were assembled in a nanocluster containing a single QD, as guided 
by the DNA octahedra frame. Citrated-stabilized AuNPs of various size (20, 30, 40 and 50 nm) were first 
functionalized with thiolated ssDNA (30 bases), and then streptavidin-coated QDs were grafted with 
biotinylated ssDNA (18 bases - see detailed procedures and sequence design in Supporting Information). 
By mixing and annealing the octahedral origami frames with corresponding DNA-capped QDs and AuNPs, 
a series of heterogeneous nanoclusters composed of a single QD with one or two AuNPs (termed here as 
mono- and divalent, respectively) were fabricated (Fig. S1). Here we define our clusters by the following: 
octahedron frame-caged QDs without AuNPs as Oct-QD, with one AuNP as Oct-QD-AuX-1, and two AuNPs 
as Oct-QD-AuX-2, where X is the AuNP diameter (20, 30, 40 and 50 nm).  In Fig 1b, TEM images and the 
corresponding population histograms of typical nanoclusters—Oct-QD, monovalent Oct-QD-Au50-1 and 
divalent Oct-QD-Au50-2—reveal an excellent structural integrity (See TEM images of other nanoclusters 
in Supporting Information). The fabricated nanoclusters show that the encapsulation efficiency of a single 
QD within an octahedron frame is around 82%, and the anchoring efficiency for the AuNPs on octahedron 
vertices is greater than 90%, based on the TEM results (Fig. S1). The characteristic distance for optical 
properties, i.e., the QD-center-to-AuNP-surface distance, R, is approximately 32 nm determined by small-
angle X-ray scattering (SAXS) measurements, where are consistent with our design (Fig. S2, Fig. S23). 
These nanoclusters with high purity, nanometer-precision positioning and accurate stoichiometric ratios 
provide the basis for controlling local plasmonic environments around the QDs and further manipulation 
of optical output. 
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Figure 1. DNA origami-mediated self-assembly of QD-AuNP heterogeneous nanoparticle clusters with plasmon-
induced polarization. a, Schematic of a self-assembly approach to fabricate heterogeneous nanoparticle clusters 
with octahedral DNA origami frames. The QD and AuNPs are anchored inside of the origami frame and at its vertices, 
respectively. b, Absorption and PL spectra of the QDs and absorption spectrum of the AuNPs (50 nm in diameter). c, 
Population histograms of representative nanoclusters: Oct-QD, monovalent Oct-QD-Au50-1, and divalent Oct-QD-
Au50-2. See details in Fig. S1. Inset: the corresponding TEM images. d,e, A single-cluster emission polarization (d) 
and excitation polarization (e) measurements from typical Oct-QD-Au50-2 and Oct-QD nanoclusters. In d, the 
excitation polarization is fixed, while a linear polarizer acting as an “analyzer” is rotated around the axis of incident 
beam. The PL intensity as a function of analyzer angles θ, I(θ), is measured to determine the emission polarization 
property. In e, the excitation polarization direction α is continuously changed by a half-wave plate and the PL 
intensity as a function of α, I(α), is measured to investigate the dependence of PL output on the excitation 
polarization and photon energy. Typical I(θ) and I(α) profiles are shifted vertically for display purpose. Dashed lines 
are fits using a sinusoidal function. 
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To explore the optical response of the heterogeneous nanoclusters, we use single-molecule confocal 
microscopy and fluorescence-lifetime imaging microscopy (FLIM), to investigate the emission and 
excitation polarization properties from individual nanoclusters (Fig. S3). The single-cluster detection is 
required for polarization measurements, as ensemble measurements would average the polarization to 
zero. In this work, two types of strategies were applied to study the optical response (Fig. 1d-e) of the 
created nano-architectures. In the first experiment, we fixed the excitation polarization, and probed 
cluster emission using a linear polarizer as an “analyzer”, located in front of detector (Fig. 1d, Fig. S25). By 
rotating the analyzer, we measured the PL intensity as a function of emission polarization angle θ, I(θ), 
which probes an emission polarization direction for a single cluster. In the second type of experiment, a 
half-wave plate is mounted in the excitation pathway before the sample, while no analyzer is used on a 
detector side (Fig. 1e, Fig. S26). By continuously changing the excitation polarization direction α, the 
detected PL intensity as a function of α, I(α), an excitation polarization-responsive PL output is measured 
at different photon energies. Fig 1d-e shows I(θ) and I(α) profiles for a typical divalent Oct-QD-Au50-2, 
see details in Supporting Information). We observed a polarization frequency of 1/π rad-1 from both I(θ) 
and I(α) for the divalent clusters (Fig. S4), while the Oct-QD do not exhibit any clear emission or excitation 
polarization dependence. As expected, polarization properties strongly correlate with the nanocluster 
structures. Below, we use this type of nanocluster as a model system and systematically study the 
plasmon-induced emission polarization and excitation polarization-dependent PL output.  

The emission from a transition dipole can be strongly affected by plasmonic NPs in their proximity.3,14 For 
the QD-AuNP nanocluster system, different QD dipole orientations with respect to the QD-AuNP cluster 
axis (denoted x-axis) leads to different emission amplitudes (Fig. 2a). The orientational preference of the 
dipole emission originates from the intrinsic structural anisotropy of a QD-AuNP cluster. To resolve 
correlations between the emission polarization and the nanocluster structures, individual nanoclusters 
were examined by SEM to determine their structural orientations (deposited on the silicon substrate), 
while confocal microscopy was employed to analyze the emission polarization directions (Fig. S5, S6) for 
the same clusters. Here, the ϕSEM is defined as the angle of the cluster axis with respect to the horizontal 
direction as determined by the SEM images, while ϕoptical is the angle of the emission polarization direction 
with respect to the horizontal direction. We extracted ϕoptical from the phase of the measured emission 
profile I(θ) by fitting using a sinusoidal function (see details in Supporting Information). ϕoptical represents 
the major direction of the dipole moment in the cluster. Fig. 2b shows SEM images and emission profiles 
I(θ) for a group of Oct-QD-Au50-2 nanoclusters. The emission profiles all show a period of π rad, and the 
profiles can be well fitted with a sinusoidal function. More importantly, although the nanoclusters have 
various structural orientations (i.e., different ϕSEM), the major directions of dipole moments ϕoptical match 
well with the directions of the nanocluster axes ϕSEM for the same clusters (Fig 2b-c). The CdSe@ZnS core–
shell QDs themselves have a 2D degenerate transition dipole plane.22 Here, our nanocluster system 
exhibits strong control of the emission polarization directions and effectively converts the 2D bright plane 
from the QDs into a 1D-like bright axis in the nanoclusters. Due to the anisotropic polarizability, the 
plasmon-induced strong dipole moment pind is along the nanocluster axis. The nanoclusters emit partially 
polarized light that is very close to linear polarized light, which might be related to residual polarization 
component coming from the QDs, as we show below. We also observed that by varying the excitation 
polarization directions, the phases of the emission profiles from the nanoclusters remain unchanged (Fig. 
S4, S7). It indicates that the fixed emission polarization direction is independent of the excitation 
polarization, as expected.  
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Figure 2. Emission polarization from individual divalent nanoclusters. a, Schematic of polarized emission from a 
nanocluster containing 50-nm-sized AuNPs. Propagation of PL to the detector is along the z axis and normal to the 
QD-AuNP interparticle axis (denoted x-axis). b, SEM images and optical measurements from the same single 
nanoclusters (λexc = 440 nm). First column, SEM images of a series of the nanoclusters with observed orientations, 
as indicated; second column, a schematic of induced dipole directions; third column, the corresponding FLIM images 
of individual nanoclusters; fourth column, PL intensity profiles I(θ) at different analyzer angles θ. Induced dipole 
directions were extracted from the phases of PL intensity profiles (Fig. S5-S7; see details in Supporting 
Information). c, ϕoptical, versus ϕSEM for a group of Oct-QD-Au50-2 nanoclusters; see the text for details. d, DOP of 
emission histograms for the Oct-QD and Oct-QD-Au50-2 nanoclusters, respectively. e, The relative electric field 
distribution based on the Comsol simulation from a point dipole of λemi = 605 nm in the center of a AuNP dimer (50 
nm AuNPs) with the dipole vector parallel to x or y.  The architecture in the simulation is identical to the fabricated 
nanoclusters (scale bar: 50 nm). f, The simulated relative power integrated from the whole space as a function of 
the dipole direction with respect to x-axis in the x-y plane. 
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To quantify the effect of the AuNP dimer on the QD emission, we have analyzed the degree of polarization 
(DOP) of emission, defined as DOP = (Imax – Imin) / (Imax + Imin), where Imax and Imin are the maximum and 
minimum of the PL intensity profile I(θ) for a full-cycle rotation of the analyzer, respectively. The Oct-QD 
nanoclusters without AuNPs show weak room-temperature emission polarization with the average DOP 
values of 0.20 ± 0.12, while for Oct-QD-Au50-2 nanoclusters, the observed DOP exhibits a distribution of 
0.62 ± 0.20 (Fig. 3d). Such shift of the DOP of emission does not depend on the excitation wavelength (Fig. 
S8). It is worth noting that the large collection angle (NA = 1.2 for the water immersion objective used) 
decreases the observed DOP as reported earlier.22 Nevertheless, the plasmonic environments significantly 
improve the emission polarization of the individual QDs.  

Our theoretical calculations confirm the observed polarized emission and anisotropic dipole polarizability 
(Fig. 2e-f). A point dipole p of λemi = 605 nm in the center of the AuNP dimer with the identical structure 
to the Oct-QD-Au50-2 nanoclusters shows eight times higher electromagnetic energy when p is along the 
cluster axis compared to p perpendicular to the cluster axis, resulting in an induced dipole pind along the 
cluster axis. In the clusters, the AuNPs are positioned to form an optical antenna through plasmonic 
coupling. Owing to the antenna effect, the QD’s emission along the optical antenna dipole direction is 
enhanced and it becomes polarized with the direction along the antenna axis. In Fig. 2f, the simulated 
radiation power as a function of the dipole direction with respect to the cluster axis (dipole oriented in x-
y plane) shows the same polarization frequency (1/π rad-1) and phase information (zero phase relative to 
the cluster axis) to the measured emission intensity profiles shown in Fig. 2b. For current spatial 
orientations, the DOP extracted from the theoretical energy profile is 0.78, which matches well the 
experimental results. Moreover, theoretical calculations suggest monovalent nanoclusters exhibits 
weaker emission polarization (DOP = 0.46) than the divalent ones. In fact, the emission DOP for 
monovalent clusters are 0.42 ± 0.19 (Fig. S9). Thus, adding more AuNPs along one axis enhances the 
antenna effect and the emission polarization, a trend that is verified by both our theoretical calculations 
and experimental measurements (See details in Supporting Information). The wide spread of DOP 
distribution may be the result of the alignment of the intrinsic QD 2D degenerate transition dipole with 
respect to the AuNP dimer axis, which is difficult to control in our experiment. We note that our 
nanocluster system was designed to have minimal spectral overlap between the QD PL spectrum and the 
SPR peak from AuNPs, so that an optical filter can eliminate contributions of the surface plasmon and 
other scattering signals to the measured PL intensity. If the SPR peak is in resonance with the PL peak of 
the QDs, a stronger emission polarization through the antenna effect is anticipated, which is confirmed 
by our simulation results (Fig. S19, S33, S34).  

The plasmon-induced dipole enables to use excitation absorption to control the PL output simply by 
changing the excitation polarization directions with respect to the nanocluster axis. The PL intensity is 
proportional to absorption of incident light, i.e., |𝑬𝑬0|2|𝒑𝒑ind|2 cos2 𝛼𝛼𝑟𝑟, where E0 is the electric field of the 
excitation light, αr is the relative angle between the dipole pind and the excitation direction. From another 
perspective, the AuNP dimer creates locally enhanced electric field by exciting the SPR, and the excitation 
polarization has a strong effect on the SPR and the local field enhancement (|𝑬𝑬|2 |𝑬𝑬0|2⁄  with E being the 
local electric field in the presence of plasmonic nanostructures) and, thus, can be used to control the PL 
output (Fig. 3a). Both perspectives lead to the same phenomena of tunable PL output via excitation 
polarization. Particularly, the viewpoint from the SPR and the local field enhancement points out the 
possibility of varying excitation photon energy to introduce another level control of the PL output under 
various excitation polarization directions.  
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The excitation polarization effect for the Oct-QD-Au50-2 nanoclusters is probed at λexc = 440 and 532 nm 
(Fig. 3b-c). At fixed excitation polarization angle, the PL intensity as a function of time remain relatively 
constant, while exhibiting a characteristic quantum blinking for both excitation photon energies (Fig. 3b). 
For the same nanocluster, the excitation polarization-responsive PL intensity I(α) was observed (Fig. 3c). 
As a control, we tested the PL intensity profiles of the Oct-QDs without AuNPs, and practically no such 
angular modulation effect was observed (Fig. S10). The PL profiles I(α) from the nanoclusters exhibit a 
dominant frequency of 1/π rad-1, that can be fitted with a sinusoidal function. The phases, close to π/2 for 
this specific nanocluster, are independent of the excitation wavelengths. We also measured the lifetime 
during the PL measurements for the same cluster and found that the lifetime does not change with respect 
to the excitation polarization or the photon energy (Fig. S11). To quantify the excitation polarization-
dependent PL output, we calculated the excitation polarization dependent cross-sections (termed here as 
EPC) expressed as normalized EPC = (Imax – Imin) / (Imax + Imin), where Imax and Imin are the maximum and 
minimum of the I(α) for a full-cycle change of α. Quantitative analysis indicates that the nanoclusters 
exhibit much larger EPC than the single QDs (Fig. 3d-e). All these photon energy independent features 
comply with the plasmon-induced dipole in the nanoclusters. In fact, the change of photon energy has a 
clear effect on the PL behavior, such as the EPC. As shown in Fig. 3c, the EPC at λexc = 532 nm is 
approximately 0.44, which is two-fold of that at λexc = 440 nm. It indicates that control of optical output 
can also be realized through selections of excitation wavelengths because of the influence of local field 
enhancement, especially when the excitation photon energy is close to the SPR. 

To elucidate the effect of both excitation polarization and photon energy on the PL output, numerical 
simulations of the local electric field enhancement from dipole excitation of the AuNPs were performed 
(Fig. 3f and S12). Clearly, a strong enhancement emerges when the incident light is polarized to the 
nanocluster axis due to coupling of the AuNP. The field enhancements at the center point of the AuNP 
dimer (position of the QD) as a function of α (Fig. 3g) reveal a frequency of 1/π rad-1, identical to the 
observed frequency (Fig. 3c). Moreover, the efficiency of the field enhancement is more pronounced for 
the excitation at the SPR than off the SPR. Specifically, the theoretical EPC of field enhancements is 
estimated to be 0.64 and 0.33 for λexc = 532 nm and 400 nm, respectively (Fig. 3g). As the nanoclusters 
were measured in liquid solution without controlling their orientations, the experimental EPC is less than 
the simulated one mainly due to the spatial configurations of the measured 3D clusters with respect to 
the microscope axis and the detection plane, which is different from the simply planar view. Nevertheless, 
the fact that the EPC of the field enhancement at the SPR doubled compared to the EPC off the SPR is in 
a good agreement to the experimental results. The theoretical EPC of the field enhancement sets an upper 
limit for the experimental EPC, and the experimental EPC can be considered as the projection of 
theoretical EPC on the detection plane. Indeed, a series of randomly distributed nanoclusters in solution 
were probed under the excitation at λexc = 532 nm and they show a different EPC up to 0.8 with various 
phases (Fig. 3e, Fig. S13). 
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Figure 3. Excitation polarization-dependent PL intensity of individual nanoclusters. a, Schematic of excitation 
polarization-dependent light emission from a nanocluster containing 50-nm-sized AuNPs for different excitation 
wavelengths. Propagation of the incident laser is along the z axis and normal to the QD-AuNP interparticle axis (x 
axis). PL is enhanced when the excitation polarization direction is along the x axis, while the PL is less influenced 
when the polarization direction is along the y axis. b, Time dependence of PL intensity from a representative single 
nanocluster, Oct-QD-Au50-2, under two optical excitation conditions (λexc = 532 and 440 nm) at fixed an excitation 
polarization angle α. c, PL intensity from the same nanocluster excited under varied α. d,e, EPC histograms for the 
Oct-QD and Oct-QD-Au50-2 nanoclusters (λexc = 532 nm), respectively. f, Field enhancement |E|2/|E0|2 for a AuNP 
dimer of the same architecture to the nanocluster excited at λexc = 532 nm based on the Comsol simulations (See the 
simulation results at λexc = 440 nm in Fig. S12). The propagation of the field is along the z axis and the polarization is 
along the x and y axes, respectively. Scale bar: 50 nm. g, The simulated field enhancement |E|2/|E0|2 at the center 
of the AuNP dimer structure as a function of α (with respect to y axis shown for comparison). 



10 
 

The emission and excitation polarization properties discussed above focus on typical Oct-QD-Au50-2 
nanoclusters. Taking a step further, the antenna effect and the emission polarization can be tuned by the 
architectures of the nanoclusters, i.e., the size and number of AuNPs, as predicted by simulations (Fig 
S21). We examined the light-emitting behaviors for the heterogeneous nanoclusters with various valences 
(mono- and divalent) and AuNP sizes (20, 30, 40 and 50 nm in diameter) (see Fig. S1). Because of the 
rigidity of the Oct frames and specific sticky-end encoding, the final purity of the target structures for 
different types of the nanoclusters is 72-80% (Fig. 4a). Single-molecule PL enhancement study of these 
nanoclusters was conducted to obtain PL enhancement factor, expressed as 𝐸𝐸𝐸𝐸PL =
[PL(532nm) Abs(532nm)⁄ ] [PL(440nm) Abs(440nm)⁄ ]⁄ , where the PL(λexc) is the PL intensity of 
nanoclusters measured at λexc, and Abs(λexc) is the corresponding absorbance of bare QDs at λexc. The EFPL 
is normalized to the adsorption of the QDs since the PL intensity is proportional to the absorption cross-
section of the QDs that depends on the excitation wavelengths (See details in Supporting Information). It 
shows that for the nanoclusters with same valence, the EFPL exhibits a monotonic increase with an 
increase of AuNPs sizes at the fixed AuNP-QD surface-to-center distance (Fig. 4b, S15). For the same AuNP 
size, divalent nanoclusters exhibit a stronger enhancement and such effect is more significant for larger 
AuNPs. Both features follow the same trend with the Lumerical FDTD calculations of electric field 
enhancements, although the experimental observations are more pronounced. Meanwhile, the AuNPs 
offer a nonradiative energy transfer channel for the photo-excited QDs. The lifetime from the nanoclusters 
is shortened (Fig. S16) and the energy transfer efficiency is well predicted by the size-dependent 
nanometal surface energy transfer (NSET) model (Fig. S17, see details in Supporting Information). We note 
that possible difference between experimental and calculated results might be attributed to the off-axis 
displacement of the AuNPs which are linked to vertices by relatively flexible DNA linkers and to the 
deviation of plasmonic particles from a spherical shape.   

To investigate the AuNP size-dependent polarization effect, the excitation-responsive PL intensity profiles 
I(α) were measured for the nanocluster in the liquid solution under excitation both at and off the SPR. We 
observed that not all the nanoclusters are excitation polarization dependent and the detectable polar 
activity of the clusters strongly correlated with the nanocluster architectures. The detectable polar activity 
is expressed as the population percentage of the clusters exhibiting normalized EPC larger than 0.15 based 
on the I(α) (the average EPC of pure QDs is about 0.15 as shown in Fig. 3d). It worth noting that ‘detectable 
polar’ feature based on the excitation polarization effect is distinct from the nature of the emission 
polarization, since it depends on plasmon-induced dipole, local field enhancement and the structural 
orientation with respect to the detection plane.    

We found that all the ‘detectable polar’ nanoclusters, either monovalent or divalent, exhibit an identical 
frequency of 1/π rad-1. Furthermore, the detectable polar activities at λexc = 532 nm and 400 nm do not 
take place concurrently. In such case, the nanoclusters are ‘detectable polar’ at 532 nm while they are 
experimentally ‘detectable polar’ inactive at 440 nm, mainly due to the larger EPC at 532 nm than 440 
nm. The detectable polar activities for the nanoclusters at two excitation wavelengths are summarized in 
Fig. 4c-d. There are several main features for the occurrence of polar clusters: (i) for the specific size of 
AuNPs, the divalent nanoclusters show higher detectable polar activities than the monovalent ones; (ii) 
for the nanoclusters with same valence, the detectable polar activities increase with the AuNP sizes at the 
fixed excitation wavelength; (iii) for the same nanoclusters, the excitation at the SPR induces higher 
detectable polar activities than the excitation off the SPR. Excitation at the SPR for the Oct-QD-Au50-2 
nanoclusters lead to highly excitation polarization-dependent local electric field, large EPC and great 
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detectable polar activities. These features share similarity to trend of the simulated EPC values for local 
field enhancement. The correlation between the experimental detectable polar activities and the 
simulated EPC values is complicated by the nature of the projection on the detection plane, intrinsic 
geometric anisotropy and various interactions between the cluster components and the substrate 
surfaces (Fig. S18). Nevertheless, the excitation polarization-dependent surface plasmon-induced field 
enhancement plays a dominate role. Notably, the agreement of observation with theory, in terms of 
experimental parameters including sizes and numbers of AuNPs and excitation photon energy, point out 
the high tunability of polarization and optical output. 

  

Figure 4. AuNP size-dependent PL properties for single monovalent and divalent QD-AuNP nanoclusters 
assembled from the AuNPs of different sizes. a, Structural purity of a series of fabricated monovalent and divalent 
nanoclusters with AuNP core diameter of 20, 30, 40 and 50 nm. b, Experimental PL enhancement factor (bars) and 
modeled electric field enhancement from Lumerical FDTD simulations (lines) for different nanoclusters. c,d,  
Detectable polar activities for the nanoclusters under excitation at the SPR (c, λexc = 532 nm) and off the SPR (d, 
λexc = 440 nm). Solid lines are theoretical EPC of field enhancement obtained from Lumerical FDTD calculation for 
monovalent and divalent nanoclusters. 
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Conclusions 
In summary, we have demonstrated the assembly of well-defined single-emitter fluorescent nanoclusters 
with polarized emission output using a programmable DNA frame methodology. Various types of 
nanoclusters with different number and sizes of AuNP have been fabricated with strict stoichiometry and 
high purity, and their optical behavior was probed at the single molecule level. Our study demonstrates 
that these designed nanoclusters emit a polarized light, and that this effect is governed by the geometry 
of the AuNPs configuration that controls the QD environment in a specific way. By controlling the 
excitation polarization directions, the optical output has been shown to be well regulated, especially when 
the excitation is close the SPR of the AuNPs. Such excitation-based modulation exhibits a dependence on 
AuNP size and configuration. We have shown that this DNA-based nanocluster assembly strategy provides 
the basis for fabrication of targeted single-emitter nanophotonic devices with designed spatially organized 
plasmonic and light-emitting nanoparticles.     

Methods 
Fabrication of heterogeneous nanoparticle clusters. The octahedral DNA origami (Oct) was prepared by 
mixing M13mp18 scaffold DNA (Bayou Biolabs) with staple strands, outer linker strands, inner anchoring 
strands (Integrated DNA Technologies, Inc.) in a molar ratio of 1:10:10:10 in 1× TAE/Mg2+ buffer and 
annealing from 90 °C to 16 °C over 23 hours. The as-prepared Oct was mixed with DNA-capped QDs in a 
molar ratio of Oct/QD = 1:10 and annealed from 50 °C to 15 °C over 3 hours. Then, the DNA-capped AuNPs 
of specific sizes (20, 30, 40 or 50 nm in diameter) were mixed with Oct-QDs in a large excess and the 
mixture was annealed from 45 °C to 20 °C over 2 hours. The final product was purified by 0.8-0.9% agarose 
gel in 1xTBE buffer with 10 mM MgCl2. Detailed experimental procedures are provided in the Supporting 
Information. 

Structural characterizations of nanoparticle clusters. The purified clusters were imaged on a JEOL-1400 
TEM after staining using 2% uranyl acetate. Small-angle X-ray scattering (SAXS) was also used to probe the 
inter-particle distance of AuNPs for the divalent clusters in the solution. The SAXS data were collected at 
the Complex Materials Scattering (CMS, 11BM) beamline at the National Synchrotron Light Source II 
(NSLS-II). The divalent clusters containing 50 nm AuNPs were also deposited on the silicon substrate for 
SEM imaging (Hitachi 4800 SEM). Detailed structural characterizations and analyses are provided in the 
Supporting Information. 

Optical characterizations of nanoparticle clusters. Single-molecule fluorescence experiments were 
performed on a home-built inverted microscope (Olympus IX81) with raster scanning stage mounted with 
a 60×, 1.2 NA water immersion objective. The nanocluster samples in liquid solution sandwiched between 
two hydrophobic coverslips (physically adsorbed to the substrate through non-specific interactions) were 
excited by a pulsed laser system with excitation wavelength of 440 nm or 532nm with an average power 
of 300-500 nW, and time-resolved confocal fluorescence-lifetime imaging microscopy (FLIM) data were 
collected. For emission polarization detection, the excitation polarization direction was fixed, and a linear 
polarizer was mounted in front of detector as an “analyzer”. For excitation polarization detection, a half-
wave plate is mounted in the excitation pathway before the sample, while no analyzer is used on a 
detector side. The linear polarizer and the half-wave plate were able to rotate with a speed of 10°/s when 
they were remotely triggered. Detailed instrumental setup and operation are provided in the Supporting 
Information. 
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The Supporting Information is available free of charge on the ACS Publications website at DOI: xxx. 

Additional TEM and FLIM figures; detailed experimental methods for nanocluster preparation; structural 
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