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ABSTRACT: We fabricate hetero-component ‘dimers’ built from a single 40 nm gold and a 

single 40 nm silver nanoparticle separated by sub-5 nm gaps. Successful assembly mediated 

by a specialized DNA origami platform is verified by scanning electron microscopy and 

energy-dispersive X-ray characterization. Dark-field optical scattering on individual dimers is 

consistent with computational simulations.  Direct plasmonic coupling between each 

nanoparticle is observed in both experiment and theory only for these small gap sizes, as it 

requires the silver dipolar mode energy to drop below the energy of the gold interband 

transitions.  A new interparticle-spacing-dependent coupling model for heterodimers is thus 

required. Such Janus-like nanoparticle constructs available from DNA-mediated assembly 

provide an effective tool for controlling symmetry breaking in collective plasmon modes.  
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The reliable fabrication of intricate nanoparticle (NP) geometries by DNA allows for 

previously impractical characterization of light-matter interactions at the nanoscale. Although 

the plasmonic properties of asymmetric nanostructures have elicited a great deal of interest,(1) 

most work so far has focused on studies of compositionally homo-component NPs. In the 

overwhelming majority of studies, identical gold NPs have been used due to their higher 

chemical stability. Asymmetries can be either due to chemical composition, shape, or size. 

Interference between the resonances of the individual components in such structures can lead 

to an overall asymmetric scattering response known as a Fano resonance,(2) seen in a range of 

structures fabricated with top-down (1) and self-assembly lithography techniques.(3–5)  

From a theoretical perspective there are compelling reasons to examine the ideal prototype 

system built from a dimer consisting of a single Au NP and a single Ag NP.(6,7) The localized 

surface plasmon resonances (LSPRs) of individual Ag NPs and individual Au NPs are 

sufficiently separated spectrally that coupling of the ‘discrete’ Ag plasmon with Au interband 

transitions (the ‘continuum’ level) can occur.  This should generate an asymmetry in the Ag 

scattering response which can be further enhanced by using NPs of different sizes.(8) 

Experimentally, dimers of Au NPs and Au nanoshells have been reported using chemical 

deposition techniques(3,9) as well ‘fanoshells’ consisting of a SiO2 and Au shell layer 

surrounding a solid Au NP.(4) In 2013, Lombardi et al.(5) demonstrated the fabrication of 

heterodimers formed from Au NPs bound to a core-shell Ag-SiO2 NP, which include thick SiO2 

spacers that limits the strength of plasmonic coupling. However, ultra-small gaps are hard to 

fabricate with these techniques. 

In recent years, self-assembly of DNA nanostructures using the origami technique has 

emerged as a powerful tool for nanofabrication.(10–12) In particular, DNA origami 

nanostructures have proved to be reliable platforms for the fabrication of precise geometries of 

NPs,(13,14) quantum dots(15) and organic dyes(16,17) to study light-matter interactions at the 

nanoscale. Much attention has focused on the emergence of chirality through the collective 



behavior of small (<20 nm) NPs attached to DNA origami platforms.(18–20) Recently, DNA 

origami nanostructures have also been used to assemble NP architectures from larger (40 nm 

or greater) NPs.(21–24) These have been custom-designed to ensure stronger plasmonic 

coupling due to the larger NP size as well as smaller gaps between the NPs. The strength of 

this plasmonic coupling has been verified and characterized by dark-field scattering.(21) This 

has enabled the use of such structures for single molecule spectroscopic techniques such as 

surface enhanced fluorescence(24) and surface enhanced Raman scattering (SERS).(21–23)  

In principle, DNA-based self-assembly provides an ideal tool for fabrication of heterodimer 

structures. Although semi-rigid double-stranded (dsDNA) linkers have been used extensively 

to form homodimers,(25,26) heterodimers,(27) and larger assemblies,(28, 29) the use of such 

dsDNA linkers on their own introduces variability in the inter-NP spacing(30) compared to 

rigidity of DNA origami, particularly when they are immobilized and dried on substrates. It is 

also difficult to fabricate more complex NP geometries using only DNA linkers. Although 

DNA origami structures have been used for assembling Ag and Au NP geometries,(31) the 

resulting plasmonic properties (which are exquisitely sensitive to the final geometry) of these 

structures were not investigated. Similarly, other studies have reported the use of DNA origami 

templates for top-down fabrication of silver nanoclusters as well as other custom nanoshapes 

(32,33) but do not characterize the optical properties in detail.  

In this paper, we bring together these different ideas and demonstrate the use of DNA origami 

for the fabrication of compositionally asymmetric heterodimers consisting of one 40 nm Ag 

NP separated from one 40 nm Au NP by a sub-5 nm gap. A schematic of the structure is shown 

in Figure 1a (top). This is achieved through the use of a DNA origami platform similar to that 

reported earlier for Au-Au dimers.(21) Agarose gel electrophoresis is used to separate correctly 

assembled nanostructures from excess ssDNA-coated NPs and also serves as a verification of 

correct assembly (Figure 1b). The heterodimers are extracted from the band indicated on the 



gel and immobilized on glass substrates for dark-field scattering or Si substrates for scanning 

electron microscopy (SEM) / energy-dispersive X-ray (EDX) measurements. 

  

Figure 1: Fabrication and characterization of Ag-Au heterodimers. (a) Schematic (top) and SEM image 

(bottom) of an individual Ag-Au heterodimer (backscatter contrast). (b) Correctly assembled dimers (in two 

duplicate runs) are identified as a faint band that runs slower than free ssDNA-coated Au and Ag NPs in a 0.7% 

agarose gel. (c-e) Heterodimers are characterized using EDX that reveals three characteristic peaks of Au (11.44 

keV, 9.71 keV, 2.12 keV), one Ag peak (2.98 keV) and peaks from Si and Sn (n, l, and j correspond to the 

principal, azimuthal, and total angular momentum quantum numbers respectively). 

Further verification of successful assembly is obtained through compositional analysis and 

elemental mapping using a combined SEM and EDX system. The SEM image of a typical NP 

dimer (Figure 1a, bottom) clearly reveals the successful formation while the differential 

contrast is an indicator of the difference in composition between the two NPs. This is further 

evidenced by EDX measurements which reveal separate signatures of both Au and Ag from 

the individual nanostructures. As shown in Figure 1c, for a single heterodimer we measure six 

peaks on top of the continuous background X-rays due to Bremsstrahlung.  Assigning these 

based on Deslattes et al.(34) gives three peaks (11.44 keV, 9.71 keV, and 2.12 keV) 

corresponding to the Lβ1 (32d3/2 → 22p1/2), Lα1 (32d5/2 → 22p3/2) and Mα1 (42f7/2 → 32d5/2) X-

ray transitions of Au and one peak (2.98 keV) corresponding to the Lα1 transition of Ag (Figure 



1d and 1e). Two additional peaks in Figure 1e (3.44 keV and 1.74 keV) correspond to the Kα1 

(22p3/2 → 12s1/2) and Lα1 transitions of Si (since the samples are immobilized on a Si substrate) 

and Sn respectively. This additional Sn peak is likely related to impurities (Figure S1). Such 

elemental mapping shows the darker sphere in Figure 1a is a Ag NP while the brighter sphere 

is a Au NP of similar size.   

 

Figure 2: Polarization-dependent dark-field scattering from individual heterodimers.  (a) Schematic of the 

custom-built setup for dark-field scattering from single heterodimer structures with incident white spectrum from 

380-900 nm. WG: Wire Grid Polarizer, LP: Linear Polarizer, BB: Beam Block and BS: Beam Splitter. (b) 

Overview of different modes observed for Ag-Au heterodimers and Au-Au and Ag-Ag homodimers as a function 

of gap size for longitudinal polarization. The modes are classified according to the electric field distributions 

around each NP. D: Dipole, Q: Quadrupole, O: Octupole mode. For heterodimers, the critical gap size dc separates 

interband coupling (IC) and free coupling (FC) regimes. Modes also observed under transverse polarization (T) 

are denoted accordingly. Shaded region above 530 nm represents the Au interband continuum. (c-e) Dark-field 

scattering from a single heterodimer for incident light polarized parallel to the dimer axis (0°), ±45°, and 

perpendicular to the dimer axis (90°), which agree with predictions from FDTD simulations (dot-dashed lines). 

Inset images depict the characteristic colors for 0° and 90° polarizations. (f) Color map of the polarization-

dependent scattering response of the same heterodimer, spectra taken at intervals of 5°.  



Having demonstrated the formation of Ag-Au heterodimers, we characterize their 

polarization-dependent scattering response and study signatures of coupling between the Ag 

and Au NPs. The experimental setup is described in Materials and Methods and allows for 

illumination down to λ=380 nm to enable us to study the optical response of the Ag components 

(Figure 2a). By rotating the polarization of the incident light, we can characterize the 

polarization-dependent optical response of individual heterodimers. All polarization artifacts 

are found to be suitably eliminated in this scheme. Such polarization spectroscopy allows us to 

uniquely identify dimers in the dark field images, and exclude all stray individual nanoparticles 

and clusters. In what follows, the angle θ=0° refers to incident light polarized parallel 

(longitudinal polarization) to the dimer axis while θ=90° refers to incident light polarized 

perpendicular (transverse polarization) to the dimer axis.  Dark-field scattering from a single 

heterodimer structure is shown in Figure 2c-e, (data for individual Ag and Au NPs is shown in 

Figure S3). For both θ=0° and θ=90° we observe two peaks in the scattering spectra.  

There is disagreement in the literature as to origin of the higher energy mode for each 

polarization.(7,27) They have previously been attributed to the anti-bonding dipole-dipole 

modes from a plasmon hybridization model(35) modified by the effect of interband coupling 

to the Au band structure.  Chen et al.,(7) instead identifies these as higher-order bonding modes, 

arguing that the anti-bonding modes are experimentally inaccessible in the UV. We believe 

that this latter picture is partially right but that a correct description of the nature of these modes 

is crucially dependent on the interparticle spacing. For gap sizes above a critical distance 𝑑𝑐, 

there is no overlap between the Ag and Au dipole modes due to interband coupling (IC) with 

the Au transitions which screens all interactions. Below 𝑑𝑐, free coupling (FC) of the bonding 

dipole-dipole mode red-shifts the Au dipole mode, but not the quadrupolar modes, while no 

antibonding dipole-dipole mode is seen in either simulations or experiment even though the 

heterodimer breaks symmetry.  We will investigate the nature of these modes in greater detail 

below (Figures 3 and 4). We therefore propose a new classification system shown in Figure 2b 



that accounts for the modes through dipolar (D), quadrupolar (Q) and octupolar (O) 

distributions around each single NP within the heterodimer. We find that for the ultra-small 

gap sizes accessible through our fabrication technique which reach well below a critical gap 

size (𝑑𝐶 ∼ 8nm, see supplementary equation B5), the directly coupled plasmonic dipole-dipole 

mode can be seen and measured. Modes are labelled therefore with subscripts that describe the 

predominant electric field localization around the Ag NP, the Au NP or both.  Transverse 

modes are additionally indicated by a superscript (T). Hence for instance, AgDAuD is a bonding 

dipole-dipole mode with the optical field concentrated in the gap between the nanoparticles 

whereas for the AgQ mode, the optical field is predominantly localized in a quadrupole-like 

symmetry around the Ag NP. 

For the particular heterodimer in Figure 2c, at θ=0° we observe a higher-order AgQ peak at 

449 nm and a bonding dipole-dipole AgDAuD peak at 602 nm. The heterodimer appears pink 

in color, as shown in the inset image in Figure 2c. As the polarization is rotated towards θ=±45°, 

the intensity of the AgDAuD peak decreases. The scattering spectra for θ=45° and θ=−45° 

(Figure 2d) are identical which clearly indicates the dominant bi-axial symmetry of the NP 

system. At θ=90°, we observe the AgD
T peak at 435 nm and a broad AuD

T peak around 556 nm 

(note a small AgDAuD component also remains in the spectra).(36,37) The heterodimer now 

appears blue in color (Figure 2e, inset), due to the predominant contribution from the AgD
T 

peak.  

We perform finite-difference time-domain (FDTD) simulations for the NP geometry as 

described in Materials and Methods. In all the simulations, the surface of the Ag NP is assumed 

to be covered with a 1 nm thick layer of silver oxide (Ag2O) to account for the typical oxidation 

during the dimer fabrication process (which agrees with our simulations, Figure S4), consistent 

with previous studies for such systems.(38) For each polarization in Figures 2c-e, the 

experimental data for this particular heterodimer structure agree with predictions from FDTD 



simulations (dashed lines) both in intensity and peak position for an inter-particle spacing of 4 

nm, which is within the design parameters of the DNA origami platform (mean inter-particle 

spacing 3.3 ± 1.0 nm) and agrees with our previous work.(21) We clearly observe that the AgQ 

peak is red-shifted by 14 nm from the AgD
T peak, which is more evident in a detailed map of 

the polarization-dependent scattering response of this dimer (Figure 2f).  The magnitude of the 

red-shift is dependent upon the interaction with the Au interband continuum (and thus 

apparently the Fano interaction) in a gap-size dependent manner. At large gap sizes, the AgQ 

peak emerges at the same energy as the AgD
T peak (Figure S5, S6). On the other hand, for this 

particular heterodimer with an inter-particle spacing of 4 nm, the corresponding AuQ mode 

(indicated in the new classification system in Figure 2b) is weak and difficult to observe. 

Previous reports of Ag-Au NP dimers used either thick SiO2 spacers (𝑅/𝑑 ∼ 1 for gap 𝑑 and 

radius 𝑅),(5) or double-stranded DNA (𝑅/𝑑 ∼ 2),(27) with correspondingly smaller red-shifts 

of the AgD and AuD modes than here. In particular the AgD mode was never red-shifted to 

wavelengths longer than the Au interband transitions, so could never directly couple to the free 

electrons in the Au. For 𝑅/𝑑 > 3 the AgD red-shifts beyond the Au interband transitions and a 

direct plasmonic interaction between the dipoles is possible. Although the Ag and Au NPs used 

in previous work were always of different sizes to enhance the asymmetry in scattering 

response, the results shown in Figure 2 demonstrate that consistent sub-5 nm gaps (<𝑑𝐶) 

offered by our DNA origami platform (𝑅/𝑑 > 4) allow us to probe this interaction between 

NPs of the same size. 

We study the scattering response of >100 individual heterodimers illuminated near θ=0° in 

greater detail to explore variations in both gap size and NP diameter. The averaged scattering 

response is in very good agreement with the FDTD simulations for the designed mean inter-

particle spacing of 3.3 nm of the DNA origami platform(21) (Figure 3a).  Both the experimental 

data and simulations clearly show the presence of the weak AuQ peak at 556 nm. We therefore 



perform further FDTD simulations to understand the nature of the Ag-Au interaction in 

longitudinal polarization for a range of gap sizes (Figure 3b), from 20 nm down to 1 nm. By 

contrast, similar results for the transverse polarization (Figure S5) show no significant change 

in peak positions or intensities throughout this range.  

 

Figure 3: Experimental data and FDTD simulations of Ag-Au coupling. (a) Averaged scattering response of 

>100 individual heterodimers under longitudinal polarization, which is in good agreement with FDTD 

simulations. (b) Color map for FDTD simulations of the scattering response as a function of gap size for 

longitudinal polarization. Mean (standard deviation) inter-particle spacing is indicated by white dashed line (white 

shaded region). Above and below the critical gap size (𝒅𝒄) are the interband coupling (IC) and free coupling (FC) 

regimes. (c) Histograms for experimental Ag
Q
 and Ag

D
Au

D
 spectral peaks. The Ag

Q
 spectral peak negatively 

correlates with the Ag
D
Au

D
 peak, in agreement with FDTD predictions (dashed line). Shaded region shows width 

(FWHM) of the histogram of Ag
Q
 mode peak positions from >100 individual heterodimers.   



A comparison with Au-Au and Ag-Ag homodimers (Figure S6) shows that the Ag-Au 

interaction in the heterodimer introduces new effects. For large gap sizes (Figure 3b, S7), the 

high energy mode is predominantly AgD (with some small mixing in of higher order modes) 

and the low energy mode is predominantly AuD. As with homodimers, both modes red-shift as 

the gap size decreases. For gap sizes below 𝑑𝐶, three trends are seen: (1) the highest energy 

AgD mode ceases to red-shift and a AgQ mode emerges, (2) a weak AuQ mode emerges, and 

(3) the lowest energy AuD mode red-shifts and evolves into the coupled AgDAuD with 

decreasing gap size. 

The emergence of the AuQ mode is evident in the averaged spectrum in Figure 3a. The 

surprising behavior of the AgQ mode can also be verified experimentally with our heterodimer 

constructs. The DNA origami platform is designed for a mean inter-particle spacing of 3.3±1.0 

nm(21)  (indicated by white dashed line and shaded region in Figures 3b), the variation 

occurring due to the use of dsDNA linkers to tether the NPs to the DNA origami platform. We 

therefore examined the correlation(39) of the peak positions of the AgQ and AgDAuD modes 

using data from each of the >100 heterodimer structures imaged. The AuQ and AgDAuD mode 

peak positions are approximately Gaussian distributed with mean wavelengths at 439±1 nm 

and 622±3 nm respectively (histograms Figure 3c).  The scatter plot in Figure 3c shows that 

the AgQ peak position is indeed negatively correlated with AgDAuD peak position as predicted 

in Figure 3b, and matching the red dashed line from FDTD predictions in Figure 3c.  

We have thus uncovered two effects of Ag-Au coupling in such heterodimer structures for 

sub-5 nm gaps that are verified experimentally and through simulations: the emergence of AuQ 

and AgQ modes as the gap size decreases below 𝑑𝐶. To understand the nature of the modes for 

even smaller gap sizes (where the effects are most significant but are not yet experimentally 

accessible), we perform further FDTD simulations for the optical E field intensity (Figure 

4a,c,e) and surface charge density distribution (Figure 4b,d,f) for a gap size of 1 nm.  We note 



how the ultra-small spacing compresses the plasmonic charge distributions around each 

nanoparticle into the gap region, modifying the underlying symmetries. Instead of being spread 

evenly around each NP, the lobes of the quadrupolar distributions shrink into the gaps, mixing 

with the dipolar distributions.  Strikingly however, most of the optical field for the AgQ and the 

AuQ modes is around either the Ag or the Au NP respectively, whereas the AgDAuD mode 

shows strong optical fields around both NPs (Figure 4e).  Indeed, the theoretical work of Chen 

et al.(7) for 60 nm Ag-Au heterodimers predicted surface charge distributions across both NPs 

but the E fields are distributed predominantly around one NP. These results have so far been 

ignored due to the lack of experimental verification, which we now report here. This 

‘decoupling’ arises because the AgQ mode cannot create image dipoles in the Au (as the Ag 

quadrupolar mode energy never drops below the energy of the Au interband transitions), just 

as the dipolar AgD mode cannot create image dipoles in the Au when 𝑑>𝑑𝐶. 

 

Figure 4: E field and charge distribution for Ag-Au heterodimers. FDTD simulations reveal the E field 

intensities and charge density distributions for the (a, b) Ag
Q
, (c, d) Au

Q
, and (e, f) Ag

D
Au

D
 modes, for a gap size 

of 1 nm.  

In conclusion, we present here the successful assembly of Ag-Au heterodimers using DNA 

origami platforms. The polarization-dependent response of such structures is characterized in 



detail and found to be consistent with their broken symmetry and hetero-component nature. 

Importantly, the sub-5 nm gaps provided by the DNA origami platform allowed us to probe the 

interaction between Ag and Au NPs of the same size which accesses direct dipolar coupling of 

the Ag and Au electrons. We observe three modes for longitudinal polarization and show their 

properties match FDTD simulations.  A  previously-unreported emergence of the AuQ mode is 

seen, which we verify with measurements across >100 individual heterodimer structures. These 

results demonstrate the power of the DNA origami technique to fabricate NP geometries that 

probe novel interactions between hetero-component structures, and in particular here in an 

‘apparent free electron coupling regime’ which localizes light around either NP. This work 

holds significant potential for experimental studies in sophisticated complex geometries 

involving metals, semiconductors, and dielectrics. 

 

 

 

 

DNA origami structure design and assembly 

The DNA origami platform design used is identical in dimensions to the one used for the Au-

Au NP dimer assembly as reported earlier.(21) The single-stranded DNA (ssDNA) overhangs 

in the other groove are retained at t ttt ttt ttt ttt ttt ttt (complementary to the ‘sequence 1’ coating 

on the Au NPs). The sequences of the ssDNA overhangs within one of the grooves were altered 

to atg tag gtg gta gag g (complementary to ‘sequence 2’ ssDNA coating on the Ag NPs). All 

short ssDNA staples were purchased from Integrated DNA Technologies.  The assembled 

structures were purified from the excess staple strands by centrifugation with 100 kDa MWCO 

filters (Amicon Ultra, Millipore) also as described earlier.(21) 

ssDNA coating of NPs and synthesis of dimer structures 



The protocol used was based on one reported earlier(18,21) but with significant 

modifications as described below. We use highly concentrated solutions of the NPs as starting 

materials. Au NPs are obtained from BBI Solutions, UK (optical density (OD) =100) and Ag 

NPs are obtained from Nanocomposix Inc, USA (BioPure, 1 mg/ml, citrate stabilized). DNA 

oligos corresponding to ‘sequence 1' or ‘sequence 2' are ordered with a 5' dithiol modification 

(Biomers.net, Germany). After incubation with 10 mM Tris (2-carboxyethyl) phosphine 

(TCEP, Sigma Aldrich) for 30 minutes, they are added in a 20000 fold excess to the NP 

solution.  

Next, a sodium citrate-HCl buffer (pH=3) is added to a final concentration of 10 mM and 

NaCl is added to a final concentration of 30 mM.  The NP solutions are then sonicated in a 

water bath for 15 minutes. This has been reported earlier to increase ssDNA coating 

efficiency.(40) Finally, HEPES buffer (pH=7) is added at a final concentration of 100 mM. 

This is then left overnight to further increase the coating efficiency. Successful attachment is 

confirmed by a lack of aggregation when resuspended in ~50 mM MgCl2. 

ssDNA-coated NPs are separated from excess DNA oligos by three rounds of centrifugation 

with 100 kDa MWCO filters (Amicon Ultra, Millipore) either at 10,000g for 10 minutes (Au 

NPs) or at 6,000g for 8 minutes (Ag NPs) at 4°C. The fewer rounds of centrifugation also help 

to maintain the ssDNA coating on the NPs. To account for the fact that there may be a higher 

proportion of unbound ssDNA in the solution, the filtered NPs are incubated overnight with 

the assembled DNA origami platforms in 5x excess per binding site. Efforts are also made to 

ensure that that the concentrations of Au and Ag NPs are roughly similar. Successful formation 

of dimers and separation from larger aggregates is accomplished by agarose gel electrophoresis 

in a 0.7% agarose gel run at 50 V and maintained at 4°C by a surrounding ice bath.  

We then follow the protocol described earlier(21) to purify the heterodimer structures from 

the agarose gel and immobilize the assembled nanostructures on glass coverslips, during which 



formation of larger aggregates or disassembly of heterodimer structures can occur. Once on the 

glass coverslip, we estimate that 10% of the structures are heterodimers, with the remainder 

being either free Au or Ag NPs or larger aggregates. Heterodimers are identified by their 

polarization-dependent optical response. In addition, every effort is made to use freshly ssDNA 

coated NPs for assembly, limit the exposure to ambient light during the assembly process, and 

perform optical studies (dark-field scattering, SEM imaging, EDX measurements) on the 

immobilized samples as soon as they are prepared to reduce the oxidation of the Ag NPs. 

Scattering Spectroscopy 

Scattering spectra were measured on a custom built inverted microscopy setup(21,41) 

suitably modified as follows to allow for illumination down to 380 nm. We employ an 

incoherent, high-powered, continuous Xenon light source (HPX-2000, 185 – 2000 nm).  The 

polarization of the beam is set using an ultra-broadband wire grid polarizer (WP25M-UB, 250 

– 4000 nm) with a greater than 75% transmission and extinction ratio better than 103 for the 

wavelengths of interest (380 – 1000 nm).  The polarization angle is rotated with an achromatic 

half-wave plate (AHWP10M-600, 400 – 800 nm) with a transmission greater than 90% over 

this region of the spectrum.  A beam stop of diameter 4.5 mm then blocks the inner part of the 

beam, leaving the remaining outer ring for illumination through a bright field objective (Leica 

HPX Plan APO 63x NA 1.2W) of diameter 6.5 mm.  One expects greater than 70% 

transmission (380 – 1000 nm) with illumination angles of up to 80o for this objective.  The 

reflected light is then sent through an iris of diameter 4.5 mm allowing only the scattered light 

from the nanostructure to pass through.  Part of the scattered light is collected with a fiber-

coupled (50 µm optical fiber) Ocean Optics QE65000 cooled spectrometer.  The other fraction 

is directed towards an Infinity-2 14 bit CCD camera (Lumenera) that allows for wide-field 

imaging. We use a glass substrate as a reference for the amount of light reflected at each 

wavelength.   

Numerical Simulations 



Finite-difference time-domain calculations were carried out with Lumerical FDTD v8.6.  

Previously,(21) we have shown that the ssDNA layer can be modelled as a 2.5 nm thin 

dielectric coating (n=1.7) around the Au NP and the DNA origami platform has a refractive 

index of n=2.1. The combined effect of the ssDNA coating, the DNA origami platform, and 

the glass coverslips, were implemented as a semi-infinite half-space with a constant real 

dielectric constant n=1.56, which effectively fits the scattering responses in Figures 2 and 3. 

Illumination with s and p polarized plane waves was performed at an angle of incidence of 60° 

to replicate the lateral and axial polarization components present in the experimental dark-field 

illumination. The resulting spectra were added incoherently to obtain the scattering cross-

section for illumination with unpolarized light. 

SEM/EDX measurements 

SEM and EDX measurements were taken with a LEO GEMINI 1530VP FEG-SEM, 

operating at an electron beam energy of 30 keV. The spatial accuracy for the elemental 

analysis in EDX mode is similar to the resolution of the SEM images. 
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