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Abstract

Distinct electromagnetic properties can emerge from the three-dimensional (3D) configuration of a 

plasmonic nanostructure. Furthermore, the reconfiguration of a dynamic plasmonic nanostructure, 

driven by physical or chemical stimuli, may generate a tailored plasmonic response. In this work, 

we constructed a 3D reconfigurable plasmonic nanostructure with controllable, reversible 

conformational transformation using bottom-up DNA self-assembly. Three gold nanorods 

(AuNRs) were positioned onto a reconfigurable DNA origami tripod. The internanorod angle and 

distance were precisely tuned through operating the origami tripod by toehold-mediated strand 

displacement. The transduction of conformational change manifested into a controlled shift of the 

plasmonic resonance peak, which was studied by dark-field microscopy, and agrees well with 

electrodynamic calculations. This new 3D plasmonic nanostructure not only provides a method to 

study the plasmonic resonance of AuNRs at prescribed 3D conformations but also demonstrates 
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that DNA origami can serve as a general self-assembly platform for constructing various 3D 

reconfigurable plasmonic nanostructures with customized optical properties.
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Plasmonic metamaterials are artificial architectures, whose optical properties rise from 

precise arrangement of micro- or nanoscale metallodielectric building blocks.1 Various 

plasmonic metamaterials have been fabricated and show a range of distinct optical 

properties, such as Fano resonance,2 circular dichroism,3 and enhanced nonlinear optical 

properties.4 Conventional fabrications of plasmonic metamaterials are often achieved by top-

down techniques, which are limited by throughput, resolution, and capability to fabricate 3D 

reconfigurable plasmonic nanostructures.5 The evolvement of structural DNA 

nanotechnology provides an efficient solution to this challenge. In particular, with the DNA 

origami technique,6,7 many complex 3D DNA nanostructures have been constructed, such as 

closely packed 3D shapes,8,9 hollow DNA boxes,10,11 3D shapes with curvatures,12 and 

wireframe nanostructures with multiarm junction vertices.13–16 Furthermore, DNA 

nanostructures, serving as templates with spatially addressable binding sites, have 

demonstrated the power to organize a variety of molecules or nanoscale objects, such as 

chromophores,17,18 quantum dots,19,20 carbon nanotubes,21 proteins,22 or metallic 

nanoparticles,23–29 into well-defined geometries to achieve desired functions.

DNA origami has been used to fabricate two- or three-dimensional photonic nanostructures 

effectively.26,30–37 Nanostructures based on high-order anisotropic nanoscale building 

blocks, such as gold nanorods (AuNRs), generate optical properties that can be tuned by 

many geometric features, including nanorod size and aspect ratio and inter-rod distance and 

angle.38 Nonetheless, despite progress on geometrical control over architectures of DNA 

origami templated AuNRs,33,39–42 it remains challenging to tune the inter-rod angles 

simultaneously within 3D reconfigurable systems containing multiple AuNRs. It is of great 

importance in the field of optical information conduction and storage to increase the 

complexity of AuNR-based reconfigurable photonic nanostructures, as it is evident that the 
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functionality of the signal-transition network is upgraded as the number of AuNRs 

increases.43 While DNA origami has been used to realize the reconfiguration of 

nanostructures containing two gold nanorods,33 reconfigurable 3D plasmonic systems with 

three or more AuNRs have not been reported. Here, we demonstrated the construction and 

the reconfiguration of tripod-shaped plasmonic nanostructures consisting of three AuNRs. 

The reconfigurable AuNR plasmonic nanostructure was achieved by assembling AuNRs on 

the arms of a DNA origami tripod (Figure 1a). The optical responses from the discrete 

plasmonic AuNR-tripod, which adopted different conformations via toehold-mediated strand 

displacement reactions (Figure 1b), were observed in the visible range.

RESULTS AND DISCUSSION

Reconfigurable DNA Origami Tripod

The reconfigurable DNA origami tripod is modified from a published version.13 The tripod 

contains three ~50 nm arms (Figure 2a). Each arm contains 14 DNA duplexes (previous 

version has 16 duplexes per arm) packed on a honeycomb lattice to accommodate curvature 

of the AuNRs (see Methods for details). This design allowed incorporation of 12 single-

stranded handle strands along the two central duplexes on each arm to capture AuNRs 

(Figure 2a). The interarm angle was controlled by adjusting the lengths of connecting struts 

composed of two parallel double helices.13 Three sets of “locking” strands (L30, L60, L90) 

were utilized to create interarm angles of ~30°, ~60°, and ~90° (Figure 2b). In addition, each 

locking strand has a different 14-base toehold that enables removal of the locking strand. 

Thus, the reversible reconfiguration of the tripod was realized by adding complementary 

“releasing” strands (R30, R60, R90) to change a strut to a “no locking” state, followed by 

addition of locking strands to relock the tripod to another conformation. The tripod 

conformations were named in accordance with the interarm angles (e.g., 30–30–30 

corresponds to the conformation with equal 30° angles between arms).

First, three tripods, 30–30–30, 60–60–60, and 90–90–90, were created separately by folding 

a 7560-nucleotide-long M13-based single-stranded DNA scaffold44 using ~180 short 

“staple” oligonucleotides. The tripods were then verified by gel electrophoresis (Figure 2c), 

which revealed that the tripod with smaller angles has higher mobility than the tripod with 

larger angles due to its more compact conformation. In addition, we also demonstrated one-

step conversion from any one conformation (e.g., 30–30–30) to the other two conformations 

(Figure 2c). The 30–30–30, the 60–60–60, and the 90–90–90 tripods were purified from 

agarose gel and subjected to subsequent transmission electron microscopy (TEM) imaging, 

which unambiguously confirmed the designed conformations (Figure 2d). The angles 

between two arms were measured from the images (Figure 2e). The 30–30–30 tripod, the 

60–60–60 tripod, and the 90–90–90 tripod gave average interarm angles of 29 ± 4° (standard 

deviation, 54 counts), 53 ± 6° (standard deviation, 98 counts), and 85 ± 6° (standard 

deviation, 115 counts), respectively. To test the conformation change, the 30–30–30 tripod, 

60–60–60 tripod, and 90–90–90 tripod were first converted, by adding “releasing strands”, 

to the “no locking” tripod, which showed higher mobility in agarose gel, due to flexibility of 

the “no locking” tripod (Figures 2c, S1). Then the “no locking” tripods were transformed to 

the 30–30–30 tripod, the 60–60–60 tripod, and the 90–90–90 tripod by adding 
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corresponding “locking” strands. These transformed tripods exhibited same mobility as the 

tripods assembled in one-pot reactions (Figures 2c, S2, and S3), suggesting reliable tripod 

reconfiguration, which was further confirmed by TEM imaging (Figure S4). Asymmetric 

tripods can be generated by tuning interarm angles independently. To demonstrate this, we 

converted the 60–60–60 tripod to a 30–60–60 tripod and a 60–60–90 tripod, and the 90–90–

90 tripod to a 30–90–90 tripod and a 60–90–90 tripod. Both gel electrophoresis (Figure 2f) 

and TEM images (Figure 2g) confirmed the successful conversion to these asymmetric 

tripods.

To study the tripod configuration upon surface attachment in the “native” hydrated 

environment, we performed DNA-PAINT super-resolution imaging13,45,46 on three sets of 

symmetric tripod configurations (30–30–30, 60–60–60, and 90–90–90) (see Methods for 

details). The DNA-PAINT method uses transient programmable hybridization between short 

single-stranded oligonucleotide extensions (docking strands, black strand) on the target and 

complementary dye-conjugated strands (imager strands, green strand) in the solution to 

create effective “blinking” for localization-based super-resolution microscopy (Figure 2h). 

We included docking strands at the vertex and three feet of the tripods and anchored the 

tripod onto the substrate through a specific bridge between biotin on the feet (Figure 2h, 

purple, 2 biotins on each foot) and streptavidin on the substrate surface. Upon DNA-PAINT 

imaging and super-resolution reconstruction, a triangular pattern with a center point was 

observed for all configurations and with increasing vertex-to-vertex distances (Figure 2i, left 

columns). Single-particle ensemble analysis revealed a large population of regular triangular 

patterns with a centered middle point and designed vertex-to-vertex distance, as well as 

another population with a slightly off-center middle point (Figure 2i, right columns).

3D Plasmonic Tripod Assembly

To fabricate the plasmonic reconfigurable nanomaterial, AuNRs (~12 × 38 nm) were 

assembled onto the arms of the tripods, forming AuNR-tripods. To minimize cross-binding 

of AuNRs between tripod arms, three capturing sequences were used for the tripod arms 

(Figure 3a). AuNRs with corresponding complementary DNA oligos to the capturing strands 

were incubated with gelpurified tripods, followed by further purification with gel 

electrophoresis. To examine the binding of AuNRs to the tripod, three sets of AuNRs were 

added to the tripod in a stepwise manner. Gel electrophoresis showed increasingly retarded 

mobility of the AuNR-tripods upon sequential adding of three sets of AuNRs (Figures 3b 

and S5a). Purified constructs were further investigated by TEM, which confirmed the inter-

rod angle of 30–30–30, 60–60–60, and 90–90–90 (Figures 3c and S5b). It is worth 

mentioning that the angles between the AuNRs were distorted in some images due to the 

deposition of 3D tripods on the 2D TEM grids. Then we performed a reconfiguration 

experiment on the AuNR-tripods. Figure 3d shows the TEM images of the transformed 30–

30– 30 AuNR-tripod and the 60–60–60 AuNR-tripod, both converted from the 90–90–90 

AuNR-tripod. More studies on transformations, such as the 30–30–30 AuNR-tripod to the 

60–60–60 AuNR-tripod conversion and the 60–60–60 AuNR-tripod to the 30–30–30 AuNR-

tripod conversion, are demonstrated in Figure S6. AuNRs were also conjugated to 

asymmetric tripods, 30–90–90, 60–90–90, 30–60–60, and 60–60–90, and purified constructs 

were confirmed by TEM imaging (Figure S7).
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Switching the Plasmonic Property of the AuNR-Tripod

To investigate the conformational effect on the plasmonic property of the AuNR-tripod, we 

carried out UV–vis spectral analysis. The DNA oligo-coated AuNRs show a longitudinal 

surface plasmonic resonance (LSPR) peak at 739 nm. While in comparison, the AuNRs in 

tripod configurations show an 11 nm blue shift, a 6 nm blue shift, a 3 nm red shift, a 1 nm 

blue shift, a 3 nm blue shift, a 7 nm blue shift, and a 3 nm blue shift for the LSPR peaks of 

30–30–30 AuNR-tripod, 60– 60–60 AuNR-tripod, 90–90–90 AuNR-tripod, 60–90–90 

AuNR-tripod, 30–90–90 AuNR-tripod, 30–60–60 AuNR-tripod, and 60–60–90 AuNR-

tripod, respectively (Figure S8a, b). It has been reported earlier that the plasmonic 

interaction between two AuNRs placed in parallel geometry causes the blue shift of the 

LSPR peak.25 After converting the 90–90–90 AuNR-tripod to the 60–60–60 AuNR-tripod 

and the 30–30–30 AuNR-tripod, the measured LSPR peak shift values were 5 and 8 nm, 

respectively, toward the blue side of the free AuNR LSPR peak (Figures 3e and S8c,d). 

These values are in good agreement with the LSPR peaks measured from the preformed 30–

30–30 AuNR-tripod and the 60–60–60 AuNR-tripod, also demonstrating the effectiveness of 

the conformation change fueled by DNA. To further test the reversibility of the 

reconfiguration of the AuNR-tripods, the 90–90–90 AuNR-tripod was transformed to the 

30–30–30 AuNR-tripod back and forth for eight times. The absorbance spectra measured at 

each step showed the expected change in the LSPR peak (Figures 3f and S9). However, after 

each conversion, a small red shift and a small blue shift were observed for the 30–30–30 

AuNR-tripod and the 90–90–90 AuNR-tripod, respectively. In the final reconfiguration 

steps, the LSPR peaks at step 8 (the 30–30–30 AuNR-tripod) and Step-9 (the 90–90–90 

AuNR-tripod) exhibited a 4 nm red shift and a 5 nm blue shift, in comparison to the LSPR 

peaks at step 2 (the 30–30–30 AuNR-tripod) and step 1 (the 90–90–90 AuNR-tripod), 

respectively. The peak shifts are likely due to imperfect conversion efficiency. TEM analysis 

of the 30–30–30 AuNR-tripod and 90–90–90 AuNR-tripod at steps 8 and 9 confirmed that 

some AuNR-tripods were subject to incomplete conversion after multiple cycles of 

transformation (Figure S10).

Single-Structure Dark-Field Scattering Spectroscopy

To investigate the near-field coupling among the three AuNRs, a single-structure dark-field 

scattering spectroscopy was employed. The biotin-modified AuNR-tripod nanostructures 

(Figure 4a) were deposited on a streptavidin-functionalized silicon wafer and immobilized 

by biotin-streptavidin interaction so that they can present the stand-up configuration (Figure 

4b) (see Methods for details). DNA-PAINT imaging showed that biotin-modified tripods can 

be deposited on streptavidin-coated glass slide in a stand-up configuration (Figure 2i). The 

specificity of the AuNR-tripod attachment to the functionalized wafer surface was confirmed 

by comparing scanning electron microscopy (SEM) images of the AuNR-tripod with and 

without biotin modification while deposited onto wafers (Figures S11 and S12). Figure 4c – 

e and S13 show the scattering spectra of the 30–30–30 AuNR-tripod, the 60–60–60 AuNR-

tripod, and the 90–90–90 AuNR-tripod, respectively. All three configurations have two 

peaks, at ~570 and ~650 nm, with a peak split at ~600 nm. The 90–90–90 AuNR-tripod has 

a more apparent peak split in comparison to the 30–30–30 AuNR-tripod and the 60–60–60 

AuNR-tripod. The relative intensity difference between two peaks becomes gradually more 

pronounced upon increasing the angles between AuNRs, i.e., changing from 30–30–30 to 
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90–90–90. According to our design, the gap among the three AuNRs at the vertex of the 

tripod gradually decreases from the 30–30–30 configuration to the 90–90–90 configuration. 

As the distance between AuNRs keeps getting shorter, the peak split of the dark-field 

spectrum becomes more apparent. A theoretical study on the optical response of the AuNR-

tripod nanostructures was performed based on mode-coupling analysis and the finite-

difference time-domain (FDTD) simulation (see Methods and Supporting Information for 

more details). Our theory indicates that the near-field coupling among the AuNRs leads to 

the splitting of the modes and results in hybrid modes (corresponding to the peaks in the 

dark-field spectrum). The intensification of near-field coupling (with decreasing gap) leads 

to increase in peak splitting from 30–30–30 to 90–90–90 configuration. Moreover, the main 

feature of the scattering spectra may be ascribed to the plasmonic analogue of 

electromagnetically induced transparency,43,47 which comes from the interference among 

the fields from bright modes (due to dipole excitation) and dark modes (due to quadrupole 

excitation). Our experimental results and theoretical calculations agree well qualitatively.

CONCLUSION

We fabricated 3D reconfigurable plasmonic nanostructures regulated by tuning the interarm 

angles of the DNA origami tripod template via toehold-mediated strand displacement 

reaction. The AuNR-tripod nanostructures could be immobilized onto a substrate through 

biotin–streptavidin interaction with a stand-up configuration; hence we can precisely control 

the relative orientation between the AuNR-tripod nanostructures and the incident light. A 

strong peak split between two peaks was observed on the scattering spectrum measured by 

single-structure dark-field scattering spectroscopy for AuNR-tripods, with the relative 

intensity difference between two peaks becoming more pronounced upon increasing the 

angles between AuNRs. Different geometric configurations of multi-nanorod systems, as 

exemplified in this report, may lead to tunable extinction wavelength that could potentially 

be utilized for single-molecule fluorescence enhancement. Moreover, this system could 

upgrade the complexity of the coupling modes and result in an advanced signal-transition 

network. The sophisticated coupling modes in such a dynamic plasmonic nanostructure have 

potential applications in optical signal transmission and modulators. The spatial and 

temporal control offered by DNA origami nanotechnology provides a strategy for the 

development of dynamic plasmonic nanostructures for a variety of applications.

METHODS

Design, Preparation, Purification, and Characterization of Tripods

The DNA origami templates are designed using CaDNano. Each of the tripod arms is 

composed of 14 parallel double helices packed on a honeycomb lattice. Connections at the 

vertex are formed by the scaffold strand. Angles between two tripod arms are adjusted by 

adding a supporting strut consisting of two double helices. By changing the length of the 

strut, angles of 30°, 60°, and 90° are achieved. Figures S18–S20 show schematics of 30–30–

30, 60–60– 60, and 90–90–90 tripod designs, respectively. DNA tripod structures were 

synthesized by mixing the “staple” strands (purchased from Integrated DNA Technology, 

Inc.) with a single-stranded scaffold (p7560) in a molar stoichiometric ratio of 10:1 in 1× 
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TE-Mg2+ buffer (40 mM Tris, 2 mM EDTA, 12 mM MgCl2, pH 8). The final concentration 

of the scaffold was adjusted to 10 nM. The mixture was then annealed in a thermocycler 

from 65 °C to 25 °C over 36 h. Samples were then subjected to gel electrophoresis (1% 

agarose) in 0.5× TBE(Tris/Borate/EDTA)-Mg2+ buffer (45 mM Tris, 45 mM boric acid, 1 

mM EDTA, 10 mM MgCl2) for purification and verification. The purified samples are then 

confirmed with TEM imaging upon staining the samples with 1% uranyl formate for 15 s. 

The angle distributions were plotted in a histogram after calculating the interarm angles 

using the software Image-J. To change the conformation of a tripod, first the strut locking 

strands were released by adding complementary releasing strands in a 10-fold excess to the 

purified tripod, followed by annealing at 40 °C for 4 h (Figure S1). Then the locking strands 

corresponding to the desired angle were added followed by annealing at 35 °C for 2 h, then 

left overnight.

DNA-PAINT Super-resolution Microscopy

DNA-PAINT super-resolution microscopy was performed with a protocol adapted from 

previous work.46 In brief, fluorescence imaging was carried out on an inverted Nikon 

Eclipse Ti microscope (Nikon Instruments) with objective TIRF mode and a Perfect Focus 

System and collected on an EMCCD camera (iXon DU-897, Andor Technologies) without 

EM gain option. DNA-PAINT sample preparation was performed in a custom-constructed 

flow chamber between a piece of coverslip and a glass slide. Biotin-labeled tripod structures 

were fixed on the surface via a biotin–streptavidin–biotin bridge, by serially flowing in BSA 

(Bovine Serum Albumin)–biotin (1.0 mg/mL), streptavidin (0.5 mg/ mL), and biotin-labeled 

samples. The chamber was filled with imaging buffer of 10 nM Cy3b–labeled imager strand 

(TATGTAGAT-Cy3b) in buffer B (10 mM Tris-HCl, 10 mM MgCl2, 1 mM EDTA, 0.1% 

Tween 20, pH 8.0) and then sealed with epoxy before imaging. DNA-PAINT super-

resolution movies were recorded with 561 nm laser illumination at 0.5 kW/cm2 intensity, 

with a 5 Hz camera frame rate (200 ms per frame) for 10 000 frames.

Assembly of Nanorods to the Tripod

AuNRs were synthesized using a previously published method (see Supporting Information 

for details).48 Three different sets of DNA-modified AuNRs were mixed with the purified 

tripod structure with molar ratio of 5:1 and annealed at 40 °C for 2 h followed by slow 

shaking for 12 h. The samples were then purified with 1% agarose gel and verified with 

TEM imaging.

Silicon Wafer Surface Preparation

The method was based on the previous report with some modification.32 A silicon wafer was 

cut into smaller pieces of ~0.8 cm by 0.8 cm that fit into a 2 mL tube. The pieces were 

washed with acetone, ethanol, and ultrapure water in turn three times and cleaned with 

piranha solution in an ultrasonic cleaner for 15 min. After that, the wafers were washed with 

ultrapure water and stored in a 2 mL tube for further treatment. First, in a 2 mL tube, 0.8 mg 

of BSA and 0.4 mg of BSA-biotion (Sigma-Aldrich) were dissolved with 1 mL of 1 × PBS 

buffer (pH 7.4). A cleaned silicon wafer (the surface was dried by direct nitrogen gas flow) 

was put in the tube and incubated overnight at 4 °C. After incubation, the silicon wafer was 

flushed three times with PBS buffer (pH 7.4) to remove free BSA-biotion (the surface 
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should not get dry to avoid denaturing of the proteins). In the next step, the silicon wafer was 

covered with the NeutrAvidin solution (0.4 mg of NeutrAvidin per 1 mL of PBS buffer) for 2 

h at 4 °C. Finally, the wafer was flushed three times with PBS buffer to remove free 

NeutrAvidin (the surface should not get dry).

Assembly of AuNR-Tripod Constructs on the Silicon Wafer

Each arm of the tripod was designed with two biotin-modified sites for the wafer surface 

attachment. A 100 µL amount of 5 nM purified AuNR-tripod samples in 0.5× TBE buffer 

with 10 mM MgCl2 was added to 400 µL of PBS buffer. The NeutrAvidin-modified silicon 

wafer was covered with the above-mentioned sample solution and incubated for 4 h at 4 °C. 

Next, the surface was flushed three times with 0.5× TBE buffer with 10 mM MgCl2 in order 

to remove unbound AuNR-tripod constructs.

Dark-Field Scattering Spectroscopy Measurements

The AuNR-tripod constructs were dispersed on the silicon wafer, and markers were etched 

in the substrate using electron beam lithography. The etched markers were located and 

imaged, and the scattering spectra of the assembly around the markers were measured using 

a dark-field microscope (ZEISS Axio Imager.A2) equipped with a 60× objective. The 

scattered light was recorded by a spectrograph CCD (Pixis 400, Roper Scientific, PI, USA) 

to obtain the scattering spectra. It is noted that the excitation light in this setup was not 

polarized. The AuNR-tripod in which the three AuNRs are arranged at designated angles 

introduces the possibility of coupling between longitudinal and transverse modes. The SEM 

images of the same assembly were collected after the dark-field scattering spectra 

measurements, allowing direct correlation of the shape and arrangement of the assembly 

with the scattering spectrum.

Theoretical Calculations: Mode-Coupling Analysis and the Finite-Difference Time-Domain 
Simulation

In the mode-coupling analysis, the longitudinal plasmon of each AuNR is presented as an 

oscillator. The coupling among the oscillators (plasmons) leads to hybrid modes 

corresponding to the peaks in the scattering spectra. The FDTD method is applied to 

simulate the scattering spectrum of the structure with the geometric parameters of AuNRs 

used in experiments. An average over different incident light polarization has been 

performed (see Supporting Information for details).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic illustration of the reconfigurable DNA origami tripod with gold nanorods. (a) 

Diagram of gold nanorods assembled on the DNA tripod. Each arm is 50 nm in length. Two 

parallel double helices, denoted as strut, control the angle between the DNA arms. The 

length of the strut determines the interarm angle. (b) Toehold-mediated strand displacement 

reaction is used to tune the angle between the arms. Sets of releasing strands (R) and locking 

strands (L) are employed stepwise to change the angle between the DNA arms.
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Figure 2. 
Reconfiguration of DNA origami tripods. (a) Design diagram of a tripod. Each arm is 

constituted with 14 parallel double helices with each cylinder representing a DNA double 

helix. The angle between the arms is determined by the strut length. (b) Details of the strut 

design. Each strut is composed of scaffold and staples with a 14-base-long toehold. Interarm 

angles could be tuned via using corresponding releasing and locking strands. (c) Agarose gel 

electrophoresis of tripods with various configurations. Each configuration of the tripods (30–

30–30, 60–60–60, and 90–90–90) could be converted to the other two configurations. Lanes 
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named “No Locking” represent the tripods after adding corresponding releasing strands. (d) 

TEM images of tripods with configurations of 30–30–30, 60–60–60, and 90–90–90. (e) 

Corresponding angle distribution histogram. The black square on each histogram reflects the 

mean value, and the horizontal line shows the standard deviation. (f) Agarose gel 

electrophoresis of tripods with asymmetric angles formed from purified 60–60–60 and 90–

90–90 tripods. (g) TEM images of tripods with asymmetric angles. (h) Illustration of the 

DNA-PAINT imaging: a DNA origami tripod is decorated with single-stranded extensions 

(docking strand, black) on three feet and the vertex. Complementary Cy3b dye-modified 

strands (imager strand, green) transiently bind to docking strands. Biotinylated strands 

(purple, 2 on each foot) immobilize the tripod structures to the streptavidin-coated glass 

surface for fluorescence imaging. (i) DNA-PAINT super-resolution reconstruction of tripods. 

For each structure the left panel shows the super-resolution-rendered images (colored), and 

the right panel shows the single-particle ensemble analysis image (gray). Scale bars: 50 nm.
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Figure 3. 
Construction of reconfigurable plasmonic AuNR-tripods. (a) Scheme of AuNR-tripod 

conjugation. The AuNR capturing strands (15 bases long) on each arm of the tripod have 

different sequences, highlighted with red, green, and yellow color. A total of 12 capturing 

strands are placed on each arm of the tripod. (b) Agarose gel electrophoresis of tripods with 

one, two, and three AuNRs at configurations of 30–30–30, 60–60–60, and 90–90–90. (c) 

TEM images of AuNR-tripod in three configurations. (d) Reconfiguration of AuNR-tripod. 

TEM images of the AuNR-tripods with configurations of 90–90–90 (top), 30–30–30 

(bottom-left, converted from the 90–90–90 AuNR-tripod), and 60–60–60 (bottom-right, 

converted from the 90–90–90 AuNR-tripod). (e) Absorbance spectra of free-DNA-

conjugated AuNR (black line), AuNR-assembled 90–90–90 tripod (red line), and 30–30–30 

(blue line) and 60–60–60 (green line) tripods converted from the 90–90–90 tripod with an 

absorbance peak shift in comparison to DNA-conjugated AuNR (black line). (f) Absorbance 

maxima shifts showing reconfiguration cycling between the 90–90–90 and the 30–30–30 

AuNR-tripods. Scale bars: 100 nm.
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Figure 4. 
Dark-field scattering spectra of a AuNR-tripod. (a) Schematic diagram of a AuNR-decorated 

tripod with two biotins on each arm for substrate immobilization with stand-up orientation. 

(b) Schematic diagram showing assembly of a AuNR-tripod on a silicon wafer for dark-field 

scattering spectroscopy characterization. (c to e) Experimental scattering spectra (left) and 

simulated light-scattering spectra (right) for an individual AuNR-tripod with a configuration 

of 30–30–30 (c), 60–60–60 (d), and 90–90–90 (e). Insets show the SEM images of the 

AuNR-tripod giving rise to each scattering spectrum. Insets on the right side show the 
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designated configuration for simulation; the size of AuNR is ~38 nm × 12 nm. Scale bars: 

50 nm.
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