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SUMMARY: 23 
We describe the detailed protocol for the DNA origami-based assembly of gold nanorods into 24 
chiral plasmonic metamolecules with strong chiroptical responses. The protocol is not limited to 25 
chiral configurations and can be easily adapted for the fabrication of various plasmonic 26 
architectures. 27 
 28 
ABSTRACT: 29 
The inherent addressability of DNA origami structures makes them ideal templates for the 30 
arrangement of metal nanoparticles into complex plasmonic nanostructures. The high spatial 31 
precision of a DNA origami-templated assembly allows controlling the coupling between 32 
plasmonic resonances of individual particles and enables tailoring optical properties of the 33 
constructed nanostructures. Recently, chiral plasmonic systems attracted a lot of attention due 34 
to the strong correlation between the spatial configuration of plasmonic assemblies and their 35 
optical responses (e.g., circular dichroism [CD]). In this protocol, we describe the whole workflow 36 
for the generation of DNA origami-based chiral assemblies of gold nanorods (AuNRs). The 37 
protocol includes a detailed description of the design principles and experimental procedures for 38 
the fabrication of DNA origami templates, the synthesis of AuNRs, and the assembly of origami-39 
AuNR structures. In addition, the characterization of structures using transmission electron 40 
microscopy (TEM) and CD spectroscopy is included. The described protocol is not limited to chiral 41 
configurations and can be adapted for the construction of various plasmonic architectures. 42 
 43 
INTRODUCTION:  44 
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DNA nanostructures, DNA origami in particular, have been widely used to arrange molecules and 45 
other nanoscale components (e.g., proteins and nanoparticles [NPs]), with nanometer precision 46 
into almost arbitrary geometries1–5. The ability to arrange metal NPs on DNA origami templates 47 
with a high yield and accuracy enables the fabrication of plasmonic structures with novel optical 48 
properties6–10. DNA origami technique is especially useful for the generation of chiral plasmonic 49 
structures, which require genuinely three-dimensional architectures11–20. 50 
 51 
This protocol describes in detail the entire process of the fabrication of DNA origami-templated 52 
chiral assemblies of AuNRs. The software used for the design21 and structure prediction22,23 of 53 
DNA origami is intuitive and freely available. The origami fabrication and AuNR synthesis use 54 
common biochemistry lab equipment (e.g., thermocyclers, gel electrophoresis, hot plates, 55 
centrifuges). The structures are characterized using standard TEM and CD spectroscopy.  56 
 57 
The fabrication of similar plasmonic nanostructures with top-down methods (e.g., electron beam 58 
lithography) would require rather complicated and expensive equipment. In addition, DNA 59 
origami templates provide the possibility to incorporate structural reconfigurability in plasmonic 60 
assemblies24–33, which is extremely challenging for structures fabricated with lithography 61 
techniques. Compared to other molecular-based approaches34–37, DNA origami-based fabrication 62 
provides a high level of spatial precision and programmability. 63 
 64 
PROTOCOL:  65 
 66 
1. Design of the DNA origami  67 
 68 
1.1. Identify the desired relative spatial arrangement of AuNRs and the suitable shape of the DNA 69 
origami template (Figure 1A). Estimate the structural parameters of the AuNRs and the origami 70 
templates. Locate the approximate positions of staples that need further modification (Figure 71 
1B). 72 
 73 
1.2. Download and install caDNAno18 to design a DNA origami template. In caDNAno, route the 74 
scaffold strand according to the desired shape of the template and generate the staple strands 75 
by clicking Seq Tool. Click Paint Tool and mark the staple strands that require further 76 
modification (Figure 1C).  77 

 78 

1.3. Click Export Tool to export the DNA staple sequences (Figure 1C) to a .csv file.  79 
 80 
1.4. Design double-stranded locks to fix the angle Θ between the two origami bundles. 81 
Depending on the relative orientation of the two bundles, the origami construct can adapt left- 82 
or right-handed (LH/RH) chiral spatial configuration (Figure 1B).  83 
 84 
1.5. Import the staples’ .csv file into a spreadsheet application. Add a polyA10 sequence at the 85 
end of the staples used for AuNR assembly (handles). Modify the staple strands on the designed 86 
lock sites with lock sequences. 87 
 88 



   

NOTE: The assemblies in the representative results contain 36 handles protruding at the 3' end 89 
of the staple strands, 18 on each DNA origami bundle, equally distributed on two parallel helices 90 
every 21 nt. The distance between the first and the last handle position is 168 nt, approximately 91 
57 nm (see the attached caDNAno file). 92 
 93 
2. Assembly of the DNA origami templates 94 
 95 
2.1. Prepare a working stock of staple stands (SM), including strands with handles and locks, by 96 
mixing equal amounts of concentration-normalized staple oligonucleotides (e.g., 100 μM). 97 
 98 
NOTE: Origami structures usually contain several hundreds of staple strands. Staples are typically 99 
purchased from vendors specializing in the chemical synthesis of DNA oligonucleotides in 100 
multiwell (e.g., 96-well) plates.  101 
 102 
2.2. For 500 µL of 10 nM origami, mix 50 µL of Tris-EDTA (TE, 10x), 100 µL of MgCl2 (100 mM), 25 103 
µL of NaCl (100 mM), 170 µL of H2O, 100 µL of SM (0.5 µM), 5 µL of lock strands (5 µM), and a 50 104 
µL scaffold (100 nM). 105 
 106 
2.3. Anneal the mixture in a thermocycler from 80 °C to 20 °C as described in Table 1. 107 
 108 
3. DNA origami purification 109 
 110 
NOTE: This section describes the protocol for agarose gel purification. DNA origami templates 111 
can also be purified using alternative approaches38,39.  112 
 113 
3.1. For 1% gel, dissolve 1 g of agarose in 100 mL of Tris-borate-EDTA (TBE, 0.5x) by heating the 114 
mixture in a microwave oven. Add 10,000 µL of 10x DNA stain according to the stain specification. 115 
To minimize the exposure to UV light at the extraction step (step 3.6), use a DNA stain that can 116 
be visualized under blue excitation.  117 
 118 
3.2. Cool the solution to approximately 40 °C and slowly add 1 mL of MgCl2 (1.3 M) while shaking. 119 
Cast gel and incubate for 30 min at room temperature. 120 
 121 
3.3. Set the electrophoresis device and pour cold (4 °C) running buffer (0.5x TBE with 11 mM 122 
MgCl2) into the gel box. Place the gel box in an ice water bath. 123 
 124 
3.4. Add loading buffer to the origami samples (6x loading buffer contains 15% polysucrose 400 125 
and 0.25% bromophenol blue in water). Load the samples into the wells with a proper volume 126 
according to the comb used (e.g., 50 µL for an 8-well comb of 1.5 mm in thickness). 127 
 128 
3.5. Run the electrophoresis for 2 h at 80 V. 129 
 130 
NOTE: To characterize the origami and separate the open and closed structure, use 2% gel instead 131 
of 1% and prolong the running time to 4 h. 132 



   

 133 
3.6. Image the gel with the gel imager (Figure 2). Use a blue light transilluminator to visualize the 134 
bands, cut the origami band, smash the gel on a parafilm, and extract the liquid. The recovery 135 
yield is approximately 40%. 136 
 137 
3.7. Pipette the liquid into a centrifugal filter unit and spin at 3,000 x g for 5 min. Measure the 138 
absorption of the origami solution at 260 nm with a UV-visible (UV-VIS) spectrometer. Estimate 139 
the concentration of origami using an extinction coefficient of 1.3 x 108 M-1·cm-1.  140 
 141 
NOTE: The typical concentration of origami solution after agarose gel purification is 1–2 nM. 142 
 143 
3.8. Store the purified origami templates at 4 °C for later use. 144 
 145 
4. Synthesis of gold nanorods  146 
 147 
NOTE: The protocol for AuNR synthesis is adapted from previous literature40 with minor 148 
modifications. 149 
 150 
4.1. Wash all glassware with aqua regia for 5 min, rinse it with water, sonicate it with ultrapure 151 
water, and dry it before use. 152 
 153 
4.2. Prepare 0.2 M hexadecyltrimethylammonium bromide (CTAB), 1 mM HAuCl4, 4 mM AgNO3, 154 
64 mM L(+)-ascorbic acid, and 6 mM NaBH4. Use cold water (4 °C) to dissolve NaBH4 and keep it 155 
in a fridge at 4 °C. Ascorbic acid solution has to be freshly prepared.  156 
 157 
CAUTION: CTAB is hazardous in case of skin contact (irritant), eye contact (irritant), ingestion, and 158 
inhalation. Wear suitable protective clothing. In case of insufficient ventilation, wear suitable 159 
respiratory equipment. NaBH4 is extremely hazardous in case of skin contact (irritant), eye 160 
contact (irritant), ingestion, and inhalation. Wear splash goggles, a lab coat, gloves, and a vapor 161 
and dust respirator. Be sure to use an approved/certified respirator or equivalent. 162 
 163 
4.3. Prepare Au seeds. 164 
 165 
4.3.1. Add 500 µL of CTAB (0.2 M), 250 µL of ultrapure water, and 250 µL of HAuCl4 (1 mM) into 166 
a glass vial. Stir at 450 rpm at room temperature for 5 min. 167 
 168 
4.3.2. Increase the stirring rate to 1,200 rpm. Add 100 µL of cold NaBH4 solution (6 mM, 4 °C). 169 
After 2 min, stop the stirring and incubate the solution in a water bath at 30 °C for 30 min before 170 
use. 171 
 172 
4.4. Prepare AuNRs. 173 
 174 
4.4.1. Dissolve 0.55 g of CTAB and 0.037 g of 2,6-dihydroxybenzoic acid in 15 mL of warm water 175 
(60–65 °C) in a round-bottom flask. Cool down the solution to 30 °C, add 600 µL of AgNO3 (4 mM), 176 



   

and stir at 450 rpm for 2 min. Then, leave the solution undisturbed for 15 min at 30 °C. 177 
 178 
4.4.2. Add 15 mL of HAuCl4 (1 mM) to the solution, and stir at 450 rpm for 15 min. Add 120 µL of 179 
L(+)-ascorbic acid (64 mM), and then, immediately, stir at 1,200 rpm for 30 s. Add 12 µL of Au 180 
seeds, and keep stirring at 1,200 rpm for 30 s. 181 
 182 
4.4.3. Incubate the solution in a water bath at 30 °C for 18 h. Do not disturb the solution and use 183 
a cap to close the flask. 184 
 185 
4.4.4. Transfer the resultant solution to centrifuge tubes, and centrifuge at 9,500 x g for 12 min 186 
at 20 °C. Discard the supernatant, disperse the pellet in 20 mL of ultrapure water, and perform 187 
one more centrifugation step. 188 
 189 
4.4.5. Disperse the final pellet in 3 mL of distilled water. Estimate the concentration of AuNRs 190 
from a UV-VIS absorption measurement using the extinction coefficient for the longitudinal 191 
plasmon resonance. The extinction coefficient can be predicted using AuNR shape parameters41. 192 
Store the AuNRs at 4 °C for further use. 193 
 194 
5. Functionalization of gold nanorods with single-stranded DNA  195 
 196 
NOTE: This section describes the protocol for AuNR functionalization with single-stranded DNA 197 
(ssDNA), following the so-called low pH route adapted from previous literature42. The AuNRs 198 
covered with DNA are purified by centrifugation; alternatively, the purification can be performed 199 
using agarose gel electrophoresis. 200 
 201 
5.1. Incubate 20 µL of thiol-functionalized polyT DNA strands (1 mM) with 20 µL of freshly 202 
prepared tris(2-carboxyethyl)phosphine hydrochloride (TCEP, 14 mM) for 1 h to reduce disulfide 203 
bonds.  204 
 205 
NOTE: The thiol groups form bonds with AuNRs, and the polyT sequence hybridizes with the 206 
polyA10 handle on the origami, in which too many or too few base pairs may lead to a malfunction 207 
or an unstable assembly. 208 
 209 
CAUTION: TCEP can cause severe skin burns and eye damage. Wear protective gloves/protective 210 
clothing/eye protection/face protection. 211 
 212 
5.2. Mix 150 µL of AuNRs (10 nM) and 40 µL of TCEP-treated thiol-DNA (0.5 mM). Add 1% sodium 213 
dodecyl sulfate (SDS) to the AuNR solution to reach a final SDS concentration of 0.05%. Adjust 214 
the pH to 2.5–3 with ~1 µL of HCl (1 M).  215 
 216 
5.3. Add 40 µL of TCEP-treated thiol-DNA (0.5 mM) to the AuNR solution. Incubate for 2 h while 217 
shaking at 70 rpm. 218 
 219 
NOTE: The AuNR-to-DNA ratio should be in the order of 1:5,000–15,000, depending on the size 220 



   

of the rods. For the AuNRs (70 x 30 nm) prepared following the protocol described in section 4, 221 
a 13,000 excess of thiol-DNA is recommended. 222 
 223 
5.4. Add NaCl to reach a final NaCl concertation of 0.5 M and incubate for 4 h at room 224 
temperature while shaking at 70 rpm. 225 
 226 
NOTE: A color change at this step may indicate a failed DNA functionalization. 227 
 228 
5.5. Adjust the pH to ~8.5 with TBE buffer (10x) and incubate overnight. 229 
 230 
5.6. Wash the DNA-AuNRs 4x by mixing the samples with 1,000 mL of washing buffer (0.5x TBE 231 
with 0.1% SDS), and centrifuge at 7,000 x g for 30 min. Remove the supernatant and resuspend 232 
the DNA-AuNRs in the remaining liquid (~40 µL). Estimate the concentration of DNA-AuNRs from 233 
a UV-VIS absorption measurement as described in step 4.4.5. 234 
 235 
NOTE: The solution might become slightly ‘cloudy’ at steps 5.3–5.4 due to the CTAB replacement 236 
from the surface of the AuNRs by thiol-DNA. The solution should become clear upon warming up 237 
to ~35 °C for 5 min.  238 
 239 
6. Assembly of gold nanorods on DNA origami templates 240 
 241 
6.1. Add MgCl2 to the solution of purified DNA-AuNRs, to a final concentration of 10 mM. Mix the 242 
purified DNA-AuNRs and origami to a 10:1 ratio. 243 
 244 
NOTE: A lower ratio may decrease the product yield43.  245 
 246 
6.2. Anneal the mixture in a mixer with a temperature control from 40 °C to 20 °C while shaking 247 
at 400 rpm, following the procedure in Table 2. 248 
 249 
NOTE: For CD characterization, the sample can be measured after this step without further 250 
purification. 251 
 252 
6.3. Use 0.7% agarose gel electrophoresis (3.5 h at 80 V) to purify the final origami-AuNR 253 
structures. 254 
 255 
6.4. Use a white light transilluminator for imaging. Cut the product band (origami-AuNR dimer) 256 
(Figure 3), smash the gel on a parafilm, and extract the liquid. Pipette the liquid into a centrifugal 257 
filter unit and spin at 3,000 x g for 5 min. Resuspend the origami-AuNRs in the solution. The 258 
recovery yield from the gel is approximately 50%. 259 
 260 
6.5. Estimate the concentration of the origami-AuNR structures from a UV-VIS absorption 261 
measurement as described in step 4.4.5. 262 
 263 
7. Transmission electron microscopy imaging 264 



   

 265 
NOTE: This uranyl formate (UFo) staining protocol is adapted from previous literature44. 266 
 267 
7.1. Mix 200 µL of UFo solution (0.75%) and 1 µL of NaOH (5 M) and vortex immediately for 2–3 268 
min. Centrifuge the stain solution for 3–4 min at 14,000 x g. Protect the stain from light exposure 269 
(e.g., by wrapping it in aluminum foil). 270 
 271 
CAUTION: UFo is toxic if inhaled or swallowed and can cause eye irritation. In the case of brief 272 
exposure or low pollution, use a respiratory filter device. In the case of intensive or longer 273 
exposure, use a self-contained respiratory protective device. Wear gloves. The glove material has 274 
to be impermeable and resistant to UFo and its solutions. Wear tightly sealed goggles.  275 
 276 
7.2. Glow-discharge carbon/formvar-coated TEM grids for 6 s just before use to increase 277 
hydrophilicity and promote the sticking of the structures. Pipette 5 µL sample drops on the TEM 278 
grid, incubate for 5–8 min, and remove the drop by gently touching a filter paper with the edge 279 
of the grid. 280 
 281 
7.3. Pipette one big (~20 µL) and one small (~10 µL) drop of the stain solution on a parafilm. Put 282 
the grid on the small stain solution drop and dry immediately by touching the filter paper with 283 
the edge of the grid. Then, put it on the big stain solution drop for 30 s. 284 
 285 
7.4. Remove the liquid on the grid by touching the filter paper with the edge of the grid. Place 286 
the grid in the grid holder. Wait for the grid to dry for at least 10 min.  287 
 288 
7.5. Characterize the samples of origami (Figure 4), AuNRs (Figure 5), and origami-AuNRs (Figure 289 
6) by TEM. 290 
 291 
8. Circular dichroism measurement 292 
 293 
8.1. Purge the CD spectrometer with N2 for 20 min. 294 
 295 
NOTE: Most of the CD spectrometers require purging with N2 before lamp ignition. Check the CD 296 
spectrometer manual.  297 
 298 
8.2. Set the bandwidth, scanning range, and acquisition step. 299 
 300 
NOTE: The scanning range depends on the optical properties of AuNRs, which depend on the size 301 
of the AuNRs.  302 
 303 
8.3. Measure blank CD with buffer. 304 
 305 
8.4. Measure the CD spectra of origami-AuNR samples (Figure 7).  306 
 307 
NOTE: Use quarts or glass cuvettes for CD measurement. Plastic cuvettes are unsuitable for CD 308 



   

spectroscopy. Also, most CD spectrometers allow the simultaneous acquisition of absorption and 309 
CD data. 310 
 311 
REPRESENTATIVE RESULTS:  312 
TEM images of DNA origami templates, AuNRs, and final origami-AuNR assemblies are shown in 313 
Figure 4, Figure 5, and Figure 6A, respectively. Due to their binding preference to TEM grids, 314 
origami-AuNR assemblies are usually seen as parallel origami bundles and rods (Figure 6A). 315 
Thermal annealing is required for the correct alignment of AuNRs on origami templates (Figure 316 
6A,B). The protocol enables high yields of the assembly of AuNRs into chiral metamolecules with 317 
strong plasmonic CD responses (Figure 7). 318 
 319 
FIGURE AND TABLE LEGENDS:  320 
 321 
Table 1: Temperatures and rates for the thermal annealing of DNA origami templates. 322 
 323 
Table 2: Temperatures and holding times for the annealing of AuNRs and DNA origami 324 
templates. The cooling rate between the steps is set at 0.1 °C/min. The DNA origami-AuNR 325 
samples are annealed while shaking at 400 rpm. 326 
 327 
Figure 1: Design of DNA origami-templated chiral metamolecules. (A) Identify the desired 328 
relative spatial arrangement of gold nanorods (AuNRs) and a suitable shape of the DNA origami 329 
template. (B) Estimate the structural parameters of the AuNRs (DAuNR, LAuNR) and the origami 330 
template (Worigami, Lorigami, Θ). Locate the approximate positions of the staples that need further 331 
modification. (C) Design of DNA origami templates using caDNAno. 332 
 333 
Figure 2: The agarose gel electrophoresis of origami. (A) Purification with 1% agarose gel 334 
electrophoresis for 2 h at 80 V. (B) Characterization with 2% agarose gel electrophoresis for 4 h 335 
at 80 V.  336 
 337 
Figure 3: The agarose gel electrophoresis purification of origami-AuNRs. Gel (0.5%) was run for 338 
3.5 h at 80 V for the samples prepared following the assembly procedure with different DNA-339 
AuNR-to-origami ratios (20:1, 5:1) and samples (10:1 DNA-AuNRs-to-origami ratio) with/without 340 
annealing procedure. For TEM images of the samples in bands 1, 2, and 3, see Figure 6.  341 

 342 
Figure 4: Representative TEM image of the DNA origami templates. The origami structure 343 
consists of two 14-helix bundles (80 nm x 16 nm x 8 nm) linked together by the scaffold strand. 344 
 345 
Figure 5: Representative TEM image of the AuNRs. The average dimensions of synthesized 346 
AuNRs are 70 x 30 nm. 347 
 348 
Figure 6: TEM images of origami-AuNR assemblies. (A) AuNR dimers on origami after annealing 349 
(band 1 in Figure 3). (B) AuNR dimers on origami without annealing (band 2 in Figure 3). (C) 350 
Origami-AuNR aggregates (band 3 in Figure 3). 351 
 352 



   

Figure 7: CD spectra of the origami-AuNR assemblies. The CD spectra of the closed structures 353 
(the origami templates fixed by lock strands into a right-handed configuration, with 50° between 354 
two origami bundles) and the open structure (the origami templates without lock strands). 355 
 356 
DISCUSSION:  357 
The protocol introduces the whole workflow of design, assembly, purification, and 358 
characterization of DNA origami-based chiral assemblies of AuNRs. The DNA origami templates 359 
used in the protocol are particularly suitable for the fabrication of stimuli-responsive assemblies. 360 
Various types of responses and functionalizes can be incorporated into the lock strands that 361 
define the chiral state of the origami template (Figure 1B)24–26,31. For static assemblies, simpler 362 
block-shaped templates are often sufficient14,45–47.  363 
 364 
The DNA origami-based approach to the fabrication of plasmonic nanostructure inherits 365 
limitations of the DNA origami technique48. The size of the origami templates is typically limited 366 
by the size of the scaffold strand. The stability of DNA structures is reduced under law-salt 367 
conditions. The cost of synthetic stable strands remains rather high. However, recent 368 
developments in the field of structural DNA nanotechnology are expected to overcome these 369 
limitations49–55.  370 
 371 
Compared to other molecular-based approaches for generating chiral assemblies of AuNRs34–37, 372 
DNA origami provides a high level of spatial precision and programmability. 373 
 374 
For achieving reliable and reproducible optical responses of chiral assemblies, we strongly 375 
recommend adapting the protocols for AuNR synthesis40, since the quality and optical properties 376 
of commercial products may vary between batches. Additional annealing (step 6.2) is often 377 
crucial for ensuring the correct attachment of AuNRs to DNA origami templates (Figure 6).  378 
 379 
Finally, the protocol described here is not limited to chiral assemblies. DNA origami provides a 380 
very flexible platform for the fabrication of complex plasmonic nanostructures9,10. 381 
 382 
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Name Company Catalog # Comments

2,6-Dihydroxybenzoic acid Sigma-Aldrich D109606-25 98+%

AgNO3 Alfa Aesar AA1141414 99.90%

Blue light transilluminator Nippon Genetics FG-06
FastGene LED 

Transilluminator

Bromophenol Blue Acros Organics 403160050
For agarorose gel  

loading buffer

Centrifugal filter units Merck Millipore 42600
DNA extraction 

from agarose

Chirascan CD spectrometer Applied Photophysics

Cuvette Hellma 105-202-85-40 Quartz SUPRASIL

DNA lobind tubes Eppendorf 30108051

Eppendorf Biospectrometer Eppendorf 6135000904

Eppendorf ThermoMixer C Eppendorf 5382000015

Ficoll 400 Thermo Fisher Scientific BP525-10

Polysucrose 400 

(For agarorose gel  

loading buffer)

Gel electrophoresis sets Thermo Fisher Scientific

Gel imager Bio-Rad Gel Doc XR+ System 

HAuCl4•3H2O Alfa Aesar AA3640006 99.99%

HCl Scharlau AC07441000 1M

Hexadecyltrimethylammoni

um bromide (CTAB)
Sigma-Aldrich H9151-100 BioXtra, 98+%

L(+)-ascorbic acid Acros Organics 401471000 99+%

M13p7560 scaffold strand Tilibit nanosystems

MgCl2•6H2O Sigma-Aldrich M2670-500 BioXtra, 99+%

NaBH4 Acros Organics 200050250 99%

NaCl Sigma-Aldrich S7653-500 BioXtra, 99.5+%

NaOH Sigma-Aldrich S8045-500 BioXtra, 98+%

Parafilm Sigma-Aldrich P7668-1EA PARAFILM M

PBS buffer (10X) Thermo Fisher Scientific BP3991 Molecular Biology

ProFlex PCR System Thermo Fisher Scientific 4484073
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Sodium dodecyl sulfate 

(SDS)
Sigma-Aldrich 74255-250 99+%

Staple strands Thermo Fisher Scientific

Sybr Safe Invitrogen S33102 For DNA stain

TBE buffer (10X) Invitrogen 15581-044 Molecular Biology

TE buffer (10X) Thermo Fisher Scientific BP24771 Molecular Biology

TEM FEI FEI Tecnai F12

Thiol-functionalized  ssDNA Biomers.net

Tris(2-

carboxyethyl)phosphine 

hydrochloride (TCEP-HCl)

Thermo Fisher Scientific PI20491

UltraPure Agarose Invitrogen 16500-100

Ultrapure water (Type 1)
Milli-Q Direct 8 

system

Uranyl Formate Tebu-bio 24762-1

White light transilluminator UVP TW-26
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4. Retention of Rights in Article.  Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included.  All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 
 
11.  Indemnification.  The Author agrees to indemnify JoVE 
and/or its successors and assigns from and against any and all 
claims, costs, and expenses, including attorney’s fees, arising 
out of any breach of any warranty or other representations 
contained herein.  The Author further agrees to indemnify and 
hold harmless JoVE from and against any and all claims, costs, 
and expenses, including attorney’s fees, resulting from the 
breach by the Author of any representation or warranty 
contained herein or from allegations or instances of violation 
of intellectual property rights, damage to the Author’s or the 
Author’s institution’s facilities, fraud, libel, defamation, 
research, equipment, experiments, property damage, personal 
injury, violations of institutional, laboratory, hospital, ethical, 
human and animal treatment, privacy or other rules, 
regulations, laws, procedures or guidelines, liabilities and 
other losses or damages related in any way to the submission 
of work to JoVE, making of videos by JoVE, or publication in 
JoVE or elsewhere by JoVE.  The Author shall be responsible 
for, and shall hold JoVE harmless from, damages caused by 
lack of sterilization, lack of cleanliness or by contamination 
due to the making of a video by JoVE its employees, agents or 
independent contractors.  All sterilization, cleanliness or 
decontamination procedures shall be solely the responsibility 
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 
 
12.  Fees.  To cover the cost incurred for publication, JoVE 
must receive payment before production and publication the 
Materials. Payment is due in 21 days of invoice. Should the 
Materials not be published due to an editorial or production 
decision, these funds will be returned to the Author. 
Withdrawal by the Author of any submitted Materials after 
final peer review approval will result in a US$1,200 fee to 
cover pre-production expenses incurred by JoVE.  If payment is 
not received by the completion of filming, production and 
publication of the Materials will be suspended until payment is 
received. 
 
13.  Transfer, Governing Law.  This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees.  This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to any 
conflict of law provision thereunder.  This Agreement may be 
executed in counterparts, each of which shall be deemed an 
original, but all of which together shall be deemed to me one 
and the same agreement.  A signed copy of this Agreement 
delivered by facsimile, e-mail or other means of electronic 
transmission shall be deemed to have the same legal effect as 
delivery of an original signed copy of this Agreement.   
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Dear Editors,  

 

Please find enclosed our revised manusript JoVE59280 "Assembly of gold nanorods into 

chiral plasmonic metamolecules using DNA origami templates”.  

The manuscript is revised according to editorial comments. 

Our responses to comments are below.   

We hope the manuscripts is now suitable for publication in JoVE. 

 

With kind regards,  

Anton Kuzyk 

 

______________________________________________________ 

 

Editorial comments: 
 

The manuscript has been modified and the updated manuscript, 59280_R1.docx, is attached 

and located in your Editorial Manager account. Please use the updated version to make 

your revisions. 
 

1. Please take this opportunity to thoroughly proof read the manuscript to ensure that there 

are no spelling or grammar issues. 

 

2. For steps that are done using software, a step-wise description of software usage must be 

included in the step. Please mention what button is clicked on in the software, or which menu 

items need to be selected to perform the step. 

 

We added step-wise description of software. 

 

3. Please convert centrifuge speeds to centrifugal force (x g) instead of revolutions per minute 

(rpm) or rcf. 

We converted all centrifuge speeds to centrifugal force as requested. 

 

4. Please use h, min, s for time units. 

We edited the time units as requested 

 

5. Steps 1.1-1.4: These steps cannot be filmed unless detailed software usage is provided. 

 

We modified the section 1 of the protocol with software usage instructions. Step 1.1 is 

removed from filming. 

 

6. Step 3.4: What’s the composition of loading buffer? 

We added a description for the composition of loading buffer. 
 

7. Figure 4: Please provide a short description of the figure in addition to the figure title in 

Figure Legend. 

 

We added a short description to Figure 4. 

 

8. Figure 5: Please provide a short description of the figure in addition to the figure title in 

Figure Legend. 
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We added a short description to Figure 5. 

 

9. Please revise the Discussion to explicitly cover the following in detail in 3-6 paragraphs 

with citations: 

a) Critical steps within the protocol 

b) Any modifications and troubleshooting of the technique 

c) Any limitations of the technique 

  

We added description of limitation of the techniques.  

 

Note:  the critical steps are already covered by the paragraph 

 

For achieving reliable and reproducible optical responses of chiral assemblies, we strongly 
recommend adapting the protocols for AuNRs synthesis40, since the quality and optical 
properties of commercial products may vary between batches. Additional annealing (step 
6.2) is often crucial for ensuring the correct attachment of AuNRs to DNA origami templates 
(Figure 6).  
 
We really do not have anything to add for points b).  
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INTRODUCTION:  45 
DNA nanostructures, in particular DNA origami, have been widely used to arrange molecules and 46 
other nanoscale components, e.g., proteins and nanoparticles (NPs), with nanometer precision 47 
into almost arbitrary geometries1–5. The ability to arrange metal NPs on DNA origami templates 48 
with high yield and accuracy enables the fabrication of plasmonic structures with novel optical 49 
properties6–10. DNA origami technique is especially useful for the generation of chiral plasmonic 50 
structures, which require genuinely three-dimensional architectures11–20. 51 
 52 
This protocol describes in detail the entire process of the fabrication of DNA origami templated 53 
chiral assemblies of gold nanorods (AuNRs). The software used for design21 and structure 54 
prediction22,23 of DNA origami is intuitive and  freely available.  The origami fabrication and AuNRs 55 
synthesis uses common biochemistry lab equipment, e.g, thermoscyclers, gel electrophoresis, 56 
hot plates, centrifuges, etc. The structures are characterized using standard transmission 57 
electron microscopy (TEM) and circular dichroism (CD) spectroscopy.  58 
 59 
Fabrication of similar plasmonic nanostructures with top-down methods, e.g., electron beam 60 
lithography, would require rather complicated and expensive equipment.  In addition, DNA 61 
origami templates provide possibility to incorporate structural reconfigurability in plasmonic 62 
assemblies24–33, which is extremely challenging for structures fabricated with lithography 63 
techniques.  Compared to other molecular based approaches34–37 DNA origami-based fabrication 64 
provides high level of spatial precision and programmability. 65 
 66 
PROTOCOL:  67 
 68 
1. Design the DNA origami  69 
 70 
1.1. Identify desired relative spatial arrangement of AuNRs and suitable shape of DNA origami 71 
template (Figure 1A). Estimate structural parameters of the AuNRs and the origami templates. 72 
Locate approximate positions of staples that need further modification (Figure 1B). 73 
 74 
1.2. Download and install caDNAno18 to design DNA origami template. In caDNAno, route the 75 
scaffold strand according to the desired shape of the template and generate the staple strands 76 
(Click Seq Tool). Click Paint Tool and mMark the staple strands that require further modification, 77 
i.e.,  (Figure 1C).  78 

 79 

1.3. Click Export Tool to export the DNA staple sequences (Figure 1C) to csv file. Add polyA10 80 
sequence at the end of the staples used for AuNRs assembly (handles).  81 
 82 
Note: assemblies in the representative results contain 36 handles protruding at 3’ end of the 83 
staple strands, 18 on each DNA origami bundle equally distributed on 2 parallel helices every 21 84 
nt.  The distance between the first and the last handle position is 168 nt, approximately 57 nm 85 
(see the attached caDNAno file). 86 
 87 
1.4. Design double-stranded locks to fix the angle Θ between the two origami bundles. 88 



   

Depending on the relative orientation of the two bundles, the origami construct can adapt left- 89 
or right-handed (LH/RH) chiral spatial configuration (Figure 1B). Modify the staple strands on the 90 
designed lock sites with lock sequences.  91 
 92 
1.5. Import the staples csv file in a spreadsheet application. Add polyA10 sequence at the end 93 
of the staples used for AuNRs assembly (handles). Modify the staple strands on the designed lock 94 
sites with lock sequences. 95 
 96 
Note: assemblies in the representative results contain 36 handles protruding at 3’ end of the 97 
staple strands, 18 on each DNA origami bundle equally distributed on 2 parallel helices every 21 98 
nt.  The distance between the first and the last handle position is 168 nt, approximately 57 nm 99 
(see the attached caDNAno file). 100 
 101 
 102 
2. Assembly of the DNA origami templates 103 
 104 
2.1. Prepare working stock of staple stands (SM), including strands with handles and locks, by 105 
mixing equal amounts of concentration-normalized staple oligonucleotides, e.g., 100 μM). 106 
 107 
Note: origami structures usually contain several hundreds of staple strands. Staples are typically 108 
purchased from vendors specializing in chemical synthesis of DNA oligonucleotides in multiwell, 109 
e.g., 96-well-plates.   110 
 111 
2.2. For 500 µL of 10 nM origami, mix 50 µL TE (10X), 100 µL MgCl2 (100 mM), 25 µL NaCl (100 112 
mM), 170 µL H2O, 100 µL SM (0.5 µM), 5 µL lock strands (5 µM) and 50 µL scaffold (100 nM). 113 
 114 
2.3. Anneal the mixture in a thermocycler from 80 °C to 20 °C through process in Table 1. 115 
 116 
3. DNA origami purification 117 
 118 
Note: this section describes protocol for agarose gel purification. DNA origami templates can also 119 
be purified using alternative approaches38,39.  120 
 121 
3.1. For 1% gel, dissolve 1 g agarose in 100 mL TBE (0.5X) by heating the mixture in a 122 
microwave oven. Add 10000 µL of 10X DNA stain according to the stain specification. To minimize 123 
the exposure to UV light at extraction step (step 3.6), use DNA stain that can be visualized under 124 
blue excitation.  125 
 126 
3.2. Cool the solution to approximately 40 °C and slowly add 1 mL of MgCl2 (1.3 M) with 127 
shaking. Cast gel and incubate for 30 min at room temperature. 128 
 129 
3.3. Set the electrophoresis devise and pour cold (4 °C) running buffer (0.5X TBE with 11 mM 130 
MgCl2) in the gel box. Place the gel box in an ice water bath. 131 
 132 



   

3.4. Add loading buffer to the origami samples (6X loading buffer contains: 15% polysucrose 133 
400 and 0.25% bromophenol blue in water). Load the samples into the wells with proper volume 134 
according to the comb used, e.g., 50 µL for an 8-well comb of 1.5 mm thickness. 135 
 136 
3.5. Run the electrophoresis for 2 h at 80 V. 137 
 138 
Note: to characterize the origami and separate the open and closed structure, use 2% gel instead 139 
of 1% and prolong the running time to 4 h. 140 
 141 
3.6. Image the gel with the gel imager (Figure 2). Use blue light transilluminator to visualize 142 
the bands, cut the origami band, smash the gel on a parafilm and extract the liquid. The recovery 143 
yield is approximately 40%. 144 
 145 
3.7. Pipette the liquid into a centrifugal filter unit and spin at 3000 rcf x g for 5 min. Measure 146 
the absorption of the origami solution at 260 nm with a UV-VIS spectrometer. Estimate the 147 
concentration of origami using extinction coefficient of 1.3x108 M-1 cm-1.  148 
 149 
Note: typical concentration of origami solution after agarose gel purification is 1 - 2 nM. 150 
 151 
3.8. Store the purified origami templates at 4 °C for later use. 152 
 153 
4. Synthesis of gold nanorods  154 
 155 
Note: the protocol for AuNRs synthesis is adapted from previous literature40 with minor 156 
modifications. 157 
 158 
4.1. Wash all glassware with aqua regia for 5 min, rinse with water, sonicate with ultrapure 159 
water, and dry before use. 160 
 161 
4.2. Prepare 0.2 M hexadecyltrimethylammonium bromide (CTAB), 1 mM HAuCl4, 4 mM 162 
AgNO3, 64 mM L(+)-ascorbic acid, and 6 mM NaBH4. Use cold water (4 °C) to dissolve NaBH4, and 163 
keep it in fridge at 4 °C. Ascorbic acid solution has to be freshly prepared.  164 
 165 
CAUTION: CTAB is hazardous in case of skin contact (irritant), of eye contact (irritant), of 166 
ingestion, of inhalation. Wear suitable protective clothing. In case of insufficient ventilation, wear 167 
suitable respiratory equipment. 168 
 169 
CAUTION: NaBH4 is extremely hazardous in case of skin contact (irritant), of eye contact (irritant), 170 
of ingestion, of inhalation. Wear splash goggles, lab coat, gloves, vapor and dust respirator. Be 171 
sure to use an approved/certified respirator or equivalent. 172 
 173 
4.3. Prepare Au seeds 174 
 175 
4.3.1. Add 500 µL CTAB (0.2 M), 250 µL ultrapure water, and 250 µL HAuCl4 (1 mM) into a glass 176 



   

vial. Stir at 450 rpm at room temperature for 5 min. 177 
 178 
4.3.2. Increase the stirring rate to 1200 rpm. Add 100 µL cold NaBH4 solution (6 mM, 4 °C). After 179 
2 min, stop the stirring and incubate the solution in a water bath at 30 °C for 30 min before use. 180 
 181 
4.4. Prepare AuNRs 182 
 183 
4.4.1. Dissolve 0.55 g CTAB and 0.037 g 2,6-Dihydroxybenzoic acid in 15 mL warm water (60 - 65 184 
°C) into a round bottom flask. Cool down the solution to 30 °C, add 600 µL AgNO3 (4 mM) and stir 185 
at 450 rpm for 2 min. Then leave the solution undisturbed for 15 min at 30 °C. 186 
 187 
4.4.2. Add 15 mL HAuCl4 (1 mM) to the solution, and stir at 450 rpm for 15 min. Add 120 µL L(+)-188 
Ascorbic acid (64 mM), then immediately, stir at 1200 rpm for 30 sec. Add 12 µL Au seeds, and 189 
keep stirring at 1200 rpm for 30 sec. 190 
 191 
4.4.3. Incubate the solution in a water bath at 30 °C for 18 h. Do not disturb, and use a cap to 192 
close the flask. 193 
 194 
4.4.4. Transfer the resultant solution to centrifuge tubes, and centrifuge at 9500 rcf x g for 12 195 
min at 20°C. Discard the supernatant, disperse the pellet in 20 mL ultrapure water and perform 196 
one more centrifugation step. 197 
 198 
4.4.5. Disperse the final pellet in 3.0 mL distilled water. Estimate the concentration of AuNRs 199 
from UV-VIS absorption measurement using extinction coefficient for the longitudinal plasmon 200 
resonance. The extinction coefficient can be predicted using AuNRs shape parameters41. Store 201 
the AuNRs at 4 °C for further use. 202 
 203 
5. Functionalize gold nanorods with single stranded-DNA  204 
 205 
Note: this section describes the protocol for AuNRs functionalization with single stranded-DNA 206 
(ssDNA) following the so-called low pH route adapted from a previous literature42. The AuNRs 207 
covered with DNA are purified by centrifugation; alternatively, the purification can be performed 208 
using agarose gel electrophoresis. 209 
 210 
5.1. Incubate 20 µL thiol-functionalized polyT DNA strands (1 mM) with 20 µL freshly prepared 211 
tris(2-carboxyethyl)phosphine hydrochloride (TCEP, 14 mM) for 1 h to reduce disulfide bonds.  212 
 213 
Note: the thiol groups form bonds with AuNRs and the polyT sequence hybridize with the polyA10 214 
handle on the origami, in which too many or too few base pairs may lead to malfunction or 215 
unstable assembly. 216 
 217 
CAUTION: TCEP can cause severe skin burns and eye damage. Wear protective gloves/ protective 218 
clothing/ eye protection/ face protection. 219 
 220 



   

5.2. Mix 150 µL AuNR (10 nM) and 40 µL TCEP treated thiol-DNA (0.5 mM). Add 1% sodium 221 
dodecyl sulfate (SDS) to AuNRs solution to reach a final SDS concentration of 0.05%. Adjust the 222 
pH to 2.5 - 3 with ~1 µL HCl (1 M).  223 
 224 
5.3. Add 40 µL TCEP treated thiol-DNA (0.5 mM) to AuNRs solution. Incubate for 2 h with 225 
shaking at 70 rpm. 226 
 227 
Note: the AuNRs to DNA ratio should be in the order of 1:5000-15000 depending on the size of 228 
the rods. For the AuNRs (70 x 30 nm) prepared following the protocol described in the section 4, 229 
13000 excess of thiol-DNA is recommended. 230 
 231 
5.4. Add NaCl to reach a final NaCl concertation of 0.5 M and incubate for 4 h at room 232 
temperature with shaking at 70 rpm. 233 
 234 
Note: a color change at this step may indicate a failed DNA functionalization. 235 
 236 
5.5. Adjust the pH to ~8.5 with TBE buffer (10X) and incubate overnight. 237 
 238 
5.6. Wash the DNA-AuNRs for 4 times by mixing the samples with 1000 mL washing buffer 239 
(0.5X TBE with 0.1% SDS) and centrifugeing at 7000 rcf x g for 30 min. Remove the supernatant 240 
and resuspend the DNA-AuNRs in the remaining liquid (~40 µL). Estimate the concentration of 241 
DNA-AuNRs from UV-VIS absorption measurement as in step 4.4.5. 242 
 243 
Note: solution might become slightly ‘cloudy’ at steps 5.3 - 5.4 due to CTAB replacement from 244 
the surface of the AuNRs by thiol-DNA. The solution should become clear upon warming up to 245 
~35 °C for 5 min.  246 
 247 
6. Assembly of gold nanorods on DNA origami templates 248 
 249 
6.1. Add MgCl2 to the solution of purified DNA-AuNRs to a final concentration of 10 mM. Mix 250 
purified DNA-AuNRs and origami with 10:1 ratio. 251 
 252 
Note: lower ratio may decrease the product yield43.   253 
 254 
6.2. Anneal the mixture in a mixer with temperature control from 40 °C to 20 °C while shaking 255 
at 400 rpm with the procedure in Table 2. 256 
 257 
Note: for CD characterization, the sample can be measured after this step without further 258 
purification. 259 
 260 
6.3. Use 0.7% agarose gel electrophoresis (3.5 h at 80 V) to purify the final origami-AuNRs 261 
structures. 262 
 263 
6.4. Use white light transilluminator for imaging. Cut the product band (origami-AuNRs dimer) 264 



   

(Figure 3), smash the gel on a parafilm and extract the liquid. Pipette the liquid into a centrifugal 265 
filter unit and spin at 3000 rcf x g for 5 min. Resuspend the origami-AuNRs in the solution. The 266 
recovery yield from the gel is approximately 50%. 267 
 268 
6.5. Estimate the concentration of the origami-AuNRs structures from UV-VIS absorption 269 
measurement as in step 4.4.5. 270 
 271 
7. Transmission electron microscopy imaging 272 
 273 
Note:  uranyl formate (UFo) staning protocol is adapted from previous literature44. 274 
 275 
7.1. Mix 200 µL UFo solution (0.75%) and 1 µL NaOH (5 M) and vortex immediately for 2 - 3 276 
mintwo to three minutes. Centrifuge the stain solution for 3 - 4 min at 14000 rcfx g. Protect the 277 
stain from light exposure, e.g., by wrapping in aluminum foil. 278 
 279 
CAUTION: UFo is toxic if inhaled or swallowed and can cause eye irritation.  In case of brief 280 
exposure or low pollution use respiratory filter device. In case of intensive or longer exposure 281 
use self-contained respiratory protective device. Wear gloves. The glove material has to be 282 
impermeable and resistant to UFo and its solutions. Wear tightly sealed goggles.  283 
 284 
7.2. Glow discharge carbon/formvar coated TEM grids for 6 sec just before use to increase 285 
hydrophilicity and promote sticking of the structures. Pipette 5 µL sample drops on the TEM grid, 286 
incubate for 5-8 min and remove the drop by gently touching a filter paper with the edge of the 287 
grid. 288 
 289 
7.3. Pipette one big (~20 µL) and one small (~10 µL) drop of the stain solution on a parafilm. 290 
Put the grid on the small stain solution drop and dry immediately by touching the filter paper 291 
with the edge of the grid. Then put it on the big stain solution drop for 30 sec. 292 
 293 
7.4. Remove the liquid on the grid by touching the filter paper with the edge of the grid. Place 294 
the grid in the grid holder. Wait for the grid to dry for at least 10 min.  295 
 296 
7.5. Characterize the samples of origami (Figure 4), AuNRs (Figure 5), and origami-AuNRs 297 
(Figure 6) by TEM. 298 
 299 
8. Circular dichroism measurement 300 
 301 
8.1. Purge the CD spectrometer with N2 for 20 min. 302 
 303 
Note: most of the CD spectrometers require purging with N2 before lamp ignition. Check the CD 304 
spectrometer manual.  305 
 306 
8.2. Set the bandwidth, scanning range, and acquisition step. 307 
 308 



   

Note: the scanning range depends on the optical properties of AuNRs, which depend on the size 309 
of the AuNRs.  310 
 311 
8.3. Measure blank CD with buffer. 312 
 313 
8.4. Measure the CD spectra of origami-AuNRs samples (Figure 7).  314 
Note: i) use quarts or glass cuvettes for CD measurement. Plastic cuvettes are unsuitable for CD 315 
spectroscopy. ii) most of the CD spectrometers allow simultaneous acquisition of absorption and 316 
CD data. 317 
 318 
REPRESENTATIVE RESULTS:  319 
TEM images of DNA origami templates, AuNRs and final origami-AuNRs assemblies are shown in 320 
Figures 4, Figures 5 and Figures 6A respectively.  Due to binding preference to TEM grids origami-321 
AuNRs assemblies are usually seen as parallel origami bundles and rods (Figure 6A). Thermal 322 
annealing is required for the correct alignment of AuNRs on origami templates (Figure 6A and 323 
Figure 6B). The protocol enables high yields of assembly of AuNRs into chiral metamolecules with 324 
strong plasmonic CD responses (Figure 7). 325 
 326 
FIGURE AND TABLE LEGENDS:  327 
Table 1. Temperatures and rates for thermal annealing of DNA origami templates. 328 
 329 
Table 2. Temperatures and holding times for annealing of AuNRs and DNA origami templates. 330 
The cooling rate between the steps is set to 0.1 °C/min. The DNA origami- AuNRs samples are 331 
annealed while shaking at 400 rpm. 332 
 333 
Table 3. Material for all experiments. 334 
 335 
Figure 1. Design of DNA origami templated chiral metamolecules. A. Identify desired relative 336 
spatial arrangement of gold nanorods (AuNRs) and suitable shape of DNA origami template. B. 337 
Estimate structural parameters of the AuNRs (DAuNR, LAuNR) and origami template (Worigami, Lorigami, 338 
Θ). Locate approximate positions of staples that need further modification. C. Design DNA 339 
origami templates using caDNAno. 340 
 341 
Figure 2. The agarose gel electrophoresis of origami. A. Purification with 1% agarose gel 342 
electrophoresis for 2 h at 80 V. B. Characterization with 2% agarose gel electrophoresis for 4 h at 343 
80 V.  344 
 345 
Figure 3. The agarose gel electrophoresis purification of origami-AuNRs.  0.5% gel run for 3.5 h 346 
at 80 V of samples prepared following the assembly procedure with different DNA-AuNRs to 347 
origami ratio (20:1, 5:1) and samples (10:1 DNA-AuNRs to origami ratio) with/without annealing 348 
procedure. For TEM images of samples in bands 1, 2, 3 see Figure 6.  349 

 350 
Figure 4. Representative TEM image of the DNA origami templates. Origami structure consists 351 
of two 14-helix bundles (80 nm × 16 nm × 8 nm) linked together by the scaffold strand. 352 



   

 353 
Figure 5. Representative TEM image of the AuNRs. The average dimensions of synthesized 354 
AuNRs are 70 x 30 nm. 355 
 356 
Figure 6. TEM images of origami-AuNRs assemblies. A. AuNRs dimers on origami after annealing 357 
(band 1 in Figure 3). B. AuNRs dimers on origami without annealing (band 2 in Figure 3). C. 358 
Origami-AuNRs aggregates (band 3 in Figure 3). 359 
 360 
Figure 7. CD spectra of the origami-AuNRs assemblies. The CD spectra of the closed structures 361 
(the origami templates fixed by lock strands into a right-handed configuration with 50° between 362 
two origami bundles) and the open structure (the origami templates without lock strands). 363 
 364 
DISCUSSION:  365 
The protocol introduces the whole workflow of design, assembly, purification and 366 
characterization of DNA origami-based chiral assemblies of AuNRs. DNA origami templates used 367 
in the protocol are particularly suitable for the fabrication of stimuli responsive assemblies. 368 
Various types of responses and functionalizes can be incorporated into the lock strands that 369 
defines the chiral state of the origami template (Figure 1B)24–26,31. For static assemblies, simpler 370 
block-shaped templates are often sufficient14,45–47.    371 
 372 
Compared to other molecular based approaches for generating chiral assemblies of AuNRs34–37 373 
DNA origami provides high level of spatial precision and programmability. 374 
 375 
For achieving reliable and reproducible optical responses of chiral assemblies, we strongly 376 
recommend adapting the protocol for AuNRs synthesis40, since the quality and optical properties 377 
of commercial products may vary between batches. Additional annealing (step 6.2) is often 378 
crucial for ensuring the correct attachment of AuNRs to DNA origami templates (Figure 6).  379 
 380 
Compared to other molecular based approaches for generating chiral assemblies of AuNRs34–37 381 
DNA origami provides high level of spatial precision and programmability. 382 
 383 
The DNA origami-based approach to fabrication of plasmonic nanostructure inherits limitations 384 
of DNA origami technique48.  The size of the origami templates is typically limited by the size of 385 
the scaffold strand.  The stability of DNA structures is reduced under law salt conditions. The cost 386 
of synthetic stable strands remains rather high. However, recent developments in structural DNA 387 
nanotechnology are expected to overcome these limitations49-55.   388 
 389 
For achieving reliable and reproducible optical responses of chiral assemblies, we strongly 390 
recommend adapting the protocols for AuNRs synthesis40, since the quality and optical properties 391 
of commercial products may vary between batches. Additional annealing (step 6.2) is often 392 
crucial for ensuring the correct attachment of AuNRs to DNA origami templates (Figure 6).  393 
 394 
Finally, we would like to mention that the protocol described here is not limited to chiral 395 
assemblies. DNA origami provides very flexible platform for the fabrication of complex plasmonic 396 



   

nanostructures. 397 
 398 
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