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SUMMARY:  22 
This article presents a detailed protocol for T4 ligation and denaturing PAGE purification of small 23 
circular DNA molecules, annealing and native PAGE analysis of circular tiles, assembling and AFM 24 
imaging of 1D and 2D DNA nanostructures, as well as agarose gel electrophoresis and 25 
centrifugation purification of finite DNA nanostructures.  26 
 27 
ABSTRACT:  28 
This article presents a detailed protocol for synthesis of small circular DNA molecules, annealing 29 
of circular DNA motifs, and construction of 1D and 2D DNA nanostructures. Over decades, the 30 
rapid development of DNA nanotechnology is attributed to the use of linear DNAs as the source 31 
materials. For example, the DAO (double crossover, antiparallel, odd half-turns) tile is well-known 32 
as a building block for construction of 2D DNA lattices; the core structure of DAO is made from 33 
two linear single-stranded (ss) oligonucleotides, like two ropes making a square knot. Herein, a 34 
new type of DNA tiles called cDAO (coupled DAO) are built using a small circular ss-DNA of c64nt 35 
or c84nt (circular 64 or 84 nucleotides) as the scaffold strand and several linear ss-DNAs as the 36 
staple strands. Perfect 1D and 2D nanostructures are assembled from cDAO tiles: infinite 37 
nanowires, nanospirals, nanotubes, nanoribbons; and finite nano-rectangles. Detailed protocols 38 
are described: 1) preparation by T4 ligase and purification by denaturing PAGE (polyacrylamide 39 
gel electrophoresis) of small circular oligonucleotides, 2) annealing of stable circular tiles, 40 
followed by native PAGE analysis, 3) assembling of infinite 1D nanowires, nanorings, nanospirals, 41 
infinite 2D lattices of nanotubes and nanoribbons, and finite 2D nano-rectangles, followed by 42 
AFM (Atomic Force Microscopy) imaging. The method is simple, robust, and affordable for most 43 
labs.  44 
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 45 
INTRODUCTION:  46 
DNA molecules have been used to build many kinds of nanostructures over decades. Typical 47 
motifs include DAE (double crossover, antiparallel, even half-turns) and DAO tiles1–3, star tiles4–7, 48 
single stranded (ss) tiles8–10, and DNA origami11–13. These DNA motifs and lattices are assembled 49 
from linear ss-DNAs. Recently, others and we have reported the use of circular ss-50 
oligonucleotides as scaffolds to build motifs, 1D nanotubes, and 2D lattices14–17. By inserting a 51 
Holliday junction (HJ)18–21 at the center of c64nt, a pair of two coupled DAO (cDAO) tiles can be 52 
formed17. This new cDAO motif and its derivatives are stable and rigid enough to assemble 2D 53 
DNA lattices up to 3 × 5 µm2. In this paper, we use a term of “circular tile”, which is defined as a 54 
stable DNA complex molecule constructed with one circular scaffold and other linear staples of 55 
ss-oligonucleotides, and another term of “linear tile”, which is built from a full set of linear ss-56 
oligonucleotides. 57 
 58 
This protocol demonstrates how to construct five kinds of DNA nanostructures with small circular 59 
DNA molecules as scaffolds: 1) infinite 1D c64 nanowire and c84 nanowire, 2) infinite 2D cDAO-60 
c64nt-O and cDAO-c64nt-E (-O represents odd numbers of 5 half-turns and -E represents even 61 
numbers of 4 half-turns) lattices, 3) infinite 2D cDAO-c84nt-O and cDAO-c84nt-E lattices, 4) finite 62 
2D 5 × 6 cDAO-c64nt-O and 5 × 6 cDAO-c74&84nt-O rectangles, 5) infinite 1D acDAO-c64nt-E 63 
nanorings and nanospirals (please refer to Figures 3-5 for the schematic drawings and images of 64 
the above five kinds of DNA nanostructures). The 1D c64 nanowire and c84 nanowire are 65 
assembled from each c64nt and c84nt scaffold associated with two linear staples respectively. 66 
Each circular tile of cDAO-c64nt, acDAO-c64nt, cDAO-c74nt, and cDAO-c84nt is annealed from its 67 
corresponding scaffold of c64nt, c74nt, or c84nt with four linear staples respectively. The infinite 68 
2D lattices are assembled from the same type of two circular tiles with different sequences. The 69 
two finite 2D rectangle lattices are assembled from a set of 32 circular sub-tiles respectively. To 70 
save money, only one-sequenced c64nt, c74nt, and c84nt is used as the respective scaffold while 71 
different overhangs are used to anneal the 32 cDAO-c64nt, 12 cDAO-c74nt, and 20 cDAO-c84nt 72 
circular sub-tiles respectively in the first sub-tile annealing step, then mix the corresponding 32 73 
circular sub-tiles together and apply the second lattice annealing step to assemble the finite 5 × 74 
6 cDAO-c64nt-O and 5 × 6 cDAO-c74&84nt-O lattices, respectively. Definitely, differently-75 
sequenced circular scaffolds can be adopted to assemble a variety of finite size nanostructures, 76 
however it will cost more money and labors. The infinite 1D acDAO-c64nt-E nanorings and 77 
nanospirals are annealed from one-sequenced asymmetric acDAO-c64nt tiles with linear 78 
connections of even number of 4 half-turns. There are two approaches to assemble infinite 2D 79 
lattices from circular tiles of cDAO-c64nt and cDAO-c84nt, which are distinguished by the intertile 80 
distances of even number of 4 and odd number of 5 half-turns respectively. The former requires 81 
all tiles to be aligned identically; the latter requires alternation of the faces of two neighboring 82 
tiles along the helical axes. If the tile is rigid and planar, such as cDAO-c64nt, both approaches 83 
will generate planar nanoribbons; if the tile is curved towards one direction, such as cDAO-c84nt, 84 
the intertile connection of even number of 4 half turns will generate nanotubes, whereas the 85 
intertile connection of odd number of 5 half turns will produce planar nanoribbons due to 86 
elimination of curvature-biased growth by alternated alignment of curved tiles. The successful 87 
assembly of 1D and 2D DNA nanostructures from circular tiles indicates several advantages of 88 



   

 

this new approach: enforced stability and rigidity of circular tiles over linear tiles, chiral tiles for 89 
assembly of asymmetrical nanostructures such as nanorings and nanoribbons, new visions on 90 
understanding the DNA mechanics and molecular structures, etc. 91 
 92 
PROTOCOL: 93 
 94 
1. Preparation of Circular DNAs 95 
 96 
1.1. Use all linear DNAs provided by commercial companies directly without further 97 
purification. 98 
 99 
1.2. Centrifuge the DNA samples at 5000 × g for 5 min to collect all DNA pellets at the bottom 100 
of the tubes. Add an appropriate volume of TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) to dissolve 101 
the DNA. 102 
 103 
1.3. Measure the concentration of “a” ng/µL for each ss-DNA solution using a micro UV 104 
spectrometer at 260 nm. Convert “a” ng/µL to “b” µM following b = a × 103 / (molecular weight 105 
of the DNA strand). Adjust the amount of TE solution to make a 10 µM DNA stock solution. 106 
 107 
1.4. Use T4 DNA ligase to connect the 3’ and 5’ ends of 5’-phosphorylated linear DNA 108 
templates (Figure 1) of c64nt, c74nt and c84nt provided from commercial companies directly.  109 
 110 
1.5. Mix the 5’-phosphorylated linear DNA strand (3.5 µM) and its corresponding splint DNA 111 
strand (4.5 µM) in 80 µL TE buffer in a 200 µL PCR test tube15. Incubate the tube in an open 112 
thermo bottle filled with 95 °C water. Cool down the hot water to room temperature (25 °C) for 113 
about 2-3 hours under the lab atmosphere. 114 
 115 
1.6. Add 10 µL of 10x T4 buffer (660 mM Tris-HCl, 66 mM MgCl2, 100 mM DTT, 1 mM ATP) and 116 
10 µL of T4 ligase (300 U/µL) to the mixture to a final volume of 100 µL. Incubate the mixture in 117 
a thermocycler for 16 hours at 16 °C. 118 

 119 
Note: The above DNA concentrations and reaction volume of ~100 µL are optimized for the high 120 
ligation efficiency and the high yield of correct oligo-monomer cyclization. In the following 121 
purification step 1.10, two tubes of circular DNAs are needed to run one denaturing PAGE. Thus, 122 
run two or more tubes of ligation reactions in the same time according to the experimental design. 123 
An alternative incubation procedure for ligation replacing step 1.6 is 4 hours at 25 °C. 124 
 125 
1.7. After the incubation, inactivate the T4 ligase in 95 °C water for 5 minminutes. Then 126 
transfer the tube to an ice water bath and incubate for 5 minutes to cool down. 127 
 128 
1.8. Add 10 µL of 10x Exonuclease I buffer and 10 µL of Exonuclease I (5 U/µL) to the quenched 129 
mixture and incubate the tube at 37 °C in a water bath for 30 min to selectively digest the 130 
remaining linear DNAs and leave the circularized DNAs intact.  131 
 132 



   

 

1.9. Prepare a 10% denaturing PAGE gel.  133 
 134 
1.9.1. Wear rubber gloves and goggles when preparing the PAGE gel in the fume hood. Add 6.67 135 
mL of 30% (w/v) acrylamide/bisacrylamide solution (19:1), 2 mL of 10x TAE·Mg buffer (40 mM 136 
Tris, 40 mM HAc, 1 mM EDTA, pH 8.0 ,12.5 mM Mg(Ac)2), 8.4 g of urea (7 M) and deionized water 137 
to a final volume of 20 mL in a 40 mL centrifuge tube.  138 
 139 
Caution: The 30% (w/v) acrylamide/bisacrylamide solution (19:1) solution is toxic.  140 
 141 
1.9.2. Add 20 µL of tetramethylethylenediamine (TEMED) and 100 µL of ammonium persulfate 142 
(APS, 10% w/v) to the 40 mL tube before transfer the gel solution to the electrophoresis system 143 
immediately. Insert a 1.5 mm thick and 10-well comb. Wait at least 20 min until the gel solution 144 
is solidified. 145 
 146 
1.9.3. Set a constant voltage of 80 V for a gel of 85 × 80 × 1.5 mm3 (width × height × thickness). 147 
Add 1x TAE·Mg buffer to the electrophoresis system and prerun the gel for 20 min at 10 V/cm.  148 
 149 
1.10. Put the PCR test tube from step 1.8 in 95 °C water for 5 min to inactivate Exonuclease I. 150 
Then transfer the tube to an ice water bath and incubate for another 5 min.  151 
 152 
1.11. Add 20 µL of formamide in the tube to a final volume of 140 µL and mix the solution. 153 
Distribute the solution to 7-9 denaturing PAGE gel wells equally with 16-20 µL for each gel well. 154 
Mix 2 µL of loading dye (0.05% bromophenol blue, 0.05% xylene cyanol FF, 60% glycerol, 10 mM 155 
Tris-HCl, 60 mM EDTA, pH 7.6) with 8 µL of the corresponding precursor linear DNA (10 µM) and 156 
inject the mixture to a separate well for reference.  157 
 158 
Note: The addition of formamide is to increase the density of the loading solution for sinking to 159 
the bottom of the PAGE gel well and also to disassociate some double stranded DNA residues. 160 
 161 
1.12. Run the gel for about 2 h at 10 V/cm and stop running when xylene cyanol FF is at the 2/3 162 
position of the glass plate with the naked eye.  163 
 164 
1.13. Wear rubber gloves and goggles to protect skins and eyes. Take the gel out of the glass 165 
plate. Place the gel on a fluorescent TLC (thin layer chromatography) plate. Cut off the target gel 166 
bands by a razor blade as exactly as shadowed by UV irradiation (Figure 2).  167 
 168 
Caution: The UV light is harmful to eyes and skins.  169 
 170 
Note: Under UV irradiation at 254 nm, DNA will absorb the light and cast a shadow onto the TLC 171 
plate. The circular DNA ran slightly slower than its corresponding precursor linear DNA. Some 172 
undigested linear DNAs and unwanted circular DNAs in small amounts which surround the 173 
shadowed target band will pollute the circular DNA if they are collected.  174 
 175 
1.14. Transfer the gel bands into a 2.0 mL microcentrifuge tube. Air dry or blow dry the gel 176 



   

 

bands and then mash the gels into a paste by a spatula or flattened glass rod. Make sure the gel 177 
has been completely crushed into a paste, which is critical to the high yield of circular DNA. Add 178 
twice of the gel volume deionized water into the tube and shake the tube at room temperature 179 
overnight. 180 
 181 
1.15. Filter the mixture to collect the supernatants in a 2.0 mL microcentrifuge tube. Recover 182 
any residual DNA by rinsing with small volume of deionized water and filter again to combine the 183 
supernatants. Then purify the circular DNA with ethanol precipitation.  184 
 185 
1.16. Extract the eluent with equal volume of n-butanol. Repeat this procedure until the 186 
aqueous volume is reduced to about 200 µL. 187 
 188 
1.17. Add 500 µL of absolute ethanol (−20 °C) and 20 µL of 3 M NaOAc (pH 5.1) to the mixture 189 
for DNA precipitation. Store the tube at −20 °C for 30 min. 190 
 191 
1.18. Centrifuge the tube at 12000 × g for 10 min at 4 °C, discard the supernatant. The 192 
remaining DNA precipitate is about 100 µL in the tube. 193 
 194 
1.19. Add 600 µL of 75% ethanol (−20 °C) to the tube and store it at −20 °C for 30 min. Then 195 
centrifuge at 12000 × g for 10 min at 4 °C, discard the supernatant. The remaining DNA precipitate 196 
is about 100 µL solution in the tube again. Repeat the procedure twice. 197 
 198 
1.20. After the last centrifugation, discard the supernatant as much as possible. Dry the remains 199 
with a vacuum concentrator. 200 
 201 
1.21. Store the purified circular DNA in the tube at −20 °C. 202 
 203 
1.22. Resuspend the circular DNA in TE buffer to make a 10 µM circular DNA stock solution 204 
according to step 1.3 when needed.  205 
 206 
2. Annealing of Assembly Solutions 207 
 208 
2.1. Prepare each tile or nanostructural assembly solution of c64bp, c84bp, HJ@c64nt, 209 
aHJ@c64nt, HJ@c84nt, tHJ@c84nt, cDAO-c64nt, acDAO-c64nt, cDAO-c84nt, c64 nanowire, c84 210 
nanowire, and acDAO-c64nt-E with a designed set of linear and circular DNAs for one-pot 211 
annealing.  212 
 213 
2.1.1. For each assembly solution, mix 2 µL of 10x TAE·Mg buffer, 1 µL of each DNA stock 214 
solution of a set of linear and circular strands in equal molar ratios, and additional TE buffer in a 215 
200 µL PCR test tube to a final concentration of each strand at 0.5 µM and a final volume of 20 216 
µL. Anneal the assembly solution in a thermo bottle from 95 °C to 25 °C over 48 h. 217 
 218 
2.2. Prepare each assembly solution of 2D infinite lattices of cDAO-c64nt–E, cDAO-c64nt–O, 219 
cDAO-c84nt–E, and cDAO-c84nt–O with a designed set of linear and circular DNAs for two-step 220 



   

 

annealing.  221 
 222 
2.2.1. Prepare each precursor sub-tile assembly solution by mixing 2 µL of 10x TAE·Mg buffer, 1 223 
µL of each DNA stock solution of a set of linear and circular strands in equal molar ratios, and 224 
additional TE buffer in a 200 µL PCR test tube to a final concentration of 0.5 µM for each strand 225 
and a final volume of 20 µL. In the first sub-tile annealing step, anneal each precursor sub-tile 226 
solution in a PCR thermocycler using a fast-linear cooling method from 95 °C to 25 °C over 2.5 h.  227 
 228 
2.2.2. Prepare each assembly solution of the above four infinite lattices by mixing 2 x 10 µL of 229 
the two corresponding sub-tile solutions together to a final concentration of 0.25 µM for each 230 
strand. In the second lattice annealing step, anneal the 20 µL mixture in a PCR thermocycler using 231 
a slow cooling method of staying at 50 °C for 2 h and cooling down at a rate of 0.1 °C per 5 minutes 232 
to 20 °C, about 24 h in total. 233 
 234 
Note: Two parallel experiments can be run simultaneously or subsequently in the second 235 
annealing step for each 2D infinite lattice.  236 
 237 
2.3. Prepare assembly solutions of two finite rectangle assemblies of 5 × 6 cDAO-c64nt–O and 238 
5 × 6 cDAO-c74&c84nt–O for two-step annealing.  239 
 240 
2.3.1. Prepare each precursor sub-tile assembly solution by mixing 1 µL of 10x TAE·Mg buffer, 241 
0.5 µL of each DNA stock solution of a set of linear and circular strands in equal molar ratios, and 242 
additional TE buffer in a 200 µL PCR test tube to a final concentration of 0.5 µM for each strand 243 
and a final volume of 10 µL. In the first annealing step, anneal each precursor sub-tile solution in 244 
a PCR thermocycler using a fast-linear cooling method from 95 °C to 25 °C over 2.5 h.  245 
 246 
2.3.2. Prepare each finite rectangle lattice assembly solution by mixing 32 x (2 µL of each sub-247 
tile solution) together in a 200 µL PCR test tube to a final concentration of ~15 nM for each sub-248 
tile and a final volume of 64 µL. In the second annealing step, anneal the 64 µL mixture in a PCR 249 
thermocycler using a slow cooling method of staying at 50 °C for 2 h and cooling down at a rate 250 
of 0.1 °C per 5 min to 20 °C, about 24 hours in total. 251 
 252 
Note: Five parallel experiments can be run simultaneously or subsequently in the second 253 
annealing step for each finite rectangle assembly. 254 
 255 
3. Native PAGE Analysis 256 
 257 
3.1. Prepare a 10% native PAGE following step 1.9 except for the urea component. 258 
 259 
3.2. For control samples of c64bp and c84bp, add 2 µL of each assembly solution and 1 µL of 260 
loading dye to 3 µL of TE buffer as controls separately. For each of other assemblies listed in 261 
Figure 3, add 1 µL of each assembly solution and 1 µL of loading dye to 4 µL of TE buffer. 262 
  263 
3.3. Inject each of the above solutions to a gel well. Add 5 µL of DNA marker (25-500 bp) to a 264 



   

 

separate well for reference. 265 
 266 
3.4. Run the gel for about 4 hours at 10 V/cm in an ice water bath. The xylene cyanol FF will 267 
run out of the glass plate. 268 
 269 
3.5. Wear rubber gloves and goggles to protect skins and eyes. Take the gel out of the glass 270 
plate and immerse it in 100 mL of deionized water with 10 µL of a nucleic acid gel stain for 30 271 
min. 272 
 273 
Caution: The nucleic acid gel stain solution is toxic.  274 
 275 
3.6. Observe the gel under an UV imaging system and take a picture of the stained gel (Figure 276 
3). 277 
 278 
4. Purification of Finite Lattices 279 
 280 
4.1. Prepare a native 2% agarose gel for electrophoresis purification of finite lattices. 281 
 282 
4.1.1. Mix 1 g of agarose powder, 5 mL of 10x TBE·Mg buffer (89 mM Tris, 89 mM Boric Acid, 2 283 
mM EDTA, pH 8.0, 12.5 mM Mg(Ac)2), 2 µL of nucleic acid gel stain and 47.5 mL of deionized 284 
water in a 250 mL triangle bottle. Boil the mixture until the bubbles become small and dense. 285 
Add hot water in the bottle to a total volume of 50 mL and a concentration of 2% agarose. 286 
 287 
4.1.2. Wear thick gloves. Pour the gel solution into a plastic gel box of 7 x 10 x 1 cm3 (width × 288 
length × thickness). Insert a 1.5 mm thick and 12-well gel comb. Wait for the gel to cool down to 289 
room temperature. If necessary, put the gel in a 4 °C fridge. 290 
 291 
Caution: Be aware of scalding because the solution is very hot.  292 
 293 
4.1.3. Add 0.5x TBE·Mg buffer in the electrophoresis system. Prerun the gel at 5 V/cm for 20 294 
min in an ice water bath at a constant voltage of 50 V. 295 
 296 
4.1.4. Inject 20 µL of the finite lattice solution prepared in step 2.3 in each agarose gel well and 297 
add 5 µL of a DNA marker (100-3000 bp) to a separate well. Run the gel for 2 h at 5 V/cm in an 298 
ice water bath. 299 
 300 
4.1.5. Wear rubber gloves and goggles to protect skins and eyes. Cut the target gel bands with 301 
a position similar to the 1000 bp marker under UV light and slice them into fine pieces and place 302 
the crushed gels into a filter column8.  303 
 304 
4.1.6. Centrifuge the column at 2000 x g for 5 min at 4 °C. Extract the sample solution through 305 
the column. Collect the solution for AFM imaging. 306 
 307 
4.2. Purify finite lattices by PEG precipitation. 308 



   

 

 309 
4.2.1. Mix 50 µL of the finite lattice solution prepared in step 2.3 with an equal volume of 15% 310 
PEG8000 (w/v) buffer (20 mM Mg(Ac)2, 5 mM Tris, 1 mM EDTA and 505 mM NaCl)22. Centrifuge 311 
the solution at 18000 × g at 4 °C for 30 min. 312 
 313 
4.2.2. Remove the supernatant and add 100 µL of PEG buffer. Repeat the centrifugation. 314 
 315 
4.2.3. After removing the supernatant, dissolve the pellet in 1x TAE·Mg buffer for AFM imaging. 316 
 317 
Note: Purification is necessary for the finite lattices of 5 × 6 cDAO-c64nt–O and 5 × 6 cDAO-318 
c74&c84nt–O for AFM imaging and other applications. If the yield is too low, increase the 319 
centrifugation speed. If the product is not pure enough, repeat step 4.2.2. 320 
 321 
5. AFM Imaging 322 
 323 
5.1. For c64 nanowire, c84 nanowire, acDAO-c64nt-E, infinite 2D lattices of cDAO-c64nt-E(O), 324 
and cDAO-c84nt-E(O), cleave a fresh layer off mica and deposit 2 µL of annealed sample on the 325 
clean surface. Leave for 2 min for adsorption of DNA lattices to the mica surface. Wash the 326 
surface with 100 µL of deionized water twice and dry it by compressed air. 327 
 328 
5.2. Obtain AFM images of infinite DNA lattices in air by scanning the mica surface with 329 
triangular AFM probes under tapping mode. Set the following parameters for scanning: scan size 330 
of 0.5~5 μm, scan resolution of 512 lines, and scan rate of 3.5 Hz (Figure 4). 331 
 332 
5.3. For finite DNA lattices of 5 × 6 cDAO-c64nt–O and 5 × 6 cDAO-c74&c84nt–O, cleave a fresh 333 
layer off mica and deposit 80 µL of 1x TAE·Mg buffer on the clean mica surface. Then add 5 µL of 334 
finite samples into the buffer. Leave for 2 min for adsorption of DNA lattices to the mica surface. 335 
Add another 50 µL of 1x TAE·Mg buffer on the AFM probe. 336 
 337 
5.4. Obtain AFM images of finite DNA lattices in fluid by scanning the mica surface with 338 
triangular AFM probes under tapping mode. Set the following parameters for scanning: scan size 339 
of 0.5-1 μm, scan resolution of 256 lines, and scan rate of 1.5 Hz (Figure 5). 340 
 341 
REPRESENTATIVE RESULTS:  342 
The circular DNA moves slightly slower than its precursor linear DNA in denaturing PAGE (Figure 343 
2) because the pore inside the circular DNA is penetrated and retarded by gel fibers23–25. The 344 
correct ligation reaction efficiency for oligo-monomer cyclization depends on the substrate 345 
sequence and concentration, reaction temperature, time, etc. As the concentration of a 346 
precursor linear DNA is high enough at around 3.5 µM, the cyclization products of c64nt (or c84nt) 347 
and the precursor reference in this protocol can be directly shadowed as bands in the TLC plate 348 
under UV light without dying. If the bands of circular DNA are vague or invisible, indicating a 349 
failure of the ligation reaction or a much low product yield. Sometimes there are two bands above 350 
the linear precursor band, referring an additional oligo-dimer ring except for the correct oligo-351 
monomer ring. Just leave the higher bands alone and collect the lower ones. The purified circular 352 



   

 

DNA products can be seen as white powder in the tube after vacuum drying. Except for the 353 
denaturing PAGE, the DNA purity can also be measured by UV spectrometer. The absorption peak 354 
of DNA is at 260 nm. Two standard criteria for the DNA purity are the absorption ratio of 280 355 
nm/260 nm at 1.8 and that of 280 nm/230 nm commonly in the range of 2.0-2.2. If the above 356 
two ratios deviate from the standard values, the remains should be extracted again by following 357 
steps 1.18-1.20. The yields of c64nt and c84nt for the correct oligo-monomer cyclization are 358 
measured at the range of 30-60% according to this protocol. 359 
 360 
Native PAGE analysis provides a lot of information about the motif’s stability, purity, rigidity, 361 
assembly mode of monomer or polymer, etc. The c64nt assembly families of c64bp, HJ-c64nt, 362 
aHJ-c64nt, cDAO-c64nt, and acDAO-c64nt have only one clear and clean band for each assembly, 363 
representing they are stable monomer motifs respectively. While the c84nt assembly families of 364 
HJ-c84nt, tHJ-c84nt, and cDAO-c84nt tiles have smears around their main bands, indicating minor 365 
by-products except for the target monomer motifs, respectively (Figure 3). Regardless of the 366 
minor byproducts of incorrect associates, excellent cDAO-c84nt-O (E) lattices with high yields can 367 
be assembled. To get a clear and clean electrophoresis image, the loading volume should be no 368 
more than 10 µL and the quantity of DNA should be 0.01~0.02 µg/mL.  369 
 370 
The success of experiments is finally evaluated by 1D and 2D DNA nanostructures imaged by AFM. 371 
Each assembly has its own morphological features in the micrometer scale such as nanowires, 372 
nanotubes, nanospirals, nanoribbons, etc. Moreover, the detailed textures of the DNA 373 
assemblies in the nanometer scale correlated to their theoretical circular tile sizes and 374 
organization modes very well respectively are the key for verification of successful and correct 375 
assembly. Therefore, both panoramic and high-resolution AFM images in micrometer and 376 
nanometer scales must be obtained. Choices of AFM methods and probes are crucial for the high-377 
quality AFM images. The scan force should be adjusted as small as 50 pN26. If the scan force is 378 
too big, it would damage the DNA nanostructural patterns (Figure 4). The environmental 379 
cleanliness is another key parameter to get a clean and beautiful high-resolution AFM image in 380 
fluid. All buffers must be filtered by 0.22 µm filter; the probe holder and tweezers must be 381 
washed by detergent and rinsed by deionized water. If the environment is polluted by particulate 382 
debris, the probe tip would be damaged or clung by particles in the buffer, thus affecting the 383 
quality of AFM images (Figure 5). 384 
 385 
FIGURE AND TABLE LEGENDS:  386 
Figure 1. Synthesis of circular DNA. The flow diagram represents how a long 5’-phosphorylated 387 
linear oligonucleotide in blue evolves to a circular DNA molecule. The two short red strands 388 
represent the splint oligonucleotides.  389 
 390 
Figure 2. Denaturing PAGE photograph of DNA cyclization products under UV light without 391 
dying. A precursor linear 64nt DNA band is in the far-left lane and its cyclization products of 392 
circular 64nt (c64nt) DNA appear as 9 bands at the same horizontal level in other 9 lanes. The 9 393 
bands of c64nt will be cut off for abstracting circular DNAs. 394 
 395 
Figure 3. Native PAGE photographs after dying and schematic double-helical models of circular 396 



   

 

tiles. Both polymers of c64nt nanowire and c84nt nanowire are represented by their simplest 397 
folding unit cells, in which the two aligned dots above and below each unit cell indicate the 398 
infinite alignment of unit cells vertically up and down, with equal distances between duplexes to 399 
form nanowires. Monomer circular tiles of c64bp, c84bp, HJ-c64nt, aHJ-c64nt, HJ-c84nt, and tHJ-400 
c84nt in A) have no protruding overhangs out of their rings, whereas cDAO-c64nt, acDAO-c64nt, 401 
and cDAO-c84nt in B) have both blunt-ended 10 bp overhangs respectively. For sequences, please 402 
refer to the Table of DNA Sequences. This figure has been modified from a previously published 403 
figure17. 404 
 405 
Figure 4. AFM images of typical 1D and 2D infinite DNA assemblies scanned in air. A) c64nt 406 
nanowire, B) infinite acDAO-c64nt-E, C) infinite cDAO-c64nt-E, D) infinite cDAO-c64nt-O, E) 407 
infinite cDAO-c84nt-E, and F) infinite cDAO-c84nt-O are annealed by sticky end cohesion. All 408 
texture details in these AFM images are in line with the tile sizes and organization modes very 409 
well respectively. For sequences, please refer to the Table of DNA Sequences. This figure has 410 
been modified from a previously published figure17. 411 
 412 
Figure 5. AFM images of finite rectangle assemblies scanned in fluid. The finite rectangle 413 
assembly of A) 5 × 6 cDAO-c64nt-O is composed of 32 cDAO-c64nt sub-tiles, and B) 5 × 6 cDAO-414 
c74&84nt-O is composed of 12 cDAO-c74nt and 20 cDAO-c84nt sub-tiles. For sequences, please 415 
refer to the Table of DNA Sequences. This figure has been modified from a previously published 416 
figure17. 417 
 418 
DISCUSSION:  419 
The protocols presented in this article focus on the synthesis of small circular DNA molecules and 420 
the assembly of DNA nanostructures. Most of randomly-sequenced DNA designs can be used in 421 
this protocol. The purity of circular DNAs is critical for the success of DNA assemblies. The 422 
production yield of cyclization can be improved by lowering the concentration of 5’-423 
phosphorylated linear DNA; however, this will increase the workload to produce the same 424 
amounts of circular DNAs. The length of splint DNA strands also affects the correct ligation 425 
reaction, it is optimized to be around 20 nucleotides long for both c64nt and c84nt.  426 
 427 
An appropriate concentration of magnesium cations (e.g., 12.5 mM) in the solution during and 428 
after assembly is very important for the formation and maintenance of DNA nanostructures. Thus, 429 
a magnesium cation concentration of 12.5 mM is always kept during the processes of annealing, 430 
native PAGE, agarose gel electrophoresis and PEG buffer centrifugation purifications, AFM 431 
imaging, etc.  432 
 433 
For finite rectangle assemblies of 5 × 6 cDAO-c64nt-O and 5 × 6 cDAO-c74&84nt-O, the agarose 434 
gel purification does not affect the texture details, while the PEG buffer centrifugation 435 
purification harms the texture details of DNA nanostructures in the high-resolution AFM images. 436 
Benefit from the stability and rigidity of circular tiles, it is much easier to produce well-organized 437 
and large-size single crystalline 2D lattices from circular modules than from linear tiles and 438 
scaffolded origami9,11, although extra work is needed to synthesize and purify the circular DNA 439 
molecules. With only one circular DNA as the same core structure, many circular modules can be 440 



   

 

generated with different overhangs; by means of specific sticky end cohesions of overhangs finite 441 
nanostructures can be built; this strategy reduces the workload and cost of finite nanostructures. 442 
One significant advantage of circular DNA nanostructures is the resolution of secondary and 443 
tertiary structures of DNA molecules and their key elements such as Holliday junction from the 444 
texture details of single crystalline lattices. The 1D, 2D and 3D nanostructures built from circular 445 
modules and their potential applications in biology, medicine, and nano-engineering will become 446 
a new family member of DNA nanotechnology in the future. 447 
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sequence  5’ — 3’

TAAGATGAAGATAGCGCACAATGGTCGGATTCCGTCTCTGTCAACTCGTCTATGCCAAGCCCTG

CTCAGCTGTGATCATACTATGCTAGTCCTGTAGGTCGCACGACCTGGCGTTCGCATGGCCTATC

TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACTCGTCTCTGCCCTGACTTCTA

AGGTAGCCTGGAGCATAGAGGCATTGGCTGGCCCAGCCCTTGAAGATGAAGATCGTTTGATGTTCCTAACGTACCAACGCACGG

TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACTCGTCTCTGCC

CTTCATCTTACAGGGCTTGG

CACAGCTGAGGATAGGCCAT

CTTCATCTTATAGAAGTCAG

CAGGCTACCTCCGTGCGTTG

CTTCATCTTAGGCAGAGACG



TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACTCGTCTCTGCCCTGACTTCTA

AGGTAGCCTGGAGCATAGAGGCATTGGCTGGCCCAGCCCTTGAAGATGAAGATCGTTTGATGTTCCTAACGTACCAACGCACGG



cDAO-64nt sequence  5’ — 3’

A-1-E GACTGCGTGTCAATGCTCACCGATCA

A-2-E GTAGCGCCGTTAGTGGATGTCACCAG

A-3-E GGTGAGCACAGGGCTTGGCATAGACGCTATCTTCATCTTATTGACACG

A-4-E GACATCCAGAATCCGACCATTGTGCGAGTTGACAGAGACGCTAACGGC

B-1-E GCTACATCATGGTCGGATGGCCTGGT

B-2-E CAGTCGTGCGCACGCCTGACGTGATC

B-3-E GCCATCCGGATAGGCCATGCGAACTATGATCACAGCTGAGACCATGAT

B-4-E CGTCAGGCTACAGGACTAGCATAGGCCAGGTCGTGCGACCGTGCGCAC

c64nt-A TAAGATGAAGATAGCGCACAATGGTCGGATTCCGTCTCTGTCAACTCGTCTATGCCAAGCCCTG

c64nt-B CTCAGCTGTGATCATACTATGCTAGTCCTGTAGGTCGCACGACCTGGCGTTCGCATGGCCTATC



TAAGATGAAGATAGCGCACAATGGTCGGATTCCGTCTCTGTCAACTCGTCTATGCCAAGCCCTG

CTCAGCTGTGATCATACTATGCTAGTCCTGTAGGTCGCACGACCTGGCGTTCGCATGGCCTATC



cDAO-64nt-O sequence  5’ — 3’

A-1-O GACTGCGTGTCAATGCTCACCGATCA

A-2-O GTAGCGCCGTTAGTGGATGTCACCAG

A-3-O CTGACGTGATCGGTGACAGGGCTTGGCATAGACGCTATCTTCATCTTAGCATTGACAC

A-4-O GATGGCCTGGTGACATGAATCCGACCATTGTGCGAGTTGACAGAGACGCCACTAACGG

B-1-O GCCATCCGTCGATACGGCACCATGAT

B-2-O CGTCAGGCTGCTGTGGTCGTGCGCAC

B-3-O CGCTACATCATGGTGCGATAGGCCATGCGAACTATGATCACAGCTGAGCGTATCGACG

B-4-O GCAGTCGTGCGCACGATACAGGACTAGCATAGGCCAGGTCGTGCGACCCCACAGCAGC

c64nt-A AGATAGCGCACAATGGTCGGATTCCGTCTCTGTCAACTCGTCTATGCCAAGCCCTGTAAGATGA

c64nt-B TGATCATACTATGCTAGTCCTGTAGGTCGCACGACCTGGCGTTCGCATGGCCTATCCTCAGCTG



AGATAGCGCACAATGGTCGGATTCCGTCTCTGTCAACTCGTCTATGCCAAGCCCTGTAAGATGA

TGATCATACTATGCTAGTCCTGTAGGTCGCACGACCTGGCGTTCGCATGGCCTATCCTCAGCTG



cDAO-c84nt-E sequence  5’ — 3’

C-1-E GACTGCGTGTCAATAGAAGTCAGTGCGATCA

C-2-E GTAGCGCCGTTAGTACGAGTTGATGCACCAG

C-3-E TGACGTGATCGCAGGCAGAGACGAGTTGACGCTATCTTCATCTTATTGACACG

C-4-E ATGGCCTGGTGCAGAATCCGACCATTGTGGAATACGAGTTGAGAACTAACGGC

D-1-E GCTACATCATGGTCCGTGCGTTGATCGACGG

D-2-E CAGTCGTGCGCCACAAGGGCTGGCAGCAGCC

D-3-E GCCATCCGTCGATGTACGTTAGGAACATCATGCTCCAGGCTACCTACCATGAT

D-4-E CGTCAGGCTGCTGGCCAGCCAATGCCTCTAAACGATCTTCATCTTTGGCGCAC

c84nt-C TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACTCGTCTCTGCCCTGACTTCTA

c84nt-D AGGTAGCCTGGAGCATAGAGGCATTGGCTGGCCCAGCCCTTGAAGATGAAGATCGTTTGATGTTCCTAACGTACCAACGCACGG



TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACTCGTCTCTGCCCTGACTTCTA

AGGTAGCCTGGAGCATAGAGGCATTGGCTGGCCCAGCCCTTGAAGATGAAGATCGTTTGATGTTCCTAACGTACCAACGCACGG



cDAO-c84nt-O

C-1-O

C-2-O

C-3-O

C-4-O

D-1-O

D-2-O

D-3-O

D-4-O

c84nt-C

c84nt-D



sequence  5’ — 3’

GACTGCGTGTCAATGCTAGAAGTCAGTCACCGATCA

GTAGCGCCGTTAGTGGTACGAGTTGAATGTCACCAG

CTGACGTGATCGGTGAGGCAGAGACGAGTTGACGCTATCTTCATCTTAGCATTGACAC

GATGGCCTGGTGACATGAATCCGACCATTGTGGAATACGAGTTGAGAACCACTAACGG

GCCATCCGTCGATACGCCGTGCGTTGGCACCATGAT

CGTCAGGCTGCTGTGGCAAGGGCTGGTCGTGCGCAC

CGCTACATCATGGTGCGTACGTTAGGAACATCATGCTCCAGGCTACCTCGTATCGACG

GCAGTCGTGCGCACGAGCCAGCCAATGCCTCTAAACGATCTTCATCTTCCACAGCAGC

TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACTCGTCTCTGCCCTGACTTCTA

AGGTAGCCTGGAGCATAGAGGCATTGGCTGGCCCAGCCCTTGAAGATGAAGATCGTTTGATGTTCCTAACGTACCAACGCACGG



TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACTCGTCTCTGCCCTGACTTCTA

AGGTAGCCTGGAGCATAGAGGCATTGGCTGGCCCAGCCCTTGAAGATGAAGATCGTTTGATGTTCCTAACGTACCAACGCACGG



c64nt and c84nt nanowiresc64nt nanowire sequence  5’ — 3’

c64nt-A-1 TCATCTTACAGGGCTTGGCATAGACGCTATCT

c64nt-A-2 CAGAGACGGAATCCGACCATTGTGCGAGTTGA

c84nt-C-1 c64nt-A AGATAGCGCACAATGGTCGGATTCCGTCTCTGTCAACTCGTCTATGCCAAGCCCTGTAAGATGA

c84nt-C-2

c84nt nanowire sequence  5’ — 3’

c84nt-C-2 GAGTTGAGAATACGAGTTGAGAATCCGACCAGTTGAGAATAC

c84nt-C-1 CTTCATCTTATAGAAGTCAGGGCAGAGACGATTGTGCGCTAT

c84nt-C TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACTCGTCTCTGCCCTGACTTCTA



AGATAGCGCACAATGGTCGGATTCCGTCTCTGTCAACTCGTCTATGCCAAGCCCTGTAAGATGA

GAGTTGAGAATACGAGTTGAGAATCCGACCAGTTGAGAATAC

CTTCATCTTATAGAAGTCAGGGCAGAGACGATTGTGCGCTAT

TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACTCGTCTCTGCCCTGACTTCTA



acDAO-c64nt-E sequence  5’ — 3’

NR-1 TCACCGACTGCGTGTCAATGCGATCA

NR-2 GTAGCGCCGTTAGTGG

NR-3 GCATTGACCAGGGCTTGGCATAGGCGCTATCTTCATCTTAACGCAGTC

NR-4 GGTGACCACTAACCGGAATCCGACCATTGTACGAGTTGACAGAGAGGCGCTACTGATC

c64nt-A AGATAGCGCACAATGGTCGGATTCCGTCTCTGTCAACTCGTCTATGCCAAGCCCTGTAAGATGA



GGTGACCACTAACCGGAATCCGACCATTGTACGAGTTGACAGAGAGGCGCTACTGATC

AGATAGCGCACAATGGTCGGATTCCGTCTCTGTCAACTCGTCTATGCCAAGCCCTGTAAGATGA



5×6 cDAO-c64nt-Osequence  5’ — 3’

H-L-07 GCGCTGTGTCGGCGACTCTCATCACA

H-L-08 TCTGGAAAGACCTAGACGGCACCGTT

H-L-09 GGCGGAAGTTGCTGGGCCTGCGCACC

H-L-10 GTGGAGTCCTCCGCGGGCCTCCTACA

H-L-11 AGAGACGACAAGCTCCGGCAAGCAGC

H-L-12 ATCGATCGACGCATCGGCGATGTTGA

H-L-13 CAGAGATACGGCTGATTACC

H-L-14 CTTGTTGGTGTGGTATCGCTAAGCTG

H-L-15 CGCCGCGGAGCCTTATGGCAAAGCCG

H-L-16 TCCGCGAACCATTCCGGTAGCGCCTT

H-L-17 CCGTAGCACGTCCATCGCATCCCGGC

H-L-18 GTGCGTTCAGCTTGACGATTGGCGCA

H-L-19 AAGGTGCTGGCCGCGTGCTAAGTTGA

H-L-20 AGCGGCTGCACTGCTGCAAGGTCCGT

H-L-21 TACGGAGCGGCCTGGAGCGCTAGCCC

H-L-22 ATCGACCCGTACAGGAACACTCTATA

H-L-23 TTGCTCTCGGACGGGCAGATTACTAG

H-L-24 AGCGCCGCTTTCAGCCTGTCGTCGCC

H-L-25 GACGTCTGTGATATGGCGTTGTTGTG

H-L-26 GTTCCACTCTATCCATCAGC

H-L-27 TGATGCGTAGGGAGACCCGGAATGAA

H-L-28 CCGGCCTATGTCACTGAAACTGTGCA

H-L-29 AACACCCGGTGTCGTTAGTGTAGGTT

H-L-30 CCGACCGACACCCGCTTCGTTGAGAA

H-L-31 CCCACAATCTTACAACTACATGATCC

H-L-32 CTACGCCCATCATCTACTCGCGTCCC

H-R-01 TCCTCAGGCATCGCGCACGTAGGGCT

H-R-02 GCACCGCGCGCATGTCGAACTGGTGG

H-R-03 CGAAGTACGATCCCACGACCGGCGTA

H-R-04 CGATCCAACTGCGCGGACGTGACGAG

H-R-05 CTTCTTATATACGCTTCGCCCGCCGG

H-R-06 ACCGGCCTCGCGATCGGCCGCGCACG

H-R-07 AGCTTATGACAAGTAACGAG

H-R-08 CGTGTACTCGTTTAGCCATCTCGCAG

H-R-09 TGAAAGTCGGGAGAATACCGCTACAC

H-R-10 ACACTTTACCGCAACTACGCCTAACT

H-R-11 GAGATACTGCCATGGACGACTACCCA

H-R-12 TCCCTCTGGGCCTTAGACAGCCGGAT

H-R-13 ACAGTGACTTTGATAGGTTTGCCACG

H-R-14 GCTACGACTTGCACAGCTGCGTGCGG

H-R-15 AGGAACGCGCGTTAGTATGTTGACCC

H-R-16 GTGTACTACGCATGCGGGCAGGTCAT

H-R-17 GTGGGTAGAGACATCCGGGTCAGGTT

H-R-18 CTCGACCTTCCCGTGGGAGGTGATCC

H-R-19 AGTCCGCTGTAGGACCATCCCGCTCG

H-R-20 GGCATGGCACTGAGTACGCC

The scheme of finite 5×6 cDAO-c64nt–O. The numbered blue blocks represent 32

different HJ-c64nt tiles. Two different colors of sky blue and deep blue distinguish the

two different faces (or chiralities) of cDAO-c64nt. At both left and right edges of the

structure the protruding strands are terminated with six thymines to prevent the inter-

lattice π-π edge-stacking. Only one sequence of c64nt is used, whereas the sticky ended

overhangs are with different sequences. Each tile inside the diagram contains a c64nt and

four linear staple strands, for example, tile 10 contains c64nt-A, H-L-10, H-R-10, M-L-

10 and M-R-10 (10 means the tile number, H the helper staple strand, M the main staple

strand, L the left side of the tile, R the right side of the tile). Each tile at both left and

right edges contains a c64nt and three linear staple strands, for example, tile 1 contains

c64nt-A, H-R-01, M-L-01 and M-R-01, tile 32 contains c64nt-A, H-L-32, M-L-32 and M-

R-32. To enhance the cohesion strength, the sticky ends in the finite cDAO-c64nt–O are

10 nt long.



H-R-21 GTATTCTGGTAACCATCGTCCCTATC

H-R-22 AGGGCTTGGAGCGAGTGGTGACGGTT

H-R-23 ATTAGGGACGGACTTCCTACTCACAG

H-R-24 TCGGTCACATTGGGCTACTCCTTGGG

H-R-25 CCTTCCGCTTGGCCCGGTCTGTTGGG

H-R-26 CCGCCACTGCGTGAGCTTCGGGCGCT

M-L-01 TTTTTTCATCTTACAGGGCTTCCATTGTGCGCTATCTTTTTT

M-L-02 TTTTTTCATCTTACAGGGCTTCCATTGTGCGCTATCTTTTTT

M-L-03 TTTTTTCATCTTACAGGGCTTCCATTGTGCGCTATCTTTTTT

M-L-04 TTTTTTCATCTTACAGGGCTTCCATTGTGCGCTATCTTTTTT

M-L-05 TTTTTTCATCTTACAGGGCTTCCATTGTGCGCTATCTTTTTT

M-L-06 TTTTTTCATCTTACAGGGCTTCCATTGTGCGCTATCTTTTTT

M-L-07 TTTTGTGATGAGATGGCATAGACGAGTTGTTCATCTTACAGGGCTGTCGCCGACA

M-L-08 GCCGGTAACGGTGCCGTGGCATAGACGAGTTGTTCATCTTACAGGGCTTCTAGGTCTT

M-L-09 AAGAAGGGTGCGCAGGTGGCATAGACGAGTTGTTCATCTTACAGGGCTCCCAGCAACT

M-L-10 GGATCGTGTAGGAGGCTGGCATAGACGAGTTGTTCATCTTACAGGGCTCCGCGGAGGA

M-L-11 ACTTCGGCTGCTTGCCTGGCATAGACGAGTTGTTCATCTTACAGGGCTGGAGCTTGTC

M-L-12 CGGTGCTCAACATCGCTGGCATAGACGAGTTGTTCATCTTACAGGGCTCGATGCGTCG

M-L-13 TGAGGAGGTAATCAGCTGGCATAGACGAGTTGTTCATCTTACAGGGCTCGTATCTCTGTTT

M-L-14 CACTGTCAGCTTAGCGTCATCTTACAGGGCTTCCATTGTGCGCTATCTATACCACACC

M-L-15 GAGGGACGGCTTTGCCTCATCTTACAGGGCTTCCATTGTGCGCTATCTATAAGGCTCC

M-L-16 TATCTCAAGGCGCTACTCATCTTACAGGGCTTCCATTGTGCGCTATCTCGGAATGGTT

M-L-17 AAGTGTGCCGGGATGCTCATCTTACAGGGCTTCCATTGTGCGCTATCTGATGGACGTG

M-L-18 CTTTCATGCGCCAATCTCATCTTACAGGGCTTCCATTGTGCGCTATCTGTCAAGCTGA

M-L-19 TACACGTCAACTTAGCTCATCTTACAGGGCTTCCATTGTGCGCTATCTACGCGGCCAG

M-L-20 TTTACGGACCTTGGGCATAGACGAGTTGATCATCTTACAGGGCTTCAGCAGTGCA

M-L-21 CGGACTGGGCTAGCGCGGCATAGACGAGTTGATCATCTTACAGGGCTTTCCAGGCCGC

M-L-22 GTCGAGTATAGAGTGTGGCATAGACGAGTTGATCATCTTACAGGGCTTTCCTGTACGG

M-L-23 ACCCACCTAGTAATCTGGCATAGACGAGTTGATCATCTTACAGGGCTTGCCCGTCCGA

M-L-24 GTACACGGCGACGACAGGCATAGACGAGTTGATCATCTTACAGGGCTTGGCTGAAAGC

M-L-25 GTTCCTCACAACAACGGGCATAGACGAGTTGATCATCTTACAGGGCTTCCATATCACA

M-L-26 CGTAGCGCTGATGGATGGCATAGACGAGTTGATCATCTTACAGGGCTTAGAGTGGAACTTT

M-L-27 TGGCGGTTCATTCCGGTCATCTTACAGGGCTTCCATTGTGCGCTATCTGTCTCCCTAC

M-L-28 GGAAGGTGCACAGTTTTCATCTTACAGGGCTTCCATTGTGCGCTATCTCAGTGACATA

M-L-29 GACCGAAACCTACACTTCATCTTACAGGGCTTCCATTGTGCGCTATCTAACGACACCG

M-L-30 CCTAATTTCTCAACGATCATCTTACAGGGCTTCCATTGTGCGCTATCTAGCGGGTGTC

M-L-31 AGCCCTGGATCATGTATCATCTTACAGGGCTTCCATTGTGCGCTATCTGTTGTAAGAT

M-L-32 GAATACGGGACGCGAGTCATCTTACAGGGCTTCCATTGTGCGCTATCTTAGATGATGG

M-R-01 ATCGATAGCCCTACGTCAGAGACGGAATCCGAGGCATAGACGAGTTGAGCGCGATGCC

M-R-02 GTCTCTCCACCAGTTCCAGAGACGGAATCCGAGGCATAGACGAGTTGAGACATGCGCG

M-R-03 CTCCACTACGCCGGTCCAGAGACGGAATCCGAGGCATAGACGAGTTGAGTGGGATCGT

M-R-04 TCCGCCCTCGTCACGTCAGAGACGGAATCCGAGGCATAGACGAGTTGACCGCGCAGTT

M-R-05 TCCAGACCGGCGGGCGCAGAGACGGAATCCGAGGCATAGACGAGTTGAAAGCGTATAT

M-R-06 CAGCGCCGTGCGCGGCCAGAGACGGAATCCGAGGCATAGACGAGTTGACGATCGCGAG

M-R-07 CACCTTCTCGTTACTTACCATTGTGCGCTATCACAGAGACGGAATCCGGTCATAAGCT

M-R-08 ACGCACCTGCGAGATGACCATTGTGCGCTATCACAGAGACGGAATCCGGCTAAACGAG

M-R-09 CTACGGGTGTAGCGGTACCATTGTGCGCTATCACAGAGACGGAATCCGATTCTCCCGA



M-R-10 CGCGGAAGTTAGGCGTACCATTGTGCGCTATCACAGAGACGGAATCCGAGTTGCGGTA

M-R-11 GCGGCGTGGGTAGTCGACCATTGTGCGCTATCACAGAGACGGAATCCGTCCATGGCAG

M-R-12 AACAAGATCCGGCTGTACCATTGTGCGCTATCACAGAGACGGAATCCGCTAAGGCCCA

M-R-13 TTTCGTGGCAAACACCATTGTGCGCTATCACAGAGACGGAATCCGCTATCAAAGT

M-R-14 GACGTCCCGCACGCAGCAGAGACGGAATCCGAGGCATAGACGAGTTGACTGTGCAAGT

M-R-15 GGCGCTGGGTCAACATCAGAGACGGAATCCGAGGCATAGACGAGTTGAACTAACGCGC

M-R-16 GAGCAAATGACCTGCCCAGAGACGGAATCCGAGGCATAGACGAGTTGACGCATGCGTA

M-R-17 GTCGATAACCTGACCCCAGAGACGGAATCCGAGGCATAGACGAGTTGAGGATGTCTCT

M-R-18 TCCGTAGGATCACCTCCAGAGACGGAATCCGAGGCATAGACGAGTTGACCACGGGAAG

M-R-19 GCCGCTCGAGCGGGATCAGAGACGGAATCCGAGGCATAGACGAGTTGAGGTCCTACAG

M-R-20 GCGTAGGGCGTACTCACCATTGTGCGCTATCTCAGAGACGGAATCCGAGTGCCATGCCTTT

M-R-21 TGTGGGGATAGGGACGCCATTGTGCGCTATCTCAGAGACGGAATCCGAATGGTTACCA

M-R-22 GGTCGGAACCGTCACCCCATTGTGCGCTATCTCAGAGACGGAATCCGAACTCGCTCCA

M-R-23 GGTGTTCTGTGAGTAGCCATTGTGCGCTATCTCAGAGACGGAATCCGAGAAGTCCGTC

M-R-24 GGCCGGCCCAAGGAGTCCATTGTGCGCTATCTCAGAGACGGAATCCGAAGCCCAATGT

M-R-25 GCATCACCCAACAGACCCATTGTGCGCTATCTCAGAGACGGAATCCGACGGGCCAAGC

M-R-26 TTTAGCGCCCGAACCATTGTGCGCTATCTCAGAGACGGAATCCGAGCTCACGCAG

M-R-27 TTTTTTCAGAGACGGAATCCGAGGCATAGACGAGTTGATTTTTT

M-R-28 TTTTTTCAGAGACGGAATCCGAGGCATAGACGAGTTGATTTTTT

M-R-29 TTTTTTCAGAGACGGAATCCGAGGCATAGACGAGTTGATTTTTT

M-R-30 TTTTTTCAGAGACGGAATCCGAGGCATAGACGAGTTGATTTTTT

M-R-31 TTTTTTCAGAGACGGAATCCGAGGCATAGACGAGTTGATTTTTT

M-R-32 TTTTTTCAGAGACGGAATCCGAGGCATAGACGAGTTGATTTTTT

c64nt-A TAAGATGAAGATAGCGCACAATGGTCGGATTCCGTCTCTGTCAACTCGTCTATGCCAAGCCCTG



The scheme of finite 5×6 cDAO-c64nt–O. The numbered blue blocks represent 32

different HJ-c64nt tiles. Two different colors of sky blue and deep blue distinguish the

two different faces (or chiralities) of cDAO-c64nt. At both left and right edges of the

structure the protruding strands are terminated with six thymines to prevent the inter-

lattice π-π edge-stacking. Only one sequence of c64nt is used, whereas the sticky ended

overhangs are with different sequences. Each tile inside the diagram contains a c64nt and

four linear staple strands, for example, tile 10 contains c64nt-A, H-L-10, H-R-10, M-L-

10 and M-R-10 (10 means the tile number, H the helper staple strand, M the main staple

strand, L the left side of the tile, R the right side of the tile). Each tile at both left and

right edges contains a c64nt and three linear staple strands, for example, tile 1 contains

c64nt-A, H-R-01, M-L-01 and M-R-01, tile 32 contains c64nt-A, H-L-32, M-L-32 and M-

R-32. To enhance the cohesion strength, the sticky ends in the finite cDAO-c64nt–O are

10 nt long.



TTTTGTGATGAGATGGCATAGACGAGTTGTTCATCTTACAGGGCTGTCGCCGACA

GCCGGTAACGGTGCCGTGGCATAGACGAGTTGTTCATCTTACAGGGCTTCTAGGTCTT

AAGAAGGGTGCGCAGGTGGCATAGACGAGTTGTTCATCTTACAGGGCTCCCAGCAACT

GGATCGTGTAGGAGGCTGGCATAGACGAGTTGTTCATCTTACAGGGCTCCGCGGAGGA

ACTTCGGCTGCTTGCCTGGCATAGACGAGTTGTTCATCTTACAGGGCTGGAGCTTGTC

CGGTGCTCAACATCGCTGGCATAGACGAGTTGTTCATCTTACAGGGCTCGATGCGTCG

TGAGGAGGTAATCAGCTGGCATAGACGAGTTGTTCATCTTACAGGGCTCGTATCTCTGTTT

CACTGTCAGCTTAGCGTCATCTTACAGGGCTTCCATTGTGCGCTATCTATACCACACC

GAGGGACGGCTTTGCCTCATCTTACAGGGCTTCCATTGTGCGCTATCTATAAGGCTCC

TATCTCAAGGCGCTACTCATCTTACAGGGCTTCCATTGTGCGCTATCTCGGAATGGTT

AAGTGTGCCGGGATGCTCATCTTACAGGGCTTCCATTGTGCGCTATCTGATGGACGTG

CTTTCATGCGCCAATCTCATCTTACAGGGCTTCCATTGTGCGCTATCTGTCAAGCTGA

TACACGTCAACTTAGCTCATCTTACAGGGCTTCCATTGTGCGCTATCTACGCGGCCAG

TTTACGGACCTTGGGCATAGACGAGTTGATCATCTTACAGGGCTTCAGCAGTGCA

CGGACTGGGCTAGCGCGGCATAGACGAGTTGATCATCTTACAGGGCTTTCCAGGCCGC

GTCGAGTATAGAGTGTGGCATAGACGAGTTGATCATCTTACAGGGCTTTCCTGTACGG

ACCCACCTAGTAATCTGGCATAGACGAGTTGATCATCTTACAGGGCTTGCCCGTCCGA

GTACACGGCGACGACAGGCATAGACGAGTTGATCATCTTACAGGGCTTGGCTGAAAGC

GTTCCTCACAACAACGGGCATAGACGAGTTGATCATCTTACAGGGCTTCCATATCACA

CGTAGCGCTGATGGATGGCATAGACGAGTTGATCATCTTACAGGGCTTAGAGTGGAACTTT

TGGCGGTTCATTCCGGTCATCTTACAGGGCTTCCATTGTGCGCTATCTGTCTCCCTAC

GGAAGGTGCACAGTTTTCATCTTACAGGGCTTCCATTGTGCGCTATCTCAGTGACATA

GACCGAAACCTACACTTCATCTTACAGGGCTTCCATTGTGCGCTATCTAACGACACCG

CCTAATTTCTCAACGATCATCTTACAGGGCTTCCATTGTGCGCTATCTAGCGGGTGTC

AGCCCTGGATCATGTATCATCTTACAGGGCTTCCATTGTGCGCTATCTGTTGTAAGAT

GAATACGGGACGCGAGTCATCTTACAGGGCTTCCATTGTGCGCTATCTTAGATGATGG

ATCGATAGCCCTACGTCAGAGACGGAATCCGAGGCATAGACGAGTTGAGCGCGATGCC

GTCTCTCCACCAGTTCCAGAGACGGAATCCGAGGCATAGACGAGTTGAGACATGCGCG

CTCCACTACGCCGGTCCAGAGACGGAATCCGAGGCATAGACGAGTTGAGTGGGATCGT

TCCGCCCTCGTCACGTCAGAGACGGAATCCGAGGCATAGACGAGTTGACCGCGCAGTT

TCCAGACCGGCGGGCGCAGAGACGGAATCCGAGGCATAGACGAGTTGAAAGCGTATAT

CAGCGCCGTGCGCGGCCAGAGACGGAATCCGAGGCATAGACGAGTTGACGATCGCGAG

CACCTTCTCGTTACTTACCATTGTGCGCTATCACAGAGACGGAATCCGGTCATAAGCT

ACGCACCTGCGAGATGACCATTGTGCGCTATCACAGAGACGGAATCCGGCTAAACGAG

CTACGGGTGTAGCGGTACCATTGTGCGCTATCACAGAGACGGAATCCGATTCTCCCGA



CGCGGAAGTTAGGCGTACCATTGTGCGCTATCACAGAGACGGAATCCGAGTTGCGGTA

GCGGCGTGGGTAGTCGACCATTGTGCGCTATCACAGAGACGGAATCCGTCCATGGCAG

AACAAGATCCGGCTGTACCATTGTGCGCTATCACAGAGACGGAATCCGCTAAGGCCCA

TTTCGTGGCAAACACCATTGTGCGCTATCACAGAGACGGAATCCGCTATCAAAGT

GACGTCCCGCACGCAGCAGAGACGGAATCCGAGGCATAGACGAGTTGACTGTGCAAGT

GGCGCTGGGTCAACATCAGAGACGGAATCCGAGGCATAGACGAGTTGAACTAACGCGC

GAGCAAATGACCTGCCCAGAGACGGAATCCGAGGCATAGACGAGTTGACGCATGCGTA

GTCGATAACCTGACCCCAGAGACGGAATCCGAGGCATAGACGAGTTGAGGATGTCTCT

TCCGTAGGATCACCTCCAGAGACGGAATCCGAGGCATAGACGAGTTGACCACGGGAAG

GCCGCTCGAGCGGGATCAGAGACGGAATCCGAGGCATAGACGAGTTGAGGTCCTACAG

GCGTAGGGCGTACTCACCATTGTGCGCTATCTCAGAGACGGAATCCGAGTGCCATGCCTTT

TGTGGGGATAGGGACGCCATTGTGCGCTATCTCAGAGACGGAATCCGAATGGTTACCA

GGTCGGAACCGTCACCCCATTGTGCGCTATCTCAGAGACGGAATCCGAACTCGCTCCA

GGTGTTCTGTGAGTAGCCATTGTGCGCTATCTCAGAGACGGAATCCGAGAAGTCCGTC

GGCCGGCCCAAGGAGTCCATTGTGCGCTATCTCAGAGACGGAATCCGAAGCCCAATGT

GCATCACCCAACAGACCCATTGTGCGCTATCTCAGAGACGGAATCCGACGGGCCAAGC

TTTAGCGCCCGAACCATTGTGCGCTATCTCAGAGACGGAATCCGAGCTCACGCAG

TAAGATGAAGATAGCGCACAATGGTCGGATTCCGTCTCTGTCAACTCGTCTATGCCAAGCCCTG



5×6 cDAO-c74&c84nt-O sequence  5’ — 3’

H-L-7 TTTTTTGCGCGACATGCGCTATCTGCGCTGTG

H-L-8 TTTCTGGAAAGACCTAGATGCGCTATCTCGGCACCG

H-L-9 CCGGCGGAAGTTGCTGGGTGCGCTATCTCCTGCGCA

H-L-10 CAGTGGAGTCCTCCGCGGTGCGCTATCTGCCTCCTA

H-L-11 GCAGAGACGACAAGCTCCTGCGCTATCTGGCAAGCA

H-L-12 GAATCGATCGACGCATCGTGCGCTATCTGCGATGTT

H-L-13 TGCAGAGATACGGCTGATTGCGCTATCTGCGCGACATTTTTT

H-L-14 TGCTTGTTGGTGTGGTATGGGCAGAGACCGCTAAGC

H-L-15 CGCGCCGCGGAGCCTTATGGGCAGAGACGGCAAAGC

H-L-16 TTTCCGCGAACCATTCCGGGGCAGAGACGTAGCGCC

H-L-17 GCCCGTAGCACGTCCATCGGGCAGAGACGCATCCCG

H-L-18 CAGTGCGTTCAGCTTGACGGGCAGAGACGATTGGCG

H-L-19 GAAAGGTGCTGGCCGCGTGGGCAGAGACGCTAAGTT

H-L-20 TTTTTTGCGCGACATGCGCTATCTAGCGGCTG

H-L-21 CCTACGGAGCGGCCTGGATGCGCTATCTGCGCTAGC

H-L-22 TAATCGACCCGTACAGGATGCGCTATCTACACTCTA

H-L-23 AGTTGCTCTCGGACGGGCTGCGCTATCTAGATTACT

H-L-24 CCAGCGCCGCTTTCAGCCTGCGCTATCTTGTCGTCG

H-L-25 TGGACGTCTGTGATATGGTGCGCTATCTCGTTGTTG

H-L-26 ACGTTCCACTCTATCCATTGCGCTATCTGCGCGACATTTTTT

H-L-27 AATGATGCGTAGGGAGACCGAGTTGAGACCGGAATG

H-L-28 CACCGGCCTATGTCACTGCGAGTTGAGAAAACTGTG

H-L-29 TTAACACCCGGTGTCGTTCGAGTTGAGAAGTGTAGG

H-L-30 AACCGACCGACACCCGCTCGAGTTGAGATCGTTGAG

H-L-31 CCCCCACAATCTTACAACCGAGTTGAGATACATGAT

H-L-32 CCCTACGCCCATCATCTACGAGTTGAGACTCGCGTC

H-R-1 CTTCCTCAGGCATCGCGCGAGAATCCGAACGTAGGG

H-R-2 GGGCACCGCGCGCATGTCGAGAATCCGAGAACTGGT

H-R-3 TACGAAGTACGATCCCACGAGAATCCGAGACCGGCG

H-R-4 AGCGATCCAACTGCGCGGGAGAATCCGAACGTGACG

H-R-5 GGCTTCTTATATACGCTTGAGAATCCGACGCCCGCC

H-R-6 CGACCGGCCTCGCGATCGGAGAATCCGAGCCGCGCA

H-R-7 CGAGCTTATGACAAGTAAGAGAATACGAGCGCGACATTTTTT

H-R-8 AGCGTGTACTCGTTTAGCGAGAATACGACATCTCGC

H-R-9 ACTGAAAGTCGGGAGAATGAGAATACGAACCGCTAC

H-R-10 CTACACTTTACCGCAACTGAGAATACGAACGCCTAA

H-R-11 CAGAGATACTGCCATGGAGAGAATACGACGACTACC

H-R-12 ATTCCCTCTGGGCCTTAGGAGAATACGAACAGCCGG

H-R-13 TTTTTTGCGCGACAGAGAATACGAACAGTGAC

H-R-14 GGGCTACGACTTGCACAGAGAATCCGACCTGCGTGC

H-R-15 CCAGGAACGCGCGTTAGTAGAATCCGACATGTTGAC

H-R-16 ATGTGTACTACGCATGCGAGAATCCGACGGCAGGTC

H-R-17 TTGTGGGTAGAGACATCCAGAATCCGACGGGTCAGG

H-R-18 CCCTCGACCTTCCCGTGGAGAATCCGACGAGGTGAT

H-R-19 CGAGTCCGCTGTAGGACCAGAATCCGACATCCCGCT

H-R-20 ATGGCATGGCACTGAGTAGAGAATACGAGCGCGACATTTTTT

H-R-21 TCGTATTCTGGTAACCATGAGAATACGACGTCCCTA

H-R-22 TTAGGGCTTGGAGCGAGTGAGAATACGAGGTGACGG

H-R-23 AGATTAGGGACGGACTTCGAGAATACGACTACTCAC



H-R-24 GGTCGGTCACATTGGGCTGAGAATACGAACTCCTTG

H-R-25 GGCCTTCCGCTTGGCCCGGAGAATACGAGTCTGTTG

H-R-26 TTTTTTGCGCGACAGAGAATACGACCGCCACT

M-L-01 TTTTTTCGAGTTGAGAATACGATCATCTTAGGCAGAGATTTTTT

M-L-02 TTTTTTCGAGTTGAGAATACGATCATCTTAGGCAGAGATTTTTT

M-L-03 TTTTTTCGAGTTGAGAATACGATCATCTTAGGCAGAGATTTTTT

M-L-04 TTTTTTCGAGTTGAGAATACGATCATCTTAGGCAGAGATTTTTT

M-L-05 TTTTTTCGAGTTGAGAATACGATCATCTTAGGCAGAGATTTTTT

M-L-06 TTTTTTCGAGTTGAGAATACGATCATCTTAGGCAGAGATTTTTT

M-L-7 AGGCCGGTCGCACAGCGCTCATCTTATAGAAGTCGAGAATCCGACCATTGTGTCGCGC

M-L-8 ATAAGAAGCCCGGTGCCGTCATCTTATAGAAGTCGAGAATCCGACCATTGTCTAGGTC

M-L-9 TTGGATCGCTTGCGCAGGTCATCTTATAGAAGTCGAGAATCCGACCATTGCCCAGCAA

M-L-10 GTACTTCGTATAGGAGGCTCATCTTATAGAAGTCGAGAATCCGACCATTGCCGCGGAG

M-L-11 CGCGGTGCCCTGCTTGCCTCATCTTATAGAAGTCGAGAATCCGACCATTGGGAGCTTG

M-L-12 CCTGAGGAAGAACATCGCTCATCTTATAGAAGTCGAGAATCCGACCATTGCGATGCGT

M-L-13 TGTCGCGCTCATCTTATAGAAGTCGAGAATCCGACCATTGATCAGCCG

M-L-14 CAGAGGGAATGCTTAGCGGAGTTGAGAATACGAGCATCTTATAGAAGTCAATACCACA

M-L-15 AGTATCTCTGGCTTTGCCGAGTTGAGAATACGAGCATCTTATAGAAGTCAATAAGGCT

M-L-16 TAAAGTGTAGGGCGCTACGAGTTGAGAATACGAGCATCTTATAGAAGTCACGGAATGG

M-L-17 GACTTTCAGTCGGGATGCGAGTTGAGAATACGAGCATCTTATAGAAGTCAGATGGACG

M-L-18 AGTACACGCTCGCCAATCGAGTTGAGAATACGAGCATCTTATAGAAGTCAGTCAAGCT

M-L-19 CATAAGCTCGAACTTAGCGAGTTGAGAATACGAGCATCTTATAGAAGTCAACGCGGCC

M-L-20 AGCGGACTCGCAGCCGCTTCATCTTATAGAAGTCGAGAATCCGACCATTGTGTCGCGC

M-L-21 AGGTCGAGGGGCTAGCGCTCATCTTATAGAAGTCGAGAATCCGACCATTGTCCAGGCC

M-L-22 CTACCCACAATAGAGTGTTCATCTTATAGAAGTCGAGAATCCGACCATTGTCCTGTAC

M-L-23 TAGTACACATAGTAATCTTCATCTTATAGAAGTCGAGAATCCGACCATTGGCCCGTCC

M-L-24 GCGTTCCTGGCGACGACATCATCTTATAGAAGTCGAGAATCCGACCATTGGGCTGAAA

M-L-25 GTCGTAGCCCCAACAACGTCATCTTATAGAAGTCGAGAATCCGACCATTGCCATATCA

M-L-26 TGTCGCGCTCATCTTATAGAAGTCGAGAATCCGACCATTGATGGATAG

M-L-27 GCGGAAGGCCCATTCCGGATACGAGTTGAGAATATCATCTTAGGCAGAGAGTCTCCCT

M-L-28 GTGACCGACCCACAGTTTATACGAGTTGAGAATATCATCTTAGGCAGAGACAGTGACA

M-L-29 TCCCTAATCTCCTACACTATACGAGTTGAGAATATCATCTTAGGCAGAGAAACGACAC

M-L-30 CAAGCCCTAACTCAACGAATACGAGTTGAGAATATCATCTTAGGCAGAGAAGCGGGTG

M-L-31 CAGAATACGAATCATGTAATACGAGTTGAGAATATCATCTTAGGCAGAGAGTTGTAAG

M-L-32 GCCATGCCATGACGCGAGATACGAGTTGAGAATATCATCTTAGGCAGAGATAGATGAT

M-R-1 TATCTCTGCACCCTACGTCCATTGTGCGCTATCTGTTGAGAATACGAGTTGCGCGATG

M-R-2 CGATCGATTCACCAGTTCCCATTGTGCGCTATCTGTTGAGAATACGAGTTGACATGCG

M-R-3 TCGTCTCTGCCGCCGGTCCCATTGTGCGCTATCTGTTGAGAATACGAGTTGTGGGATC

M-R-4 GACTCCACTGCGTCACGTCCATTGTGCGCTATCTGTTGAGAATACGAGTTCCGCGCAG

M-R-5 CTTCCGCCGGGGCGGGCGCCATTGTGCGCTATCTGTTGAGAATACGAGTTAAGCGTAT

M-R-6 TTTCCAGAAATGCGCGGCCCATTGTGCGCTATCTGTTGAGAATACGAGTTCGATCGCG

M-R-7 TGTCGCGCGTTGAGAATACGAGTTAGGGCAGAGACGAGTTTTACTTGT

M-R-8 AGCACCTTTCGCGAGATGGTTGAGAATACGAGTTAGGGCAGAGACGAGTTGCTAAACG

M-R-9 GAACGCACTGGTAGCGGTGTTGAGAATACGAGTTAGGGCAGAGACGAGTTATTCTCCC

M-R-10 TGCTACGGGCTTAGGCGTGTTGAGAATACGAGTTAGGGCAGAGACGAGTTAGTTGCGG

M-R-11 TTCGCGGAAAGGTAGTCGGTTGAGAATACGAGTTAGGGCAGAGACGAGTTTCCATGGC

M-R-12 CCGCGGCGCGCCGGCTGTGTTGAGAATACGAGTTAGGGCAGAGACGAGTTCTAAGGCC

M-R-13 CCAACAAGCAGTCACTGTGTTGAGAATACGAGTTAGGGCAGAGACGAGTTTGTCGCGC

M-R-14 AGTGGAACGTGCACGCAGCATTGTGCGCTATCTTTTGAGAATACGAGTTGCTGTGCAA

M-R-15 CAGACGTCCAGTCAACATCATTGTGCGCTATCTTTTGAGAATACGAGTTGACTAACGC



M-R-16 GCGGCGCTGGGACCTGCCCATTGTGCGCTATCTTTTGAGAATACGAGTTGCGCATGCG

M-R-17 GAGAGCAACTCCTGACCCCATTGTGCGCTATCTTTTGAGAATACGAGTTGGGATGTCT

M-R-18 GGGTCGATTAATCACCTCCATTGTGCGCTATCTTTTGAGAATACGAGTTGCCACGGGA

M-R-19 GCTCCGTAGGAGCGGGATCATTGTGCGCTATCTTTTGAGAATACGAGTTGGGTCCTAC

M-R-20 TGTCGCGCGTTGAGAATACGAGTTAGGGCAGAGACGAGTTTACTCAGT

M-R-21 GGGCGTAGGGTAGGGACGGTTGAGAATACGAGTTAGGGCAGAGACGAGTTATGGTTAC

M-R-22 ATTGTGGGGGCCGTCACCGTTGAGAATACGAGTTAGGGCAGAGACGAGTTACTCGCTC

M-R-23 TCGGTCGGTTGTGAGTAGGTTGAGAATACGAGTTAGGGCAGAGACGAGTTGAAGTCCG

M-R-24 CGGGTGTTAACAAGGAGTGTTGAGAATACGAGTTAGGGCAGAGACGAGTTAGCCCAAT

M-R-25 TAGGCCGGTGCAACAGACGTTGAGAATACGAGTTAGGGCAGAGACGAGTTCGGGCCAA

M-R-26 ACGCATCATTAGTGGCGGGTTGAGAATACGAGTTAGGGCAGAGACGAGTTTGTCGCGC

M-R-27 TTTTTTCCATTGTGCGCTATCTCGAGTTGAGAATCCGATTTTTT

M-R-28 TTTTTTCCATTGTGCGCTATCTCGAGTTGAGAATCCGATTTTTT

M-R-29 TTTTTTCCATTGTGCGCTATCTCGAGTTGAGAATCCGATTTTTT

M-R-30 TTTTTTCCATTGTGCGCTATCTCGAGTTGAGAATCCGATTTTTT

M-R-31 TTTTTTCCATTGTGCGCTATCTCGAGTTGAGAATCCGATTTTTT

M-R-32 TTTTTTCCATTGTGCGCTATCTCGAGTTGAGAATCCGATTTTTT

c84nt-C TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACTCGTCTCTGCCCTGACTTCTA

c74nt TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACTCGTCTCTGCC



The scheme of finite 5×6 cDAO-c74&c84nt–O. cDAO-c74&c84nt–O is composed of 12 asymmetric

cDAO-c74nt tiles, distributed on both left and right sides, and 20 cDAO-c84nt tiles inside the

structure. Only one circular sequence of c74nt and one circular sequence of c84nt are used, whereas

the sticky ended overhangs are with different sequences. The ending strands protruding from cDAO-

c74nt tiles are terminated with six thymines to prevent the π-π stacking of inter-lattice edges. Two

different colors distinguish the two different faces of cDAO-c84nt. Each cDAO-c84nt contains a

c84nt-C and four linear staple strands: H-L-N, H-R-N, M-L-N and M-R-N (N means the cDAO-c84nt

tile number, H the helper staple strand, M the main staple strand, L the left side of the tile, R the right

side of the tile). Each cDAO-c74nt contains a c74nt and three linear staple strands: H-L-N (or H-R-

N), M-L-N and M-R-N (N means the cDAO-c74nt tile number, H the helper staple strand, M the main

staple strand, L the left side of the tile, R the right side of the tile).



TCGTCTCTGCCGCCGGTCCCATTGTGCGCTATCTGTTGAGAATACGAGTTGTGGGATC

GACTCCACTGCGTCACGTCCATTGTGCGCTATCTGTTGAGAATACGAGTTCCGCGCAG

CTTCCGCCGGGGCGGGCGCCATTGTGCGCTATCTGTTGAGAATACGAGTTAAGCGTAT

TTTCCAGAAATGCGCGGCCCATTGTGCGCTATCTGTTGAGAATACGAGTTCGATCGCG

AGCACCTTTCGCGAGATGGTTGAGAATACGAGTTAGGGCAGAGACGAGTTGCTAAACG

GAACGCACTGGTAGCGGTGTTGAGAATACGAGTTAGGGCAGAGACGAGTTATTCTCCC

TGCTACGGGCTTAGGCGTGTTGAGAATACGAGTTAGGGCAGAGACGAGTTAGTTGCGG

TTCGCGGAAAGGTAGTCGGTTGAGAATACGAGTTAGGGCAGAGACGAGTTTCCATGGC

CCGCGGCGCGCCGGCTGTGTTGAGAATACGAGTTAGGGCAGAGACGAGTTCTAAGGCC

CCAACAAGCAGTCACTGTGTTGAGAATACGAGTTAGGGCAGAGACGAGTTTGTCGCGC

AGTGGAACGTGCACGCAGCATTGTGCGCTATCTTTTGAGAATACGAGTTGCTGTGCAA

CAGACGTCCAGTCAACATCATTGTGCGCTATCTTTTGAGAATACGAGTTGACTAACGC

The scheme of finite 5×6 cDAO-c74&c84nt–O. cDAO-c74&c84nt–O is composed of 12 asymmetric

cDAO-c74nt tiles, distributed on both left and right sides, and 20 cDAO-c84nt tiles inside the

structure. Only one circular sequence of c74nt and one circular sequence of c84nt are used, whereas

the sticky ended overhangs are with different sequences. The ending strands protruding from cDAO-

c74nt tiles are terminated with six thymines to prevent the π-π stacking of inter-lattice edges. Two

different colors distinguish the two different faces of cDAO-c84nt. Each cDAO-c84nt contains a

c84nt-C and four linear staple strands: H-L-N, H-R-N, M-L-N and M-R-N (N means the cDAO-c84nt

tile number, H the helper staple strand, M the main staple strand, L the left side of the tile, R the right

side of the tile). Each cDAO-c74nt contains a c74nt and three linear staple strands: H-L-N (or H-R-

N), M-L-N and M-R-N (N means the cDAO-c74nt tile number, H the helper staple strand, M the main

staple strand, L the left side of the tile, R the right side of the tile).



GCGGCGCTGGGACCTGCCCATTGTGCGCTATCTTTTGAGAATACGAGTTGCGCATGCG

GAGAGCAACTCCTGACCCCATTGTGCGCTATCTTTTGAGAATACGAGTTGGGATGTCT

GGGTCGATTAATCACCTCCATTGTGCGCTATCTTTTGAGAATACGAGTTGCCACGGGA

GCTCCGTAGGAGCGGGATCATTGTGCGCTATCTTTTGAGAATACGAGTTGGGTCCTAC

GGGCGTAGGGTAGGGACGGTTGAGAATACGAGTTAGGGCAGAGACGAGTTATGGTTAC

ATTGTGGGGGCCGTCACCGTTGAGAATACGAGTTAGGGCAGAGACGAGTTACTCGCTC

TCGGTCGGTTGTGAGTAGGTTGAGAATACGAGTTAGGGCAGAGACGAGTTGAAGTCCG

CGGGTGTTAACAAGGAGTGTTGAGAATACGAGTTAGGGCAGAGACGAGTTAGCCCAAT

TAGGCCGGTGCAACAGACGTTGAGAATACGAGTTAGGGCAGAGACGAGTTCGGGCCAA

ACGCATCATTAGTGGCGGGTTGAGAATACGAGTTAGGGCAGAGACGAGTTTGTCGCGC

TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACTCGTCTCTGCCCTGACTTCTA

TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACTCGTCTCTGCC



The scheme of finite 5×6 cDAO-c74&c84nt–O. cDAO-c74&c84nt–O is composed of 12 asymmetric

cDAO-c74nt tiles, distributed on both left and right sides, and 20 cDAO-c84nt tiles inside the

structure. Only one circular sequence of c74nt and one circular sequence of c84nt are used, whereas

the sticky ended overhangs are with different sequences. The ending strands protruding from cDAO-

c74nt tiles are terminated with six thymines to prevent the π-π stacking of inter-lattice edges. Two

different colors distinguish the two different faces of cDAO-c84nt. Each cDAO-c84nt contains a

c84nt-C and four linear staple strands: H-L-N, H-R-N, M-L-N and M-R-N (N means the cDAO-c84nt

tile number, H the helper staple strand, M the main staple strand, L the left side of the tile, R the right

side of the tile). Each cDAO-c74nt contains a c74nt and three linear staple strands: H-L-N (or H-R-

N), M-L-N and M-R-N (N means the cDAO-c74nt tile number, H the helper staple strand, M the main

staple strand, L the left side of the tile, R the right side of the tile).
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staple strand, L the left side of the tile, R the right side of the tile).
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sequence  5’ — 3’

TAAGATGAAGATAGCGCACAATGGTCGGATTCCGTCTCTGTCAACTCGTCTATGCCAAGCCCTG

c64nt-A

CCATTGTGCGCTATCTTCATCTTACAGGGCTTGGCATAGACGAGTTGACAGAGACGGAATCCGA

c64nt-A

CCATTGTGCGCTATCTCAGAGACGGAATCCGA

GGCATAGACGAGTTGATCATCTTACAGGGCTT

c64nt-A

GACCATTGTGCGCTATCACAGAGACGGAATCC

GGCATAGACGAGTTGTTCATCTTACAGGGCTT

TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACTCGTCTCTGCCCTGACTTCTA

c84nt-C

GTTGAGAATACGAGTTGAGAATCCGACCATTGTGCGCTATCTTCATCTTATAGAAGTCAGGGCAGAGACGAGTTGAGAATACGA

c84nt-C

TCATCTTATAGAAGTCAGGGCTCCGACCATTGTGCGCTATCT

GTTGAGAATACGAGTTGAGAAAGAGACGAGTTGAGAATACGA

c84nt-C

ATTGTGCGCTATCTTTTGAGAATACGAGTT

AGTTGAGAATACGAGCATCTTATAGAAGTC

AGGGCAGAGACG

GAGAATCCGACC

c64nt-A

TTTATCGTCCCCATTGTGCGCTATCTCAGAGACGGAATCCGATCCGGGCACA

GTCCTTCGGAGGCATAGACGAGTTGATCATCTTACAGGGCTTGACCAGCCCG

CGGGCTGGTCTCCGAAGGAC

TGTGCCCGGAGGACGATAAA

c64nt-A

TTTATCGTCCGACCATTGTGCGCTATCACAGAGACGGAATCCTCCGGGCACA

GTCCTTCGGAGGCATAGACGAGTTGTTCATCTTACAGGGCTTGACCAGCCCG

CGGGCTGGTCTCCGAAGGAC

TGTGCCCGGAGGACGATAAA

c84nt-C

CGGGCTGGTCTCATCTTATAGAAGTCGAGAATCCGACCATTGTCCGAAGGAC

TGTGCCCGGAGTTGAGAATACGAGTTAGGGCAGAGACGAGTTGGACGATAAA

TTTATCGTCCGAGAATACGATCCGGGCACA

GTCCTTCGGATGCGCTATCTGACCAGCCCG



TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACTCGTCTCTGCCCTGACTTCTA

GTTGAGAATACGAGTTGAGAATCCGACCATTGTGCGCTATCTTCATCTTATAGAAGTCAGGGCAGAGACGAGTTGAGAATACGA



Name of Material/ Equipment Company Catalog Number Comments/Description

T4 ligase TaKaRa 2011A

T4 buffer TaKaRa 2011A

TE buffer Sangon B548106

Thermo bottle Thermos SK-3000

Thermo cycler Bio Gener GE4852T

Exonuclease I TaKaRa 2650A

Exonuclease I buffer TaKaRa 2650A

30% (w/v) Acryl/Bis solution (19:1) Sangon B546016

TAE premix podwer Sangon B540023

Mg(Ac)2·4H2O Nanjing Chemical Reagent C0190550223

Urea Sangon A510907

TEMED BBI A100761

Ammonium Persulfate Nanjing Chemical Reagent 13041920295

Power supply Beijing Liuyi DYY-8C

Water bath Sumsung DK-S12

Formamide BBI A100314

DNA Marker (25~500 bp) Sangon B600303

DNA Marker (100~3000 bp) Sangon B500347

Loading buffer Sangon B548313

PAGE electrophoresis systerm Beijing Liuyi 24DN

Filter ASD 5010-2225 0.22 µM

UV imaging System Tanon 2500R

n-butanol Sangon A501800

Absolute Ethanol SCR 10009257
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NaOAc Nanjing Chemical Reagent 12032610459

Centrifuge eppendorf Centrifuge 5424R

Vacuum concentrator CHRIST RVC 2-18

Ultraviolet spectrum Allsheng Nano-100

nucleic acid stain Biotium 16G1010 GelRed

Agarose Biowest G-10

Agarose electrophoresis systerm Beijing Liuyi DYCP-31CN

Heating Plate Jiangsu Jintan DB-1

TBE premix podwer Sangon B540024

filter column Bio-Rad 7326165 Freeze 'N Squeeze column

AFM Bruker Dimension FastScan

PEG8000 BBI A100159

Mica Ted Pella BP50

triangular AFM probe in air Bruker FastScan-C

triangular AFM probe in fulid Bruker ScanAsyst-fluid+

DNA strands Sangon
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Rebuttal Letter 

 

Our answers to editorial and referees’ comments are listed under each question.  

 

Editorial comments: 

Changes to be made by the Author(s): 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in 

the submitted revision may be present in the published version. 

Yes, we have thoroughly proofread and revise our manuscript.  

 

2. Please submit the figures as a vector image file to ensure high resolution throughout production: 

(.svg, .eps, .ai). If submitting as a .tif or .psd, please ensure that the image is 1920 pixels x 1080 

pixels or 300dpi. 

Yes, we submit the figures as a .tif and ensure the image is 1920 pixels x 1080 pixels or 300dpi. 

 

3. Please ensure that the references appear as the following: [Lastname, F.I., LastName, F.I., 

LastName, F.I. Article Title. Source. Volume (Issue), FirstPage – LastPage (YEAR).] For more 

than 6 authors, list only the first author then et al. 

Yes, we check all references following JoVE’s rule.  

 

4. Please include volume and issue numbers for all references. 

Yes, we do. 

 

5. Please define all abbreviations before use. 

Yes, we do. 

 

6. Please revise the table of the essential supplies, reagents, and equipment. The table should 

include the name, company, and catalog number of all relevant materials in separate columns in an 

xls/xlsx file. 

Yes, we do. 

 

7. Unfortunately, there are a few sections of the manuscript that show overlap with previously 

published work. Though there may be a limited number of ways to describe a technique, please 

use original language throughout the manuscript. Please see lines: 45-56. 

Thanks, we have rewritten these sentences.  

 

8. Figure 3: Please define the units of the ladder: nt, bp? It would help to use panel labels as well 

(A, B, etc.). 

Thanks, we have labeled the ladder with the unit of bp in Fig. 3. 

 

9. Is there a Z scale for the AFM images? 

Thanks, we have added the Z-scale to AFM images. 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Rebuttal
Letter.docx

http://www.editorialmanager.com/jove/download.aspx?id=880852&guid=bd7bf00c-933e-49d1-b8a9-5e4325bc1d84&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=880852&guid=bd7bf00c-933e-49d1-b8a9-5e4325bc1d84&scheme=1


10. Please provide the sequences in a separate table from the Materials Table. 

Thanks, we have provided the sequences in a separate Table of DNA Sequences. 

 

11. Please ensure that all text in the protocol section is written in the imperative tense as if telling 

someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be 

described in the imperative tense in complete sentences wherever possible. Avoid usage of phrases 

such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be 

written in the imperative tense may be added as a “Note.” However, notes should be concise and 

used sparingly. Please include all safety procedures and use of hoods, etc. 

Thanks, we have rewritten parts of the protocol. 

 

12. 1.4: How is the T4 ligase reaction done? How is the 5’ phosphorylation done? 

Thanks, the 5’-phosphorylated oligos can be directly ordered from commercial companies. We 

added the T4 ligase reaction in lines of 101-107, or in protocol steps of 1.5-1.6.  

 

13. 1.9: What percentage PAGE? 

Thanks, we added 10% PAGE for both denaturing and native PAGE.  

 

14. What are the size of the gel plates? V/cm is a more useful parameter. 

Thanks, we added the size of both PAGE and agrose gels in lines 131 and 247 respectively.   

 

15. JoVE cannot publish manuscripts containing commercial language. This includes trademark 

symbols (™), registered symbols (®), and company names before an instrument or reagent. Please 

remove all commercial language from your manuscript and use generic terms instead. All 

commercial products should be sufficiently referenced in the Table of Materials and Reagents. 

For example: GelRed, etc. 

Thanks, we deleted all trademark symbols (™), registered symbols (®), and company names 

before an instrument or reagent, for example, GelRed and Bruker FastScan AFM.  

 

16. Please highlight 2.75 pages or less of the Protocol (including headings and spacing) that 

identifies the essential steps of the protocol for the video, i.e., the steps that should be visualized to 

tell the most cohesive story of the Protocol. Remember that non-highlighted Protocol steps will 

remain in the manuscript, and therefore will still be available to the reader. 

Yes, we do. 

 

17. Please ensure that the highlighted steps form a cohesive narrative with a logical flow from one 

highlighted step to the next. Please highlight complete sentences (not parts of sentences). Please 

ensure that the highlighted part of the step includes at least one action that is written in imperative 

tense. 

Yes, we do. 

 

18. As we are a methods journal, 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 

d) The significance with respect to existing methods 

e) Any future applications of the technique 

Thanks, we have revised the Discussion. 

 

Reviewers' comments: 

 

Reviewer #1: 

 

Manuscript Summary: 

This manuscript describes detailed protocols on DNA nanoconstructions with small circular DNA, 

including small circular DNA preparation and purification, DNA nanostructure assembly and 

characterization. This manuscript is based on the series of works from the group of Dr. Shoujun 

Xiao, the senior author. It is a unique and elegant branch in DNA nanotechnology. This referee 

recommend for publication as it is. 

Many thanks. 

 

Reviewer #2: 

 

Manuscript Summary: 

The manuscript of "Stable DNA Motifs, 1D and 2D Nanostructures Constructed from Small 

Circular DNA Molecules" from Xin Guo, Xue-Mei Wang, and Shou-Jun Xiao, as a visualized 

experimental protocol for JoVE, is well presented for the detail protocol. The following detailed 

protocols are described: 1) preparation and purification of small circular oligonucleotides, 2) 

annealing of stable circular tiles, followed by native PAGE analysis, 3) assembling of infinite 1D 

nanowires, nanorings, and nanospirals, infinite 2D lattices of nanotubes and nanoribbons, and 

finite 2D rectangles, followed by AFM imaging. This method for building DNA 1D and 2D 

nanostructures is simple, solid, and affordable for most labs. It is worth of publication after minor 

revisions listed below. 

Appreciate. 

 

Minor Concerns: 

1 In the "Introduction" part, when a specific tile or lattice name appears, for easy following, its 

corresponding figure should be noted. 

Thanks, we added a sentence in a bracket “(please refer to Figures 3-5 for the schematic drawings 

and images of the above five kinds of DNA nanostructures)” in lines of 62-63. 

 

2 The composition of TE buffer should be described when TE buffer first appears. Thus the TE 

buffer composition in 1.4 should move to 1.2. 

Thanks, we revised it. 

 

3 Correct the typos of "Table of Materilas" to "Table of Materials" in figure captions of Figure 3 

to 5. 



Thanks, we revised them. 

 

4 Maybe due to format, the page 24, 26, 28 ,32, 41, 42, 44 look strange. 

Thanks.  

 

5, for the figure 2, the image looks quite blurry. Maybe the inverted images will look better on the 

contrast.  

Thanks for pointing out the imperfect photo of Figure 2, we try our best for Fig. 2.  
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