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22 SUMMARY:
23 This article presents a detailed protocol for T4 ligation and denaturing PAGE purification of small
24 circular DNA molecules, annealing and native PAGE analysis of circular tiles, assembling and AFM
25 imaging of 1D and 2D DNA nanostructures, as well as agarose gel electrophoresis and
26  centrifugation purification of finite DNA nanostructures.
27
28  ABSTRACT:
29  This article presents a detailed protocol for synthesis of small circular DNA molecules, annealing
30 of circular DNA motifs, and construction of 1D and 2D DNA nanostructures. Over decades, the
31 rapid development of DNA nanotechnology is attributed to the use of linear DNAs as the source
32  materials. For example, the DAO (double crossover, antiparallel, odd half-turns) tile is well-known
33  as a building block for construction of 2D DNA lattices; the core structure of DAO is made from
34  two linear single-stranded (ss) oligonucleotides, like two ropes making a square knot. Herein, a
35 new type of DNA tiles called cDAO (coupled DAO) are built using a small circular ss-DNA of c64nt
36  or c84nt (circular 64 or 84 nucleotides) as the scaffold strand and several linear ss-DNAs as the
37 staple strands. Perfect 1D and 2D nanostructures are assembled from cDAO tiles: infinite
38 nanowires, nanospirals, nanotubes, nanoribbons; and finite nano-rectangles. Detailed protocols
39 are described: 1) preparation by T4 ligase and purification by denaturing PAGE (polyacrylamide
40 gel electrophoresis) of small circular oligonucleotides, 2) annealing of stable circular tiles,
41  followed by native PAGE analysis, 3) assembling of infinite 1D nanowires, nanorings, nanospirals,
42  infinite 2D lattices of nanotubes and nanoribbons, and finite 2D nano-rectangles, followed by
43  AFM (Atomic Force Microscopy) imaging. The method is simple, robust, and affordable for most

D
SN

labs.


http://www.editorialmanager.com/jove/download.aspx?id=881209&guid=16695644-3062-4ae3-9254-bdc59f4c30b8&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=881209&guid=16695644-3062-4ae3-9254-bdc59f4c30b8&scheme=1

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

INTRODUCTION:

DNA molecules have been used to build many kinds of nanostructures over decades. Typical
motifs include DAE (double crossover, antiparallel, even half-turns) and DAO tiles!3, star tiles*”,
single stranded (ss) tiles®1°, and DNA origami'™23. These DNA motifs and lattices are assembled
from linear ss-DNAs. Recently, others and we have reported the use of circular ss-
oligonucleotides as scaffolds to build motifs, 1D nanotubes, and 2D lattices!*’. By inserting a
Holliday junction (HJ)'82! at the center of c64nt, a pair of two coupled DAO (cDAO) tiles can be
formed?'’. This new cDAO motif and its derivatives are stable and rigid enough to assemble 2D
DNA lattices up to 3 x 5 um?2. In this paper, we use a term of “circular tile”, which is defined as a
stable DNA complex molecule constructed with one circular scaffold and other linear staples of
ss-oligonucleotides, and another term of “linear tile”, which is built from a full set of linear ss-
oligonucleotides.

This protocol demonstrates how to construct five kinds of DNA nanostructures with small circular
DNA molecules as scaffolds: 1) infinite 1D c64 nanowire and c84 nanowire, 2) infinite 2D cDAO-
c64nt-O and cDAO-c64nt-E (-O represents odd numbers of 5 half-turns and -E represents even
numbers of 4 half-turns) lattices, 3) infinite 2D cDAO-c84nt-O and cDAO-c84nt-E lattices, 4) finite
2D 5 x 6 cDAO-c64nt-O and 5 x 6 cDAO-c74&84nt-0 rectangles, 5) infinite 1D acDAO-c64nt-E
nanorings and nanospirals (please refer to Figures 3-5 for the schematic drawings and images of
the above five kinds of DNA nanostructures). The 1D c64 nanowire and c84 nanowire are
assembled from each c64nt and c84nt scaffold associated with two linear staples respectively.
Each circular tile of cDAO-c64nt, acDAO-c64nt, cDAO-c74nt, and cDAO-c84nt is annealed from its
corresponding scaffold of c64nt, c74nt, or c84nt with four linear staples respectively. The infinite
2D lattices are assembled from the same type of two circular tiles with different sequences. The
two finite 2D rectangle lattices are assembled from a set of 32 circular sub-tiles respectively. To
save money, only one-sequenced c64nt, c74nt, and c84nt is used as the respective scaffold while
different overhangs are used to anneal the 32 cDAO-c64nt, 12 cDAO-c74nt, and 20 cDAO-c84nt
circular sub-tiles respectively in the first sub-tile annealing step, then mix the corresponding 32
circular sub-tiles together and apply the second lattice annealing step to assemble the finite 5 x
6 cDAO-c64nt-O and 5 x 6 cDAO-c74&84nt-O lattices, respectively. Definitely, differently-
sequenced circular scaffolds can be adopted to assemble a variety of finite size nanostructures,
however it will cost more money and labors. The infinite 1D acDAO-c64nt-E nanorings and
nanospirals are annealed from one-sequenced asymmetric acDAO-c64nt tiles with linear
connections of even number of 4 half-turns. There are two approaches to assemble infinite 2D
lattices from circular tiles of cDAO-c64nt and cDAO-c84nt, which are distinguished by the intertile
distances of even number of 4 and odd number of 5 half-turns respectively. The former requires
all tiles to be aligned identically; the latter requires alternation of the faces of two neighboring
tiles along the helical axes. If the tile is rigid and planar, such as cDAO-c64nt, both approaches
will generate planar nanoribbons; if the tile is curved towards one direction, such as cDAO-c84nt,
the intertile connection of even number of 4 half turns will generate nanotubes, whereas the
intertile connection of odd number of 5 half turns will produce planar nanoribbons due to
elimination of curvature-biased growth by alternated alignment of curved tiles. The successful
assembly of 1D and 2D DNA nanostructures from circular tiles indicates several advantages of
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this new approach: enforced stability and rigidity of circular tiles over linear tiles, chiral tiles for
assembly of asymmetrical nanostructures such as nanorings and nanoribbons, new visions on
understanding the DNA mechanics and molecular structures, etc.

PROTOCOL:
1. Preparation of Circular DNAs

1.1. Use all linear DNAs provided by commercial companies directly without further
purification.

1.2.  Centrifuge the DNA samples at 5000 x g for 5 min to collect all DNA pellets at the bottom
of the tubes. Add an appropriate volume of TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) to dissolve
the DNA.

1.3. Measure the concentration of “a” ng/uL for each ss-DNA solution using a micro UV
spectrometer at 260 nm. Convert “a” ng/ulL to “b” uM following b = a x 10® / (molecular weight
of the DNA strand). Adjust the amount of TE solution to make a 10 uM DNA stock solution.

1.4. Use T4 DNA ligase to connect the 3’ and 5’ ends of 5’-phosphorylated linear DNA
templates (Figure 1) of c64nt, c74nt and c84nt provided from commercial companies directly.

1.5. Mix the 5’-phosphorylated linear DNA strand (3.5 uM) and its corresponding splint DNA
strand (4.5 uM) in 80 pL TE buffer in a 200 pL PCR test tube®. Incubate the tube in an open
thermo bottle filled with 95 °C water. Cool down the hot water to room temperature (25 °C) for
about 2-3 hours under the lab atmosphere.

1.6.  Add 10 pL of 10x T4 buffer (660 mM Tris-HCIl, 66 mM MgCl,, 100 mM DTT, 1 mM ATP) and
10 pL of T4 ligase (300 U/uL) to the mixture to a final volume of 100 pL. Incubate the mixture in
a thermocycler for 16 hours at 16 °C.

Note: The above DNA concentrations and reaction volume of ~100 uL are optimized for the high
ligation efficiency and the high yield of correct oligo-monomer cyclization. In the following
purification step 1.10, two tubes of circular DNAs are needed to run one denaturing PAGE. Thus,
run two or more tubes of ligation reactions in the same time according to the experimental design.
An alternative incubation procedure for ligation replacing step 1.6 is 4 hours at 25 °C.

1.7.  After the incubation, inactivate the T4 ligase in 95 °C water for 5 minminutes. Then
transfer the tube to an ice water bath and incubate for 5 minutes to cool down.

1.8.  Add 10 pL of 10x Exonuclease | buffer and 10 pL of Exonuclease | (5 U/pL) to the quenched
mixture and incubate the tube at 37 °C in a water bath for 30 min to selectively digest the
remaining linear DNAs and leave the circularized DNAs intact.
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1.9. Prepare a 10% denaturing PAGE gel.

1.9.1. Wear rubber gloves and goggles when preparing the PAGE gel in the fume hood. Add 6.67
mL of 30% (w/v) acrylamide/bisacrylamide solution (19:1), 2 mL of 10x TAE-Mg buffer (40 mM
Tris, 40 mM HAc, 1 mM EDTA, pH 8.0,12.5 mM Mg(Ac);), 8.4 g of urea (7 M) and deionized water
to a final volume of 20 mL in a 40 mL centrifuge tube.

Caution: The 30% (w/v) acrylamide/bisacrylamide solution (19:1) solution is toxic.

1.9.2. Add 20 puL of tetramethylethylenediamine (TEMED) and 100 pL of ammonium persulfate
(APS, 10% w/v) to the 40 mL tube before transfer the gel solution to the electrophoresis system
immediately. Insert a 1.5 mm thick and 10-well comb. Wait at least 20 min until the gel solution
is solidified.

1.9.3. Set a constant voltage of 80 V for a gel of 85 x 80 x 1.5 mm? (width x height x thickness).
Add 1x TAE-Mg buffer to the electrophoresis system and prerun the gel for 20 min at 10 V/cm.

1.10. Put the PCR test tube from step 1.8 in 95 °C water for 5 min to inactivate Exonuclease |.
Then transfer the tube to an ice water bath and incubate for another 5 min.

1.11. Add 20 pL of formamide in the tube to a final volume of 140 pL and mix the solution.
Distribute the solution to 7-9 denaturing PAGE gel wells equally with 16-20 L for each gel well.
Mix 2 pL of loading dye (0.05% bromophenol blue, 0.05% xylene cyanol FF, 60% glycerol, 10 mM
Tris-HCI, 60 mM EDTA, pH 7.6) with 8 uL of the corresponding precursor linear DNA (10 uM) and
inject the mixture to a separate well for reference.

Note: The addition of formamide is to increase the density of the loading solution for sinking to
the bottom of the PAGE gel well and also to disassociate some double stranded DNA residues.

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
position of the glass plate with the naked eye.

1.13. Wear rubber gloves and goggles to protect skins and eyes. Take the gel out of the glass
plate. Place the gel on a fluorescent TLC (thin layer chromatography) plate. Cut off the target gel
bands by a razor blade as exactly as shadowed by UV irradiation (Figure 2).

Caution: The UV light is harmful to eyes and skins.

Note: Under UV irradiation at 254 nm, DNA will absorb the light and cast a shadow onto the TLC
plate. The circular DNA ran slightly slower than its corresponding precursor linear DNA. Some
undigested linear DNAs and unwanted circular DNAs in small amounts which surround the

shadowed target band will pollute the circular DNA if they are collected.

1.14. Transfer the gel bands into a 2.0 mL microcentrifuge tube. Air dry or blow dry the gel
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bands and then mash the gels into a paste by a spatula or flattened glass rod. Make sure the gel
has been completely crushed into a paste, which is critical to the high yield of circular DNA. Add
twice of the gel volume deionized water into the tube and shake the tube at room temperature
overnight.

1.15. Filter the mixture to collect the supernatants in a 2.0 mL microcentrifuge tube. Recover
any residual DNA by rinsing with small volume of deionized water and filter again to combine the
supernatants. Then purify the circular DNA with ethanol precipitation.

1.16. Extract the eluent with equal volume of n-butanol. Repeat this procedure until the
aqueous volume is reduced to about 200 pL.

1.17. Add 500 pL of absolute ethanol (-20 °C) and 20 plL of 3 M NaOAc (pH 5.1) to the mixture
for DNA precipitation. Store the tube at -20 °C for 30 min.

1.18. Centrifuge the tube at 12000 x g for 10 min at 4 °C, discard the supernatant. The
remaining DNA precipitate is about 100 uL in the tube.

1.19. Add 600 pL of 75% ethanol (-20 °C) to the tube and store it at —20 °C for 30 min. Then
centrifuge at 12000 x g for 10 min at 4 °C, discard the supernatant. The remaining DNA precipitate
is about 100 uL solution in the tube again. Repeat the procedure twice.

1.20. Afterthe last centrifugation, discard the supernatant as much as possible. Dry the remains
with a vacuum concentrator.

1.21. Store the purified circular DNA in the tube at -20 °C.

1.22. Resuspend the circular DNA in TE buffer to make a 10 uM circular DNA stock solution
according to step 1.3 when needed.

2. Annealing of Assembly Solutions

2.1. Prepare each tile or nanostructural assembly solution of c64bp, c84bp, HI@c64nt,
aHJ@c64nt, Hl@c84nt, tHI@c84nt, cDAO-c64nt, acDAO-c64nt, cDAO-c84nt, c64 nanowire, c84
nanowire, and acDAO-c64nt-E with a designed set of linear and circular DNAs for one-pot
annealing.

2.1.1. For each assembly solution, mix 2 pL of 10x TAE-Mg buffer, 1 uL of each DNA stock
solution of a set of linear and circular strands in equal molar ratios, and additional TE buffer in a
200 pL PCR test tube to a final concentration of each strand at 0.5 uM and a final volume of 20
pL. Anneal the assembly solution in a thermo bottle from 95 °C to 25 °C over 48 h.

2.2. Prepare each assembly solution of 2D infinite lattices of cDAO-c64nt—E, cDAO-c64nt—0,
cDAO-c84nt—E, and cDAO-c84nt—0 with a designed set of linear and circular DNAs for two-step
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annealing.

2.2.1. Prepare each precursor sub-tile assembly solution by mixing 2 uL of 10x TAE-Mg buffer, 1
uL of each DNA stock solution of a set of linear and circular strands in equal molar ratios, and
additional TE buffer in a 200 pL PCR test tube to a final concentration of 0.5 uM for each strand
and a final volume of 20 pL. In the first sub-tile annealing step, anneal each precursor sub-tile
solution in a PCR thermocycler using a fast-linear cooling method from 95 °C to 25 °C over 2.5 h.

2.2.2. Prepare each assembly solution of the above four infinite lattices by mixing 2 x 10 uL of
the two corresponding sub-tile solutions together to a final concentration of 0.25 uM for each
strand. In the second lattice annealing step, anneal the 20 puL mixture in a PCR thermocycler using
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
to 20 °C, about 24 h in total.

Note: Two parallel experiments can be run simultaneously or subsequently in the second
annealing step for each 2D infinite lattice.

2.3.  Prepare assembly solutions of two finite rectangle assemblies of 5 x 6 cDAO-c64nt—0 and
5 x 6 cDAO-c74&c84nt—0 for two-step annealing.

2.3.1. Prepare each precursor sub-tile assembly solution by mixing 1 puL of 10x TAE-Mg buffer,
0.5 pL of each DNA stock solution of a set of linear and circular strands in equal molar ratios, and
additional TE buffer in a 200 uL PCR test tube to a final concentration of 0.5 uM for each strand
and a final volume of 10 pL. In the first annealing step, anneal each precursor sub-tile solution in
a PCR thermocycler using a fast-linear cooling method from 95 °C to 25 °C over 2.5 h.

2.3.2. Prepare each finite rectangle lattice assembly solution by mixing 32 x (2 pL of each sub-
tile solution) together in a 200 pL PCR test tube to a final concentration of ~15 nM for each sub-
tile and a final volume of 64 L. In the second annealing step, anneal the 64 uL mixture in a PCR
thermocycler using a slow cooling method of staying at 50 °C for 2 h and cooling down at a rate
of 0.1 °C per 5 min to 20 °C, about 24 hours in total.

Note: Five parallel experiments can be run simultaneously or subsequently in the second
annealing step for each finite rectangle assembly.

3. Native PAGE Analysis

3.1. Prepare a 10% native PAGE following step 1.9 except for the urea component.

3.2.  For control samples of c64bp and c84bp, add 2 pL of each assembly solution and 1 uL of
loading dye to 3 plL of TE buffer as controls separately. For each of other assemblies listed in

Figure 3, add 1 pL of each assembly solution and 1 uL of loading dye to 4 pL of TE buffer.

3.3. Inject each of the above solutions to a gel well. Add 5 pL of DNA marker (25-500 bp) to a
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separate well for reference.

3.4. Run the gel for about 4 hours at 10 V/cm in an ice water bath. The xylene cyanol FF will
run out of the glass plate.

3.5.  Wear rubber gloves and goggles to protect skins and eyes. Take the gel out of the glass
plate and immerse it in 100 mL of deionized water with 10 pL of a nucleic acid gel stain for 30
min.

Caution: The nucleic acid gel stain solution is toxic.

3.6. Observe the gel under an UV imaging system and take a picture of the stained gel (Figure
3).

4, Purification of Finite Lattices
4.1. Prepare a native 2% agarose gel for electrophoresis purification of finite lattices.

4.1.1. Mix 1 g of agarose powder, 5 mL of 10x TBE-Mg buffer (89 mM Tris, 89 mM Boric Acid, 2
mM EDTA, pH 8.0, 12.5 mM Mg(Ac).), 2 uL of nucleic acid gel stain and 47.5 mL of deionized
water in a 250 mL triangle bottle. Boil the mixture until the bubbles become small and dense.
Add hot water in the bottle to a total volume of 50 mL and a concentration of 2% agarose.

4.1.2. Wear thick gloves. Pour the gel solution into a plastic gel box of 7 x 10 x 1 cm? (width x
length x thickness). Insert a 1.5 mm thick and 12-well gel comb. Wait for the gel to cool down to
room temperature. If necessary, put the gel in a 4 °C fridge.

Caution: Be aware of scalding because the solution is very hot.

4.1.3. Add 0.5x TBE-Mg buffer in the electrophoresis system. Prerun the gel at 5 V/cm for 20
min in an ice water bath at a constant voltage of 50 V.

4.1.4. Inject 20 pL of the finite lattice solution prepared in step 2.3 in each agarose gel well and
add 5 pL of a DNA marker (100-3000 bp) to a separate well. Run the gel for 2 h at 5 V/cm in an
ice water bath.

4.1.5. Wear rubber gloves and goggles to protect skins and eyes. Cut the target gel bands with
a position similar to the 1000 bp marker under UV light and slice them into fine pieces and place

the crushed gels into a filter columné.

4.1.6. Centrifuge the column at 2000 x g for 5 min at 4 °C. Extract the sample solution through
the column. Collect the solution for AFM imaging.

4.2.  Purify finite lattices by PEG precipitation.
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4.2.1. Mix 50 pL of the finite lattice solution prepared in step 2.3 with an equal volume of 15%
PEG8000 (w/v) buffer (20 mM Mg(Ac)2, 5 mM Tris, 1 mM EDTA and 505 mM NaCl)?2. Centrifuge
the solution at 18000 x g at 4 °C for 30 min.

4.2.2. Remove the supernatant and add 100 pL of PEG buffer. Repeat the centrifugation.
4.2.3. After removing the supernatant, dissolve the pellet in 1x TAE-Mg buffer for AFM imaging.

Note: Purification is necessary for the finite lattices of 5 x 6 cDAO-c64nt—0 and 5 x 6 cDAO-
c74&c84nt—0 for AFM imaging and other applications. If the yield is too low, increase the
centrifugation speed. If the product is not pure enough, repeat step 4.2.2.

5. AFM Imaging

5.1. For c64 nanowire, c84 nanowire, acDAO-c64nt-E, infinite 2D lattices of cDAO-c64nt-E(O),
and cDAO-c84nt-E(O), cleave a fresh layer off mica and deposit 2 pL of annealed sample on the
clean surface. Leave for 2 min for adsorption of DNA lattices to the mica surface. Wash the
surface with 100 pL of deionized water twice and dry it by compressed air.

5.2.  Obtain AFM images of infinite DNA lattices in air by scanning the mica surface with
triangular AFM probes under tapping mode. Set the following parameters for scanning: scan size
of 0.5~5 um, scan resolution of 512 lines, and scan rate of 3.5 Hz (Figure 4).

5.3.  Forfinite DNA lattices of 5 x 6 cDAO-c64nt—0 and 5 x 6 cDAO-c74&c84nt-0, cleave a fresh
layer off mica and deposit 80 pL of 1x TAE-Mg buffer on the clean mica surface. Then add 5 uL of
finite samples into the buffer. Leave for 2 min for adsorption of DNA lattices to the mica surface.
Add another 50 pL of 1x TAE-Mg buffer on the AFM probe.

5.4. Obtain AFM images of finite DNA lattices in fluid by scanning the mica surface with
triangular AFM probes under tapping mode. Set the following parameters for scanning: scan size
of 0.5-1 um, scan resolution of 256 lines, and scan rate of 1.5 Hz (Figure 5).

REPRESENTATIVE RESULTS:

The circular DNA moves slightly slower than its precursor linear DNA in denaturing PAGE (Figure
2) because the pore inside the circular DNA is penetrated and retarded by gel fibers?>=2°, The
correct ligation reaction efficiency for oligo-monomer cyclization depends on the substrate
sequence and concentration, reaction temperature, time, etc. As the concentration of a
precursor linear DNA is high enough at around 3.5 uM, the cyclization products of c64nt (or c84nt)
and the precursor reference in this protocol can be directly shadowed as bands in the TLC plate
under UV light without dying. If the bands of circular DNA are vague or invisible, indicating a
failure of the ligation reaction or a much low product yield. Sometimes there are two bands above
the linear precursor band, referring an additional oligo-dimer ring except for the correct oligo-
monomer ring. Just leave the higher bands alone and collect the lower ones. The purified circular
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DNA products can be seen as white powder in the tube after vacuum drying. Except for the
denaturing PAGE, the DNA purity can also be measured by UV spectrometer. The absorption peak
of DNA is at 260 nm. Two standard criteria for the DNA purity are the absorption ratio of 280
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
two ratios deviate from the standard values, the remains should be extracted again by following
steps 1.18-1.20. The yields of c64nt and c84nt for the correct oligo-monomer cyclization are
measured at the range of 30-60% according to this protocol.

Native PAGE analysis provides a lot of information about the motif’s stability, purity, rigidity,
assembly mode of monomer or polymer, etc. The c64nt assembly families of c64bp, HJ-c64nt,
aHJ-c64nt, cDAO-c64nt, and acDAO-c64nt have only one clear and clean band for each assembly,
representing they are stable monomer motifs respectively. While the c84nt assembly families of
HJ-c84nt, tHJ-c84nt, and cDAO-c84nt tiles have smears around their main bands, indicating minor
by-products except for the target monomer motifs, respectively (Figure 3). Regardless of the
minor byproducts of incorrect associates, excellent cDAO-c84nt-O (E) lattices with high yields can
be assembled. To get a clear and clean electrophoresis image, the loading volume should be no
more than 10 pL and the quantity of DNA should be 0.01~0.02 pg/mL.

The success of experiments is finally evaluated by 1D and 2D DNA nanostructures imaged by AFM.
Each assembly has its own morphological features in the micrometer scale such as nanowires,
nanotubes, nanospirals, nanoribbons, etc. Moreover, the detailed textures of the DNA
assemblies in the nanometer scale correlated to their theoretical circular tile sizes and
organization modes very well respectively are the key for verification of successful and correct
assembly. Therefore, both panoramic and high-resolution AFM images in micrometer and
nanometer scales must be obtained. Choices of AFM methods and probes are crucial for the high-
quality AFM images. The scan force should be adjusted as small as 50 pN2®. If the scan force is
too big, it would damage the DNA nanostructural patterns (Figure 4). The environmental
cleanliness is another key parameter to get a clean and beautiful high-resolution AFM image in
fluid. All buffers must be filtered by 0.22 um filter; the probe holder and tweezers must be
washed by detergent and rinsed by deionized water. If the environment is polluted by particulate
debris, the probe tip would be damaged or clung by particles in the buffer, thus affecting the
quality of AFM images (Figure 5).

FIGURE AND TABLE LEGENDS:

Figure 1. Synthesis of circular DNA. The flow diagram represents how a long 5’-phosphorylated
linear oligonucleotide in blue evolves to a circular DNA molecule. The two short red strands
represent the splint oligonucleotides.

Figure 2. Denaturing PAGE photograph of DNA cyclization products under UV light without
dying. A precursor linear 64nt DNA band is in the far-left lane and its cyclization products of
circular 64nt (c64nt) DNA appear as 9 bands at the same horizontal level in other 9 lanes. The 9
bands of c64nt will be cut off for abstracting circular DNAs.

Figure 3. Native PAGE photographs after dying and schematic double-helical models of circular
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tiles. Both polymers of c64nt nanowire and c84nt nanowire are represented by their simplest
folding unit cells, in which the two aligned dots above and below each unit cell indicate the
infinite alignment of unit cells vertically up and down, with equal distances between duplexes to
form nanowires. Monomer circular tiles of c64bp, c84bp, HJ-c64nt, aHJ-c64nt, HJ-c84nt, and tHJ-
c84nt in A) have no protruding overhangs out of their rings, whereas cDAO-c64nt, acDAO-c64nt,
and cDAO-c84nt in B) have both blunt-ended 10 bp overhangs respectively. For sequences, please
refer to the Table of DNA Sequences. This figure has been modified from a previously published
figurel’.

Figure 4. AFM images of typical 1D and 2D infinite DNA assemblies scanned in air. A) c64nt
nanowire, B) infinite acDAO-c64nt-E, C) infinite cDAO-c64nt-E, D) infinite cDAO-c64nt-O, E)
infinite cDAO-c84nt-E, and F) infinite cDAO-c84nt-O are annealed by sticky end cohesion. All
texture details in these AFM images are in line with the tile sizes and organization modes very
well respectively. For sequences, please refer to the Table of DNA Sequences. This figure has
been modified from a previously published figure!’.

Figure 5. AFM images of finite rectangle assemblies scanned in fluid. The finite rectangle
assembly of A) 5 x 6 cDAO-c64nt-0 is composed of 32 cDAO-c64nt sub-tiles, and B) 5 x 6 cDAO-
c748&84nt-0 is composed of 12 cDAO-c74nt and 20 cDAO-c84nt sub-tiles. For sequences, please
refer to the Table of DNA Sequences. This figure has been modified from a previously published
figure'’.

DISCUSSION:

The protocols presented in this article focus on the synthesis of small circular DNA molecules and
the assembly of DNA nanostructures. Most of randomly-sequenced DNA designs can be used in
this protocol. The purity of circular DNAs is critical for the success of DNA assemblies. The
production vyield of cyclization can be improved by lowering the concentration of 5'-
phosphorylated linear DNA; however, this will increase the workload to produce the same
amounts of circular DNAs. The length of splint DNA strands also affects the correct ligation
reaction, it is optimized to be around 20 nucleotides long for both c64nt and c84nt.

An appropriate concentration of magnesium cations (e.g., 12.5 mM) in the solution during and
after assembly is very important for the formation and maintenance of DNA nanostructures. Thus,
a magnesium cation concentration of 12.5 mM is always kept during the processes of annealing,
native PAGE, agarose gel electrophoresis and PEG buffer centrifugation purifications, AFM
imaging, etc.

For finite rectangle assemblies of 5 x 6 cDAO-c64nt-0 and 5 x 6 cDAO-c74&84nt-0, the agarose
gel purification does not affect the texture details, while the PEG buffer centrifugation
purification harms the texture details of DNA nanostructures in the high-resolution AFM images.
Benefit from the stability and rigidity of circular tiles, it is much easier to produce well-organized
and large-size single crystalline 2D lattices from circular modules than from linear tiles and
scaffolded origami®!?, although extra work is needed to synthesize and purify the circular DNA
molecules. With only one circular DNA as the same core structure, many circular modules can be
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generated with different overhangs; by means of specific sticky end cohesions of overhangs finite
nanostructures can be built; this strategy reduces the workload and cost of finite nanostructures.
One significant advantage of circular DNA nanostructures is the resolution of secondary and
tertiary structures of DNA molecules and their key elements such as Holliday junction from the
texture details of single crystalline lattices. The 1D, 2D and 3D nanostructures built from circular
modules and their potential applications in biology, medicine, and nano-engineering will become
a new family member of DNA nanotechnology in the future.
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sequence 5’ —3’

TAAGATGAAGATAGCGCACAATGGTCGGATTCCGTCTCTGTCAACTCGTCTATGCCAAGCCCTG
CTCAGCTGTGATCATACTATGCTAGTCCTGTAGGTCGCACGACCTGGCGTTCGCATGGCCTATC
TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACTCGTCTCTGCCCTGY
AGGTAGCCTGGAGCATAGAGGCATTGGCTGGCCCAGCCCTTGAAGATGAAGATCGTTTGATGTTCCTAACGTACCA,
TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACTCGTCTCTGCC
CTTCATCTTACAGGGCTTGG

CACAGCTGAGGATAGGCCAT

CTTCATCTTATAGAAGTCAG

CAGGCTACCTCCGTGCGTTG

CTTCATCTTAGGCAGAGACG



ACTTCTA
ACGCACGG



cDAO-64nt
A-1-E
A-2-E
A-3-E
A-4-E
B-1-E
B-2-E
B-3-E
B-4-E
c64nt-A
c64nt-B

A1E

GACTG CGTGTCMﬁ

sequence 5° —3’
GACTGCGTGTCAAT
GTAGCGCCGTTAGT

GCTCACCGATCA
GGATGTCACCAG

GGTGAGCACAGGGCTTGGCATAGACGCTATCTTCATCTTATTGACACG
GACATCCAGAATCCGACCATTGTGCGAGTTGACAGAGACGCTAACGGC
GCTACATCATGGTCGGATGGCCTGGT
CAGTCGTGCGCACGCCTGACGTGATC
GCCATCCGGATAGGCCATGCGAACTATGATCACAGCTGAGACCATGAT
CGTCAGGCTACAGGACTAGCATAGGCCAGGTCGTGCGACCGTGCGCAC
TAAGATGAAGATAGCGCACAATGGTCGGATTCCGTCTCTGTCAACTCGTCTATGCCAAGCCC
CTCAGCTGTGATCATACTATGCTAGTCCTGTAGGTCGCACGACCTGGCGTTCGCATGGCCTAT
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cDAO-64nt-O sequence 5° — 3’

A-1-O0 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 AGATAGCGCACAATGGTCGGATTCCGTCTCTGTCAACTCGTCTATGCCAAGCCCTGTAAGAT(
c64nt-B TGATCATACTATGCTAGTCCTGTAGGTCGCACGACCTGGCGTTCGCATGGCCTATCCTCAGCT
B40
CGCTAC ATCATGGTGC GATAGGCC ATGCGAAC GCCAGGTC GTGCGACC CCACAGCAGC b2l
A0 A40 TYOTYODNO3 PUNGO0% INODOIS DOSUIN V030099 BN DEDND)

GACDGC GIGTCMATC] AKGATGR AGATAGCE CACRATCG NOGGATTC/ATGTCACCAG GECATC CEICGATACS C1CAG GCTA GICCIGIN [ICGIG0GCAC oy e crenener o e AeaTaGOG
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cDAO-c84nt-E sequence 5’ — 3’

C-1-E
C-2-E
C-3-E
C-4-E
D-1-E
D-2-E
D-3-E
D-4-E
c84nt-C
c84nt-D

GACTGCGTGTCAATAGAAGTCAGTGCGATCA
GTAGCGCCGTTAGTACGAGTTGATGCACCAG
TGACGTGATCGCAGGCAGAGACGAGTTGACGCTATCTTCATCTTATTGACACG
ATGGCCTGGTGCAGAATCCGACCATTGTGGAATACGAGTTGAGAACTAACGGC
GCTACATCATGGTCCGTGCGTTGATCGACGG
CAGTCGTGCGCCACAAGGGCTGGCAGCAGCC
GCCATCCGTCGATGTACGTTAGGAACATCATGCTCCAGGCTACCTACCATGAT
CGTCAGGCTGCTGGCCAGCCAATGCCTCTAAACGATCTTCATCTTTGGCGCAC
TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACT!(
AGGTAGCCTGGAGCATAGAGGCATTGGCTGGCCCAGCCCTTGAAGATGAAGATCGTTTGATGT!
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sequence 5’ — 3’

GACTGCGTGTCAATGCTAGAAGTCAGTCACCGATCA
GTAGCGCCGTTAGTGGTACGAGTTGAATGTCACCAG
CTGACGTGATCGGTGAGGCAGAGACGAGTTGACGCTATCTTCATCTTAGCATTGACAC
GATGGCCTGGTGACATGAATCCGACCATTGTGGAATACGAGTTGAGAACCACTAACGG
GCCATCCGTCGATACGCCGTGCGTTGGCACCATGAT
CGTCAGGCTGCTGTGGCAAGGGCTGGTCGTGCGCAC
CGCTACATCATGGTGCGTACGTTAGGAACATCATGCTCCAGGCTACCTCGTATCGACG
GCAGTCGTGCGCACGAGCCAGCCAATGCCTCTAAACGATCTTCATCTTCCACAGCAGC
TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACTCGTCTCTGCCCTG
AGGTAGCCTGGAGCATAGAGGCATTGGCTGGCCCAGCCCTTGAAGATGAAGATCGTTTGATGTTCCTAACGTACCA,

¥ O CTGACTTCTA 13
@ =



ACTTCTA
ACGCACGG



c64nt and c84 c64nt nanowire

c64nt-A-1
c64nt-A-2
c84nt-C-1
c84nt-C-2

c64nt-A

c84nt nanowire
c84nt-C-2
c84nt-C-1
c84nt-C

sequence 5° —3’
TCATCTTACAGGGCTTGGCATAGACGCTATCT
CAGAGACGGAATCCGACCATTGTGCGAGTTGA

AGATAGCGCACAATGGTCGGATTCCGTCTCTGTCAACTCGTCTATGCCAAC

cB64nt-A

cB4nt-A-2

CAGAGACG

TAAGATGA

AGATAGCG
LOLYILODDO

CACAATGG

TCGGATTC
¥OOOLYVYD

I

DLOLLYDD
[

CAGGGCTT
DLODDDOVVY

GGCATAGA
DODLVYLOL

CGAGTTGA
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|
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I
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CGAGTTGA
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YLLOLYDL c64nt-A-1

sequence 5" — 3’

GAGTTGAGAATACGAGTTGAGAATCCGACCAGTTGAGAAT#
CTTCATCTTATAGAAGTCAGGGCAGAGACGATTGTGCGCTA
TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACT

c84nt-C-2
c84nt-C

GTTGAGAATAC GAGTTGAGA

TAAGATGAAG ATAGCGCACAA

TGGTCGGATTC TCAACTCGI
YOOVDIDLVYD VIDLIDOVIOW

TAGAAGTCAG GGCAGAGACGA
YLOLLOVOLD DJODLOLOLODL

GTTGAGAATAC GAGTTGAGA
OVVOLOLLYLYD DLOVYVYOLOL

TAAGATGAAG ATAGCGCACAA
VLLOLYDLLD LYLODDDLOLL

TAGAAGTCAG GGCAGAGACGA

YLOLLOVOLD DODLOLOLIOL

TGGTCGGATTC TCAACTCGI
YOOVODDLYVYD ¥DLIOVOOW

OVVOLOLLYLYD DLOVYYDLOL

YLLOLYOLLD LYLODDDLOLL

c84nt-C-1
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TCGTATTCTCAACTCGTCTCTGCCCTGACTTCTA

B |




acDAO-c64nt-E sequence 5° — 3’

NR-1 TCACCGACTGCGTGTCAATGCGATCA

NR-2 GTAGCGCCGTTAGTGG

NR-3 GCATTGACCAGGGCTTGGCATAGGCGCTATCTTCATCTTAACGCAGTC

NR-4 GGTGACCACTAACCGGAATCCGACCATTGTACGAGTTGACAGAGAGGCGCTACTGAT!(

c64nt-A AGATAGCGCACAATGGTCGGATTCCGTCTCTGTCAACTCGTCTATGCCAAGCCCTGTA
NR-1 NR-4

TCACCGACTGCGT TAAGATGAAGATAGCGC ACAATGGTCGGATTCCG CTTAGTGE
D19¥I90Y ¥LIOI¥OLLOIYIOS0S LOLLYIOVIIIINYDDY OWVIOVIINDLIDD

GCATTGAC CAGGGCTTGGCATAG ACGAGTTGACAGAGA GGCGCTACTGATC
YOLYDIDLYWOLD DLIDIDVRIIIINLI LIILIVEILILILIL IIDIDVLD

N8 cBnt-A \R-2

GUTMCATCAGNTAGCGC ACARTCGTCCGATTCCG G
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5x6 cDAO-c64nt-C sequence 5’ — 3’

H-L-07
H-L-08
H-L-09
H-L-10
H-L-11
H-L-12
H-L-13
H-L-14
H-L-15
H-L-16
H-L-17
H-L-18
H-L-19
H-L-20
H-L-21
H-L-22
H-L-23
H-L-24
H-L-25
H-L-26
H-L-27
H-L-28
H-L-29
H-L-30
H-L-31
H-L-32
H-R-01
H-R-02
H-R-03
H-R-04
H-R-05
H-R-06
H-R-07
H-R-08
H-R-09
H-R-10
H-R-11
H-R-12
H-R-13
H-R-14
H-R-15
H-R-16
H-R-17
H-R-18
H-R-19
H-R-20

GCGCTGTGTCGGCGACTCTCATCACA
TCTGGAAAGACCTAGACGGCACCGTT
GGCGGAAGTTGCTGGGCCTGCGCACC
GTGGAGTCCTCCGCGGGCCTCCTACA
AGAGACGACAAGCTCCGGCAAGCAGC
ATCGATCGACGCATCGGCGATGTTGA
CAGAGATACGGCTGATTACC
CTTGTTGGTGTGGTATCGCTAAGCTG
CGCCGCGGAGCCTTATGGCAAAGCCG
TCCGCGAACCATTCCGGTAGCGCCTT
CCGTAGCACGTCCATCGCATCCCGGC
GTGCGTTCAGCTTGACGATTGGCGCA
AAGGTGCTGGCCGCGTGCTAAGTTGA
AGCGGCTGCACTGCTGCAAGGTCCGT
TACGGAGCGGCCTGGAGCGCTAGCCC
ATCGACCCGTACAGGAACACTCTATA
TTGCTCTCGGACGGGCAGATTACTAG
AGCGCCGCTTTCAGCCTGTCGTCGCC
GACGTCTGTGATATGGCGTTGTTGTG
GTTCCACTCTATCCATCAGC
TGATGCGTAGGGAGACCCGGAATGAA
CCGGCCTATGTCACTGAAACTGTGCA
AACACCCGGTGTCGTTAGTGTAGGTT
CCGACCGACACCCGCTTCGTTGAGAA
CCCACAATCTTACAACTACATGATCC
CTACGCCCATCATCTACTCGCGTCCC
TCCTCAGGCATCGCGCACGTAGGGCT
GCACCGCGCGCATGTCGAACTGGTGG
CGAAGTACGATCCCACGACCGGCGTA
CGATCCAACTGCGCGGACGTGACGAG
CTTCTTATATACGCTTCGCCCGCCGG
ACCGGCCTCGCGATCGGCCGCGCACG
AGCTTATGACAAGTAACGAG
CGTGTACTCGTTTAGCCATCTCGCAG
TGAAAGTCGGGAGAATACCGCTACAC
ACACTTTACCGCAACTACGCCTAACT
GAGATACTGCCATGGACGACTACCCA
TCCCTCTGGGCCTTAGACAGCCGGAT
ACAGTGACTTTGATAGGTTTGCCACG
GCTACGACTTGCACAGCTGCGTGCGG
AGGAACGCGCGTTAGTATGTTGACCC
GTGTACTACGCATGCGGGCAGGTCAT
GTGGGTAGAGACATCCGGGTCAGGTT
CTCGACCTTCCCGTGGGAGGTGATCC
AGTCCGCTGTAGGACCATCCCGCTCG
GGCATGGCACTGAGTACGCC

The scheme
different HJ-
two differen
structure the
lattice mt-m e
overhangs ar
four linear s
10 and M-R:
strand, L the
right edges ¢
c64nt-A, H-I
R-32. To enl
10 nt lona.



H-R-21
H-R-22
H-R-23
H-R-24
H-R-25
H-R-26
M-L-01
M-L-02
M-L-03
M-L-04
M-L-05
M-L-06
M-L-07
M-L-08
M-L-09
M-L-10
M-L-11
M-L-12
M-L-13
M-L-14
M-L-15
M-L-16
M-L-17
M-L-18
M-L-19
M-L-20
M-L-21
M-L-22
M-L-23
M-L-24
M-L-25
M-L-26
M-L-27
M-L-28
M-L-29
M-L-30
M-L-31
M-L-32
M-R-01
M-R-02
M-R-03
M-R-04
M-R-05
M-R-06
M-R-07
M-R-08
M-R-09

GTATTCTGGTAACCATCGTCCCTATC

AGGGCTTGGAGCGAGTGGTGACGGTT

ATTAGGGACGGACTTCCTACTCACAG

TCGGTCACATTGGGCTACTCCTTGGG

CCTTCCGCTTGGCCCGGTCTGTTGGG

CCGCCACTGCGTGAGCTTCGGGCGCT
TTTTTTCATCTTACAGGGCTTCCATTGTGCGCTATCTTTTTT
TTTTTTCATCTTACAGGGCTTCCATTGTGCGCTATCTTTTTT
TTTTTTCATCTTACAGGGCTTCCATTGTGCGCTATCTTTTTT
TTTTTTCATCTTACAGGGCTTCCATTGTGCGCTATCTTTTTT
TTTTTTCATCTTACAGGGCTTCCATTGTGCGCTATCTTTTTT
TTTTTTCATCTTACAGGGCTTCCATTGTGCGCTATCTTTTTT
TTTTGTGATGAGATGGCATAGACGAGTTGTTCATCTTACAGGGCTGTCGCCGAC
GCCGGTAACGGTGCCGTGGCATAGACGAGTTGTTCATCTTACAGGGCTTCTAGC
AAGAAGGGTGCGCAGGTGGCATAGACGAGTTGTTCATCTTACAGGGCTCCCAG(
GGATCGTGTAGGAGGCTGGCATAGACGAGTTGTTCATCTTACAGGGCTCCGCGC
ACTTCGGCTGCTTGCCTGGCATAGACGAGTTGTTCATCTTACAGGGCTGGAGCT
CGGTGCTCAACATCGCTGGCATAGACGAGTTGTTCATCTTACAGGGCTCGATGC
TGAGGAGGTAATCAGCTGGCATAGACGAGTTGTTCATCTTACAGGGCTCGTATC
CACTGTCAGCTTAGCGTCATCTTACAGGGCTTCCATTGTGCGCTATCTATACCAC
GAGGGACGGCTTTGCCTCATCTTACAGGGCTTCCATTGTGCGCTATCTATAAGG
TATCTCAAGGCGCTACTCATCTTACAGGGCTTCCATTGTGCGCTATCTCGGAAT(
AAGTGTGCCGGGATGCTCATCTTACAGGGCTTCCATTGTGCGCTATCTGATGGA
CTTTCATGCGCCAATCTCATCTTACAGGGCTTCCATTGTGCGCTATCTGTCAAGC
TACACGTCAACTTAGCTCATCTTACAGGGCTTCCATTGTGCGCTATCTACGCGG(
TTTACGGACCTTGGGCATAGACGAGTTGATCATCTTACAGGGCTTCAGCAGTGC
CGGACTGGGCTAGCGCGGCATAGACGAGTTGATCATCTTACAGGGCTTTCCAGC
GTCGAGTATAGAGTGTGGCATAGACGAGTTGATCATCTTACAGGGCTTTCCTGT
ACCCACCTAGTAATCTGGCATAGACGAGTTGATCATCTTACAGGGCTTGCCCGT
GTACACGGCGACGACAGGCATAGACGAGTTGATCATCTTACAGGGCTTGGCTG/
GTTCCTCACAACAACGGGCATAGACGAGTTGATCATCTTACAGGGCTTCCATAT
CGTAGCGCTGATGGATGGCATAGACGAGTTGATCATCTTACAGGGCTTAGAGTC
TGGCGGTTCATTCCGGTCATCTTACAGGGCTTCCATTGTGCGCTATCTGTCTCCC
GGAAGGTGCACAGTTTTCATCTTACAGGGCTTCCATTGTGCGCTATCTCAGTGA!
GACCGAAACCTACACTTCATCTTACAGGGCTTCCATTGTGCGCTATCTAACGAC
CCTAATTTCTCAACGATCATCTTACAGGGCTTCCATTGTGCGCTATCTAGCGGGT
AGCCCTGGATCATGTATCATCTTACAGGGCTTCCATTGTGCGCTATCTGTTGTAL
GAATACGGGACGCGAGTCATCTTACAGGGCTTCCATTGTGCGCTATCTTAGATG
ATCGATAGCCCTACGTCAGAGACGGAATCCGAGGCATAGACGAGTTGAGCGCG.
GTCTCTCCACCAGTTCCAGAGACGGAATCCGAGGCATAGACGAGTTGAGACATC
CTCCACTACGCCGGTCCAGAGACGGAATCCGAGGCATAGACGAGTTGAGTGGG.
TCCGCCCTCGTCACGTCAGAGACGGAATCCGAGGCATAGACGAGTTGACCGCG(
TCCAGACCGGCGGGCGCAGAGACGGAATCCGAGGCATAGACGAGTTGAAAGCC
CAGCGCCGTGCGCGGCCAGAGACGGAATCCGAGGCATAGACGAGTTGACGATC
CACCTTCTCGTTACTTACCATTGTGCGCTATCACAGAGACGGAATCCGGTCATA
ACGCACCTGCGAGATGACCATTGTGCGCTATCACAGAGACGGAATCCGGCTAAL
CTACGGGTGTAGCGGTACCATTGTGCGCTATCACAGAGACGGAATCCGATTCTC



M-R-10
M-R-11
M-R-12
M-R-13
M-R-14
M-R-15
M-R-16
M-R-17
M-R-18
M-R-19
M-R-20
M-R-21
M-R-22
M-R-23
M-R-24
M-R-25
M-R-26
M-R-27
M-R-28
M-R-29
M-R-30
M-R-31
M-R-32
c64nt-A

CGCGGAAGTTAGGCGTACCATTGTGCGCTATCACAGAGACGGAATCCGAGTTG(
GCGGCGTGGGTAGTCGACCATTGTGCGCTATCACAGAGACGGAATCCGTCCATC
AACAAGATCCGGCTGTACCATTGTGCGCTATCACAGAGACGGAATCCGCTAAGC
TTTCGTGGCAAACACCATTGTGCGCTATCACAGAGACGGAATCCGCTATCAAAC
GACGTCCCGCACGCAGCAGAGACGGAATCCGAGGCATAGACGAGTTGACTGTG
GGCGCTGGGTCAACATCAGAGACGGAATCCGAGGCATAGACGAGTTGAACTAA
GAGCAAATGACCTGCCCAGAGACGGAATCCGAGGCATAGACGAGTTGACGCAT
GTCGATAACCTGACCCCAGAGACGGAATCCGAGGCATAGACGAGTTGAGGATG
TCCGTAGGATCACCTCCAGAGACGGAATCCGAGGCATAGACGAGTTGACCACG(
GCCGCTCGAGCGGGATCAGAGACGGAATCCGAGGCATAGACGAGTTGAGGTCC
GCGTAGGGCGTACTCACCATTGTGCGCTATCTCAGAGACGGAATCCGAGTGCCA
TGTGGGGATAGGGACGCCATTGTGCGCTATCTCAGAGACGGAATCCGAATGGTT
GGTCGGAACCGTCACCCCATTGTGCGCTATCTCAGAGACGGAATCCGAACTCGC
GGTGTTCTGTGAGTAGCCATTGTGCGCTATCTCAGAGACGGAATCCGAGAAGTC
GGCCGGCCCAAGGAGTCCATTGTGCGCTATCTCAGAGACGGAATCCGAAGCCCY
GCATCACCCAACAGACCCATTGTGCGCTATCTCAGAGACGGAATCCGACGGGCC
TTTAGCGCCCGAACCATTGTGCGCTATCTCAGAGACGGAATCCGAGCTCACGCA
TTTTTTCAGAGACGGAATCCGAGGCATAGACGAGTTGATTTTTT

TTTTTTCAGAGACGGAATCCGAGGCATAGACGAGTTGATTTTTT

TTTTTTCAGAGACGGAATCCGAGGCATAGACGAGTTGATTTTTT

TTTTTTCAGAGACGGAATCCGAGGCATAGACGAGTTGATTTTTT

TTTTTTCAGAGACGGAATCCGAGGCATAGACGAGTTGATTTTTT

TTTTTTCAGAGACGGAATCCGAGGCATAGACGAGTTGATTTTTT

TAAGATGAAGATAGCGCACAATGGTCGGATTCCGTCTCTGTCAACTCGTCTATG



of finite 5x6 c¢cDAO-c64nt—O. The numbered blue blocks represent 32
-c64nt tiles. Two different colors of sky blue and deep blue distinguish the
t faces (or chiralities) of cDAO-c64nt. At both left and right edges of the
+ protruding strands are terminated with six thymines to prevent the inter-
Ige-stacking. Only one sequence of c64nt is used, whereas the sticky ended
‘e with different sequences. Each tile inside the diagram contains a c64nt and
taple strands, for example, tile 10 contains c64nt-A, H-L-10, H-R-10, M-L-
-10 (10 means the tile number, H the helper staple strand, M the main staple
» left side of the tile, R the right side of the tile). Each tile at both left and
sontains a c64nt and three linear staple strands, for example, tile 1 contains
R-01, M-L-01 and M-R-01, tile 32 contains c64nt-A, H-L-32, M-L-32 and M-
nance the cohesion strength, the sticky ends in the finite cDAO-c64nt—O are



A
iTCTT
SAACT
5AGGA
TGTC
GTCG
TCTGTTT
-ACC
CTCC
5GTT
CGTG
"TGA
SCAG
A
5CCGC
ACGG
CCGA
AAAGC
CACA
5GAACTTT
TAC
CATA
ACCG
rGTC
\GAT
ATGG
ATGCC
5CGCG
ATCGT
CAGTT
i TATAT
GCGAG
AGCT
ACGAG
.CCGA



>GGTA
35GCAG
5CCCA
iT
CAAGT
CGCGC
GCGTA
TCTCT
3GAAG
TACAG
\TGCCTTT
FACCA
.-TCCA
.CGTC
AATGT
-AAGC
G

CCAAGCCCTG



5x6 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
H-R-25
H-R-26
M-L-01
M-L-02
M-L-03
M-L-04
M-L-05
M-L-06
M-L-7
M-L-8
M-L-9
M-L-10
M-L-11
M-L-12
M-L-13
M-L-14
M-L-15
M-L-16
M-L-17
M-L-18
M-L-19
M-L-20
M-L-21
M-L-22
M-L-23
M-L-24
M-L-25
M-L-26
M-L-27
M-L-28
M-L-29
M-L-30
M-L-31
M-L-32
M-R-1
M-R-2
M-R-3
M-R-4
M-R-5
M-R-6
M-R-7
M-R-8
M-R-9
M-R-10
M-R-11
M-R-12
M-R-13
M-R-14
M-R-15

GGTCGGTCACATTGGGCTGAGAATACGAACTCCTTG
GGCCTTCCGCTTGGCCCGGAGAATACGAGTICTGTTG
TTTTTTGCGCGACAGAGAATACGACCGCCACT
TTTTTTCGAGTTGAGAATACGATCATCTTAGGCAGAGATTTTTT
TTTTTTCGAGTTGAGAATACGATCATCTTAGGCAGAGATTTTTT
TTTTTTCGAGTTGAGAATACGATCATCTTAGGCAGAGATTTTTT
TTTTTTCGAGTTGAGAATACGATCATCTTAGGCAGAGATTTTTT
TTTTTTCGAGTTGAGAATACGATCATCTTAGGCAGAGATTTTTT
TTTTTTCGAGTTGAGAATACGATCATCTTAGGCAGAGATTTTTT
AGGCCGGTCGCACAGCGCTCATCTTATAGAAGTCGAGAATCCGACCATTGTGTCGCGC
ATAAGAAGCCCGGTGCCGTCATCTTATAGAAGTCGAGAATCCGACCATTGTCTAGGTC
TTGGATCGCTTGCGCAGGTCATCTTATAGAAGTCGAGAATCCGACCATTGCCCAGCAA
GTACTTCGTATAGGAGGCTCATCTTATAGAAGTCGAGAATCCGACCATTGCCGCGGAG
CGCGGTGCCCTGCTTGCCTCATCTTATAGAAGTCGAGAATCCGACCATTGGGAGCTTG
CCTGAGGAAGAACATCGCTCATCTTATAGAAGTCGAGAATCCGACCATTGCGATGCGT
TGTCGCGCTCATCTTATAGAAGTCGAGAATCCGACCATTGATCAGCCG
CAGAGGGAATGCTTAGCGGAGTTGAGAATACGAGCATCTTATAGAAGTCAATACCACA
AGTATCTCTGGCTTTGCCGAGTTGAGAATACGAGCATCTTATAGAAGTCAATAAGGCT
TAAAGTGTAGGGCGCTACGAGTTGAGAATACGAGCATCTTATAGAAGTCACGGAATGG
GACTTTCAGTCGGGATGCGAGTTGAGAATACGAGCATCTITATAGAAGTCAGATGGACG
AGTACACGCTCGCCAATCGAGTTGAGAATACGAGCATCTTATAGAAGTCAGTCAAGCT
CATAAGCTCGAACTTAGCGAGTTGAGAATACGAGCATCTTATAGAAGTCAACGCGGCC
AGCGGACTCGCAGCCGCTTCATCTTATAGAAGTCGAGAATCCGACCATTGTGTCGCGC
AGGTCGAGGGGCTAGCGCTCATCTTATAGAAGTCGAGAATCCGACCATTGTCCAGGCC
CTACCCACAATAGAGTGTTCATCTTATAGAAGTCGAGAATCCGACCATTGTCCTGTAC
TAGTACACATAGTAATCTTCATCTTATAGAAGTCGAGAATCCGACCATTGGCCCGTCC
GCGTTCCTGGCGACGACATCATCTTATAGAAGTCGAGAATCCGACCATTGGGCTGAAA
GTCGTAGCCCCAACAACGTCATCTTATAGAAGTCGAGAATCCGACCATTGCCATATCA
TGTCGCGCTCATCTTATAGAAGTCGAGAATCCGACCATTGATGGATAG
GCGGAAGGCCCATTCCGGATACGAGTTGAGAATATCATCTTAGGCAGAGAGTCTCCCT
GTGACCGACCCACAGTTTATACGAGTTGAGAATATCATCTTAGGCAGAGACAGTGACA
TCCCTAATCTCCTACACTATACGAGTTGAGAATATCATCTTAGGCAGAGAAACGACAC
CAAGCCCTAACTCAACGAATACGAGTTGAGAATATCATCTTAGGCAGAGAAGCGGGTG
CAGAATACGAATCATGTAATACGAGTTGAGAATATCATCTTAGGCAGAGAGTTGTAAG
GCCATGCCATGACGCGAGATACGAGTTGAGAATATCATCTTAGGCAGAGATAGATGAT
TATCTCTGCACCCTACGTCCATTGTGCGCTATCTGTTGAGAATACGAGTTGCGCGATG
CGATCGATTCACCAGTTCCCATTGTGCGCTATCTGTTGAGAATACGAGTTGACATGCG
TCGTCTCTGCCGCCGGTCCCATTGTGCGCTATCTGTTGAGAATACGAGTTGTGGGA
GACTCCACTGCGTCACGTCCATTGTGCGCTATCTGTTGAGAATACGAGTTCCGCGC
CTTCCGCCGGGGCGGGCGCCATTGTGCGCTATCTGTTGAGAATACGAGTTAAGCGT
TTTCCAGAAATGCGCGGCCCATTGTGCGCTATCTGTTGAGAATACGAGTTCGATCCG
TGTCGCGCGTTGAGAATACGAGTTAGGGCAGAGACGAGTTTTACTTGT
AGCACCTTTCGCGAGATGGTTGAGAATACGAGTTAGGGCAGAGACGAGTTGCTAA
GAACGCACTGGTAGCGGTGTTGAGAATACGAGTTAGGGCAGAGACGAGTTATTCT
TGCTACGGGCTTAGGCGTGTTGAGAATACGAGTTAGGGCAGAGACGAGTTAGTTG
TTCGCGGAAAGGTAGTCGGTTGAGAATACGAGTTAGGGCAGAGACGAGTTTCCAT
CCGCGGCGCGCCGGCTGTGTTGAGAATACGAGTTAGGGCAGAGACGAGTTCTAAC
CCAACAAGCAGTCACTGTGTTGAGAATACGAGTTAGGGCAGAGACGAGTTTGTCG
AGTGGAACGTGCACGCAGCATTGTGCGCTATCTTTTGAGAATACGAGTTGCTGTGC
CAGACGTCCAGTCAACATCATTGTGCGCTATCTTTTGAGAATACGAGTTGACTAAC



M-R-16
M-R-17
M-R-18
M-R-19
M-R-20
M-R-21
M-R-22
M-R-23
M-R-24
M-R-25
M-R-26
M-R-27

M-R-28

M-R-29

M-R-30

M-R-31

M-R-32

c84nt-C
c74nt

GCGGCGCTGGGACCTGCCCATTGTGCGCTATCTTTTGAGAATACGAGTTGCGCATC
GAGAGCAACTCCTGACCCCATTGTGCGCTATCTTTTGAGAATACGAGTTGGGATGT
GGGTCGATTAATCACCTCCATTGTGCGCTATCTTTTGAGAATACGAGTTGCCACGG
GCTCCGTAGGAGCGGGATCATTGTGCGCTATCTTTTGAGAATACGAGTTGGGTCCT
TGTCGCGCGTTGAGAATACGAGTTAGGGCAGAGACGAGTTTACTCAGT
GGGCGTAGGGTAGGGACGGTTGAGAATACGAGTTAGGGCAGAGACGAGTTATGG
ATTGTGGGGGCCGTCACCGTTGAGAATACGAGTTAGGGCAGAGACGAGTTACTCG
TCGGTCGGTTGTGAGTAGGTTGAGAATACGAGTTAGGGCAGAGACGAGTTGAAGT
CGGGTGTTAACAAGGAGTGTTGAGAATACGAGTTAGGGCAGAGACGAGTTAGCC(
TAGGCCGGTGCAACAGACGTTGAGAATACGAGTTAGGGCAGAGACGAGTTCGGG(
ACGCATCATTAGTGGCGGGTTGAGAATACGAGTTAGGGCAGAGACGAGTTTGTCG
TTTTTTCCATTGTGCGCTATCTCGAGTTGAGAATCCGATTTTTT
TTTTTTCCATTGTGCGCTATCTCGAGTTGAGAATCCGATTTTTT
TTTTTTCCATTGTGCGCTATCTCGAGTTGAGAATCCGATTTTTT
TTTTTTCCATTGTGCGCTATCTCGAGTTGAGAATCCGATTTTTT
TTTTTTCCATTGTGCGCTATCTCGAGTTGAGAATCCGATTTTTT
TTTTTTCCATTGTGCGCTATCTCGAGTTGAGAATCCGATTTTTT
TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTAT
TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTAT
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The scheme of finite 5x6 ¢cDAO-c74&c84nt—-0. cDAO-c74&c84nt-0 is composed of 12
cDAO-c74nt tiles, distributed on both left and right sides, and 20 cDAO-c84nt tile:
structure. Only one circular sequence of c74nt and one circular sequence of c84nt are us
the sticky ended overhangs are with different sequences. The ending strands protruding 1
c74nt tiles are terminated with six thymines to prevent the n-n stacking of inter-lattice
different colors distinguish the two different faces of cDAO-c84nt. Each cDAO-c84n
c84nt-C and four linear staple strands: H-L-N, H-R-N, M-L-N and M-R-N (N means the
tile number, H the helper staple strand, M the main staple strand, L the left side of the tile

side of the tile). Each cDAO-c74nt contains a c74nt and three linear staple strands: H-L
NN N_I _NI and NM_BR_NI /Nl moaanc tha PDAN_~r7/Ant tila niimhar H tha halnar ctanla ctrand
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staple strand, L the left side of the tile, R the right side of the tile).
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iCG
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‘CCC
CGG
‘GGC
iGCC
CGC
SAA

.GC



iCG
CcT
GA
‘AC

TTAC
CTC
‘CCG
SAAT
cCAA
CGC

“TCTCAACTCGTCTCTGCCCTGACTTCTA
“TCTCAACTCGTCTCTGCC



asymmetric
s inside the
sed, whereas
from cDAO-
edges. Two
t contains a
:DAO-c84nt
,, R the right
~N (or H-R-

N tha main



) IVE LG i



c64nt-A

c64bp

HJ-c64nt

aHJ-c64nt

c84nt-C

c84bp

HJ-c84nt

tHJ-c84nt

cDAO-c64nt

acDAO-c64nt

cDAO-c84nt
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mailto:tHJ@c84nt-1#
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sequence 5° —3’
TAAGATGAAGATAGCGCACAATGGTCGGATTCCGTCTCTGTCAACTCGTCTATGCCAAGCCCTG

c64nt-A
CCATTGTGCGCTATCTTCATCTTACAGGGCTTGGCATAGACGAGTTGACAGAGACGGAATCCGA

c64nt-A
CCATTGTGCGCTATCTCAGAGACGGAATCCGA
GGCATAGACGAGTTGATCATCTTACAGGGCTT

c64nt-A
GACCATTGTGCGCTATCACAGAGACGGAATCC
GGCATAGACGAGTTGTTCATCTTACAGGGCTT

TAAGATGAAGATAGCGCACAATGGTCGGATTCTCAACTCGTATTCTCAACTCGTATTCTCAACTCGTCTCTGCCCT

c84nt-C
GTTGAGAATACGAGTTGAGAATCCGACCATTGTGCGCTATCTTCATCTTATAGAAGTCAGGGCAGAGACGAGTTG

c84nt-C
TCATCTTATAGAAGTCAGGGCTCCGACCATTGTGCGCTATCT
GTTGAGAATACGAGTTGAGAAAGAGACGAGTTGAGAATACGA

c84nt-C
ATTGTGCGCTATCTTTTGAGAATACGAGTT
AGTTGAGAATACGAGCATCTTATAGAAGTC
AGGGCAGAGACG

GAGAATCCGACC

c6ant-A
TTTATCGTCCCCATTGTGCGCTATCTCAGAGACGGAATCCGATCCGGGCACA
GTCCTTCGGAGGCATAGACGAGTTGATCATCTTACAGGGCTTGACCAGCCCG
CGGGCTGGTCTCCGAAGGAC

TGTGCCCGGAGGACGATAAA

c6ant-A
TTTATCGTCCGACCATTGTGCGCTATCACAGAGACGGAATCCTCCGGGCACA
GTCCTTCGGAGGCATAGACGAGTTGTTCATCTTACAGGGCTTGACCAGCCCG
CGGGCTGGTCTCCGAAGGAC

TGTGCCCGGAGGACGATAAA

c84nt-C
CGGGCTGGTCTCATCTTATAGAAGTCGAGAATCCGACCATTGTCCGAAGGAC
TGTGCCCGGAGTTGAGAATACGAGTTAGGGCAGAGACGAGTTGGACGATAAA
TTTATCGTCCGAGAATACGATCCGGGCACA
GTCCTTCGGATGCGCTATCTGACCAGCCCG



GACTTCTA

AGAATACGA
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Name of Material/ Equipment

T4 ligase

T4 buffer

TE buffer

Thermo bottle
Thermo cycler
Exonuclease |
Exonuclease | buffer

Company

TaKaRa
TaKaRa
Sangon
Thermos
Bio Gener
TaKaRa
TaKaRa

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

TAE premix podwer

Mg(Ac)2:4H20
Urea
TEMED

Ammonium Persulfate
Power supply

Water bath

Formamide

DNA Marker (25~500 bp)
DNA Marker (100~3000 bp)
Loading buffer

PAGE electrophoresis systerm
Filter

UV imaging System
n-butanol

Absolute Ethanol

Sangon

Nanjing Chemical Reagent
Sangon
BBI

Nanjing Chemical Reagent
Beijing Liuyi
Sumsung
BBI

Sangon
Sangon
Sangon
Beijing Liuyi
ASD

Tanon
Sangon
SCR

Catalog Number

2011A
2011A
B548106
SK-3000
GE4852T
2650A
2650A

B546016
B540023

C0190550223
A510907
A100761

13041920295
DYY-8C
DK-S12
A100314
B600303
B500347
B548313
24DN
5010-2225
2500R
A501800
10009257
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NaOAc

Centrifuge

Vacuum concentrator
Ultraviolet spectrum
nucleic acid stain
Agarose

Agarose electrophoresis systerm
Heating Plate

TBE premix podwer

filter column

AFM

PEG8000

Mica

triangular AFM probe in air
triangular AFM probe in fulid
DNA strands

Nanjing Chemical Reagent 12032610459

eppendorf
CHRIST
Allsheng
Biotium
Biowest

Beijing Liuyi
Jiangsu lJintan
Sangon
Bio-Rad

Bruker
BBI

Ted Pella
Bruker
Bruker
Sangon

Centrifuge 5424R

RVC 2-18

Nano-100

16G1010 GelRed
G-10

DYCP-31CN

DB-1

B540024

7326165 Freeze 'N Squeeze column

Dimension FastScan
A100159

BP50

FastScan-C
ScanAsyst-fluid+
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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.1.,
LastName, F.1. 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.
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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? VV/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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