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Comparison of Nanofabrication 
Methods

Lithography (Top down)
• Eg. Electron beam 

lithography, 
photolithography

• Expensive
• Serial
• Precise
• Ultra-high vacuum, ultra-

clean conditions or 
cryogenic temperatures

Self-assembly (Bottom up)
• Eg. DNA origami, self-

assembled monolayers, lipid 
bilayers and micelles

• Cheaper
• Massively parallel synthesis
• Less exact
• Simple aqueous 

environments



2005 – Design of DNA Origami
2006 – Folding DNA to create 

nanoscale shapes and patterns
Paul Rothemund



2005 – Design of DNA Origami
2006 – Folding DNA to create nanoscale shapes and patterns

Paul Rothemund

• Origami à folding
• One long strand à “scaffold”
• Many short strands à ”helpers”, later “staples”
• Used Matlab to design origami 

(clunky à never released à made obsolete 
anyway…)

• Major leaps here are:
– One-pot reaction
– High yield
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How DNA Origami Self-Assembles
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scaffold and create the periodic crossovers. Staples reverse direction
at these crossovers; thus crossovers are antiparallel, a stable configu-
ration well characterized in DNA nanostructures16. Note that the
crossovers in Fig. 1c are drawn somewhatmisleadingly, in that single-
stranded regions appear to span the inter-helix gap even though the
design leaves no bases unpaired. In the assembled structures, helices
are likely to bend gently to meet at crossovers so that only a single
phosphate from each backbone occurs in the gap (as ref. 16 suggests
for similar structures). Such small-angle bending is not expected to
greatly affect the width of DNA origami (see also Supplementary
Note S2).
Theminimization and balancing of twist strain between crossovers

is complicated by the non-integer number of base pairs per half-turn
(5.25 in standard B-DNA) and the asymmetric nature of the helix (it
has major and minor grooves). Therefore, to balance the strain15

caused by representing 1.5 turns with 16 bp, periodic crossovers are
arranged with a glide symmetry, namely that the minor groove faces
alternating directions in alternating columns of periodic crossovers
(see Fig. 1d, especially cross-sections 1 and 2). Scaffold crossovers are
not balanced in this way. Thus in the fourth step, the twist of scaffold
crossovers is calculated and their position is changed (typically by a
single bp) to minimize strain; staple sequences are recomputed
accordingly. Along seams and some edges the minor groove angle
(1508) places scaffold crossovers in tension with adjacent periodic
crossovers (Fig. 1d, cross-section 2); such situations are left
unchanged.

Wherever two staples meet there is a nick in the backbone. Nicks
occur on the top and bottom faces of the helices, as depicted in
Fig. 1d. In the final step, to give the staples larger binding domains
with the scaffold (in order to achieve higher binding specificity and
higher binding energy which results in higher melting temperatures),
pairs of adjacent staples aremerged across nicks to yield fewer, longer,
staples (Fig. 1e). To strengthen a seam, an additional pattern of
breaks and merges may be imposed to yield staples that cross the
seam; a seam spanned by staples is termed ‘bridged’. The pattern of
merges is not unique; different choices yield different final patterns of
nicks and staples. All merge patterns create the same shape but, as
shown later, the merge pattern dictates the type of grid underlying
any pixel pattern later applied to the shape.

Folding M13mp18 genomic DNA into shapes
To test the method, circular genomic DNA from the virus M13mp18
was chosen as the scaffold. Its naturally single-stranded 7,249-nt
sequence was examined for secondary structure, and a hairpin with a
20-bp stemwas found.Whether staples could bind at this hairpinwas
unknown, so a 73-nt region containing it was avoided. When a linear
scaffold was required, M13mp18 was cut (in the 73-nt region) by
digestion with BsrBI restriction enzyme. While 7,176 nt remained
available for folding, most designs did not fold all 7,176 nt; short
(#25 nt) ‘remainder strands’ were added to complement unused
sequence. In general, a 100-fold excess of 200–250 staple and
remainder strands were mixed with scaffold and annealed from

Figure 2 | DNA origami shapes. Top row, folding paths. a, square;
b, rectangle; c, star; d, disk with three holes; e, triangle with rectangular
domains; f, sharp triangle with trapezoidal domains and bridges between
them (red lines in inset). Dangling curves and loops represent unfolded
sequence. Second row from top, diagrams showing the bend of helices at
crossovers (where helices touch) and away from crossovers (where helices
bend apart). Colour indicates the base-pair index along the folding path; red

is the 1st base, purple the 7,000th. Bottom two rows, AFM images. White
lines and arrows indicate blunt-end stacking. White brackets in a mark the
height of an unstretched square and that of a square stretched vertically (by a
factor.1.5) into an hourglass. White features in f are hairpins; the triangle
is labelled as in Fig. 3k but lies face down. All images and panels without scale
bars are the same size, 165 nm £ 165 nm. Scale bars for lower AFM images:
b, 1 mm; c–f, 100 nm.
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Design of 2D Origami

• Scaffold crossover
• Staple crossover



Step 1 – Approximate Shape & Add 
Blue Crossovers
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y-direction. As noticed before in DNA lattices15, parallel helices in
such structures are not close-packed, perhaps owing to electrostatic
repulsion. Thus the exact y-resolution depends on the gap between
helices. The gap, in turn, appears to depend on the spacing of
crossovers. In Fig. 1a crossovers occur every 1.5 turns along alter-
nating sides of a helix, but any odd number of half-turnsmay be used.
In this study, data are consistent with an inter-helix gap of 1 nm
for 1.5-turn spacing and 1.5 nm for 2.5-turn spacing, yielding a
y-resolution of 6 or 7 nm, respectively.
Conceptually, the second step (illustrated in Fig. 1b) proceeds by

folding a single long scaffold strand (900 nucleotides (nt) in Fig. 1b)
back and forth in a raster fill pattern so that it comprises one of the
two strands in every helix; progression of the scaffold from one helix
to another creates an additional set of crossovers, the ‘scaffold
crossovers’ (indicated by small red crosses in Fig. 1b). The funda-
mental constraint on a folding path is that the scaffold can form a
crossover only at those locations where the DNA twist places it at a

tangent point between helices. Thus for the scaffold to raster
progressively from one helix to another and onto a third, the distance
between successive scaffold crossoversmust be an odd number of half
turns. Conversely, where the raster reverses direction vertically and
returns to a previously visited helix, the distance between scaffold
crossovers must be an even number of half-turns. Note that the
folding path shown in Fig. 1b is compatible with a circular scaffold
and leaves a ‘seam’ (a contour which the path does not cross).
Once the geometric model and a folding path are designed, they

are represented as lists of DNA lengths and offsets in units of half-
turns. These lists, along with the DNA sequence of the actual scaffold
to be used, are input to a computer program. Rather than assuming
10.5 base pairs (bp) per turn (which corresponds to standard B-DNA
twist), the program uses an integer number of bases between periodic
crossovers (for example, 16 bp for 1.5 turns). It then performs the
third step, the design of a set of ‘staple strands’ (the coloured DNA
strands in Fig. 1c) that provide Watson–Crick complements for the

Figure 1 |Design of DNAorigami. a, A shape (red) approximated by parallel
double helices joined by periodic crossovers (blue). b, A scaffold (black) runs
through every helix and forms more crossovers (red). c, As first designed,
most staples bind two helices and are 16-mers. d, Similar to c with strands
drawn as helices. Red triangles point to scaffold crossovers, black triangles to
periodic crossovers with minor grooves on the top face of the shape, blue
triangles to periodic crossovers with minor grooves on bottom. Cross-
sections of crossovers (1, 2, viewed from left) indicate backbone positions

with coloured lines, andmajor/minor grooves by large/small angles between
them. Arrows in c point to nicks sealed to create green strands in d. Yellow
diamonds in c and d indicate a position at which staples may be cut and
resealed to bridge the seam. e, A finished design after merges and
rearrangements along the seam. Most staples are 32-mers spanning three
helices. Insets show a dumbbell hairpin (d) and a 4-T loop (e), modifications
used in Fig. 3.
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2006 - Folding DNA to create nanoscale shapes and patterns

• y depends on the gap between 
helices, typically ~2.6 nm if 
crossovers are tight (no excess 
bases)

• Odd number of half-turns = ??
• Even number of half-turns = ??

Q: Why 16 base pairs?



Step 2: 
Raster Fill & Add Scaffold Crossovers
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y-direction. As noticed before in DNA lattices15, parallel helices in
such structures are not close-packed, perhaps owing to electrostatic
repulsion. Thus the exact y-resolution depends on the gap between
helices. The gap, in turn, appears to depend on the spacing of
crossovers. In Fig. 1a crossovers occur every 1.5 turns along alter-
nating sides of a helix, but any odd number of half-turnsmay be used.
In this study, data are consistent with an inter-helix gap of 1 nm
for 1.5-turn spacing and 1.5 nm for 2.5-turn spacing, yielding a
y-resolution of 6 or 7 nm, respectively.
Conceptually, the second step (illustrated in Fig. 1b) proceeds by

folding a single long scaffold strand (900 nucleotides (nt) in Fig. 1b)
back and forth in a raster fill pattern so that it comprises one of the
two strands in every helix; progression of the scaffold from one helix
to another creates an additional set of crossovers, the ‘scaffold
crossovers’ (indicated by small red crosses in Fig. 1b). The funda-
mental constraint on a folding path is that the scaffold can form a
crossover only at those locations where the DNA twist places it at a

tangent point between helices. Thus for the scaffold to raster
progressively from one helix to another and onto a third, the distance
between successive scaffold crossoversmust be an odd number of half
turns. Conversely, where the raster reverses direction vertically and
returns to a previously visited helix, the distance between scaffold
crossovers must be an even number of half-turns. Note that the
folding path shown in Fig. 1b is compatible with a circular scaffold
and leaves a ‘seam’ (a contour which the path does not cross).
Once the geometric model and a folding path are designed, they

are represented as lists of DNA lengths and offsets in units of half-
turns. These lists, along with the DNA sequence of the actual scaffold
to be used, are input to a computer program. Rather than assuming
10.5 base pairs (bp) per turn (which corresponds to standard B-DNA
twist), the program uses an integer number of bases between periodic
crossovers (for example, 16 bp for 1.5 turns). It then performs the
third step, the design of a set of ‘staple strands’ (the coloured DNA
strands in Fig. 1c) that provide Watson–Crick complements for the

Figure 1 |Design of DNAorigami. a, A shape (red) approximated by parallel
double helices joined by periodic crossovers (blue). b, A scaffold (black) runs
through every helix and forms more crossovers (red). c, As first designed,
most staples bind two helices and are 16-mers. d, Similar to c with strands
drawn as helices. Red triangles point to scaffold crossovers, black triangles to
periodic crossovers with minor grooves on the top face of the shape, blue
triangles to periodic crossovers with minor grooves on bottom. Cross-
sections of crossovers (1, 2, viewed from left) indicate backbone positions

with coloured lines, andmajor/minor grooves by large/small angles between
them. Arrows in c point to nicks sealed to create green strands in d. Yellow
diamonds in c and d indicate a position at which staples may be cut and
resealed to bridge the seam. e, A finished design after merges and
rearrangements along the seam. Most staples are 32-mers spanning three
helices. Insets show a dumbbell hairpin (d) and a 4-T loop (e), modifications
used in Fig. 3.
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2006 - Folding DNA to create nanoscale shapes and patterns

• Red - ‘scaffold crossovers’
• Distance must be an odd number of 

half-turns
• Seam à contour that the path does 

not cross 



Step 3 – Fill in Staple Strands & Sequences 
• 250 staples, each 32 bases long
• Provide complements for scaffold 

2006 - Folding DNA to create nanoscale shapes and patterns
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y-direction. As noticed before in DNA lattices15, parallel helices in
such structures are not close-packed, perhaps owing to electrostatic
repulsion. Thus the exact y-resolution depends on the gap between
helices. The gap, in turn, appears to depend on the spacing of
crossovers. In Fig. 1a crossovers occur every 1.5 turns along alter-
nating sides of a helix, but any odd number of half-turnsmay be used.
In this study, data are consistent with an inter-helix gap of 1 nm
for 1.5-turn spacing and 1.5 nm for 2.5-turn spacing, yielding a
y-resolution of 6 or 7 nm, respectively.
Conceptually, the second step (illustrated in Fig. 1b) proceeds by

folding a single long scaffold strand (900 nucleotides (nt) in Fig. 1b)
back and forth in a raster fill pattern so that it comprises one of the
two strands in every helix; progression of the scaffold from one helix
to another creates an additional set of crossovers, the ‘scaffold
crossovers’ (indicated by small red crosses in Fig. 1b). The funda-
mental constraint on a folding path is that the scaffold can form a
crossover only at those locations where the DNA twist places it at a

tangent point between helices. Thus for the scaffold to raster
progressively from one helix to another and onto a third, the distance
between successive scaffold crossoversmust be an odd number of half
turns. Conversely, where the raster reverses direction vertically and
returns to a previously visited helix, the distance between scaffold
crossovers must be an even number of half-turns. Note that the
folding path shown in Fig. 1b is compatible with a circular scaffold
and leaves a ‘seam’ (a contour which the path does not cross).
Once the geometric model and a folding path are designed, they

are represented as lists of DNA lengths and offsets in units of half-
turns. These lists, along with the DNA sequence of the actual scaffold
to be used, are input to a computer program. Rather than assuming
10.5 base pairs (bp) per turn (which corresponds to standard B-DNA
twist), the program uses an integer number of bases between periodic
crossovers (for example, 16 bp for 1.5 turns). It then performs the
third step, the design of a set of ‘staple strands’ (the coloured DNA
strands in Fig. 1c) that provide Watson–Crick complements for the

Figure 1 |Design of DNAorigami. a, A shape (red) approximated by parallel
double helices joined by periodic crossovers (blue). b, A scaffold (black) runs
through every helix and forms more crossovers (red). c, As first designed,
most staples bind two helices and are 16-mers. d, Similar to c with strands
drawn as helices. Red triangles point to scaffold crossovers, black triangles to
periodic crossovers with minor grooves on the top face of the shape, blue
triangles to periodic crossovers with minor grooves on bottom. Cross-
sections of crossovers (1, 2, viewed from left) indicate backbone positions

with coloured lines, andmajor/minor grooves by large/small angles between
them. Arrows in c point to nicks sealed to create green strands in d. Yellow
diamonds in c and d indicate a position at which staples may be cut and
resealed to bridge the seam. e, A finished design after merges and
rearrangements along the seam. Most staples are 32-mers spanning three
helices. Insets show a dumbbell hairpin (d) and a 4-T loop (e), modifications
used in Fig. 3.
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Fig. 3. Design of DNA origami.

and merges may be imposed to yield helpers that cross the seam (top
green strand Fig. 3d, all helpers down the center of Fig. 4b).

Highly complicated shapes can be designed (and have been created
in the lab) in this manner. For example, arbitrary shapes, such as a 5-
pointed star can be created (Fig. 5a). Arbitrary shapes, with arbitrary
voids, such as the 3-hole disk in Fig. 5b. can be created. I note that
while the figure looks highly symmetric, the folding path is highly
asymmetric. The creation of DNA origami from this design in over
70% yield demonstrates that DNA has no difficulty following such
arbitrary paths. Further, the creation of DNA origami is not limited
to the approximation of shapes by raster fill. Certain shapes can be
created more exactly by combining raster fill domains in non-parallel
arrangements. In this way triangular structures with edge lengths that
are precise to within 1 DNA base (.34 nm) rather than 1 DNA turn
(3.6 nm) can be created (Fig. 5c) in over 88% yield.

The application of patterns to DNA origami is simple and requires
no further design. Once a DNA origami has been designed, the
underlying lattice of helpers can be used to create patterns of binary

pixels. To do so, each helper is considered to be a single pixel. For
a given shape, the original set of helpers is taken to represent binary
‘0’s; a new set of labelled helpers, one for each original helper,
is then synthesized to represent binary ‘1’s. (Labelled helpers are
created by inserting extra DNA hairpins into the helpers, like the
yellow hairpin in Fig 3d, inset. The hairpin projects from the helper,
up off of the face of the origami and does not disturb the helper’s
binding to the scaffold.) Patterns are created by mixing appropriate
subsets of these strands. For each ‘0’ in a desired binary pattern, the
corresponding strand from the original helpers is used; for each ‘1’
the corresponding strand from the labelled helpers is used. In this way
any desired pattern can be made. The patterns that can be made are
linked to the underlying pattern of crossovers and thus, depending on
the merge pattern used, may be rectilinear (as in Fig. 4a) or staggered
and nearly hexagonally packed (as in Fig. 4b). The pattern in the
bottom middle of Fig. 2 is based on a staggered pattern of helpers
and has been made experimentally with, on average, ∼94% of the
‘1’ pixels and 100% of the ‘0’ pixels correct.
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Step 4: Minimize Strain & Recompute Staple 
Sequences
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y-direction. As noticed before in DNA lattices15, parallel helices in
such structures are not close-packed, perhaps owing to electrostatic
repulsion. Thus the exact y-resolution depends on the gap between
helices. The gap, in turn, appears to depend on the spacing of
crossovers. In Fig. 1a crossovers occur every 1.5 turns along alter-
nating sides of a helix, but any odd number of half-turnsmay be used.
In this study, data are consistent with an inter-helix gap of 1 nm
for 1.5-turn spacing and 1.5 nm for 2.5-turn spacing, yielding a
y-resolution of 6 or 7 nm, respectively.
Conceptually, the second step (illustrated in Fig. 1b) proceeds by

folding a single long scaffold strand (900 nucleotides (nt) in Fig. 1b)
back and forth in a raster fill pattern so that it comprises one of the
two strands in every helix; progression of the scaffold from one helix
to another creates an additional set of crossovers, the ‘scaffold
crossovers’ (indicated by small red crosses in Fig. 1b). The funda-
mental constraint on a folding path is that the scaffold can form a
crossover only at those locations where the DNA twist places it at a

tangent point between helices. Thus for the scaffold to raster
progressively from one helix to another and onto a third, the distance
between successive scaffold crossoversmust be an odd number of half
turns. Conversely, where the raster reverses direction vertically and
returns to a previously visited helix, the distance between scaffold
crossovers must be an even number of half-turns. Note that the
folding path shown in Fig. 1b is compatible with a circular scaffold
and leaves a ‘seam’ (a contour which the path does not cross).
Once the geometric model and a folding path are designed, they

are represented as lists of DNA lengths and offsets in units of half-
turns. These lists, along with the DNA sequence of the actual scaffold
to be used, are input to a computer program. Rather than assuming
10.5 base pairs (bp) per turn (which corresponds to standard B-DNA
twist), the program uses an integer number of bases between periodic
crossovers (for example, 16 bp for 1.5 turns). It then performs the
third step, the design of a set of ‘staple strands’ (the coloured DNA
strands in Fig. 1c) that provide Watson–Crick complements for the

Figure 1 |Design of DNAorigami. a, A shape (red) approximated by parallel
double helices joined by periodic crossovers (blue). b, A scaffold (black) runs
through every helix and forms more crossovers (red). c, As first designed,
most staples bind two helices and are 16-mers. d, Similar to c with strands
drawn as helices. Red triangles point to scaffold crossovers, black triangles to
periodic crossovers with minor grooves on the top face of the shape, blue
triangles to periodic crossovers with minor grooves on bottom. Cross-
sections of crossovers (1, 2, viewed from left) indicate backbone positions

with coloured lines, andmajor/minor grooves by large/small angles between
them. Arrows in c point to nicks sealed to create green strands in d. Yellow
diamonds in c and d indicate a position at which staples may be cut and
resealed to bridge the seam. e, A finished design after merges and
rearrangements along the seam. Most staples are 32-mers spanning three
helices. Insets show a dumbbell hairpin (d) and a 4-T loop (e), modifications
used in Fig. 3.
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Fig. 3. Design of DNA origami.

and merges may be imposed to yield helpers that cross the seam (top
green strand Fig. 3d, all helpers down the center of Fig. 4b).

Highly complicated shapes can be designed (and have been created
in the lab) in this manner. For example, arbitrary shapes, such as a 5-
pointed star can be created (Fig. 5a). Arbitrary shapes, with arbitrary
voids, such as the 3-hole disk in Fig. 5b. can be created. I note that
while the figure looks highly symmetric, the folding path is highly
asymmetric. The creation of DNA origami from this design in over
70% yield demonstrates that DNA has no difficulty following such
arbitrary paths. Further, the creation of DNA origami is not limited
to the approximation of shapes by raster fill. Certain shapes can be
created more exactly by combining raster fill domains in non-parallel
arrangements. In this way triangular structures with edge lengths that
are precise to within 1 DNA base (.34 nm) rather than 1 DNA turn
(3.6 nm) can be created (Fig. 5c) in over 88% yield.

The application of patterns to DNA origami is simple and requires
no further design. Once a DNA origami has been designed, the
underlying lattice of helpers can be used to create patterns of binary

pixels. To do so, each helper is considered to be a single pixel. For
a given shape, the original set of helpers is taken to represent binary
‘0’s; a new set of labelled helpers, one for each original helper,
is then synthesized to represent binary ‘1’s. (Labelled helpers are
created by inserting extra DNA hairpins into the helpers, like the
yellow hairpin in Fig 3d, inset. The hairpin projects from the helper,
up off of the face of the origami and does not disturb the helper’s
binding to the scaffold.) Patterns are created by mixing appropriate
subsets of these strands. For each ‘0’ in a desired binary pattern, the
corresponding strand from the original helpers is used; for each ‘1’
the corresponding strand from the labelled helpers is used. In this way
any desired pattern can be made. The patterns that can be made are
linked to the underlying pattern of crossovers and thus, depending on
the merge pattern used, may be rectilinear (as in Fig. 4a) or staggered
and nearly hexagonally packed (as in Fig. 4b). The pattern in the
bottom middle of Fig. 2 is based on a staggered pattern of helpers
and has been made experimentally with, on average, ∼94% of the
‘1’ pixels and 100% of the ‘0’ pixels correct.
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Step 5 - Merge Staples
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y-direction. As noticed before in DNA lattices15, parallel helices in
such structures are not close-packed, perhaps owing to electrostatic
repulsion. Thus the exact y-resolution depends on the gap between
helices. The gap, in turn, appears to depend on the spacing of
crossovers. In Fig. 1a crossovers occur every 1.5 turns along alter-
nating sides of a helix, but any odd number of half-turnsmay be used.
In this study, data are consistent with an inter-helix gap of 1 nm
for 1.5-turn spacing and 1.5 nm for 2.5-turn spacing, yielding a
y-resolution of 6 or 7 nm, respectively.
Conceptually, the second step (illustrated in Fig. 1b) proceeds by

folding a single long scaffold strand (900 nucleotides (nt) in Fig. 1b)
back and forth in a raster fill pattern so that it comprises one of the
two strands in every helix; progression of the scaffold from one helix
to another creates an additional set of crossovers, the ‘scaffold
crossovers’ (indicated by small red crosses in Fig. 1b). The funda-
mental constraint on a folding path is that the scaffold can form a
crossover only at those locations where the DNA twist places it at a

tangent point between helices. Thus for the scaffold to raster
progressively from one helix to another and onto a third, the distance
between successive scaffold crossoversmust be an odd number of half
turns. Conversely, where the raster reverses direction vertically and
returns to a previously visited helix, the distance between scaffold
crossovers must be an even number of half-turns. Note that the
folding path shown in Fig. 1b is compatible with a circular scaffold
and leaves a ‘seam’ (a contour which the path does not cross).
Once the geometric model and a folding path are designed, they

are represented as lists of DNA lengths and offsets in units of half-
turns. These lists, along with the DNA sequence of the actual scaffold
to be used, are input to a computer program. Rather than assuming
10.5 base pairs (bp) per turn (which corresponds to standard B-DNA
twist), the program uses an integer number of bases between periodic
crossovers (for example, 16 bp for 1.5 turns). It then performs the
third step, the design of a set of ‘staple strands’ (the coloured DNA
strands in Fig. 1c) that provide Watson–Crick complements for the

Figure 1 |Design of DNAorigami. a, A shape (red) approximated by parallel
double helices joined by periodic crossovers (blue). b, A scaffold (black) runs
through every helix and forms more crossovers (red). c, As first designed,
most staples bind two helices and are 16-mers. d, Similar to c with strands
drawn as helices. Red triangles point to scaffold crossovers, black triangles to
periodic crossovers with minor grooves on the top face of the shape, blue
triangles to periodic crossovers with minor grooves on bottom. Cross-
sections of crossovers (1, 2, viewed from left) indicate backbone positions

with coloured lines, andmajor/minor grooves by large/small angles between
them. Arrows in c point to nicks sealed to create green strands in d. Yellow
diamonds in c and d indicate a position at which staples may be cut and
resealed to bridge the seam. e, A finished design after merges and
rearrangements along the seam. Most staples are 32-mers spanning three
helices. Insets show a dumbbell hairpin (d) and a 4-T loop (e), modifications
used in Fig. 3.
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2006 - Folding DNA to create nanoscale shapes and patterns

If using a full m13mp18 scaffold, shapes typically ~ 150 staples, 20-60 bases long
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y-direction. As noticed before in DNA lattices15, parallel helices in
such structures are not close-packed, perhaps owing to electrostatic
repulsion. Thus the exact y-resolution depends on the gap between
helices. The gap, in turn, appears to depend on the spacing of
crossovers. In Fig. 1a crossovers occur every 1.5 turns along alter-
nating sides of a helix, but any odd number of half-turnsmay be used.
In this study, data are consistent with an inter-helix gap of 1 nm
for 1.5-turn spacing and 1.5 nm for 2.5-turn spacing, yielding a
y-resolution of 6 or 7 nm, respectively.
Conceptually, the second step (illustrated in Fig. 1b) proceeds by

folding a single long scaffold strand (900 nucleotides (nt) in Fig. 1b)
back and forth in a raster fill pattern so that it comprises one of the
two strands in every helix; progression of the scaffold from one helix
to another creates an additional set of crossovers, the ‘scaffold
crossovers’ (indicated by small red crosses in Fig. 1b). The funda-
mental constraint on a folding path is that the scaffold can form a
crossover only at those locations where the DNA twist places it at a

tangent point between helices. Thus for the scaffold to raster
progressively from one helix to another and onto a third, the distance
between successive scaffold crossoversmust be an odd number of half
turns. Conversely, where the raster reverses direction vertically and
returns to a previously visited helix, the distance between scaffold
crossovers must be an even number of half-turns. Note that the
folding path shown in Fig. 1b is compatible with a circular scaffold
and leaves a ‘seam’ (a contour which the path does not cross).
Once the geometric model and a folding path are designed, they

are represented as lists of DNA lengths and offsets in units of half-
turns. These lists, along with the DNA sequence of the actual scaffold
to be used, are input to a computer program. Rather than assuming
10.5 base pairs (bp) per turn (which corresponds to standard B-DNA
twist), the program uses an integer number of bases between periodic
crossovers (for example, 16 bp for 1.5 turns). It then performs the
third step, the design of a set of ‘staple strands’ (the coloured DNA
strands in Fig. 1c) that provide Watson–Crick complements for the

Figure 1 |Design of DNAorigami. a, A shape (red) approximated by parallel
double helices joined by periodic crossovers (blue). b, A scaffold (black) runs
through every helix and forms more crossovers (red). c, As first designed,
most staples bind two helices and are 16-mers. d, Similar to c with strands
drawn as helices. Red triangles point to scaffold crossovers, black triangles to
periodic crossovers with minor grooves on the top face of the shape, blue
triangles to periodic crossovers with minor grooves on bottom. Cross-
sections of crossovers (1, 2, viewed from left) indicate backbone positions

with coloured lines, andmajor/minor grooves by large/small angles between
them. Arrows in c point to nicks sealed to create green strands in d. Yellow
diamonds in c and d indicate a position at which staples may be cut and
resealed to bridge the seam. e, A finished design after merges and
rearrangements along the seam. Most staples are 32-mers spanning three
helices. Insets show a dumbbell hairpin (d) and a 4-T loop (e), modifications
used in Fig. 3.
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10.5 base pairs (bp) per turn (which corresponds to standard B-DNA
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crossovers (for example, 16 bp for 1.5 turns). It then performs the
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crossover only at those locations where the DNA twist places it at a
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between successive scaffold crossoversmust be an odd number of half
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returns to a previously visited helix, the distance between scaffold
crossovers must be an even number of half-turns. Note that the
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and leaves a ‘seam’ (a contour which the path does not cross).
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turns. These lists, along with the DNA sequence of the actual scaffold
to be used, are input to a computer program. Rather than assuming
10.5 base pairs (bp) per turn (which corresponds to standard B-DNA
twist), the program uses an integer number of bases between periodic
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     1>CGTATTGG ACATTTCCGTAGA   CCGACTGG ACATCTTC>1
2<TTACGGCATAACC TGTAAAGGCATCT<3<GGCTGACC TGTAGAAGGACCA<4
          
2>CTGGTCCTTCACA GGCAGAATCAATC   ATAAGACA GGTAGTGGAATGC>4
     5<GGAAGTGT CCGTCTTAGTTAG   TATTCTGT CCATCACC<5
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Fig. 1. Examples of non-canonical, branched DNA structures. 3-prime ends (usually written 3’, here ‘3’) of DNA strands are marked by arrowheads.

landmark DNA nanostructures be generalized to create a framework
that allows the creation of arbitrary patterns and shapes?

To answer this question, one must understand the advantages and
disadvantages of different approaches. Within the DNA nanotech-
nology paradigm, a couple major distinctions can be drawn. First,
designs may be classified by how they are built up from component
strands, being (1) composed entirely of short oligonucleotide strands
as in Fig. 1a, (2) composed of one long ‘scaffold strand’ (black)
and numerous short ‘helper strands’ (colored) as in Fig. 1b, or (3)
composed of one long strand and few or no helpers as in Fig. 1c. Here
these design approaches are termed ‘multi-stranded’, ‘scaffolded’,
and ‘single-stranded’, respectively. The last two are termed ‘DNA
origami’ because a single long strand is folded, whether by many
helpers or by self-interactions.

Multi-stranded designs (such as the cube and truncated octahedron)
suffer from the difficulty of getting the ratios of the component short
strands exactly equal. If there is not an equal proportion of the various
component strands then incomplete structures form and extensive
purification may be required. Because, for large and complex designs,
a structure missing one strand is not very different from a complete
structure, purification can be difficult. Single-stranded origami (such
as the octahedron) do not suffer from this problem but generalization
to arbitrary geometries seems difficult (perhaps not enough thought
has been given to the problem). Scaffolded origami sidesteps the
problem of equalizing ratios of strands by allowing an excess of
helpers to be used. As long as each scaffold strand gets one of
each helper, all scaffolds may fold correctly (some might get trapped
in misfoldings). Because origami are easily differentiable from the
helpers, separating them is not difficult (e.g. large origami stick much
more strongly to mica surfaces than helpers do and so excess helpers
can be washed away). Generalization of the parallel helical geometry
introduced by double-crossover molecules is simple using scaffolded
DNA origami (and is the subject of this paper).

A second important distinction between different approaches is

the question of whether or not any DNA sequences are repeated
in the design. If not, a structure is uniquely addressed and there
is no ambiguity as to which strands should stick where in a final
structure. In this situation Watson-Crick binding directs each strand to
a unique location and an experimenter is free to mix all of the strands
together at once in a so-called one-pot reaction. If some sequences
are repeated, then either a mixture of structures is formed or the
resulting structure has some symmetries unless there is a specific
method employed to break symmetry in the system—for example
DNA strands are added to the test tube in a particular sequence2.
The cube, truncated octahedron and octahedron are all uniquely
addressed structures3, as are biological proteins. The 4x4 pixel array
is not uniquely addressed and was assembled over multiple steps in
a hierarchical fashion.

I have recently developed a method for using scaffolded origami to
create arbitrary nanoscale shapes, which may then be decorated with
arbitrary nanoscale patterns. Structures are uniquely addressed and
can be created simply in a one-pot reaction. The design method and
experiments demonstrating its generality are described in reference
[25] (included are atomic force micrographs of DNA origami that
allow direct comparison with the designs described here.) Below, I
review the method and describe some issues in the computer-aided
design of scaffolded DNA origami.

2Here I have neglected two important classes of non-uniquely addressed
DNA nanostructures: (1) periodic 2D crystals or tubes [18], [19], [20] and (2)
two dimensional aperiodic patterns [21] generated by algorithmic assembly
[22], [23], [24]. The technique of unique addressing discussed in this paper
can only go so far. Uniquely addressed structures are unfortunately the same
size as the program (e.g. their DNA sequence) that creates them; obviously
this doesn’t scale. To self-assembly structures as complex as the human body,
with its 1014 cells, we will need to be able to create ‘developmental programs’
for molecules; this is what algorithmic self-assembly is about.

3Because they are multi-stranded structures the cube and truncated octahe-
dron were assembled in multiple-steps anyway.
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landmark DNA nanostructures be generalized to create a framework
that allows the creation of arbitrary patterns and shapes?

To answer this question, one must understand the advantages and
disadvantages of different approaches. Within the DNA nanotech-
nology paradigm, a couple major distinctions can be drawn. First,
designs may be classified by how they are built up from component
strands, being (1) composed entirely of short oligonucleotide strands
as in Fig. 1a, (2) composed of one long ‘scaffold strand’ (black)
and numerous short ‘helper strands’ (colored) as in Fig. 1b, or (3)
composed of one long strand and few or no helpers as in Fig. 1c. Here
these design approaches are termed ‘multi-stranded’, ‘scaffolded’,
and ‘single-stranded’, respectively. The last two are termed ‘DNA
origami’ because a single long strand is folded, whether by many
helpers or by self-interactions.

Multi-stranded designs (such as the cube and truncated octahedron)
suffer from the difficulty of getting the ratios of the component short
strands exactly equal. If there is not an equal proportion of the various
component strands then incomplete structures form and extensive
purification may be required. Because, for large and complex designs,
a structure missing one strand is not very different from a complete
structure, purification can be difficult. Single-stranded origami (such
as the octahedron) do not suffer from this problem but generalization
to arbitrary geometries seems difficult (perhaps not enough thought
has been given to the problem). Scaffolded origami sidesteps the
problem of equalizing ratios of strands by allowing an excess of
helpers to be used. As long as each scaffold strand gets one of
each helper, all scaffolds may fold correctly (some might get trapped
in misfoldings). Because origami are easily differentiable from the
helpers, separating them is not difficult (e.g. large origami stick much
more strongly to mica surfaces than helpers do and so excess helpers
can be washed away). Generalization of the parallel helical geometry
introduced by double-crossover molecules is simple using scaffolded
DNA origami (and is the subject of this paper).

A second important distinction between different approaches is

the question of whether or not any DNA sequences are repeated
in the design. If not, a structure is uniquely addressed and there
is no ambiguity as to which strands should stick where in a final
structure. In this situation Watson-Crick binding directs each strand to
a unique location and an experimenter is free to mix all of the strands
together at once in a so-called one-pot reaction. If some sequences
are repeated, then either a mixture of structures is formed or the
resulting structure has some symmetries unless there is a specific
method employed to break symmetry in the system—for example
DNA strands are added to the test tube in a particular sequence2.
The cube, truncated octahedron and octahedron are all uniquely
addressed structures3, as are biological proteins. The 4x4 pixel array
is not uniquely addressed and was assembled over multiple steps in
a hierarchical fashion.

I have recently developed a method for using scaffolded origami to
create arbitrary nanoscale shapes, which may then be decorated with
arbitrary nanoscale patterns. Structures are uniquely addressed and
can be created simply in a one-pot reaction. The design method and
experiments demonstrating its generality are described in reference
[25] (included are atomic force micrographs of DNA origami that
allow direct comparison with the designs described here.) Below, I
review the method and describe some issues in the computer-aided
design of scaffolded DNA origami.

2Here I have neglected two important classes of non-uniquely addressed
DNA nanostructures: (1) periodic 2D crystals or tubes [18], [19], [20] and (2)
two dimensional aperiodic patterns [21] generated by algorithmic assembly
[22], [23], [24]. The technique of unique addressing discussed in this paper
can only go so far. Uniquely addressed structures are unfortunately the same
size as the program (e.g. their DNA sequence) that creates them; obviously
this doesn’t scale. To self-assembly structures as complex as the human body,
with its 1014 cells, we will need to be able to create ‘developmental programs’
for molecules; this is what algorithmic self-assembly is about.

3Because they are multi-stranded structures the cube and truncated octahe-
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• Origami
– Allows excess of staples to be 

used (no need for exact 
stoichiometry)

– Uniquely addressable



Experimental Method for Forming 
DNA Origami

• >100 staple strands, each 20-60 bases long
– 5 uL of each strand solution à “master mix”

• Scaffold, 3000-50,000 nts long
• Buffer (pH control)
• Magnesium salt (Magnesium Mg++ ions neutralize 

negative charges on the DNA and allow the single-
stranded DNA to come together and form the 
double helix)

• Heating to 90 C then cooling to 20 C in under 2 hrs 
(in 2006 papers, says 95 C in over 2 hours).

• Characterize with AFM, TEM, or gel 
electrophoresis
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95 8C to 20 8C in ,2 h. When samples were deposited on mica, only
folded DNA structures stuck to the surface while excess staples
remained in solution; AFM imaging thus proceeded under buffer
without prior purification. Six different folds were explored; Fig. 2
gives their folding paths and their predicted and experimentally
observed DNA structures. (Models and staple sequences are given in
Supplementary Note S3, final designs appear in Supplementary Note
S12. Experimental methods are given in Supplementary Note S4,
results described here but not shown are in Supplementary Note S5.)
Of the products imaged by AFM, a particular structure was con-
sidered qualitatively ‘well-formed’ if it had no defect (hole or
indentation in the expected outline) greater than 15 nm in diameter.
For each fold the fraction of well-formed structures, as a percentage
of all distinguishable structures in one or more AFM fields, was
calculated as a rough estimate of yield. I note that while some
structures classified as well-formed had 15-nm defects, most had
no defects greater than 10 nm in diameter.
First, a simple 26-helix square was designed (Fig. 2a). The square

had no vertical reversals in raster direction, required a linear scaffold,
and used 2.5-turn crossover spacing. Most staples were 26-mers that
bound each of two adjacent helices as in Fig. 1c, but via 13 bases
rather than 8. The design was made assuming a 1.5-nm inter-helix

gap; an aspect ratio of 1.05 (93.9 nm £ 89.5 nm) was expected. By
AFM, 13% of structures were well-formed squares (out of S ¼ 45
observed structures) with aspect ratios from 1.00 to 1.07 and bore the
expected pattern of crossovers (Fig. 2a, upper AFM image). Of the
remaining structures, ,25% were rectangular fragments, and ,25%
had an hourglass shape that showed a continuous deformation of the
crossover lattice (Fig. 2a, lower AFM image). Sequential imaging
documented the stretching of a square into an hourglass, suggesting
that hourglasses were originally squares that stretched upondeposition
or interaction with the AFM tip. No subsequent designs exhibited
stretching. Other designs had either a tighter 1.5-turn spacing with
32-mer staples spanning three helical domains (Fig. 2b–d, f) or
smaller domains that appeared to slide rather than stretch (Fig. 2e).
To test the formation of a bridged seam, a rectangle was designed

(Fig. 2b) according to the scheme outlined in Fig. 1e using 1.5-turn
crossover spacing, 32-mer staples and a circular scaffold. As seen in
Fig. 2b, the central seam and associated pattern of crossovers was
easily visualized (upper AFM image). Rectangles stacked along their
vertical edges, often forming chains up to 5mm long (lower AFM
image). The yield of well-formed rectangles was high (90%, S ¼ 40),
and so rectangles were used to answer basic questions concerning
inter-helix gaps, base-stacking, defects and stoichiometry. AFM drift

Figure 3 | Patterning and combining DNA origami. a, Model for a pattern
representing DNA, rendered using hairpins on a rectangle (Fig. 2b). b, AFM
image. One pixelated DNA turn (,100 nm) is 30£ the size of an actual DNA
turn (,3.6 nm) and the helix appears continuous when rectangles stack
appropriately. Letters are 30 nm high, only 6£ larger than those written
using STM in ref. 3; 50 billion copies rather than 1 were formed. c, d, Model
and AFM image, respectively, for a hexagonal pattern that highlights the
nearly hexagonal pixel lattice used in a–i. e–i, Map of the western
hemisphere, scale 1:2 £ 1014, on a rectangle of different aspect ratio.
Normally such rectangles aggregate (h) but 4-T loops or tails on edges (white

lines in e) greatly decrease stacking (i). j–m, Two labellings of the sharp
triangle show that each edge may be distinguished. In j–u, pixels fall on a
rectilinear lattice. n–u, Combination of sharp triangles into hexagons
(n, p, q) or lattices (o, r–u). Diagrams (n, o) show positions at which staples
are extended (coloured protrusions) to match complementary single-
stranded regions of the scaffold (coloured holes). Models (p, r) permit
comparison with data (q, s). The largest lattice observed comprises only
30 triangles (t). u shows close association of triangles (and some breakage).
d and f were stretched and sheared to correct for AFM drift. Scale bars:
h, i, 1 mm; q, s–u, 100 nm.
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Templated self-assembly of DNA into custom 
two-dimensional shapes on with a multiple-

kilobase ‘scaffold strand’ that is folded into a flat 
array of antiparallel helices by interactions with 

hundreds of oligonucleotide ‘staple strands’

2006 - Folding DNA to create nanoscale shapes and patterns

Summary of DNA Origami



• Prior to Rothemund, attempts were made, but 
inhibited.

• Yield is 70%
• He ignored 3 criteria in his method:
– Sequences must be optimized to avoid secondary 

structure or undesired binding interactions
– Strands must be purified
– Strands must be equimolar
(legacy of Seeman)

2006 - Folding DNA to create nanoscale shapes and patterns

Notes on DNA Origami



• Suggested factors that helped this succeed:
1. strand invasion
2. an excess of staples (why? proposed 5:1)
3. cooperative effects
4. design that intentionally does not rely on 

binding between staples. 
DNA origami may be used as a 
‘nanobreadboard’ to which diverse 
components can be added. 

2006 - Folding DNA to create nanoscale shapes and patterns

Why DNA Origami Works so Well?
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DNA based nanostructures built on a long single stranded DNA
sca↵old, known as DNA origamis, are nowadays the basis of many
applications. These applications range from the control of single-
molecule chemical reaction networks to the organization at the
nanometer scale of various molecules including proteins and carbon
nanotubes. However, many basic questions concerning the mech-
anisms of formation of the origamis have not been addressed so
far. For instance, the robustness of di↵erent designs against factors,
such as the internal topology, or the influence of the staple pat-
tern, are handled empirically. We have built a model for the folding
and melting processes of DNA origamis that is able to reproduce
accurately several thermodynamic quantities measurable from UV
absorption experiments. The model can also be used to design a
new distribution of crossovers that increases the robustness of the
DNA template. The model provides predictions among which a few
of them have been already successfully verified. Therefore, in spite
of its complexity we propose an algorithm that gives the capabil-
ity to design and fabricate templates with dedicated properties, a
necessary step for technological development.

DNA folding | mass-action kinetics

Abbreviations: ssDNA, single stranded DNA; dsDNA, double stranded DNA; bp, base

pair

S ince its discovery [1], DNA origamis have boosted re-
searchers creativity to fabricate template biosensing

structures or dynamical systems in 2D and 3D. DNA origamis
are based on precise algorithms that allow the fabrication
of self-assembled addressable templates with nanometer scale
accuracy. This unique combination of algorithm and self-
assembled fabrication method has lead to a wealth of new
structures and devices. Besides immediate applications such
as biosensors [2], many strategies take use of DNA dynamical
behaviours to achieve complex functions or structure reconfig-
uration. Prescribed tracks have been used for nanomachines
and nanorobots [3] [4] [5] while strand displacement tech-
nique [6] has been used to reorganise origamis structures [7]
[8]. However, despite these innovative realisations, the folding
process of DNA origamis remains poorly understood. In this
paper we study in depth the process of formation of origamis
through the analysis of melting and annealing curves. Also
simple origami structures with a template of 64 bp long that
mimic basic units of DNA origamis are studied.

The process of formation of a DNA origami can be anal-
ysed by collecting the fluorescence intensity of a reporter dye
[9] or by monitoring the variation of its UV absorption as a
function of the temperature (melting curve) [10]. UV mea-
surement are based on the fact that hybridized bases absorb
less than open bases. The fraction of hybridized bases (de-
gree of pairing ✓(T ) ) can be obtained from raw absorbance
measurements as indicated in SI. The derivative of the melt-
ing curve of a short dsDNA displays a maximum at a well
defined temperature hereafter identified as the melting tem-
perature (Tm). For longer dsDNA macromolecules, several
maxima may appear ,[11] [12], as a signature of the exis-
tence of contiguous regions that fold (or melt) independently.
DNA origamis are made of a 7200 bases long ssDNA scaffold
(M13mp18) folded with a set of about 200 complementary
short ssDNA (32 bases long) called staples. The set of staples
depends on the detailed connectivity. However, the average

AT and GC content of two origamis based on the same scaf-
fold is identical. Fig. a represents the derivative of the melting
curves of three different origamis based on the same scaffold.
The observed differences Fig. a point to the existence of mech-
anisms of folding that are very different from those at work
in dsDNA macromolecule. To further stress this difference,
Fig. b represents the results obtained by assuming that all
the staples fold independently. Notice that the hypothesis
of an uncorrelated staple folding process leads to a shift of
the melting temperature of 10 �

C and to a calculated relative
stability of the three origamis inverted with respect to the
experimental data.

Staples are designed to hold together regions of the scaf-
fold that, otherwise, would be separated by a (possibly) long
sequence. The binding of a staple to the scaffold is hindered
by an entropic penalty that depends on the length of this re-
gion. At high temperature, this region of the scaffold forms
a coil. Depending on the Tm at which this staple binds, it
may happen that other staples have already folded within the
coil, reducing the entropy. Therefore, the binding of any sta-

Fig. 1. (a)Derivative d✓/dT of the degree of pairing with respect to temperature
for the three DNA origamis represented in the insets. (b) d✓/dT for a model where
the staples fold independently.

Fig. 2. (a) Schematic representation of the connectivity of the small origami.(b)
B1 staple is in the ’outer’ position,(c) B2 staple in the ’inner’ position. (b) and
(c) show that the binding of staples in the outer (b) or inner (c) positions are very
di↵erent.
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nique [6] has been used to reorganise origamis structures [7]
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process of DNA origamis remains poorly understood. In this
paper we study in depth the process of formation of origamis
through the analysis of melting and annealing curves. Also
simple origami structures with a template of 64 bp long that
mimic basic units of DNA origamis are studied.

The process of formation of a DNA origami can be anal-
ysed by collecting the fluorescence intensity of a reporter dye
[9] or by monitoring the variation of its UV absorption as a
function of the temperature (melting curve) [10]. UV mea-
surement are based on the fact that hybridized bases absorb
less than open bases. The fraction of hybridized bases (de-
gree of pairing ✓(T ) ) can be obtained from raw absorbance
measurements as indicated in SI. The derivative of the melt-
ing curve of a short dsDNA displays a maximum at a well
defined temperature hereafter identified as the melting tem-
perature (Tm). For longer dsDNA macromolecules, several
maxima may appear ,[11] [12], as a signature of the exis-
tence of contiguous regions that fold (or melt) independently.
DNA origamis are made of a 7200 bases long ssDNA scaffold
(M13mp18) folded with a set of about 200 complementary
short ssDNA (32 bases long) called staples. The set of staples
depends on the detailed connectivity. However, the average

AT and GC content of two origamis based on the same scaf-
fold is identical. Fig. a represents the derivative of the melting
curves of three different origamis based on the same scaffold.
The observed differences Fig. a point to the existence of mech-
anisms of folding that are very different from those at work
in dsDNA macromolecule. To further stress this difference,
Fig. b represents the results obtained by assuming that all
the staples fold independently. Notice that the hypothesis
of an uncorrelated staple folding process leads to a shift of
the melting temperature of 10 �

C and to a calculated relative
stability of the three origamis inverted with respect to the
experimental data.

Staples are designed to hold together regions of the scaf-
fold that, otherwise, would be separated by a (possibly) long
sequence. The binding of a staple to the scaffold is hindered
by an entropic penalty that depends on the length of this re-
gion. At high temperature, this region of the scaffold forms
a coil. Depending on the Tm at which this staple binds, it
may happen that other staples have already folded within the
coil, reducing the entropy. Therefore, the binding of any sta-

Fig. 1. (a)Derivative d✓/dT of the degree of pairing with respect to temperature
for the three DNA origamis represented in the insets. (b) d✓/dT for a model where
the staples fold independently.

Fig. 2. (a) Schematic representation of the connectivity of the small origami.(b)
B1 staple is in the ’outer’ position,(c) B2 staple in the ’inner’ position. (b) and
(c) show that the binding of staples in the outer (b) or inner (c) positions are very
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Fig. 3. The derivative d✓/dT reported in the four figures corresponds to the folding of the dotted staple. a) experimental data on the folding of B1(AT) cases (A,B,D) in
the absence of B2(GC), cases (C,E) with B2 already folded; b) experimental data on B2 without B1; c) experimental data on B1m; d) experimental data on B2m

ple depends on the previous binding state of the other staples,
leading to a field of interacting loops of various sizes. Stated in
such a way, the problem of describing the folding (unfolding)
path of DNA origamis appears untractable. In an attempt to
have a more quantitative picture, we first simplify the problem
and study a simple structure made of three ssDNA. This three
strand pattern can be viewed as a building block of the DNA
origamis (Fig. a). This preliminary study intends to shed
some light on the local pairing in a DNA origami. From these
experiments, we will derive effective thermodynamic parame-
ters that will be used to describe the folding of DNA origamis.

Small origami
We designed a DNA construction (called small origami)

made of two ssDNA 32b long (staples) and a 64b long ssDNA
(scaffold). This structure is similar to DAO structures[13] and
comparable in size and shape to JX and PX structures which
have already been studied experimentally [14], and theoreti-
cally [15], [16]. Three different sets of staples based on the
same structure were chosen to quantitatively evidence coop-
erative effects during the binding of the staples. In the first
two sets, the two staples (B1 and B2) have very different com-
positions: the sequence of B1 only contains A or T nucleotide
whereas B2 only contains G or C nucleotide. Accordingly,
their melting temperatures are far apart, respectively 57 �

C

and 91 �
C. This allows to differentiate the two staples in

the melting curve. The third set has two staples, B1m and
B2m, designed with chemical sequences different enough to
avoid mispairing with the 64b template B0. They have close
melting temperatures (respectively 77 �

C and 80 �
C ) as their

AT/GC ratio are similar.
The topology of the binding is illustrated in (Fig. ): each

staple contains two contiguous parts, 16b long, that bind to
the scaffold. In (Fig. a), B1 is in the ’outer’ position, B2 is in
the ’inner’ position. The difference between these two ways
of binding can be further stressed by considering what hap-
pens when only half of the staple is hybridized. In the ’outer’
position, the unbound parts of the staple and the scaffold are
located on the same side of the bound moities (Fig. b). In
the ’inner’ position, the unbound parts are on opposite sides
(Fig. c). Besides the existence of this entropic hindrance,
the inner position requires that double-helical domains stay
in close contact, which could result in additional instability.
Motivated by these considerations, we have investigated three
different cases:

• B2 is located in the inner part, B1 in the outer part.

• B2 is located in the outer part, B1 in the inner part.
• B1m is located in the outer part, B2m in the inner part.

In (Fig. 3a) we report the derivative of the melting curves
that show the behaviour of the B1 strand for different configu-
rations. Fig. 3a.A corresponds to the melting curve of B1 with
its complementary B1: it shows a maximum peak at 57 �

C

and a half width of 4.5 K. We analyse first the case where B1
is outer. Without the staple B2 (Fig. 3a.B), the structure
produces a loop or bulge, as described in [17] that shifts the
free energy towards a lower value and decreases the melting
temperature to 48.5 �

C and a half width of 6 K. Thus the fold-
ing is much less robust. When B1 and B2 are both present
two events appear on the melting curve (see (Fig S6) for both
events). The first one at 83 �

C corresponding to the folding of
B2 in the inner position (Fig. 3b.B). Then Fig. 3a.C, B1 folds
at a temperature higher than when it is alone, with a maxi-
mum peak at 51.5 �

C but with a similar half width. Therefore,
the inner staple B2 helps the pairing of the staple B1 located
in the outer part by suppressing part of the entropic penalty
related to the bulge formed by the scaffold. When B1 is in
the inner part (Fig. 3a.D), the staple hardly folds with the
B0 template. The maximum peak is located at 41.5 �

C , 15
K lower than the value of the dsDNA and with a half width
as large as 12 K. This is three times larger than the one of
B1B1. Again, when the B2 staple is added (Fig. 3a.E ), the
pairing of B1 is stabilized with a maximum peak much higher
located at 50 �

C but still with a rather large half width of 8 K.
These experimental results support the evidence of a strong
correlation between the two strands that appears when B2 is
added: the presence of B2 helps the folding of B1 whatever its
location. Moreover, these results also show that the location
of the strand is of importance, the inner location being much
less favourable. The origin of this difference is not obvious, it
may in part be the result of an entropic penalty larger than
the one a bulge induces, as it occurs when B1 is located in
the outer domain, but it may also be the consequence of the
energy cost of a local curvature the inner strand imposes to
the B0 template.

For B2 (Fig. 3b) one cannot investigate any correlation
effect as B1 folds at a much lower temperature. However,
the influence of the location of the staple can also be checked
with the B2 staple alone. B2B2 (Fig. 3b.A) has a maximum
peak at 91�

C with a half width of 3.5 K, while when B2 is in
the inner position (Fig. 3b.B) the peak is located at 83 �

C

with a half width of 8 K. When B2 is in the outer position
(Fig. 3b.C) the peak is located at 86.5�

C and is slightly nar-
rower (half width of 6.5 K). Therefore, the same differences
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between the inner and outer positions are observed whatever
the chemical sequence involved.

The experimental results obtained with the B1m-B2m set
of staples are shown in (Fig. 3c and 3d). Again, the same
trends are observed but with less pronounced effects. When
compared with the results obtained with the previous struc-
ture, the temperature shifts and the increase of the half width
are smaller with respect to the melting curves of the dou-
ble strands B1mB1m and B2mB2m. A correlation effect is
also noticeable, and is now observed for both strands B1m and
B2m. When the staple B1m is in the solution, the staple B2m,
which folds at a higher temperature, shows a narrower peak
at a maximum 1.5 �

C higher than when it is alone. Therefore
partial folding of the staple B1m helps the folding of the sta-
ple B2m. Similarly to what was observed in the previous case,
the correlation effect is even more effective when we consider
the influence of the B2m staple on the folding process of the
B1m staple (Fig. 3c.D) shifting the Tm from 67 �

C to 72 �
C.

Model
The previous section considered the folding of simple DNA
constructions that go beyond the simplest double stranded
DNA structure. The small origamis exhibited contorted struc-
tures with crossovers and their associated entropic penalties
that depend on their location. The small origamis show co-
operative and topological effects that help to start a study
on folding process of DNA origami that bear hundreds of sta-
ples. For this, we need to make a few hypothesis in order to
make the problem tractable. The basic difficulty is related to
the huge number of possible configurations that need to be
handled to compute average properties such as the number
of open base pairs. Long linear structures of double stranded
DNA can be computed rigorously because recurrence relations
can be established in such cases [18],[12]. DNA origamis are
highly connected structures that prevent the use of linear re-
currences.

Let us enumerate the working hypothesis of the model.
Each staple Si of length |Si| can be divided in parts that hy-
bridize to non-contiguous regions of the scaffold. Let us note
Si = partSi,1 + partSi,2 + . . . such a division of the strand
sequence (typically, each 32b staple is divided in three parts,
see Fig. 5, but other partitions are possible).

Hypothesis 1: we will focus on configurations where each
part Si,k is either completely hybridized or completely free.
Moreover, we also disregard misfolded configurations, that is,
staples that partially hybridize to the ’wrong’ part of the scaf-
fold. Notice that this assumption is plausible for the one layer
origamis we consider here. For more complex, multi-layered
structures, the staples are divided in smaller parts so that
the probability to bind to the wrong part of the scaffold is
considerably increased.

We will call crossover the connection between two con-
tiguous parts of any staple. A crossover is not associated with
a particular DNA base, it is only a convenient notation to
describe the connectivity of the origami. In the examples of
Fig. , typical staples are 32 bases long and composed of three
parts (8,16,8 bases long respectively) linked by two crossovers
cSi,1 and cSi,2. On the scaffold side, a crossover is associated
with a loop, a subset of the scaffold that is hybridized (or not)
depending on the presence of other staples. In the previous
example (Fig. a) B1 and B2 are decomposed in two parts
connected each one by a crossover, and B0 plays the role of
the scaffold.

Hypothesis 2: configurations with non contiguous hy-
bridized parts are forbidden. This hypothesis is well verified

when the central part of the staple is much longer than the
other parts. In the following, we will note Si(k, l) the configu-
ration where partSi,k, partSi,k+1, . . ., partSi,l are hybridized,
the other parts being unpaired.

The model aims to compute the probability p(Si(k, l), T )
of having a particular folded state of the staple Si at tempera-
ture T . We will assume that at very high temperature T = Th,
all the staples are unfolded: p(Si(k, l), Th) = 0 (in practice,
Th = 90�C ). The model is recursive: p(Si(k, l), T + dT ) is
computed based on the knowledge of p(Si(k, l), T ). The in-
crement dT can be both positive or negative: the algorithm
starts from Th, the temperature decreases down to a value
Tl, then increases again. At any temperature T , the prob-
ability to observe a given configuration Si(k, l) will depend
upon the presence (or not) of neighbour staples. Therefore,
for each staple a set of neighbour staples {N↵(Si)} needs to
be defined. How many staples one has to consider in this
set is a parameter of the model. In the following, the set
of neighbour staples will be limited to the staples that are
in the same row of the origami scaffold, and separated by
less than 75b. With these notations, the probability to ob-
serve the staple Si in a given configuration Si(k, l) and for a
given neighbourhood N↵(Si) is modelized by an equilibrium
reaction: Si(k, l) + N↵(Si) ⌦ N↵(Si)Si(k, l). This modelling
therefore does not consider any kinetic effect.

Hypothesis 3: because the model only keeps track of the
single probabilities p(Si(k, l), T ) and not of the joint proba-
bilities p(S1(k, l), S2(k

0
, l

0), . . . T ), it is necessary to make an
additional approximation to determine p(N↵(Si), T ). Again,
based on the data from the small origamis, we assume that
there is a strong correlation between the different staples.
As the processes of annealing and melting are monotonous,
for two staples Si1 and Si2 we venture the hypothesis that
if p(Si1(k, l), T ) < p(Si2(k

0
, l

0), T ), then the Si2 staple was
present in the structure when Si1 staple began to fold. In
order to compute p(N↵(Si), T ), let us generalize this idea and
order the staples in N↵(Si) = {Si1 , Si2 , . . .} in such a way
that p(Si1 , T )  p(Si2 , T )  . . . < p(S) = 1, where S stands
for the scaffold. According to the high correlation hypothesis,
we approximate the joint probabilities in the following way:

p(Si1 , T ) = p(Si1 , Si2 , . . .)

p(Si2 , T )� p(Si1 , T ) = p(Si2 , Si3 , . . .), . . .

For instance, in the case where only two crossovers in-
fluence Si, with probability p(Si1) both cSi1 and cSi2 are
present, the probability of only having cSi2 is p(Si2)� p(Si1)

Fig. 4. Computing the entropic penalty for the three di↵erent local intermediate
states (LIS). The staple to be inserted is represented by the dotted line, the sca↵old
by the continuous line. (a) LIS1 (b) LIS2 (c) LIS3. Here, we assume that, because
of the curvature constraints imposed by this configuration, the staple remains partly
unfolded. (d) A typical situation where two types of LIS (LIS1 at the right side of the
staple, LIS3 at the left side) can be attributed to a given crossover.
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Fig. 5. To evaluate the fraction of the staple Si folded at the temperature T + dT , one considers the nearby staples of the staple i at T and calculates the probability
of the di↵erent neighbouring crossovers configurations (cSm,2, cSp,1,etc) around Si. The origami is then subdivided in di↵erent partially folded state(eg N↵(Si)) with a
given probability (eg p(N↵(Si))..). For each of these partial states the equilibrium constant for a partial folded configuration (N↵(Si)Si(m,n)) of the staple within this
restricted local state is calculated as explained in the energy model. The law of mass action for each partial configuration folded gives a set of coupled equations. Once solved
they allow to determine the fraction of partial configuration folded in this environment p(N↵(Si), T + dT ). Then we can calculate the total fraction of each configuration
folded p(Si(m,n), (T + dT ), as the sum of the fraction of those configurations in the di↵erent local states, weighted by the probability of each state.

and the probability of only having the scaffold is 1�p(Si2). We
show (see SI) that the set of equilibrium reactions determines
p(Si(k, l)) provided the equilibrium constants of these reac-
tions are known. This amounts to defining an energy model
which is detailed in the next section.

Folding energy of a given configuration.The gain in Gibbs
free energy for hybridizing Si(k, l), �G(Si(k, l), T ) =
�H(Si(k, l), T )�T�S(Si(k, l), T ) contains two contributions:
�G = �GNN + �Gtop. The local contribution �GNN only
depends on the sequence of Si(k, l). It quantifies the gain in
free energy associated with the local formation of double he-
lices. We use the parameters of the nearest-neighbour model
[17] with a temperature correction given in [19] (see SI Text
and [19] for a detailed description).

�Gtop gathers several contributions that depend on the
connectivity of the origami (�GNN depends mostly on the
sequence of the scaffold and, to a less extent, on the density of
crossovers, but not on the connectivity). With any crossover,
we associate an entropic penalty. This penalty reflects the
difficulty for a staple to hybridize non-contiguous parts of the
scaffold. In a first approximation, the longer the region of
the scaffold that connects the two parts to be hybridized, the
larger the penalty. Our previous results obtained with the
small origami show that this needs to be refined. Based on
these data, we consider three situations characterized by tran-
sient arrangements of staples that we call local intermediate
states (LIS). In the first one (LIS1), the staple hybridizes to
the scaffold, forming an internal asymmetric loop [17], Fig. 3a.
The length of this loop corresponds to the number of unpaired
bases of the scaffold linked by the crossover. This is a gen-
eralization of the ’outer’ position found for the three strands
origami. Before the crossover formation, when only part of
the staple is folded, the scaffold and the non hybridized part
of the staple are on the same side of the hybridized part of
the staple (Fig. b). In this case, the staple is not involved in
the path that connects the two extremities of the crossover.
A particular case of LIS1, which we call LIS2, is the situa-
tion where the length of the loop is zero: the crossover forms
locally a Holliday junction, the staple hybridizes in the close
vicinity of an already hybridized staple (Fig. 3b).

The third LIS, LIS3, corresponds to the inner position in
the small origami: the shortest path that connects the two
ends of the crossover involves the staple itself (Fig. 3c). Be-

cause of this, before the crossover forms, the non hybridized
parts of the strand and the scaffold are located on opposite
sides of the hybridized parts (Fig. c). Therefore, LIS3 implies
a larger penalty than LIS1 or LIS2. In the small origami, the
shift in Tm was less than 10 �

C for LIS1, between 5 �
C and 7

�
C for LIS2 and up to 15 �

C for LIS3.
To each of these LIS is associated a different �Gtop:

• �Gtop(LIS1)= �T�Sbulge(nT�0.8 < nbfolded >) (Fig. 3).
The function �Sbulge(nT ) is that of ref. [17]. nT cor-
responds to the number of bases along the scaffold and
< nbfolded > is the average value of bases folded along the
scaffold (this average takes into account the probabilities
of all the possible neighbouring configurations). The com-
parison between this model and the experimental results
from the small origami structure is illustrated in Fig. S3.

• �Gtop(LIS2) = �Hloop0 � T�Sloop0 with �Hloop0 =
25.3kcal/mol and �Sloop0 = 65.0cal/mol/K. This con-
stant contribution has been derived so as to fit as well as
possible the B1-B2 experimental data (left of Fig S4) and
then applied to the B1m-B2m data (right part of Fig. S4).
At the crossover, two bases that belong to Si face the bases
constituting the crossover made by the other strand. The
initial enthalpic and entropic contribution of this pair of
bases is subtracted from �GNN as they are not nearest-
neighbours anymore. One half of the contribution (nearest-
neighbour model) of the two new pair of bases is added.

• �Gtop(LIS3) = �Hunbind � T�Sunbind � T�Sbulge(nt �
0.8 < nbfolded >) (Fig. 3c): an additional penalty is added
to the entropic penalty of the loop. This intends to reflect
the stronger instability characteristic of this LIS. �Hunbind

(resp �Sunbind) quantifies the loss of enthalpy (resp en-
tropy) associated with the partial unfolding of the ends
of an staple involved in this type of LIS. The number of
bases that unfold is a parameter of the model. The data
in Fig. S5 correspond to the unfolding of a total of 8 bases
(two bases for each of the four extremities of the staple,
see Fig. 3c).

Under some circumstances (Fig. 3d), two types of LIS can
be attributed to a given crossover. In such cases, the LIS with
the smaller �Gtop is taken into account.

The modelling obtained with the contributions �GNN and
�Gtop is quite satisfactory except for a constant negative shift
(⇠ �4K) of the melting temperatures. This shift indicates
that another stabilizing mechanism that is not present in small
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Fig. 6. Derivative of the pairing degree versus temperature. The data corresponding to annealing are in red, melting in green, the model is in blue for both processes.

constructions such as the small origamis has to be invoked.
Indeed, in the folded structure of origamis, double-helix sec-
tions are separated by distances of the order of 1nm. It is then
reasonable to think that mechanisms such as correlations be-
tween counter-ions and hydration forces come also into play,
as is the case when DNA condensates [20]. This electrostatic
stabilizing term is proportional to the number of neighbour-
ing bases nn that are close to the staple Si, and to the length
|Si(k, l)| of the partial configuration Si(k, l) considered.

�Hn(Si(k, l)) = �0.132nn|Si(k, l)|/|Si|(kcal/mol) [1]

The energy per base �0.132kcal/mol/base is similar to
the one needed for DNA condensation 10�1

kBT/base to
10�2

kBT/base [21].
The salinity of the buffer is taken into account via the cor-

recting terms in [22] in the case where Mg is dominant (see
SI text). Finally the number of bases folded is converted to a
theoretical absorbance [23].

Comparison with the annealing-melting data of four

origamis
We considered four different DNA origamis (Fig. 6) with the
same scaffold (M13mp18 virus) and about 200 staples. O1 is
the rectangle in the original Rothemund work [1], the staples
are mostly 32b long, with folding part sequences divided in
8-16-8 patterns. O2 is another rectangular origami that in-
cludes a hole [24] and presents the same 8-16-8 pattern. O3
has the same connectivity pattern as O1, but some staples
have been merged two by two in four areas (coloured in black
in 6c), so that the typical staple pattern is 8-16-16-16-8. Fi-
nally, O4 is another rectangular origami where a 100b long
subset of the scaffold goes from one side to the other of the
rectangle, forming a ssDNA ’bridge’.

For each origami, a series of annealing-melting cycles was
performed coupled to UV-absorption measurements. With
the protocol detailed in SI Text, the degree of pairing ✓(T )
was extracted as a function of temperature. The temperature
ramp (0.4 �

C min�1) is typical for this one-layer origamis.
The annealing-melting process is not symmetrical, the hys-
teresis between the two phases of a cycle is such that the
melting takes place at temperatures higher than the anneal-
ing.

The overall agreement (Fig. 6) between the melting-
annealing curves observed experimentally and computed with
the model is satisfactory. The model captures the hysteresis
between the annealing and melting processes, as well as the

relative strength of this hysteresis between different origamis
(O2 has only 4K shift between annealing-melting, whereas O4
has 10K shift). The maximum value of the derivative, which
can be linked to the overall enthalpy of the transition in a
two-state model, is also reproduced. This feature is robust
against small variations of the parameters of the model.

Understanding DNA Origami design. In this section, we will
rely on the model developed in the previous section to explore
how the melting temperature of the rectangular origamis de-
pends on the specific connectivity. In many instances, this
type of considerations are relevant to improve the stability of
the template against temperature when origamis are sought as
platforms controlling chemical reactions or other applications
including grafting inorganic species.

Circular permutation of the scaffold.

The scaffold used for the design of rectangular origamis is a
circular phage. Thus, it is possible to choose the beginning of
the scaffold sequence anywhere so that 7248 different sets of
staples (with same length and position, but with a different
composition) are possible. We compared the melting curves
given by those permutations on the O4 origami, permuting
the sequence in steps of 16 bases as this shifts the middle
of one staple to the middle of the nearby staple. The dis-

Fig. 7. (a) Distribution of melting temperatures (annealing and melting) as a
function of the order of the circular permutation of the sca↵old strand. (b) two dif-
ferent melting curves corresponding to two permutations with the lowest and highest
annealing temperatures.
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Fig. 6. Derivative of the pairing degree versus temperature. The data corresponding to annealing are in red, melting in green, the model is in blue for both processes.
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the protocol detailed in SI Text, the degree of pairing ✓(T )
was extracted as a function of temperature. The temperature
ramp (0.4 �

C min�1) is typical for this one-layer origamis.
The annealing-melting process is not symmetrical, the hys-
teresis between the two phases of a cycle is such that the
melting takes place at temperatures higher than the anneal-
ing.

The overall agreement (Fig. 6) between the melting-
annealing curves observed experimentally and computed with
the model is satisfactory. The model captures the hysteresis
between the annealing and melting processes, as well as the

relative strength of this hysteresis between different origamis
(O2 has only 4K shift between annealing-melting, whereas O4
has 10K shift). The maximum value of the derivative, which
can be linked to the overall enthalpy of the transition in a
two-state model, is also reproduced. This feature is robust
against small variations of the parameters of the model.

Understanding DNA Origami design. In this section, we will
rely on the model developed in the previous section to explore
how the melting temperature of the rectangular origamis de-
pends on the specific connectivity. In many instances, this
type of considerations are relevant to improve the stability of
the template against temperature when origamis are sought as
platforms controlling chemical reactions or other applications
including grafting inorganic species.

Circular permutation of the scaffold.

The scaffold used for the design of rectangular origamis is a
circular phage. Thus, it is possible to choose the beginning of
the scaffold sequence anywhere so that 7248 different sets of
staples (with same length and position, but with a different
composition) are possible. We compared the melting curves
given by those permutations on the O4 origami, permuting
the sequence in steps of 16 bases as this shifts the middle
of one staple to the middle of the nearby staple. The dis-

Fig. 7. (a) Distribution of melting temperatures (annealing and melting) as a
function of the order of the circular permutation of the sca↵old strand. (b) two dif-
ferent melting curves corresponding to two permutations with the lowest and highest
annealing temperatures.
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tribution of temperatures corresponding to the maximum of
the derivative for the annealing and melting curves (Fig. 6a)
shows an amplitude of variation of about 4 �

C . Also, cor-
relations exist between consecutive permutations. Depending
on the permutation, the melting curves can be very different
in shape (Fig. 6b).

Decreasing the number of crossovers.

In our model, a penalty is associated to each crossover. Re-
ducing the number of crossovers should in principle increase
the stability in the annealing process. We started from the
O1 shape to reduce the number of crossovers, as its design
is more regular. In the initial origami there is a length of
32 bases between two crossovers, which corresponds to three
periods in the double helix. Increasing the distance between
crossovers leads to consider 54 bases (5 double-helix periods).
We considered two possibilities, illustrated in Fig. 6: staples
27b long, split in 13-14, and staples 54b long, split in 13-27-
14 (O5 origami). Indeed, there is a trade-off between the gain
in enthalpy when increasing the length of the staple, and the
additional penalty of having two crossovers/ staple instead
of only one. Our model shows that the net gain in stability,
compared to the initial 8-16-8 staple strategy, is almost 20
�
C (Fig. 6 O5). Again, the comparison with the experiments

is excellent. Notice that decreasing the number of crossovers
could have an impact on the flexibility of the origami.

Conclusion
DNA origamis appear as a versatile tool to design various
types of DNA based nanostructures. We have introduced
a simple algorithm based on known thermodynamic prop-

erties of dsDNA and their parameterization with the NN-
model. This algorithm provides a reasonable account of the
observed melting and annealing behaviour of DNA origamis.
The model reproduces hysteresis and melting temperatures, as
well as the width of the melting curve. It emphasizes the role
of cooperativity in the folding process by introducing correla-
tions between the probability of presence of neighbour staples.
Finally, it allows to improve the thermal stability by quanti-
fying the effect of different construction factors such as staple
length and density of crossovers. Extensions to 3D [25] [26]
and structures other than origami [27] are envisioned, as well
as tests at the single molecule level (FRET). AFM measure-
ment of Origami as function of the temperature [28] could be
envisaged to compare the observed structure with the model.
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Fig. 8. Annealing curves of the O1 and O5 origamis. The two origamis correspond
to the same sca↵old pattern, but di↵erent staple pattern (solid line = experimental
data, dashed line = theoretical curves)
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DNA Origami Software



DNA Origami Software

• caDNAno 
– http://cadnano.org
– Shawn Douglas (now @ UCSF) while @ William 

Shih’s lab

• Cando
– https://cando-dna-origami.org
–Mark Bathe (MIT)

http://cadnano.org/
https://cando-dna-origami.org/


caDNAno Software for Design of DNA 
Origami

Legacy version (from Douglas et al. 2009)



Version 2

caDNAno Software for Design of DNA 
Origami



• Input 
– JSON (caDNAno)
– DAT (Tiamat)
– or CNDO (Cando) formats

• Output
– Fluctuations movies
– Relaxed shape
– Atomic model

From Castro et al, “A primer to scaffolded DNA origami”, 2011
Also founds in Examples from Cando!

Cando Software for Design of DNA 
Origami



Andersen et al - Self-assembly of 
a nanoscale DNA box with a 

controllable lid 



Andersen et al - Self-assembly of a 
nanoscale DNA box with a controllable lid 
• Extended the DNA origami method into three 

dimensions by creating an addressable DNA 
box 42 X 36 X 36 nm^3 in size that can be 
opened in the presence of externally supplied 
DNA ‘keys’. 

• Used package at http://cdna.au.dk/software/

http://cdna.au.dk/software/


LETTERS

Self-assembly of a nanoscale DNA box with a
controllable lid
Ebbe S. Andersen1,2,3, Mingdong Dong1,2,4{, Morten M. Nielsen1,2,3, Kasper Jahn1,2,3, Ramesh Subramani1,2,4,
Wael Mamdouh1,2,4, Monika M. Golas5,8, Bjoern Sander6,8, Holger Stark8,9, Cristiano L. P. Oliveira2,7,
Jan Skov Pedersen2,7, Victoria Birkedal2, Flemming Besenbacher1,2,4, Kurt V. Gothelf1,2,7 & Jørgen Kjems1,2,3

The unique structural motifs and self-recognition properties of
DNA can be exploited to generate self-assembling DNA nano-
structures of specific shapes using a ‘bottom-up’ approach1. Several
assembly strategies have been developed for building complex three-
dimensional (3D) DNA nanostructures2–8. Recently, the DNA
‘origami’ method was used to build two-dimensional addressable
DNA structures of arbitrary shape9 that can be used as platforms to
arrange nanomaterials with high precision and specificity9–13. A long-
term goal of this field has been to construct fully addressable 3D
DNA nanostructures14,15. Here we extend the DNA origami method
into three dimensions by creating an addressable DNA box
42 3 36 3 36 nm3 in size that can be opened in the presence of
externally supplied DNA ‘keys’. We thoroughly characterize the
structure of this DNA box using cryogenic transmission electron
microscopy, small-angle X-ray scattering and atomic force micro-
scopy, and use fluorescence resonance energy transfer to optically
monitor the opening of the lid. Controlled access to the interior
compartment of this DNA nanocontainer could yield several
interesting applications, for example as a logic sensor for multiple-
sequence signals or for the controlled release of nanocargos.

We designed the DNA box by using a recently developed software
package16 to fold six DNA origami sheets along the circular, single-
stranded DNA genome of the M13 bacteriophage (faces indicated
with the letters A–F, Fig. 1a). The software built atomic models of the
six interconnected sheets (Fig. 1b), which were subsequently

arranged to form a 3D box (Fig. 1c). We then constructed the staple
strands that fold the box by bridging the edges, resulting in a ‘cuboid’
structure of external size 42 3 36 3 36 nm3 (design details in
Supplementary Notes 1–3). This particular design was chosen for
several reasons: to use the entire M13 sequence, to ensure a circular
folding path through the faces and to introduce faces that have the
characteristics of lids with ‘hinges’ composed of scaffold linkers.
Finally, the lid was functionalized with a lock–key system to control
its opening (Supplementary Fig. 1).

The designed DNA structure formed by self-assembly after we heat
annealed the 220 staple strands onto the single-stranded M13 DNA,
resulting in highly homogenous structures migrating as one distinct
band in native gel electrophoresis (Supplementary Fig. 2). Initially, a
sample without the edge-linking staple strands was imaged in liquid
using atomic force microscopy (AFM), revealing that the six DNA
sheets formed efficiently and, in most instances, aligned in two parallel
rows (Fig. 2a), which is compatible with helical stacking interactions
between the edges of the DNA sheets9 (Supplementary Fig. 3a).

In a second assembly reaction, we used 59 staple strands, connect-
ing the edges, to form the box shape, and subsequent AFM imaging
revealed box-like particle structures (Fig. 2b). Analysis of the high-
resolution AFM images of individual particles revealed x and y
dimensions that were in good agreement with the shape and dimen-
sions of the designed DNA box. However, the measured heights of
these particles varied between 4 and 12 nm (Supplementary Fig. 3b),

1Danish National Research Foundation: Centre for DNA Nanotechnology, 2Interdisciplinary Nanoscience Center, 3Department of Molecular Biology, 4Department of Physics and
Astronomy, 5The Water and Salt Research Center, Institute of Anatomy, 6Stereology and EM Research Laboratory, 7Department of Chemistry, Aarhus University, DK-8000 Aarhus,
Denmark. 8Max Planck Institute for Biophysical Chemistry, Am Fassberg 11, D-37077 Göttingen, Germany. 9Göttingen Centre for Molecular Biology, Justus-von-Liebig-Weg 11,
University of Göttingen, D-37077 Göttingen, Germany. {Present address: Rowland Institute at Harvard, Harvard University, 100 Edwin H. Land Boulevard, Cambridge, Massachusetts
02142, USA.
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Figure 1 | Design of a DNA origami box. a, Sequence map of the circular,
single-stranded DNA genome of the M13 bacteriophage with regions used to
fold the six DNA sheets shown as coloured arrows (A–F). Base numbering
starts from a 44-nucleotide spacer region between sheets A and B that

contains a stable hairpin structure9. Spacers of 33 nucleotides are positioned
between each face. b, c, Molecular models of the six DNA sheets in a flat and
cubic higher-order structure, respectively. The six DNA sheets are colour-
coded as in a.
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band in native gel electrophoresis (Supplementary Fig. 2). Initially, a
sample without the edge-linking staple strands was imaged in liquid
using atomic force microscopy (AFM), revealing that the six DNA
sheets formed efficiently and, in most instances, aligned in two parallel
rows (Fig. 2a), which is compatible with helical stacking interactions
between the edges of the DNA sheets9 (Supplementary Fig. 3a).

In a second assembly reaction, we used 59 staple strands, connect-
ing the edges, to form the box shape, and subsequent AFM imaging
revealed box-like particle structures (Fig. 2b). Analysis of the high-
resolution AFM images of individual particles revealed x and y
dimensions that were in good agreement with the shape and dimen-
sions of the designed DNA box. However, the measured heights of
these particles varied between 4 and 12 nm (Supplementary Fig. 3b),
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The unique structural motifs and self-recognition properties of
DNA can be exploited to generate self-assembling DNA nano-
structures of specific shapes using a ‘bottom-up’ approach1. Several
assembly strategies have been developed for building complex three-
dimensional (3D) DNA nanostructures2–8. Recently, the DNA
‘origami’ method was used to build two-dimensional addressable
DNA structures of arbitrary shape9 that can be used as platforms to
arrange nanomaterials with high precision and specificity9–13. A long-
term goal of this field has been to construct fully addressable 3D
DNA nanostructures14,15. Here we extend the DNA origami method
into three dimensions by creating an addressable DNA box
42 3 36 3 36 nm3 in size that can be opened in the presence of
externally supplied DNA ‘keys’. We thoroughly characterize the
structure of this DNA box using cryogenic transmission electron
microscopy, small-angle X-ray scattering and atomic force micro-
scopy, and use fluorescence resonance energy transfer to optically
monitor the opening of the lid. Controlled access to the interior
compartment of this DNA nanocontainer could yield several
interesting applications, for example as a logic sensor for multiple-
sequence signals or for the controlled release of nanocargos.

We designed the DNA box by using a recently developed software
package16 to fold six DNA origami sheets along the circular, single-
stranded DNA genome of the M13 bacteriophage (faces indicated
with the letters A–F, Fig. 1a). The software built atomic models of the
six interconnected sheets (Fig. 1b), which were subsequently

arranged to form a 3D box (Fig. 1c). We then constructed the staple
strands that fold the box by bridging the edges, resulting in a ‘cuboid’
structure of external size 42 3 36 3 36 nm3 (design details in
Supplementary Notes 1–3). This particular design was chosen for
several reasons: to use the entire M13 sequence, to ensure a circular
folding path through the faces and to introduce faces that have the
characteristics of lids with ‘hinges’ composed of scaffold linkers.
Finally, the lid was functionalized with a lock–key system to control
its opening (Supplementary Fig. 1).

The designed DNA structure formed by self-assembly after we heat
annealed the 220 staple strands onto the single-stranded M13 DNA,
resulting in highly homogenous structures migrating as one distinct
band in native gel electrophoresis (Supplementary Fig. 2). Initially, a
sample without the edge-linking staple strands was imaged in liquid
using atomic force microscopy (AFM), revealing that the six DNA
sheets formed efficiently and, in most instances, aligned in two parallel
rows (Fig. 2a), which is compatible with helical stacking interactions
between the edges of the DNA sheets9 (Supplementary Fig. 3a).

In a second assembly reaction, we used 59 staple strands, connect-
ing the edges, to form the box shape, and subsequent AFM imaging
revealed box-like particle structures (Fig. 2b). Analysis of the high-
resolution AFM images of individual particles revealed x and y
dimensions that were in good agreement with the shape and dimen-
sions of the designed DNA box. However, the measured heights of
these particles varied between 4 and 12 nm (Supplementary Fig. 3b),
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The unique structural motifs and self-recognition properties of
DNA can be exploited to generate self-assembling DNA nano-
structures of specific shapes using a ‘bottom-up’ approach1. Several
assembly strategies have been developed for building complex three-
dimensional (3D) DNA nanostructures2–8. Recently, the DNA
‘origami’ method was used to build two-dimensional addressable
DNA structures of arbitrary shape9 that can be used as platforms to
arrange nanomaterials with high precision and specificity9–13. A long-
term goal of this field has been to construct fully addressable 3D
DNA nanostructures14,15. Here we extend the DNA origami method
into three dimensions by creating an addressable DNA box
42 3 36 3 36 nm3 in size that can be opened in the presence of
externally supplied DNA ‘keys’. We thoroughly characterize the
structure of this DNA box using cryogenic transmission electron
microscopy, small-angle X-ray scattering and atomic force micro-
scopy, and use fluorescence resonance energy transfer to optically
monitor the opening of the lid. Controlled access to the interior
compartment of this DNA nanocontainer could yield several
interesting applications, for example as a logic sensor for multiple-
sequence signals or for the controlled release of nanocargos.

We designed the DNA box by using a recently developed software
package16 to fold six DNA origami sheets along the circular, single-
stranded DNA genome of the M13 bacteriophage (faces indicated
with the letters A–F, Fig. 1a). The software built atomic models of the
six interconnected sheets (Fig. 1b), which were subsequently

arranged to form a 3D box (Fig. 1c). We then constructed the staple
strands that fold the box by bridging the edges, resulting in a ‘cuboid’
structure of external size 42 3 36 3 36 nm3 (design details in
Supplementary Notes 1–3). This particular design was chosen for
several reasons: to use the entire M13 sequence, to ensure a circular
folding path through the faces and to introduce faces that have the
characteristics of lids with ‘hinges’ composed of scaffold linkers.
Finally, the lid was functionalized with a lock–key system to control
its opening (Supplementary Fig. 1).

The designed DNA structure formed by self-assembly after we heat
annealed the 220 staple strands onto the single-stranded M13 DNA,
resulting in highly homogenous structures migrating as one distinct
band in native gel electrophoresis (Supplementary Fig. 2). Initially, a
sample without the edge-linking staple strands was imaged in liquid
using atomic force microscopy (AFM), revealing that the six DNA
sheets formed efficiently and, in most instances, aligned in two parallel
rows (Fig. 2a), which is compatible with helical stacking interactions
between the edges of the DNA sheets9 (Supplementary Fig. 3a).

In a second assembly reaction, we used 59 staple strands, connect-
ing the edges, to form the box shape, and subsequent AFM imaging
revealed box-like particle structures (Fig. 2b). Analysis of the high-
resolution AFM images of individual particles revealed x and y
dimensions that were in good agreement with the shape and dimen-
sions of the designed DNA box. However, the measured heights of
these particles varied between 4 and 12 nm (Supplementary Fig. 3b),
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fold the six DNA sheets shown as coloured arrows (A–F). Base numbering
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contains a stable hairpin structure9. Spacers of 33 nucleotides are positioned
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Vol 459 | 7 May 2009 | doi:10.1038/nature07971

73
 Macmillan Publishers Limited. All rights reserved©2009

LETTERS

Self-assembly of a nanoscale DNA box with a
controllable lid
Ebbe S. Andersen1,2,3, Mingdong Dong1,2,4{, Morten M. Nielsen1,2,3, Kasper Jahn1,2,3, Ramesh Subramani1,2,4,
Wael Mamdouh1,2,4, Monika M. Golas5,8, Bjoern Sander6,8, Holger Stark8,9, Cristiano L. P. Oliveira2,7,
Jan Skov Pedersen2,7, Victoria Birkedal2, Flemming Besenbacher1,2,4, Kurt V. Gothelf1,2,7 & Jørgen Kjems1,2,3

The unique structural motifs and self-recognition properties of
DNA can be exploited to generate self-assembling DNA nano-
structures of specific shapes using a ‘bottom-up’ approach1. Several
assembly strategies have been developed for building complex three-
dimensional (3D) DNA nanostructures2–8. Recently, the DNA
‘origami’ method was used to build two-dimensional addressable
DNA structures of arbitrary shape9 that can be used as platforms to
arrange nanomaterials with high precision and specificity9–13. A long-
term goal of this field has been to construct fully addressable 3D
DNA nanostructures14,15. Here we extend the DNA origami method
into three dimensions by creating an addressable DNA box
42 3 36 3 36 nm3 in size that can be opened in the presence of
externally supplied DNA ‘keys’. We thoroughly characterize the
structure of this DNA box using cryogenic transmission electron
microscopy, small-angle X-ray scattering and atomic force micro-
scopy, and use fluorescence resonance energy transfer to optically
monitor the opening of the lid. Controlled access to the interior
compartment of this DNA nanocontainer could yield several
interesting applications, for example as a logic sensor for multiple-
sequence signals or for the controlled release of nanocargos.

We designed the DNA box by using a recently developed software
package16 to fold six DNA origami sheets along the circular, single-
stranded DNA genome of the M13 bacteriophage (faces indicated
with the letters A–F, Fig. 1a). The software built atomic models of the
six interconnected sheets (Fig. 1b), which were subsequently

arranged to form a 3D box (Fig. 1c). We then constructed the staple
strands that fold the box by bridging the edges, resulting in a ‘cuboid’
structure of external size 42 3 36 3 36 nm3 (design details in
Supplementary Notes 1–3). This particular design was chosen for
several reasons: to use the entire M13 sequence, to ensure a circular
folding path through the faces and to introduce faces that have the
characteristics of lids with ‘hinges’ composed of scaffold linkers.
Finally, the lid was functionalized with a lock–key system to control
its opening (Supplementary Fig. 1).

The designed DNA structure formed by self-assembly after we heat
annealed the 220 staple strands onto the single-stranded M13 DNA,
resulting in highly homogenous structures migrating as one distinct
band in native gel electrophoresis (Supplementary Fig. 2). Initially, a
sample without the edge-linking staple strands was imaged in liquid
using atomic force microscopy (AFM), revealing that the six DNA
sheets formed efficiently and, in most instances, aligned in two parallel
rows (Fig. 2a), which is compatible with helical stacking interactions
between the edges of the DNA sheets9 (Supplementary Fig. 3a).

In a second assembly reaction, we used 59 staple strands, connect-
ing the edges, to form the box shape, and subsequent AFM imaging
revealed box-like particle structures (Fig. 2b). Analysis of the high-
resolution AFM images of individual particles revealed x and y
dimensions that were in good agreement with the shape and dimen-
sions of the designed DNA box. However, the measured heights of
these particles varied between 4 and 12 nm (Supplementary Fig. 3b),
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Figure 1 | Design of a DNA origami box. a, Sequence map of the circular,
single-stranded DNA genome of the M13 bacteriophage with regions used to
fold the six DNA sheets shown as coloured arrows (A–F). Base numbering
starts from a 44-nucleotide spacer region between sheets A and B that

contains a stable hairpin structure9. Spacers of 33 nucleotides are positioned
between each face. b, c, Molecular models of the six DNA sheets in a flat and
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which is most likely caused by distortion of the hollow, soft DNA box
by the force exerted by the AFM tip. In support of this argument, we
observed that prolonged scanning of individual 3D DNA structures
results in their collapse into flat structures one or two DNA sheets in
height (Supplementary Fig. 4a).

To further investigate the predictability of the 3D folding, we
assembled an open DNA box in which the staple strands closing lid D
were omitted. AFM images revealed flat particles two DNA sheets in
height with a one-sheet extension of dimensions similar to lid D
(Fig. 2c), which probably corresponds to a sideway collapse of the
structure (Supplementary Fig. 4b). In conclusion, the AFM images
obtained before and after addition of the staple strands connecting
the edges of the DNA box strongly indicate the formation of box-shaped
structures.

To gain stronger evidence for the formation of the DNA box, we
performed cryogenic transmission electron microscopy (cryo-EM) on

a sample of the assembly. Individual DNA boxes showed prominent
edges (Fig. 3a) resulting from the increased density of the lateral faces
oriented more or less parallel to the incident electron beam. Nearly all
of the individual particles (90–95%) seen in the cryo-EM images had
an overall box-like shape. A total of 8,987 defocus-corrected box
images were subjected to single-particle image processing, and class
averages with ,10–30 members on average showed the main structural
features of the DNA box (Fig. 3c). For 337 class averages, electron-
dense edges could be used to measure the short and long side lengths of
the box, yielding dimensions of 44.6 6 3.7 nm by 36.8 6 3.2 nm
(Supplementary Fig. 5). For 3D reconstruction, class averages were
selected using the 3D error as selection criterion (Fig. 3b). The shape
of the 3D cryo-EM map of the DNA box was consistent with the class
averages and the corresponding two-dimensional re-projections
(Fig. 3c, d). Overall, the 3D cryo-EM map revealed a hollow box-like
structure with slightly convex bending of the small faces and slightly
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Figure 2 | AFM imaging of two- and three-dimensional DNA origami
structures. a, AFM image of a sample in which the six DNA sheets were
folded along the M13 backbone. Inset, magnified view of a preferred
arrangement of the six sheets. b, AFM image of a sample in which the edges
of the DNA sheets were linked to form a box. Inset, magnified view of a box-

like particle. c, AFM image of a sample in which one lid of the DNA box was
left open. Inset, magnified view of a structure in which the lid is protruding
from the body of the box. The colour scale shows the height above the surface
in the range 0–15 nm.
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Figure 3 | Characterization of DNA origami box by cryo-EM and small-
angle X-ray scattering (SAXS). a, Single-particle cryo-EM images of box-
shaped assemblies. b, Single-particle reconstruction of the DNA box
applying D2 symmetry. Left, theoretical model. Middle, surface
representation of the cryo-EM map. Right, cut-open view showing the
interior cavity of the cryo-EM map. c, d, Comparison of the class averages of
the DNA boxes (c) with the corresponding two-dimensional re-projections
of the 3D cryo-EM map (d). e, Experimental SAXS data (circles) with

corresponding fits from different approaches: red dashed curve, fit using the
theoretical atomic coordinates for the box; blue dotted curve, typical Debye
background25 for modelling the excess oligonucleotides; dash–dot curve, fit
using the theoretical atomic coordinates for the box with the Debye
background added; solid curve, fit using a semi-analytical model for a box
with three different side lengths with the Debye background added. I(q),
SAXS intensity; q, momentum transfer modulus (Methods). Inset, semi-
analytical box model with the estimated side lengths and wall thickness.
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by the force exerted by the AFM tip. In support of this argument, we
observed that prolonged scanning of individual 3D DNA structures
results in their collapse into flat structures one or two DNA sheets in
height (Supplementary Fig. 4a).

To further investigate the predictability of the 3D folding, we
assembled an open DNA box in which the staple strands closing lid D
were omitted. AFM images revealed flat particles two DNA sheets in
height with a one-sheet extension of dimensions similar to lid D
(Fig. 2c), which probably corresponds to a sideway collapse of the
structure (Supplementary Fig. 4b). In conclusion, the AFM images
obtained before and after addition of the staple strands connecting
the edges of the DNA box strongly indicate the formation of box-shaped
structures.

To gain stronger evidence for the formation of the DNA box, we
performed cryogenic transmission electron microscopy (cryo-EM) on

a sample of the assembly. Individual DNA boxes showed prominent
edges (Fig. 3a) resulting from the increased density of the lateral faces
oriented more or less parallel to the incident electron beam. Nearly all
of the individual particles (90–95%) seen in the cryo-EM images had
an overall box-like shape. A total of 8,987 defocus-corrected box
images were subjected to single-particle image processing, and class
averages with ,10–30 members on average showed the main structural
features of the DNA box (Fig. 3c). For 337 class averages, electron-
dense edges could be used to measure the short and long side lengths of
the box, yielding dimensions of 44.6 6 3.7 nm by 36.8 6 3.2 nm
(Supplementary Fig. 5). For 3D reconstruction, class averages were
selected using the 3D error as selection criterion (Fig. 3b). The shape
of the 3D cryo-EM map of the DNA box was consistent with the class
averages and the corresponding two-dimensional re-projections
(Fig. 3c, d). Overall, the 3D cryo-EM map revealed a hollow box-like
structure with slightly convex bending of the small faces and slightly
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with three different side lengths with the Debye background added. I(q),
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analytical box model with the estimated side lengths and wall thickness.
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which is most likely caused by distortion of the hollow, soft DNA box
by the force exerted by the AFM tip. In support of this argument, we
observed that prolonged scanning of individual 3D DNA structures
results in their collapse into flat structures one or two DNA sheets in
height (Supplementary Fig. 4a).

To further investigate the predictability of the 3D folding, we
assembled an open DNA box in which the staple strands closing lid D
were omitted. AFM images revealed flat particles two DNA sheets in
height with a one-sheet extension of dimensions similar to lid D
(Fig. 2c), which probably corresponds to a sideway collapse of the
structure (Supplementary Fig. 4b). In conclusion, the AFM images
obtained before and after addition of the staple strands connecting
the edges of the DNA box strongly indicate the formation of box-shaped
structures.

To gain stronger evidence for the formation of the DNA box, we
performed cryogenic transmission electron microscopy (cryo-EM) on

a sample of the assembly. Individual DNA boxes showed prominent
edges (Fig. 3a) resulting from the increased density of the lateral faces
oriented more or less parallel to the incident electron beam. Nearly all
of the individual particles (90–95%) seen in the cryo-EM images had
an overall box-like shape. A total of 8,987 defocus-corrected box
images were subjected to single-particle image processing, and class
averages with ,10–30 members on average showed the main structural
features of the DNA box (Fig. 3c). For 337 class averages, electron-
dense edges could be used to measure the short and long side lengths of
the box, yielding dimensions of 44.6 6 3.7 nm by 36.8 6 3.2 nm
(Supplementary Fig. 5). For 3D reconstruction, class averages were
selected using the 3D error as selection criterion (Fig. 3b). The shape
of the 3D cryo-EM map of the DNA box was consistent with the class
averages and the corresponding two-dimensional re-projections
(Fig. 3c, d). Overall, the 3D cryo-EM map revealed a hollow box-like
structure with slightly convex bending of the small faces and slightly
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corresponding fits from different approaches: red dashed curve, fit using the
theoretical atomic coordinates for the box; blue dotted curve, typical Debye
background25 for modelling the excess oligonucleotides; dash–dot curve, fit
using the theoretical atomic coordinates for the box with the Debye
background added; solid curve, fit using a semi-analytical model for a box
with three different side lengths with the Debye background added. I(q),
SAXS intensity; q, momentum transfer modulus (Methods). Inset, semi-
analytical box model with the estimated side lengths and wall thickness.
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Supplementary Figure 4. Collapse of box structure during AFM imaging. a, AFM 

images of the DNA box. Two images on top show box-like dimensions. The two images 

below show particle-structures that upon AFM imaging changed shape into double- or 

single-layer DNA sheets. Cartoon below illustrate how the AFM tip might distort the 

soft and hollow DNA box. b, Four representative images of DNA box particles with an 

open lid. The cartoon below illustrates how the elongated main part of the particle is 

likely the result of a sideway collapse of main box, while the lid is laying flat on the 

surface. 
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Used cryo-electron microscopy 
and SAXS for imaging.

Cryo-EM:
• http://www.youtube.com/watch?v=BJKkC0W-6Qk
• http://www.eicn.ucla.edu/cryoem

SAXS:
• http://www.youtube.com/watch?v=2QOsh2vgY

2Q
• http://www.stack.nl/~brian/LookingAtNothing_

WordPress/wp-
content/uploads/2007/08/2dsaxs_annotated_w
eb.mov

• http://www.stack.nl/~brian/LookingAtNothing_
WordPress/wp-
content/uploads/2007/08/1dsaxs.mov

which is most likely caused by distortion of the hollow, soft DNA box
by the force exerted by the AFM tip. In support of this argument, we
observed that prolonged scanning of individual 3D DNA structures
results in their collapse into flat structures one or two DNA sheets in
height (Supplementary Fig. 4a).

To further investigate the predictability of the 3D folding, we
assembled an open DNA box in which the staple strands closing lid D
were omitted. AFM images revealed flat particles two DNA sheets in
height with a one-sheet extension of dimensions similar to lid D
(Fig. 2c), which probably corresponds to a sideway collapse of the
structure (Supplementary Fig. 4b). In conclusion, the AFM images
obtained before and after addition of the staple strands connecting
the edges of the DNA box strongly indicate the formation of box-shaped
structures.

To gain stronger evidence for the formation of the DNA box, we
performed cryogenic transmission electron microscopy (cryo-EM) on

a sample of the assembly. Individual DNA boxes showed prominent
edges (Fig. 3a) resulting from the increased density of the lateral faces
oriented more or less parallel to the incident electron beam. Nearly all
of the individual particles (90–95%) seen in the cryo-EM images had
an overall box-like shape. A total of 8,987 defocus-corrected box
images were subjected to single-particle image processing, and class
averages with ,10–30 members on average showed the main structural
features of the DNA box (Fig. 3c). For 337 class averages, electron-
dense edges could be used to measure the short and long side lengths of
the box, yielding dimensions of 44.6 6 3.7 nm by 36.8 6 3.2 nm
(Supplementary Fig. 5). For 3D reconstruction, class averages were
selected using the 3D error as selection criterion (Fig. 3b). The shape
of the 3D cryo-EM map of the DNA box was consistent with the class
averages and the corresponding two-dimensional re-projections
(Fig. 3c, d). Overall, the 3D cryo-EM map revealed a hollow box-like
structure with slightly convex bending of the small faces and slightly
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Figure 2 | AFM imaging of two- and three-dimensional DNA origami
structures. a, AFM image of a sample in which the six DNA sheets were
folded along the M13 backbone. Inset, magnified view of a preferred
arrangement of the six sheets. b, AFM image of a sample in which the edges
of the DNA sheets were linked to form a box. Inset, magnified view of a box-

like particle. c, AFM image of a sample in which one lid of the DNA box was
left open. Inset, magnified view of a structure in which the lid is protruding
from the body of the box. The colour scale shows the height above the surface
in the range 0–15 nm.
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Figure 3 | Characterization of DNA origami box by cryo-EM and small-
angle X-ray scattering (SAXS). a, Single-particle cryo-EM images of box-
shaped assemblies. b, Single-particle reconstruction of the DNA box
applying D2 symmetry. Left, theoretical model. Middle, surface
representation of the cryo-EM map. Right, cut-open view showing the
interior cavity of the cryo-EM map. c, d, Comparison of the class averages of
the DNA boxes (c) with the corresponding two-dimensional re-projections
of the 3D cryo-EM map (d). e, Experimental SAXS data (circles) with

corresponding fits from different approaches: red dashed curve, fit using the
theoretical atomic coordinates for the box; blue dotted curve, typical Debye
background25 for modelling the excess oligonucleotides; dash–dot curve, fit
using the theoretical atomic coordinates for the box with the Debye
background added; solid curve, fit using a semi-analytical model for a box
with three different side lengths with the Debye background added. I(q),
SAXS intensity; q, momentum transfer modulus (Methods). Inset, semi-
analytical box model with the estimated side lengths and wall thickness.
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which is most likely caused by distortion of the hollow, soft DNA box
by the force exerted by the AFM tip. In support of this argument, we
observed that prolonged scanning of individual 3D DNA structures
results in their collapse into flat structures one or two DNA sheets in
height (Supplementary Fig. 4a).

To further investigate the predictability of the 3D folding, we
assembled an open DNA box in which the staple strands closing lid D
were omitted. AFM images revealed flat particles two DNA sheets in
height with a one-sheet extension of dimensions similar to lid D
(Fig. 2c), which probably corresponds to a sideway collapse of the
structure (Supplementary Fig. 4b). In conclusion, the AFM images
obtained before and after addition of the staple strands connecting
the edges of the DNA box strongly indicate the formation of box-shaped
structures.

To gain stronger evidence for the formation of the DNA box, we
performed cryogenic transmission electron microscopy (cryo-EM) on

a sample of the assembly. Individual DNA boxes showed prominent
edges (Fig. 3a) resulting from the increased density of the lateral faces
oriented more or less parallel to the incident electron beam. Nearly all
of the individual particles (90–95%) seen in the cryo-EM images had
an overall box-like shape. A total of 8,987 defocus-corrected box
images were subjected to single-particle image processing, and class
averages with ,10–30 members on average showed the main structural
features of the DNA box (Fig. 3c). For 337 class averages, electron-
dense edges could be used to measure the short and long side lengths of
the box, yielding dimensions of 44.6 6 3.7 nm by 36.8 6 3.2 nm
(Supplementary Fig. 5). For 3D reconstruction, class averages were
selected using the 3D error as selection criterion (Fig. 3b). The shape
of the 3D cryo-EM map of the DNA box was consistent with the class
averages and the corresponding two-dimensional re-projections
(Fig. 3c, d). Overall, the 3D cryo-EM map revealed a hollow box-like
structure with slightly convex bending of the small faces and slightly
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Figure 2 | AFM imaging of two- and three-dimensional DNA origami
structures. a, AFM image of a sample in which the six DNA sheets were
folded along the M13 backbone. Inset, magnified view of a preferred
arrangement of the six sheets. b, AFM image of a sample in which the edges
of the DNA sheets were linked to form a box. Inset, magnified view of a box-

like particle. c, AFM image of a sample in which one lid of the DNA box was
left open. Inset, magnified view of a structure in which the lid is protruding
from the body of the box. The colour scale shows the height above the surface
in the range 0–15 nm.

a

36 nm 34 nm

33 nm

48 nm42 nm

36 nm

78 nm

b

c

d

e

38 ± 1 nm

30 ± 1 nm

46 ± 2 nm

q (nm–1)

10–1

10–1 100

10–2

10–3

2.5 ± 1 nm

I(q
) (

cm
–1

)

Figure 3 | Characterization of DNA origami box by cryo-EM and small-
angle X-ray scattering (SAXS). a, Single-particle cryo-EM images of box-
shaped assemblies. b, Single-particle reconstruction of the DNA box
applying D2 symmetry. Left, theoretical model. Middle, surface
representation of the cryo-EM map. Right, cut-open view showing the
interior cavity of the cryo-EM map. c, d, Comparison of the class averages of
the DNA boxes (c) with the corresponding two-dimensional re-projections
of the 3D cryo-EM map (d). e, Experimental SAXS data (circles) with

corresponding fits from different approaches: red dashed curve, fit using the
theoretical atomic coordinates for the box; blue dotted curve, typical Debye
background25 for modelling the excess oligonucleotides; dash–dot curve, fit
using the theoretical atomic coordinates for the box with the Debye
background added; solid curve, fit using a semi-analytical model for a box
with three different side lengths with the Debye background added. I(q),
SAXS intensity; q, momentum transfer modulus (Methods). Inset, semi-
analytical box model with the estimated side lengths and wall thickness.
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Used cryo-electron microscopy 
and SAXS for imaging.

which is most likely caused by distortion of the hollow, soft DNA box
by the force exerted by the AFM tip. In support of this argument, we
observed that prolonged scanning of individual 3D DNA structures
results in their collapse into flat structures one or two DNA sheets in
height (Supplementary Fig. 4a).

To further investigate the predictability of the 3D folding, we
assembled an open DNA box in which the staple strands closing lid D
were omitted. AFM images revealed flat particles two DNA sheets in
height with a one-sheet extension of dimensions similar to lid D
(Fig. 2c), which probably corresponds to a sideway collapse of the
structure (Supplementary Fig. 4b). In conclusion, the AFM images
obtained before and after addition of the staple strands connecting
the edges of the DNA box strongly indicate the formation of box-shaped
structures.

To gain stronger evidence for the formation of the DNA box, we
performed cryogenic transmission electron microscopy (cryo-EM) on

a sample of the assembly. Individual DNA boxes showed prominent
edges (Fig. 3a) resulting from the increased density of the lateral faces
oriented more or less parallel to the incident electron beam. Nearly all
of the individual particles (90–95%) seen in the cryo-EM images had
an overall box-like shape. A total of 8,987 defocus-corrected box
images were subjected to single-particle image processing, and class
averages with ,10–30 members on average showed the main structural
features of the DNA box (Fig. 3c). For 337 class averages, electron-
dense edges could be used to measure the short and long side lengths of
the box, yielding dimensions of 44.6 6 3.7 nm by 36.8 6 3.2 nm
(Supplementary Fig. 5). For 3D reconstruction, class averages were
selected using the 3D error as selection criterion (Fig. 3b). The shape
of the 3D cryo-EM map of the DNA box was consistent with the class
averages and the corresponding two-dimensional re-projections
(Fig. 3c, d). Overall, the 3D cryo-EM map revealed a hollow box-like
structure with slightly convex bending of the small faces and slightly
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Figure 2 | AFM imaging of two- and three-dimensional DNA origami
structures. a, AFM image of a sample in which the six DNA sheets were
folded along the M13 backbone. Inset, magnified view of a preferred
arrangement of the six sheets. b, AFM image of a sample in which the edges
of the DNA sheets were linked to form a box. Inset, magnified view of a box-

like particle. c, AFM image of a sample in which one lid of the DNA box was
left open. Inset, magnified view of a structure in which the lid is protruding
from the body of the box. The colour scale shows the height above the surface
in the range 0–15 nm.
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Figure 3 | Characterization of DNA origami box by cryo-EM and small-
angle X-ray scattering (SAXS). a, Single-particle cryo-EM images of box-
shaped assemblies. b, Single-particle reconstruction of the DNA box
applying D2 symmetry. Left, theoretical model. Middle, surface
representation of the cryo-EM map. Right, cut-open view showing the
interior cavity of the cryo-EM map. c, d, Comparison of the class averages of
the DNA boxes (c) with the corresponding two-dimensional re-projections
of the 3D cryo-EM map (d). e, Experimental SAXS data (circles) with

corresponding fits from different approaches: red dashed curve, fit using the
theoretical atomic coordinates for the box; blue dotted curve, typical Debye
background25 for modelling the excess oligonucleotides; dash–dot curve, fit
using the theoretical atomic coordinates for the box with the Debye
background added; solid curve, fit using a semi-analytical model for a box
with three different side lengths with the Debye background added. I(q),
SAXS intensity; q, momentum transfer modulus (Methods). Inset, semi-
analytical box model with the estimated side lengths and wall thickness.
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which is most likely caused by distortion of the hollow, soft DNA box
by the force exerted by the AFM tip. In support of this argument, we
observed that prolonged scanning of individual 3D DNA structures
results in their collapse into flat structures one or two DNA sheets in
height (Supplementary Fig. 4a).

To further investigate the predictability of the 3D folding, we
assembled an open DNA box in which the staple strands closing lid D
were omitted. AFM images revealed flat particles two DNA sheets in
height with a one-sheet extension of dimensions similar to lid D
(Fig. 2c), which probably corresponds to a sideway collapse of the
structure (Supplementary Fig. 4b). In conclusion, the AFM images
obtained before and after addition of the staple strands connecting
the edges of the DNA box strongly indicate the formation of box-shaped
structures.

To gain stronger evidence for the formation of the DNA box, we
performed cryogenic transmission electron microscopy (cryo-EM) on

a sample of the assembly. Individual DNA boxes showed prominent
edges (Fig. 3a) resulting from the increased density of the lateral faces
oriented more or less parallel to the incident electron beam. Nearly all
of the individual particles (90–95%) seen in the cryo-EM images had
an overall box-like shape. A total of 8,987 defocus-corrected box
images were subjected to single-particle image processing, and class
averages with ,10–30 members on average showed the main structural
features of the DNA box (Fig. 3c). For 337 class averages, electron-
dense edges could be used to measure the short and long side lengths of
the box, yielding dimensions of 44.6 6 3.7 nm by 36.8 6 3.2 nm
(Supplementary Fig. 5). For 3D reconstruction, class averages were
selected using the 3D error as selection criterion (Fig. 3b). The shape
of the 3D cryo-EM map of the DNA box was consistent with the class
averages and the corresponding two-dimensional re-projections
(Fig. 3c, d). Overall, the 3D cryo-EM map revealed a hollow box-like
structure with slightly convex bending of the small faces and slightly
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Figure 2 | AFM imaging of two- and three-dimensional DNA origami
structures. a, AFM image of a sample in which the six DNA sheets were
folded along the M13 backbone. Inset, magnified view of a preferred
arrangement of the six sheets. b, AFM image of a sample in which the edges
of the DNA sheets were linked to form a box. Inset, magnified view of a box-

like particle. c, AFM image of a sample in which one lid of the DNA box was
left open. Inset, magnified view of a structure in which the lid is protruding
from the body of the box. The colour scale shows the height above the surface
in the range 0–15 nm.
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Figure 3 | Characterization of DNA origami box by cryo-EM and small-
angle X-ray scattering (SAXS). a, Single-particle cryo-EM images of box-
shaped assemblies. b, Single-particle reconstruction of the DNA box
applying D2 symmetry. Left, theoretical model. Middle, surface
representation of the cryo-EM map. Right, cut-open view showing the
interior cavity of the cryo-EM map. c, d, Comparison of the class averages of
the DNA boxes (c) with the corresponding two-dimensional re-projections
of the 3D cryo-EM map (d). e, Experimental SAXS data (circles) with

corresponding fits from different approaches: red dashed curve, fit using the
theoretical atomic coordinates for the box; blue dotted curve, typical Debye
background25 for modelling the excess oligonucleotides; dash–dot curve, fit
using the theoretical atomic coordinates for the box with the Debye
background added; solid curve, fit using a semi-analytical model for a box
with three different side lengths with the Debye background added. I(q),
SAXS intensity; q, momentum transfer modulus (Methods). Inset, semi-
analytical box model with the estimated side lengths and wall thickness.
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Lock: DNA duplexes  attached 
to both faces B,D (lid and front 
lateral) with a toehold on the 
helix attached to B. 

Key: signaling DNA sequence 
that displaces the lid’s part of 
the lock.

concave bending of the large faces (Fig. 3b; see Supplementary Fig. 6 for
additional views of the 3D map). We suggest that the convex and
concave bending of the faces may reflect the difference in design of
the small and large faces. The dimensions of the 3D reconstruction are
compatible with 82% of the measured class averages, whereas the
theoretical model is compatible with 61% of them (Supplementary
Fig. 5). We conclude that the main fraction of the self-assembled
structures had a hollow box-like shape that is very similar to the
intended 3D design.

To analyse the native DNA origami box in solution and without a
potentially disruptive sample fixation, we used dynamic light scatter-
ing and SAXS, which probe a large ensemble and can therefore deter-
mine whether or not the box is the major product of the self-assembly
reaction. Analysis by dynamic light scattering showed there to be a
contribution with a hydrodynamic radius Rh 5 24 6 4 nm, which
matches the calculated value of 25.2 nm from the atomic model,
and a contribution with Rh 5 2.1 nm, corresponding to non-
annealed DNA oligonucleotides (Supplementary Fig. 7). The SAXS
analysis yielded a characteristic profile of a well-defined particle and
Fourier transformation analysis gave a single-particle self-correlation
function characteristic of a hollow structure (data not shown). The
scattering data was in good agreement with the atomic model of the
DNA box structure (Fig. 3e). We also compared the experimental
data with a theoretical model of a box with dimensions 2a, 2b and 2c
and wall thickness t (Methods and Supplementary Fig. 8). This model
can satisfactorily describe the scattering data and gave overall dimen-
sions of 46 6 2 nm by 38 6 1 nm by 30 6 1 nm and a wall thickness of
2.5 6 1 nm, which is close to the expected size and is consistent with
the dimensions observed using cryo-EM. In conclusion, the SAXS
data showed that the scattering derives mainly from box-shaped
structures, providing further evidence of the successful self-assembly
of 3D hollow boxes of well-defined dimensions in solution.

Previous studies have shown that DNA nanostructures can be
dynamically manipulated by external DNA sequence signals7,17,18.
Here we functionalized lid D of the DNA box with a dual lock–key

system composed of DNA duplexes with sticky-end extensions to
provide a ‘toehold’19 for the displacement by externally added ‘key’
oligonucleotides (Supplementary Fig. 1). To detect the opening pro-
cess of the DNA box lid, we inserted two fluorescent dyes, Cy3 and
Cy5, into faces B and D, respectively (Fig. 4a and Supplementary
Note 4). Efficient fluorescence resonance energy transfer (FRET)
between the two fluorophores corresponds to a closed state in which
the dyes are in close proximity (Fig. 4b, left). The addition of key
oligonucleotides results in the opening of the lid, resulting in a
decrease in the FRET efficiency as the distance between the two dyes
increases (Fig. 4b, right).

The functionalized DNA box was assembled, purified and sub-
jected to ensemble FRET measurements. We first studied the six faces
without edge links and found emission only from primary excited
Cy3, and only a dilution effect was observed upon addition of key
oligonucleotides (Fig. 4c). By contrast, emission from the closed box
sample had a Cy5 fluorescence peak at a wavelength of 665 nm that is
consistent with a FRET signal with an estimated efficiency of ,0.22
(Fig. 4d). The addition of both keys led to a decreased Cy5 signal and
an increased Cy3 signal (Fig. 4d), and the FRET efficiency decreased
by 90%, to ,0.02. The difference in response of the Cy5 and Cy3
signals may be caused by the difference in local environment of the
two fluorophores. Cy5 was positioned on the side of a DNA helix,
whereas Cy3 was positioned at the end of a DNA helix, where base-
stacking interactions20 may partly quench the fluorophore.

We measured the kinetics of the opening process (Fig. 4e) and found
the FRET signal to decrease biexponentially, with an initial (fast) decay
time of ,40 s upon key addition. The effect was specific, as no signifi-
cant reduction was observed upon addition of an unrelated oligonu-
cleotide (Fig. 4e). Order-of-addition experiments showed that both
keys are required for full decrease of the FRET signal (Supplementary
Fig. 9). This indicates that a closed box can be programmed to open in
response to at least two external signals (representing an AND gate).
The box lid could potentially be designed to close again in the presence
of specific signals (representing a NOT gate), and because the DNA box
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Figure 4 | Programmed opening of the box lid. a, b, Illustrations of the
unlinked faces of the box (a) and the controlled opening of the box lid
(b). The emission from the Cy5 and Cy3 fluorophores are marked with red
and green stars, respectively. Loss of emission from Cy5 is denoted by a red
circle and the independent lock–key systems are indicated in blue and
orange. c, Ensemble FRET measurements of the unlinked faces before (black

curve) and 12 min (red curve) after the addition of keys. d, Ensemble FRET
measurements of the closed box before (black curve) and 35 min after (red
curve) the addition of keys. e, Kinetic study of change in emission of Cy5.
Black arrow, time of addition of key oligonucleotides (red curve) or an
unrelated oligonucleotide (black curve). Initial fluorescence was normalized
to one. a.u., arbitrary units.
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concave bending of the large faces (Fig. 3b; see Supplementary Fig. 6 for
additional views of the 3D map). We suggest that the convex and
concave bending of the faces may reflect the difference in design of
the small and large faces. The dimensions of the 3D reconstruction are
compatible with 82% of the measured class averages, whereas the
theoretical model is compatible with 61% of them (Supplementary
Fig. 5). We conclude that the main fraction of the self-assembled
structures had a hollow box-like shape that is very similar to the
intended 3D design.

To analyse the native DNA origami box in solution and without a
potentially disruptive sample fixation, we used dynamic light scatter-
ing and SAXS, which probe a large ensemble and can therefore deter-
mine whether or not the box is the major product of the self-assembly
reaction. Analysis by dynamic light scattering showed there to be a
contribution with a hydrodynamic radius Rh 5 24 6 4 nm, which
matches the calculated value of 25.2 nm from the atomic model,
and a contribution with Rh 5 2.1 nm, corresponding to non-
annealed DNA oligonucleotides (Supplementary Fig. 7). The SAXS
analysis yielded a characteristic profile of a well-defined particle and
Fourier transformation analysis gave a single-particle self-correlation
function characteristic of a hollow structure (data not shown). The
scattering data was in good agreement with the atomic model of the
DNA box structure (Fig. 3e). We also compared the experimental
data with a theoretical model of a box with dimensions 2a, 2b and 2c
and wall thickness t (Methods and Supplementary Fig. 8). This model
can satisfactorily describe the scattering data and gave overall dimen-
sions of 46 6 2 nm by 38 6 1 nm by 30 6 1 nm and a wall thickness of
2.5 6 1 nm, which is close to the expected size and is consistent with
the dimensions observed using cryo-EM. In conclusion, the SAXS
data showed that the scattering derives mainly from box-shaped
structures, providing further evidence of the successful self-assembly
of 3D hollow boxes of well-defined dimensions in solution.

Previous studies have shown that DNA nanostructures can be
dynamically manipulated by external DNA sequence signals7,17,18.
Here we functionalized lid D of the DNA box with a dual lock–key

system composed of DNA duplexes with sticky-end extensions to
provide a ‘toehold’19 for the displacement by externally added ‘key’
oligonucleotides (Supplementary Fig. 1). To detect the opening pro-
cess of the DNA box lid, we inserted two fluorescent dyes, Cy3 and
Cy5, into faces B and D, respectively (Fig. 4a and Supplementary
Note 4). Efficient fluorescence resonance energy transfer (FRET)
between the two fluorophores corresponds to a closed state in which
the dyes are in close proximity (Fig. 4b, left). The addition of key
oligonucleotides results in the opening of the lid, resulting in a
decrease in the FRET efficiency as the distance between the two dyes
increases (Fig. 4b, right).

The functionalized DNA box was assembled, purified and sub-
jected to ensemble FRET measurements. We first studied the six faces
without edge links and found emission only from primary excited
Cy3, and only a dilution effect was observed upon addition of key
oligonucleotides (Fig. 4c). By contrast, emission from the closed box
sample had a Cy5 fluorescence peak at a wavelength of 665 nm that is
consistent with a FRET signal with an estimated efficiency of ,0.22
(Fig. 4d). The addition of both keys led to a decreased Cy5 signal and
an increased Cy3 signal (Fig. 4d), and the FRET efficiency decreased
by 90%, to ,0.02. The difference in response of the Cy5 and Cy3
signals may be caused by the difference in local environment of the
two fluorophores. Cy5 was positioned on the side of a DNA helix,
whereas Cy3 was positioned at the end of a DNA helix, where base-
stacking interactions20 may partly quench the fluorophore.

We measured the kinetics of the opening process (Fig. 4e) and found
the FRET signal to decrease biexponentially, with an initial (fast) decay
time of ,40 s upon key addition. The effect was specific, as no signifi-
cant reduction was observed upon addition of an unrelated oligonu-
cleotide (Fig. 4e). Order-of-addition experiments showed that both
keys are required for full decrease of the FRET signal (Supplementary
Fig. 9). This indicates that a closed box can be programmed to open in
response to at least two external signals (representing an AND gate).
The box lid could potentially be designed to close again in the presence
of specific signals (representing a NOT gate), and because the DNA box
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Figure 4 | Programmed opening of the box lid. a, b, Illustrations of the
unlinked faces of the box (a) and the controlled opening of the box lid
(b). The emission from the Cy5 and Cy3 fluorophores are marked with red
and green stars, respectively. Loss of emission from Cy5 is denoted by a red
circle and the independent lock–key systems are indicated in blue and
orange. c, Ensemble FRET measurements of the unlinked faces before (black

curve) and 12 min (red curve) after the addition of keys. d, Ensemble FRET
measurements of the closed box before (black curve) and 35 min after (red
curve) the addition of keys. e, Kinetic study of change in emission of Cy5.
Black arrow, time of addition of key oligonucleotides (red curve) or an
unrelated oligonucleotide (black curve). Initial fluorescence was normalized
to one. a.u., arbitrary units.
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concave bending of the large faces (Fig. 3b; see Supplementary Fig. 6 for
additional views of the 3D map). We suggest that the convex and
concave bending of the faces may reflect the difference in design of
the small and large faces. The dimensions of the 3D reconstruction are
compatible with 82% of the measured class averages, whereas the
theoretical model is compatible with 61% of them (Supplementary
Fig. 5). We conclude that the main fraction of the self-assembled
structures had a hollow box-like shape that is very similar to the
intended 3D design.

To analyse the native DNA origami box in solution and without a
potentially disruptive sample fixation, we used dynamic light scatter-
ing and SAXS, which probe a large ensemble and can therefore deter-
mine whether or not the box is the major product of the self-assembly
reaction. Analysis by dynamic light scattering showed there to be a
contribution with a hydrodynamic radius Rh 5 24 6 4 nm, which
matches the calculated value of 25.2 nm from the atomic model,
and a contribution with Rh 5 2.1 nm, corresponding to non-
annealed DNA oligonucleotides (Supplementary Fig. 7). The SAXS
analysis yielded a characteristic profile of a well-defined particle and
Fourier transformation analysis gave a single-particle self-correlation
function characteristic of a hollow structure (data not shown). The
scattering data was in good agreement with the atomic model of the
DNA box structure (Fig. 3e). We also compared the experimental
data with a theoretical model of a box with dimensions 2a, 2b and 2c
and wall thickness t (Methods and Supplementary Fig. 8). This model
can satisfactorily describe the scattering data and gave overall dimen-
sions of 46 6 2 nm by 38 6 1 nm by 30 6 1 nm and a wall thickness of
2.5 6 1 nm, which is close to the expected size and is consistent with
the dimensions observed using cryo-EM. In conclusion, the SAXS
data showed that the scattering derives mainly from box-shaped
structures, providing further evidence of the successful self-assembly
of 3D hollow boxes of well-defined dimensions in solution.

Previous studies have shown that DNA nanostructures can be
dynamically manipulated by external DNA sequence signals7,17,18.
Here we functionalized lid D of the DNA box with a dual lock–key

system composed of DNA duplexes with sticky-end extensions to
provide a ‘toehold’19 for the displacement by externally added ‘key’
oligonucleotides (Supplementary Fig. 1). To detect the opening pro-
cess of the DNA box lid, we inserted two fluorescent dyes, Cy3 and
Cy5, into faces B and D, respectively (Fig. 4a and Supplementary
Note 4). Efficient fluorescence resonance energy transfer (FRET)
between the two fluorophores corresponds to a closed state in which
the dyes are in close proximity (Fig. 4b, left). The addition of key
oligonucleotides results in the opening of the lid, resulting in a
decrease in the FRET efficiency as the distance between the two dyes
increases (Fig. 4b, right).

The functionalized DNA box was assembled, purified and sub-
jected to ensemble FRET measurements. We first studied the six faces
without edge links and found emission only from primary excited
Cy3, and only a dilution effect was observed upon addition of key
oligonucleotides (Fig. 4c). By contrast, emission from the closed box
sample had a Cy5 fluorescence peak at a wavelength of 665 nm that is
consistent with a FRET signal with an estimated efficiency of ,0.22
(Fig. 4d). The addition of both keys led to a decreased Cy5 signal and
an increased Cy3 signal (Fig. 4d), and the FRET efficiency decreased
by 90%, to ,0.02. The difference in response of the Cy5 and Cy3
signals may be caused by the difference in local environment of the
two fluorophores. Cy5 was positioned on the side of a DNA helix,
whereas Cy3 was positioned at the end of a DNA helix, where base-
stacking interactions20 may partly quench the fluorophore.

We measured the kinetics of the opening process (Fig. 4e) and found
the FRET signal to decrease biexponentially, with an initial (fast) decay
time of ,40 s upon key addition. The effect was specific, as no signifi-
cant reduction was observed upon addition of an unrelated oligonu-
cleotide (Fig. 4e). Order-of-addition experiments showed that both
keys are required for full decrease of the FRET signal (Supplementary
Fig. 9). This indicates that a closed box can be programmed to open in
response to at least two external signals (representing an AND gate).
The box lid could potentially be designed to close again in the presence
of specific signals (representing a NOT gate), and because the DNA box
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Figure 4 | Programmed opening of the box lid. a, b, Illustrations of the
unlinked faces of the box (a) and the controlled opening of the box lid
(b). The emission from the Cy5 and Cy3 fluorophores are marked with red
and green stars, respectively. Loss of emission from Cy5 is denoted by a red
circle and the independent lock–key systems are indicated in blue and
orange. c, Ensemble FRET measurements of the unlinked faces before (black

curve) and 12 min (red curve) after the addition of keys. d, Ensemble FRET
measurements of the closed box before (black curve) and 35 min after (red
curve) the addition of keys. e, Kinetic study of change in emission of Cy5.
Black arrow, time of addition of key oligonucleotides (red curve) or an
unrelated oligonucleotide (black curve). Initial fluorescence was normalized
to one. a.u., arbitrary units.
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concave bending of the large faces (Fig. 3b; see Supplementary Fig. 6 for
additional views of the 3D map). We suggest that the convex and
concave bending of the faces may reflect the difference in design of
the small and large faces. The dimensions of the 3D reconstruction are
compatible with 82% of the measured class averages, whereas the
theoretical model is compatible with 61% of them (Supplementary
Fig. 5). We conclude that the main fraction of the self-assembled
structures had a hollow box-like shape that is very similar to the
intended 3D design.

To analyse the native DNA origami box in solution and without a
potentially disruptive sample fixation, we used dynamic light scatter-
ing and SAXS, which probe a large ensemble and can therefore deter-
mine whether or not the box is the major product of the self-assembly
reaction. Analysis by dynamic light scattering showed there to be a
contribution with a hydrodynamic radius Rh 5 24 6 4 nm, which
matches the calculated value of 25.2 nm from the atomic model,
and a contribution with Rh 5 2.1 nm, corresponding to non-
annealed DNA oligonucleotides (Supplementary Fig. 7). The SAXS
analysis yielded a characteristic profile of a well-defined particle and
Fourier transformation analysis gave a single-particle self-correlation
function characteristic of a hollow structure (data not shown). The
scattering data was in good agreement with the atomic model of the
DNA box structure (Fig. 3e). We also compared the experimental
data with a theoretical model of a box with dimensions 2a, 2b and 2c
and wall thickness t (Methods and Supplementary Fig. 8). This model
can satisfactorily describe the scattering data and gave overall dimen-
sions of 46 6 2 nm by 38 6 1 nm by 30 6 1 nm and a wall thickness of
2.5 6 1 nm, which is close to the expected size and is consistent with
the dimensions observed using cryo-EM. In conclusion, the SAXS
data showed that the scattering derives mainly from box-shaped
structures, providing further evidence of the successful self-assembly
of 3D hollow boxes of well-defined dimensions in solution.

Previous studies have shown that DNA nanostructures can be
dynamically manipulated by external DNA sequence signals7,17,18.
Here we functionalized lid D of the DNA box with a dual lock–key

system composed of DNA duplexes with sticky-end extensions to
provide a ‘toehold’19 for the displacement by externally added ‘key’
oligonucleotides (Supplementary Fig. 1). To detect the opening pro-
cess of the DNA box lid, we inserted two fluorescent dyes, Cy3 and
Cy5, into faces B and D, respectively (Fig. 4a and Supplementary
Note 4). Efficient fluorescence resonance energy transfer (FRET)
between the two fluorophores corresponds to a closed state in which
the dyes are in close proximity (Fig. 4b, left). The addition of key
oligonucleotides results in the opening of the lid, resulting in a
decrease in the FRET efficiency as the distance between the two dyes
increases (Fig. 4b, right).

The functionalized DNA box was assembled, purified and sub-
jected to ensemble FRET measurements. We first studied the six faces
without edge links and found emission only from primary excited
Cy3, and only a dilution effect was observed upon addition of key
oligonucleotides (Fig. 4c). By contrast, emission from the closed box
sample had a Cy5 fluorescence peak at a wavelength of 665 nm that is
consistent with a FRET signal with an estimated efficiency of ,0.22
(Fig. 4d). The addition of both keys led to a decreased Cy5 signal and
an increased Cy3 signal (Fig. 4d), and the FRET efficiency decreased
by 90%, to ,0.02. The difference in response of the Cy5 and Cy3
signals may be caused by the difference in local environment of the
two fluorophores. Cy5 was positioned on the side of a DNA helix,
whereas Cy3 was positioned at the end of a DNA helix, where base-
stacking interactions20 may partly quench the fluorophore.

We measured the kinetics of the opening process (Fig. 4e) and found
the FRET signal to decrease biexponentially, with an initial (fast) decay
time of ,40 s upon key addition. The effect was specific, as no signifi-
cant reduction was observed upon addition of an unrelated oligonu-
cleotide (Fig. 4e). Order-of-addition experiments showed that both
keys are required for full decrease of the FRET signal (Supplementary
Fig. 9). This indicates that a closed box can be programmed to open in
response to at least two external signals (representing an AND gate).
The box lid could potentially be designed to close again in the presence
of specific signals (representing a NOT gate), and because the DNA box
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Figure 4 | Programmed opening of the box lid. a, b, Illustrations of the
unlinked faces of the box (a) and the controlled opening of the box lid
(b). The emission from the Cy5 and Cy3 fluorophores are marked with red
and green stars, respectively. Loss of emission from Cy5 is denoted by a red
circle and the independent lock–key systems are indicated in blue and
orange. c, Ensemble FRET measurements of the unlinked faces before (black

curve) and 12 min (red curve) after the addition of keys. d, Ensemble FRET
measurements of the closed box before (black curve) and 35 min after (red
curve) the addition of keys. e, Kinetic study of change in emission of Cy5.
Black arrow, time of addition of key oligonucleotides (red curve) or an
unrelated oligonucleotide (black curve). Initial fluorescence was normalized
to one. a.u., arbitrary units.
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FRET using Cy3 and Cy5:

Source: Held, P. (2006). 
An Introduction to Fluorescence Resonance Energy Transfer (FRET) 
Technology and its Application in Bioscience. 
Retrieved from 
http://www.biotek.com/resources/articles/fluorescence-resonance-
energy-transfer.html

Dye Absorbance
Max 

Emission
Max

Cy3 550 nm 570 nm 

Cy5 649 nm 670 nm

Source: Wikipedia.org/wiki/Cyanine

concave bending of the large faces (Fig. 3b; see Supplementary Fig. 6 for
additional views of the 3D map). We suggest that the convex and
concave bending of the faces may reflect the difference in design of
the small and large faces. The dimensions of the 3D reconstruction are
compatible with 82% of the measured class averages, whereas the
theoretical model is compatible with 61% of them (Supplementary
Fig. 5). We conclude that the main fraction of the self-assembled
structures had a hollow box-like shape that is very similar to the
intended 3D design.

To analyse the native DNA origami box in solution and without a
potentially disruptive sample fixation, we used dynamic light scatter-
ing and SAXS, which probe a large ensemble and can therefore deter-
mine whether or not the box is the major product of the self-assembly
reaction. Analysis by dynamic light scattering showed there to be a
contribution with a hydrodynamic radius Rh 5 24 6 4 nm, which
matches the calculated value of 25.2 nm from the atomic model,
and a contribution with Rh 5 2.1 nm, corresponding to non-
annealed DNA oligonucleotides (Supplementary Fig. 7). The SAXS
analysis yielded a characteristic profile of a well-defined particle and
Fourier transformation analysis gave a single-particle self-correlation
function characteristic of a hollow structure (data not shown). The
scattering data was in good agreement with the atomic model of the
DNA box structure (Fig. 3e). We also compared the experimental
data with a theoretical model of a box with dimensions 2a, 2b and 2c
and wall thickness t (Methods and Supplementary Fig. 8). This model
can satisfactorily describe the scattering data and gave overall dimen-
sions of 46 6 2 nm by 38 6 1 nm by 30 6 1 nm and a wall thickness of
2.5 6 1 nm, which is close to the expected size and is consistent with
the dimensions observed using cryo-EM. In conclusion, the SAXS
data showed that the scattering derives mainly from box-shaped
structures, providing further evidence of the successful self-assembly
of 3D hollow boxes of well-defined dimensions in solution.

Previous studies have shown that DNA nanostructures can be
dynamically manipulated by external DNA sequence signals7,17,18.
Here we functionalized lid D of the DNA box with a dual lock–key

system composed of DNA duplexes with sticky-end extensions to
provide a ‘toehold’19 for the displacement by externally added ‘key’
oligonucleotides (Supplementary Fig. 1). To detect the opening pro-
cess of the DNA box lid, we inserted two fluorescent dyes, Cy3 and
Cy5, into faces B and D, respectively (Fig. 4a and Supplementary
Note 4). Efficient fluorescence resonance energy transfer (FRET)
between the two fluorophores corresponds to a closed state in which
the dyes are in close proximity (Fig. 4b, left). The addition of key
oligonucleotides results in the opening of the lid, resulting in a
decrease in the FRET efficiency as the distance between the two dyes
increases (Fig. 4b, right).

The functionalized DNA box was assembled, purified and sub-
jected to ensemble FRET measurements. We first studied the six faces
without edge links and found emission only from primary excited
Cy3, and only a dilution effect was observed upon addition of key
oligonucleotides (Fig. 4c). By contrast, emission from the closed box
sample had a Cy5 fluorescence peak at a wavelength of 665 nm that is
consistent with a FRET signal with an estimated efficiency of ,0.22
(Fig. 4d). The addition of both keys led to a decreased Cy5 signal and
an increased Cy3 signal (Fig. 4d), and the FRET efficiency decreased
by 90%, to ,0.02. The difference in response of the Cy5 and Cy3
signals may be caused by the difference in local environment of the
two fluorophores. Cy5 was positioned on the side of a DNA helix,
whereas Cy3 was positioned at the end of a DNA helix, where base-
stacking interactions20 may partly quench the fluorophore.

We measured the kinetics of the opening process (Fig. 4e) and found
the FRET signal to decrease biexponentially, with an initial (fast) decay
time of ,40 s upon key addition. The effect was specific, as no signifi-
cant reduction was observed upon addition of an unrelated oligonu-
cleotide (Fig. 4e). Order-of-addition experiments showed that both
keys are required for full decrease of the FRET signal (Supplementary
Fig. 9). This indicates that a closed box can be programmed to open in
response to at least two external signals (representing an AND gate).
The box lid could potentially be designed to close again in the presence
of specific signals (representing a NOT gate), and because the DNA box
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Figure 4 | Programmed opening of the box lid. a, b, Illustrations of the
unlinked faces of the box (a) and the controlled opening of the box lid
(b). The emission from the Cy5 and Cy3 fluorophores are marked with red
and green stars, respectively. Loss of emission from Cy5 is denoted by a red
circle and the independent lock–key systems are indicated in blue and
orange. c, Ensemble FRET measurements of the unlinked faces before (black

curve) and 12 min (red curve) after the addition of keys. d, Ensemble FRET
measurements of the closed box before (black curve) and 35 min after (red
curve) the addition of keys. e, Kinetic study of change in emission of Cy5.
Black arrow, time of addition of key oligonucleotides (red curve) or an
unrelated oligonucleotide (black curve). Initial fluorescence was normalized
to one. a.u., arbitrary units.
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concave bending of the large faces (Fig. 3b; see Supplementary Fig. 6 for
additional views of the 3D map). We suggest that the convex and
concave bending of the faces may reflect the difference in design of
the small and large faces. The dimensions of the 3D reconstruction are
compatible with 82% of the measured class averages, whereas the
theoretical model is compatible with 61% of them (Supplementary
Fig. 5). We conclude that the main fraction of the self-assembled
structures had a hollow box-like shape that is very similar to the
intended 3D design.

To analyse the native DNA origami box in solution and without a
potentially disruptive sample fixation, we used dynamic light scatter-
ing and SAXS, which probe a large ensemble and can therefore deter-
mine whether or not the box is the major product of the self-assembly
reaction. Analysis by dynamic light scattering showed there to be a
contribution with a hydrodynamic radius Rh 5 24 6 4 nm, which
matches the calculated value of 25.2 nm from the atomic model,
and a contribution with Rh 5 2.1 nm, corresponding to non-
annealed DNA oligonucleotides (Supplementary Fig. 7). The SAXS
analysis yielded a characteristic profile of a well-defined particle and
Fourier transformation analysis gave a single-particle self-correlation
function characteristic of a hollow structure (data not shown). The
scattering data was in good agreement with the atomic model of the
DNA box structure (Fig. 3e). We also compared the experimental
data with a theoretical model of a box with dimensions 2a, 2b and 2c
and wall thickness t (Methods and Supplementary Fig. 8). This model
can satisfactorily describe the scattering data and gave overall dimen-
sions of 46 6 2 nm by 38 6 1 nm by 30 6 1 nm and a wall thickness of
2.5 6 1 nm, which is close to the expected size and is consistent with
the dimensions observed using cryo-EM. In conclusion, the SAXS
data showed that the scattering derives mainly from box-shaped
structures, providing further evidence of the successful self-assembly
of 3D hollow boxes of well-defined dimensions in solution.

Previous studies have shown that DNA nanostructures can be
dynamically manipulated by external DNA sequence signals7,17,18.
Here we functionalized lid D of the DNA box with a dual lock–key

system composed of DNA duplexes with sticky-end extensions to
provide a ‘toehold’19 for the displacement by externally added ‘key’
oligonucleotides (Supplementary Fig. 1). To detect the opening pro-
cess of the DNA box lid, we inserted two fluorescent dyes, Cy3 and
Cy5, into faces B and D, respectively (Fig. 4a and Supplementary
Note 4). Efficient fluorescence resonance energy transfer (FRET)
between the two fluorophores corresponds to a closed state in which
the dyes are in close proximity (Fig. 4b, left). The addition of key
oligonucleotides results in the opening of the lid, resulting in a
decrease in the FRET efficiency as the distance between the two dyes
increases (Fig. 4b, right).

The functionalized DNA box was assembled, purified and sub-
jected to ensemble FRET measurements. We first studied the six faces
without edge links and found emission only from primary excited
Cy3, and only a dilution effect was observed upon addition of key
oligonucleotides (Fig. 4c). By contrast, emission from the closed box
sample had a Cy5 fluorescence peak at a wavelength of 665 nm that is
consistent with a FRET signal with an estimated efficiency of ,0.22
(Fig. 4d). The addition of both keys led to a decreased Cy5 signal and
an increased Cy3 signal (Fig. 4d), and the FRET efficiency decreased
by 90%, to ,0.02. The difference in response of the Cy5 and Cy3
signals may be caused by the difference in local environment of the
two fluorophores. Cy5 was positioned on the side of a DNA helix,
whereas Cy3 was positioned at the end of a DNA helix, where base-
stacking interactions20 may partly quench the fluorophore.

We measured the kinetics of the opening process (Fig. 4e) and found
the FRET signal to decrease biexponentially, with an initial (fast) decay
time of ,40 s upon key addition. The effect was specific, as no signifi-
cant reduction was observed upon addition of an unrelated oligonu-
cleotide (Fig. 4e). Order-of-addition experiments showed that both
keys are required for full decrease of the FRET signal (Supplementary
Fig. 9). This indicates that a closed box can be programmed to open in
response to at least two external signals (representing an AND gate).
The box lid could potentially be designed to close again in the presence
of specific signals (representing a NOT gate), and because the DNA box
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Figure 4 | Programmed opening of the box lid. a, b, Illustrations of the
unlinked faces of the box (a) and the controlled opening of the box lid
(b). The emission from the Cy5 and Cy3 fluorophores are marked with red
and green stars, respectively. Loss of emission from Cy5 is denoted by a red
circle and the independent lock–key systems are indicated in blue and
orange. c, Ensemble FRET measurements of the unlinked faces before (black

curve) and 12 min (red curve) after the addition of keys. d, Ensemble FRET
measurements of the closed box before (black curve) and 35 min after (red
curve) the addition of keys. e, Kinetic study of change in emission of Cy5.
Black arrow, time of addition of key oligonucleotides (red curve) or an
unrelated oligonucleotide (black curve). Initial fluorescence was normalized
to one. a.u., arbitrary units.
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concave bending of the large faces (Fig. 3b; see Supplementary Fig. 6 for
additional views of the 3D map). We suggest that the convex and
concave bending of the faces may reflect the difference in design of
the small and large faces. The dimensions of the 3D reconstruction are
compatible with 82% of the measured class averages, whereas the
theoretical model is compatible with 61% of them (Supplementary
Fig. 5). We conclude that the main fraction of the self-assembled
structures had a hollow box-like shape that is very similar to the
intended 3D design.

To analyse the native DNA origami box in solution and without a
potentially disruptive sample fixation, we used dynamic light scatter-
ing and SAXS, which probe a large ensemble and can therefore deter-
mine whether or not the box is the major product of the self-assembly
reaction. Analysis by dynamic light scattering showed there to be a
contribution with a hydrodynamic radius Rh 5 24 6 4 nm, which
matches the calculated value of 25.2 nm from the atomic model,
and a contribution with Rh 5 2.1 nm, corresponding to non-
annealed DNA oligonucleotides (Supplementary Fig. 7). The SAXS
analysis yielded a characteristic profile of a well-defined particle and
Fourier transformation analysis gave a single-particle self-correlation
function characteristic of a hollow structure (data not shown). The
scattering data was in good agreement with the atomic model of the
DNA box structure (Fig. 3e). We also compared the experimental
data with a theoretical model of a box with dimensions 2a, 2b and 2c
and wall thickness t (Methods and Supplementary Fig. 8). This model
can satisfactorily describe the scattering data and gave overall dimen-
sions of 46 6 2 nm by 38 6 1 nm by 30 6 1 nm and a wall thickness of
2.5 6 1 nm, which is close to the expected size and is consistent with
the dimensions observed using cryo-EM. In conclusion, the SAXS
data showed that the scattering derives mainly from box-shaped
structures, providing further evidence of the successful self-assembly
of 3D hollow boxes of well-defined dimensions in solution.

Previous studies have shown that DNA nanostructures can be
dynamically manipulated by external DNA sequence signals7,17,18.
Here we functionalized lid D of the DNA box with a dual lock–key

system composed of DNA duplexes with sticky-end extensions to
provide a ‘toehold’19 for the displacement by externally added ‘key’
oligonucleotides (Supplementary Fig. 1). To detect the opening pro-
cess of the DNA box lid, we inserted two fluorescent dyes, Cy3 and
Cy5, into faces B and D, respectively (Fig. 4a and Supplementary
Note 4). Efficient fluorescence resonance energy transfer (FRET)
between the two fluorophores corresponds to a closed state in which
the dyes are in close proximity (Fig. 4b, left). The addition of key
oligonucleotides results in the opening of the lid, resulting in a
decrease in the FRET efficiency as the distance between the two dyes
increases (Fig. 4b, right).

The functionalized DNA box was assembled, purified and sub-
jected to ensemble FRET measurements. We first studied the six faces
without edge links and found emission only from primary excited
Cy3, and only a dilution effect was observed upon addition of key
oligonucleotides (Fig. 4c). By contrast, emission from the closed box
sample had a Cy5 fluorescence peak at a wavelength of 665 nm that is
consistent with a FRET signal with an estimated efficiency of ,0.22
(Fig. 4d). The addition of both keys led to a decreased Cy5 signal and
an increased Cy3 signal (Fig. 4d), and the FRET efficiency decreased
by 90%, to ,0.02. The difference in response of the Cy5 and Cy3
signals may be caused by the difference in local environment of the
two fluorophores. Cy5 was positioned on the side of a DNA helix,
whereas Cy3 was positioned at the end of a DNA helix, where base-
stacking interactions20 may partly quench the fluorophore.

We measured the kinetics of the opening process (Fig. 4e) and found
the FRET signal to decrease biexponentially, with an initial (fast) decay
time of ,40 s upon key addition. The effect was specific, as no signifi-
cant reduction was observed upon addition of an unrelated oligonu-
cleotide (Fig. 4e). Order-of-addition experiments showed that both
keys are required for full decrease of the FRET signal (Supplementary
Fig. 9). This indicates that a closed box can be programmed to open in
response to at least two external signals (representing an AND gate).
The box lid could potentially be designed to close again in the presence
of specific signals (representing a NOT gate), and because the DNA box
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Figure 4 | Programmed opening of the box lid. a, b, Illustrations of the
unlinked faces of the box (a) and the controlled opening of the box lid
(b). The emission from the Cy5 and Cy3 fluorophores are marked with red
and green stars, respectively. Loss of emission from Cy5 is denoted by a red
circle and the independent lock–key systems are indicated in blue and
orange. c, Ensemble FRET measurements of the unlinked faces before (black

curve) and 12 min (red curve) after the addition of keys. d, Ensemble FRET
measurements of the closed box before (black curve) and 35 min after (red
curve) the addition of keys. e, Kinetic study of change in emission of Cy5.
Black arrow, time of addition of key oligonucleotides (red curve) or an
unrelated oligonucleotide (black curve). Initial fluorescence was normalized
to one. a.u., arbitrary units.
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concave bending of the large faces (Fig. 3b; see Supplementary Fig. 6 for
additional views of the 3D map). We suggest that the convex and
concave bending of the faces may reflect the difference in design of
the small and large faces. The dimensions of the 3D reconstruction are
compatible with 82% of the measured class averages, whereas the
theoretical model is compatible with 61% of them (Supplementary
Fig. 5). We conclude that the main fraction of the self-assembled
structures had a hollow box-like shape that is very similar to the
intended 3D design.

To analyse the native DNA origami box in solution and without a
potentially disruptive sample fixation, we used dynamic light scatter-
ing and SAXS, which probe a large ensemble and can therefore deter-
mine whether or not the box is the major product of the self-assembly
reaction. Analysis by dynamic light scattering showed there to be a
contribution with a hydrodynamic radius Rh 5 24 6 4 nm, which
matches the calculated value of 25.2 nm from the atomic model,
and a contribution with Rh 5 2.1 nm, corresponding to non-
annealed DNA oligonucleotides (Supplementary Fig. 7). The SAXS
analysis yielded a characteristic profile of a well-defined particle and
Fourier transformation analysis gave a single-particle self-correlation
function characteristic of a hollow structure (data not shown). The
scattering data was in good agreement with the atomic model of the
DNA box structure (Fig. 3e). We also compared the experimental
data with a theoretical model of a box with dimensions 2a, 2b and 2c
and wall thickness t (Methods and Supplementary Fig. 8). This model
can satisfactorily describe the scattering data and gave overall dimen-
sions of 46 6 2 nm by 38 6 1 nm by 30 6 1 nm and a wall thickness of
2.5 6 1 nm, which is close to the expected size and is consistent with
the dimensions observed using cryo-EM. In conclusion, the SAXS
data showed that the scattering derives mainly from box-shaped
structures, providing further evidence of the successful self-assembly
of 3D hollow boxes of well-defined dimensions in solution.

Previous studies have shown that DNA nanostructures can be
dynamically manipulated by external DNA sequence signals7,17,18.
Here we functionalized lid D of the DNA box with a dual lock–key

system composed of DNA duplexes with sticky-end extensions to
provide a ‘toehold’19 for the displacement by externally added ‘key’
oligonucleotides (Supplementary Fig. 1). To detect the opening pro-
cess of the DNA box lid, we inserted two fluorescent dyes, Cy3 and
Cy5, into faces B and D, respectively (Fig. 4a and Supplementary
Note 4). Efficient fluorescence resonance energy transfer (FRET)
between the two fluorophores corresponds to a closed state in which
the dyes are in close proximity (Fig. 4b, left). The addition of key
oligonucleotides results in the opening of the lid, resulting in a
decrease in the FRET efficiency as the distance between the two dyes
increases (Fig. 4b, right).

The functionalized DNA box was assembled, purified and sub-
jected to ensemble FRET measurements. We first studied the six faces
without edge links and found emission only from primary excited
Cy3, and only a dilution effect was observed upon addition of key
oligonucleotides (Fig. 4c). By contrast, emission from the closed box
sample had a Cy5 fluorescence peak at a wavelength of 665 nm that is
consistent with a FRET signal with an estimated efficiency of ,0.22
(Fig. 4d). The addition of both keys led to a decreased Cy5 signal and
an increased Cy3 signal (Fig. 4d), and the FRET efficiency decreased
by 90%, to ,0.02. The difference in response of the Cy5 and Cy3
signals may be caused by the difference in local environment of the
two fluorophores. Cy5 was positioned on the side of a DNA helix,
whereas Cy3 was positioned at the end of a DNA helix, where base-
stacking interactions20 may partly quench the fluorophore.

We measured the kinetics of the opening process (Fig. 4e) and found
the FRET signal to decrease biexponentially, with an initial (fast) decay
time of ,40 s upon key addition. The effect was specific, as no signifi-
cant reduction was observed upon addition of an unrelated oligonu-
cleotide (Fig. 4e). Order-of-addition experiments showed that both
keys are required for full decrease of the FRET signal (Supplementary
Fig. 9). This indicates that a closed box can be programmed to open in
response to at least two external signals (representing an AND gate).
The box lid could potentially be designed to close again in the presence
of specific signals (representing a NOT gate), and because the DNA box
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Figure 4 | Programmed opening of the box lid. a, b, Illustrations of the
unlinked faces of the box (a) and the controlled opening of the box lid
(b). The emission from the Cy5 and Cy3 fluorophores are marked with red
and green stars, respectively. Loss of emission from Cy5 is denoted by a red
circle and the independent lock–key systems are indicated in blue and
orange. c, Ensemble FRET measurements of the unlinked faces before (black

curve) and 12 min (red curve) after the addition of keys. d, Ensemble FRET
measurements of the closed box before (black curve) and 35 min after (red
curve) the addition of keys. e, Kinetic study of change in emission of Cy5.
Black arrow, time of addition of key oligonucleotides (red curve) or an
unrelated oligonucleotide (black curve). Initial fluorescence was normalized
to one. a.u., arbitrary units.
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Supplementary Figure 1. Mechanism for signal-induced opening of the DNA box. 

a, An atomic model of the DNA box held closed by “locks” (orange and blue) that are 

double helices formed by two short strands protruding from the lid and the main box, 

respectively. Each “lock” has a small sticky-end where a “key” sequence signal can 

bind and open the “lock” by strand displacement. If both “locks” are opened the lid of 

the box is effectively opened (b). The reporter system for detecting the lid opening is a 

Cy3-Cy5 FRET system. In the closed state the two fluorophores are in close proximity 

resulting in FRET emission from Cy5 (red star) when Cy3 is excited. In the open state 

the two flurophores are far apart and excitation of Cy3 only results in emission from 

Cy3 (green star). 
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opened the lid of the box is effectively opened (b). The reporter system for 
detecting the lid opening is a Cy3-Cy5 FRET system. In the closed state the two 
fluorophores are in close proximity resulting in FRET emission from Cy5 (red 
star) when Cy3 is excited. In the open state the two flurophores are far apart 

and excitation of Cy3 only results in emission from Cy3 (green star).

Supplementary Figure 
1. Mechanism for 
signal-induced opening 
of the DNA box. a, An 
atomic model of the 
DNA box held closed by 
“locks” (orange and 

blue) that are double

Andersen et al - Self-assembly of a nanoscale DNA box with a controllable lid 



Methods
• SARSE program for creating realistic 3D models, which 

facilitated the design of the 3D edge-to-edge staple 
strand crossovers

• Deposited the samples on a mica surface and 
performed the AFM imaging in a buffer solution. 

• Cryo-EM. The sample was adsorbed on carbon film and 
plunge-frozen in liquid ethane.

• SAXS. Collected data using a high-resolution set-up of a 
laboratory-based small-angle x-ray scattering.

• FRET. To detect the opening process, we functionalized 
the box with Cy3 and Cy5 fluorophores and a lock–key 
system. 

Andersen, E. S., Dong, M., Nielsen, M. M., Jahn, K., Subramani, R., Mamdouh, W., Golas, M. M., et al. (2009). Self-
assembly of a nanoscale DNA box with a controllable lid. Nature, 459(7243), 73–76. doi:10.1038/nature07971
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Douglas et al - Self-assembly of DNA into 
nanoscale three-dimensional shapes

• Extended Rothmund’s method to 3D pleated 
(folded) layers of helices constrained into a 
honeycomb lattice

• Approximated 6 shapes



Douglas et al - Self-assembly of DNA into nanoscale three-dimensional shapes

fraction of scaffold strands that were incorporated into monomeric
species after folding varied from 7% to 44% for these targets as
estimated by ethidium-bromide fluorescence intensity. Gel-purified
particles were generally observed to be monodisperse with a homo-
genous shape (Fig. 2f); defect analysis for a series of related objects
can be found elsewhere21.

The five objects displayed in Fig. 2 demonstrate the generality of this
honeycomb-pleated origami approach in approximating various
three-dimensional shapes. Figure 2a shows a structure resembling a
monolith, assembled in the form of a honeycomb-pleated block as in
Fig. 1, except with ten layers instead of three. Particles display the
predicted pattern of holes and stripes consistent with a honeycomb
lattice of cylinders. Figure 2b shows a square nut, the cross-section of
which is a block of the honeycomb lattice with an internal pore shaped
like a six-pointed star. Figure 2c shows a structure that resembles a
bridge with hand rails. This shape demonstrates that different cross-
section patterns can be implemented along the helical axis. Figure 2d
shows a slotted cross, a structure composed of two honeycomb-
lattice-based domains that sit at 90u to one another. One domain is
H-shaped, the other is O-shaped. The centre of the H-domain passes
through the slot of the O-domain, and the two domains are connected
by a pair of Holliday-junction crossovers derived from the scaffold
strand. The 90u angle between domains is enforced by steric collisions
between the ends of helices on the H-domain and the sides of helices
on the O-domain. The fifth particle image for the slotted cross in
Fig. 2d shows a defective particle, where the slot in the O-domain
can be seen clearly. Figure 2e shows a stacked cross, where again
two domains sit at 90u to one another. One domain is C-shaped,
the other domain resembles a pod with a cavity. The pod domain
consists of four sub-modules that are each connected to the
C-shaped domain by a Holliday-junction crossover derived from
the scaffold strand. Upon folding, the sub-modules connect to each
other by staple linkages, enforcing a rotation to yield the complete pod
domain oriented 90u to the C-module.

For the monolith, an effective diameter of 2.4 nm (60.1 nm standard
deviation, s.d.) per individual double helix was observed (Fig. 2g, h),
while for the square nut an effective diameter of 2.1 nm (60.1 nm s.d.)
per individual double helix was observed (Fig. 2i, j). Assuming an
unhydrated helical diameter of 2.0 nm (although the hydrodynamic

helical diameter has been estimated22 as 2.2–2.6 nm), this observation
suggests the presence of inter-helical gaps produced by electrostatic
repulsion8 of the order of 0.1–0.4 nm, significantly less than the
1.0 nm gap size estimated for Rothemund flat origami. This discre-
pancy is probably related to the roughly twofold higher density of
crossovers present in the honeycomb-pleated origami. Differences in
effective helix diameter between architectures may originate in part
from staining artefacts (for example, cavities where large amounts of
positively charged stain accumulate, or flattening).

Three key determinants for folding of honeycomb-pleated origami
were investigated: duration of thermal ramp, divalent-cation concen-
tration, and monovalent-cation concentration. Folding with short
thermal ramps (Fig. 3b, lefthand lanes), low concentrations of MgCl2
(Fig. 3d, lefthand lanes), or high concentrations of NaCl (Fig. 3f,
lefthand lanes) yielded a slowly migrating species upon agarose-gel
electrophoresis and grossly misshapen objects as observed by transmis-
sion electron microscopy (for example, see Fig. 3c). In contrast, week-
long thermal annealing at higher concentrations of MgCl2 combined
with low concentrations of NaCl yielded a fast-migrating species upon
agarose-gel electrophoresis and well-folded particles as observed by
electron microscopy (Fig. 3e), along with lower mobility bands corres-
ponding to multimerized and aggregated objects. The apparent trend
was that increasing agarose-gel mobility correlated with improvement
of quality of folding as observed by transmission electron microscopy,
suggesting that correctly folded structures tend to be more compact
than misfolded versions.

Divalent cations thus appear to accelerate the rate of proper folding
and increase the amount of undesired aggregation whereas monovalent
cations appear to decelerate the rate of proper folding and decrease the
amount of undesired aggregation. Many of the structures require week-
long thermal ramps for proper folding, even under idealized divalent-
and monovalent-cation concentrations. Divalent cations may accel-
erate target folding by specific stabilization of Holliday-junction cross-
overs23 and by nonspecific stabilization of compact DNA24 folding
intermediates, although they may also stabilize nontarget aggregates
by a similar mechanism. Monovalent-cation binding might compete
with divalent-cation binding, and thereby antagonize both target
compaction and nontarget aggregation, analogous to how such bind-
ing inhibits multivalent-cation-induced DNA condensation25. Folding
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Figure 1 | Design of three-dimensional DNA origami. a, Double helices
comprised of scaffold (grey) and staple strands (orange, white, blue) run
parallel to the z-axis to form an unrolled two-dimensional schematic of the
target shape. Phosphate linkages form crossovers between adjacent helices,
with staple crossovers bridging different layers shown as semicircular arcs.
b, Cylinder model of a half-rolled conceptual intermediate. Cylinders

represent double helices, with loops of unpaired scaffold strand linking the
ends of adjacent helices. c, Cylinder model of folded target shape. The
honeycomb arrangement of parallel helices is shown in cross-sectional slices
(i–iii) parallel to the x–y plane, spaced apart at seven base-pair intervals that
repeat every 21 base pairs. All potential staple crossovers are shown for each
cross-section. d, Atomistic DNA model of shape from c.
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fraction of scaffold strands that were incorporated into monomeric
species after folding varied from 7% to 44% for these targets as
estimated by ethidium-bromide fluorescence intensity. Gel-purified
particles were generally observed to be monodisperse with a homo-
genous shape (Fig. 2f); defect analysis for a series of related objects
can be found elsewhere21.

The five objects displayed in Fig. 2 demonstrate the generality of this
honeycomb-pleated origami approach in approximating various
three-dimensional shapes. Figure 2a shows a structure resembling a
monolith, assembled in the form of a honeycomb-pleated block as in
Fig. 1, except with ten layers instead of three. Particles display the
predicted pattern of holes and stripes consistent with a honeycomb
lattice of cylinders. Figure 2b shows a square nut, the cross-section of
which is a block of the honeycomb lattice with an internal pore shaped
like a six-pointed star. Figure 2c shows a structure that resembles a
bridge with hand rails. This shape demonstrates that different cross-
section patterns can be implemented along the helical axis. Figure 2d
shows a slotted cross, a structure composed of two honeycomb-
lattice-based domains that sit at 90u to one another. One domain is
H-shaped, the other is O-shaped. The centre of the H-domain passes
through the slot of the O-domain, and the two domains are connected
by a pair of Holliday-junction crossovers derived from the scaffold
strand. The 90u angle between domains is enforced by steric collisions
between the ends of helices on the H-domain and the sides of helices
on the O-domain. The fifth particle image for the slotted cross in
Fig. 2d shows a defective particle, where the slot in the O-domain
can be seen clearly. Figure 2e shows a stacked cross, where again
two domains sit at 90u to one another. One domain is C-shaped,
the other domain resembles a pod with a cavity. The pod domain
consists of four sub-modules that are each connected to the
C-shaped domain by a Holliday-junction crossover derived from
the scaffold strand. Upon folding, the sub-modules connect to each
other by staple linkages, enforcing a rotation to yield the complete pod
domain oriented 90u to the C-module.

For the monolith, an effective diameter of 2.4 nm (60.1 nm standard
deviation, s.d.) per individual double helix was observed (Fig. 2g, h),
while for the square nut an effective diameter of 2.1 nm (60.1 nm s.d.)
per individual double helix was observed (Fig. 2i, j). Assuming an
unhydrated helical diameter of 2.0 nm (although the hydrodynamic

helical diameter has been estimated22 as 2.2–2.6 nm), this observation
suggests the presence of inter-helical gaps produced by electrostatic
repulsion8 of the order of 0.1–0.4 nm, significantly less than the
1.0 nm gap size estimated for Rothemund flat origami. This discre-
pancy is probably related to the roughly twofold higher density of
crossovers present in the honeycomb-pleated origami. Differences in
effective helix diameter between architectures may originate in part
from staining artefacts (for example, cavities where large amounts of
positively charged stain accumulate, or flattening).

Three key determinants for folding of honeycomb-pleated origami
were investigated: duration of thermal ramp, divalent-cation concen-
tration, and monovalent-cation concentration. Folding with short
thermal ramps (Fig. 3b, lefthand lanes), low concentrations of MgCl2
(Fig. 3d, lefthand lanes), or high concentrations of NaCl (Fig. 3f,
lefthand lanes) yielded a slowly migrating species upon agarose-gel
electrophoresis and grossly misshapen objects as observed by transmis-
sion electron microscopy (for example, see Fig. 3c). In contrast, week-
long thermal annealing at higher concentrations of MgCl2 combined
with low concentrations of NaCl yielded a fast-migrating species upon
agarose-gel electrophoresis and well-folded particles as observed by
electron microscopy (Fig. 3e), along with lower mobility bands corres-
ponding to multimerized and aggregated objects. The apparent trend
was that increasing agarose-gel mobility correlated with improvement
of quality of folding as observed by transmission electron microscopy,
suggesting that correctly folded structures tend to be more compact
than misfolded versions.

Divalent cations thus appear to accelerate the rate of proper folding
and increase the amount of undesired aggregation whereas monovalent
cations appear to decelerate the rate of proper folding and decrease the
amount of undesired aggregation. Many of the structures require week-
long thermal ramps for proper folding, even under idealized divalent-
and monovalent-cation concentrations. Divalent cations may accel-
erate target folding by specific stabilization of Holliday-junction cross-
overs23 and by nonspecific stabilization of compact DNA24 folding
intermediates, although they may also stabilize nontarget aggregates
by a similar mechanism. Monovalent-cation binding might compete
with divalent-cation binding, and thereby antagonize both target
compaction and nontarget aggregation, analogous to how such bind-
ing inhibits multivalent-cation-induced DNA condensation25. Folding
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Figure 1 | Design of three-dimensional DNA origami. a, Double helices
comprised of scaffold (grey) and staple strands (orange, white, blue) run
parallel to the z-axis to form an unrolled two-dimensional schematic of the
target shape. Phosphate linkages form crossovers between adjacent helices,
with staple crossovers bridging different layers shown as semicircular arcs.
b, Cylinder model of a half-rolled conceptual intermediate. Cylinders

represent double helices, with loops of unpaired scaffold strand linking the
ends of adjacent helices. c, Cylinder model of folded target shape. The
honeycomb arrangement of parallel helices is shown in cross-sectional slices
(i–iii) parallel to the x–y plane, spaced apart at seven base-pair intervals that
repeat every 21 base pairs. All potential staple crossovers are shown for each
cross-section. d, Atomistic DNA model of shape from c.
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fraction of scaffold strands that were incorporated into monomeric
species after folding varied from 7% to 44% for these targets as
estimated by ethidium-bromide fluorescence intensity. Gel-purified
particles were generally observed to be monodisperse with a homo-
genous shape (Fig. 2f); defect analysis for a series of related objects
can be found elsewhere21.

The five objects displayed in Fig. 2 demonstrate the generality of this
honeycomb-pleated origami approach in approximating various
three-dimensional shapes. Figure 2a shows a structure resembling a
monolith, assembled in the form of a honeycomb-pleated block as in
Fig. 1, except with ten layers instead of three. Particles display the
predicted pattern of holes and stripes consistent with a honeycomb
lattice of cylinders. Figure 2b shows a square nut, the cross-section of
which is a block of the honeycomb lattice with an internal pore shaped
like a six-pointed star. Figure 2c shows a structure that resembles a
bridge with hand rails. This shape demonstrates that different cross-
section patterns can be implemented along the helical axis. Figure 2d
shows a slotted cross, a structure composed of two honeycomb-
lattice-based domains that sit at 90u to one another. One domain is
H-shaped, the other is O-shaped. The centre of the H-domain passes
through the slot of the O-domain, and the two domains are connected
by a pair of Holliday-junction crossovers derived from the scaffold
strand. The 90u angle between domains is enforced by steric collisions
between the ends of helices on the H-domain and the sides of helices
on the O-domain. The fifth particle image for the slotted cross in
Fig. 2d shows a defective particle, where the slot in the O-domain
can be seen clearly. Figure 2e shows a stacked cross, where again
two domains sit at 90u to one another. One domain is C-shaped,
the other domain resembles a pod with a cavity. The pod domain
consists of four sub-modules that are each connected to the
C-shaped domain by a Holliday-junction crossover derived from
the scaffold strand. Upon folding, the sub-modules connect to each
other by staple linkages, enforcing a rotation to yield the complete pod
domain oriented 90u to the C-module.

For the monolith, an effective diameter of 2.4 nm (60.1 nm standard
deviation, s.d.) per individual double helix was observed (Fig. 2g, h),
while for the square nut an effective diameter of 2.1 nm (60.1 nm s.d.)
per individual double helix was observed (Fig. 2i, j). Assuming an
unhydrated helical diameter of 2.0 nm (although the hydrodynamic

helical diameter has been estimated22 as 2.2–2.6 nm), this observation
suggests the presence of inter-helical gaps produced by electrostatic
repulsion8 of the order of 0.1–0.4 nm, significantly less than the
1.0 nm gap size estimated for Rothemund flat origami. This discre-
pancy is probably related to the roughly twofold higher density of
crossovers present in the honeycomb-pleated origami. Differences in
effective helix diameter between architectures may originate in part
from staining artefacts (for example, cavities where large amounts of
positively charged stain accumulate, or flattening).

Three key determinants for folding of honeycomb-pleated origami
were investigated: duration of thermal ramp, divalent-cation concen-
tration, and monovalent-cation concentration. Folding with short
thermal ramps (Fig. 3b, lefthand lanes), low concentrations of MgCl2
(Fig. 3d, lefthand lanes), or high concentrations of NaCl (Fig. 3f,
lefthand lanes) yielded a slowly migrating species upon agarose-gel
electrophoresis and grossly misshapen objects as observed by transmis-
sion electron microscopy (for example, see Fig. 3c). In contrast, week-
long thermal annealing at higher concentrations of MgCl2 combined
with low concentrations of NaCl yielded a fast-migrating species upon
agarose-gel electrophoresis and well-folded particles as observed by
electron microscopy (Fig. 3e), along with lower mobility bands corres-
ponding to multimerized and aggregated objects. The apparent trend
was that increasing agarose-gel mobility correlated with improvement
of quality of folding as observed by transmission electron microscopy,
suggesting that correctly folded structures tend to be more compact
than misfolded versions.

Divalent cations thus appear to accelerate the rate of proper folding
and increase the amount of undesired aggregation whereas monovalent
cations appear to decelerate the rate of proper folding and decrease the
amount of undesired aggregation. Many of the structures require week-
long thermal ramps for proper folding, even under idealized divalent-
and monovalent-cation concentrations. Divalent cations may accel-
erate target folding by specific stabilization of Holliday-junction cross-
overs23 and by nonspecific stabilization of compact DNA24 folding
intermediates, although they may also stabilize nontarget aggregates
by a similar mechanism. Monovalent-cation binding might compete
with divalent-cation binding, and thereby antagonize both target
compaction and nontarget aggregation, analogous to how such bind-
ing inhibits multivalent-cation-induced DNA condensation25. Folding
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Figure 1 | Design of three-dimensional DNA origami. a, Double helices
comprised of scaffold (grey) and staple strands (orange, white, blue) run
parallel to the z-axis to form an unrolled two-dimensional schematic of the
target shape. Phosphate linkages form crossovers between adjacent helices,
with staple crossovers bridging different layers shown as semicircular arcs.
b, Cylinder model of a half-rolled conceptual intermediate. Cylinders

represent double helices, with loops of unpaired scaffold strand linking the
ends of adjacent helices. c, Cylinder model of folded target shape. The
honeycomb arrangement of parallel helices is shown in cross-sectional slices
(i–iii) parallel to the x–y plane, spaced apart at seven base-pair intervals that
repeat every 21 base pairs. All potential staple crossovers are shown for each
cross-section. d, Atomistic DNA model of shape from c.
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fraction of scaffold strands that were incorporated into monomeric
species after folding varied from 7% to 44% for these targets as
estimated by ethidium-bromide fluorescence intensity. Gel-purified
particles were generally observed to be monodisperse with a homo-
genous shape (Fig. 2f); defect analysis for a series of related objects
can be found elsewhere21.

The five objects displayed in Fig. 2 demonstrate the generality of this
honeycomb-pleated origami approach in approximating various
three-dimensional shapes. Figure 2a shows a structure resembling a
monolith, assembled in the form of a honeycomb-pleated block as in
Fig. 1, except with ten layers instead of three. Particles display the
predicted pattern of holes and stripes consistent with a honeycomb
lattice of cylinders. Figure 2b shows a square nut, the cross-section of
which is a block of the honeycomb lattice with an internal pore shaped
like a six-pointed star. Figure 2c shows a structure that resembles a
bridge with hand rails. This shape demonstrates that different cross-
section patterns can be implemented along the helical axis. Figure 2d
shows a slotted cross, a structure composed of two honeycomb-
lattice-based domains that sit at 90u to one another. One domain is
H-shaped, the other is O-shaped. The centre of the H-domain passes
through the slot of the O-domain, and the two domains are connected
by a pair of Holliday-junction crossovers derived from the scaffold
strand. The 90u angle between domains is enforced by steric collisions
between the ends of helices on the H-domain and the sides of helices
on the O-domain. The fifth particle image for the slotted cross in
Fig. 2d shows a defective particle, where the slot in the O-domain
can be seen clearly. Figure 2e shows a stacked cross, where again
two domains sit at 90u to one another. One domain is C-shaped,
the other domain resembles a pod with a cavity. The pod domain
consists of four sub-modules that are each connected to the
C-shaped domain by a Holliday-junction crossover derived from
the scaffold strand. Upon folding, the sub-modules connect to each
other by staple linkages, enforcing a rotation to yield the complete pod
domain oriented 90u to the C-module.

For the monolith, an effective diameter of 2.4 nm (60.1 nm standard
deviation, s.d.) per individual double helix was observed (Fig. 2g, h),
while for the square nut an effective diameter of 2.1 nm (60.1 nm s.d.)
per individual double helix was observed (Fig. 2i, j). Assuming an
unhydrated helical diameter of 2.0 nm (although the hydrodynamic

helical diameter has been estimated22 as 2.2–2.6 nm), this observation
suggests the presence of inter-helical gaps produced by electrostatic
repulsion8 of the order of 0.1–0.4 nm, significantly less than the
1.0 nm gap size estimated for Rothemund flat origami. This discre-
pancy is probably related to the roughly twofold higher density of
crossovers present in the honeycomb-pleated origami. Differences in
effective helix diameter between architectures may originate in part
from staining artefacts (for example, cavities where large amounts of
positively charged stain accumulate, or flattening).

Three key determinants for folding of honeycomb-pleated origami
were investigated: duration of thermal ramp, divalent-cation concen-
tration, and monovalent-cation concentration. Folding with short
thermal ramps (Fig. 3b, lefthand lanes), low concentrations of MgCl2
(Fig. 3d, lefthand lanes), or high concentrations of NaCl (Fig. 3f,
lefthand lanes) yielded a slowly migrating species upon agarose-gel
electrophoresis and grossly misshapen objects as observed by transmis-
sion electron microscopy (for example, see Fig. 3c). In contrast, week-
long thermal annealing at higher concentrations of MgCl2 combined
with low concentrations of NaCl yielded a fast-migrating species upon
agarose-gel electrophoresis and well-folded particles as observed by
electron microscopy (Fig. 3e), along with lower mobility bands corres-
ponding to multimerized and aggregated objects. The apparent trend
was that increasing agarose-gel mobility correlated with improvement
of quality of folding as observed by transmission electron microscopy,
suggesting that correctly folded structures tend to be more compact
than misfolded versions.

Divalent cations thus appear to accelerate the rate of proper folding
and increase the amount of undesired aggregation whereas monovalent
cations appear to decelerate the rate of proper folding and decrease the
amount of undesired aggregation. Many of the structures require week-
long thermal ramps for proper folding, even under idealized divalent-
and monovalent-cation concentrations. Divalent cations may accel-
erate target folding by specific stabilization of Holliday-junction cross-
overs23 and by nonspecific stabilization of compact DNA24 folding
intermediates, although they may also stabilize nontarget aggregates
by a similar mechanism. Monovalent-cation binding might compete
with divalent-cation binding, and thereby antagonize both target
compaction and nontarget aggregation, analogous to how such bind-
ing inhibits multivalent-cation-induced DNA condensation25. Folding
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Figure 1 | Design of three-dimensional DNA origami. a, Double helices
comprised of scaffold (grey) and staple strands (orange, white, blue) run
parallel to the z-axis to form an unrolled two-dimensional schematic of the
target shape. Phosphate linkages form crossovers between adjacent helices,
with staple crossovers bridging different layers shown as semicircular arcs.
b, Cylinder model of a half-rolled conceptual intermediate. Cylinders

represent double helices, with loops of unpaired scaffold strand linking the
ends of adjacent helices. c, Cylinder model of folded target shape. The
honeycomb arrangement of parallel helices is shown in cross-sectional slices
(i–iii) parallel to the x–y plane, spaced apart at seven base-pair intervals that
repeat every 21 base pairs. All potential staple crossovers are shown for each
cross-section. d, Atomistic DNA model of shape from c.
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Self-assembly of DNA into nanoscale three-dimensional shapes
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Abstract
Molecular self-assembly offers a ‘bottom-up’ route to fabrication with subnanometre precision of
complex structures from simple components1. DNA has proven a versatile building block2–5 for
programmable construction of such objects, including two-dimensional crystals6, nanotubes7–11, and
three-dimensional wireframe nanopolyhedra12–17. Templated self-assembly of DNA18 into custom
two-dimensional shapes on the megadalton scale has been demonstrated previously with a multiple-
kilobase ‘scaffold strand’ that is folded into a flat array of antiparallel helices by interactions with
hundreds of oligonucleotide ‘staple strands’19, 20. Here we extend this method to building custom
three-dimensional shapes formed as pleated layers of helices constrained to a honeycomb lattice. We
demonstrate the design and assembly of nanostructures approximating six shapes — monolith, square
nut, railed bridge, genie bottle, stacked cross, slotted cross — with precisely controlled dimensions
ranging from 10 to 100 nm. We also show hierarchical assembly of structures such as
homomultimeric linear tracks and of heterotrimeric wireframe icosahedra. Proper assembly requires
week-long folding times and calibrated monovalent and divalent cation concentrations. We anticipate
that our strategy for self-assembling custom three-dimensional shapes will provide a general route
to the manufacture of sophisticated devices bearing features on the nanometer scale.

Assembly of a target three-dimensional shape using the honeycomb-pleat-based strategy
described here can be conceptualized as laying down the scaffold strand into an array of
antiparallel helices (Fig. 1a) where helix m+1 has a preferred attachment angle to helix m of
±120 degrees with respect to the attachment of helix mí1 to helix m (Fig. 1b, c); this angle is
determined by the relative register along the helical axes of the Holliday-junction crossovers
that connect helix m+1 to helix m versus those that connect helix mí1 to helix m. Branching
flaps are allowed as well (Supplementary Note S1).
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Supplementary Information accompanies the paper on www.nature.com/nature.
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of simpler DNA-origami structures such as the six-helix-bundle nano-
tube is much more robust to variations in annealing conditions (Sup-
plementary Note S1); the Rothemund flat origami and these simpler
nanotube structures could be folded with 72 min ramps. Presumably,
multilayered structures must traverse more difficult kinetic traps,
perhaps owing in part to the larger density of crossovers, in part to
issues of local folding and unfolding in the confined space between two

or more layers of DNA helices, and in part to the difficulties in reaching
a high density of DNA in the final folded object, similar to that found in
high-pressure virus capsids26.

One of the target shapes presented in Fig. 3 — the genie bottle
(strand diagram in Supplementary Note S2) — was folded with two
different scaffold sequences. Its full size takes up only 4,500 base pairs.
One scaffold sequence used for folding was a modified M13 genome
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Figure 2 | Three-dimensional DNA origami shapes. The first and second
rows show perspective and projection views of cylinder models, with each
cylinder representing a DNA double helix. a, Monolith. b, Square nut.
c, Railed bridge. d, Slotted cross. e, Stacked cross. Rows three to seven show
transmission electron microscope (TEM) micrographs of typical particles.
For imaging, samples were adsorbed (5 min) onto glow-discharged grids pre-
treated with 0.5 M MgCl2, stained with 2% uranyl formate, 25 mM NaOH
(1 min), and visualized with an FEI Tecnai T12 BioTWIN at 120 kV. f, Top,
field of homogeneous and monodisperse stacked-cross particles. Bottom,
expanded view of boxed area from above. g, Left, typical monolith particle.
Right, integrated-intensity profile (red) of line orthogonal to the
longitudinal axis of typical monolith particle, with expected profile (grey)
assuming a simple homogeneous cylinder model. h, Left, gaussian-fitted
mean peak positions (circles) in such integrated-line profiles for twenty

different monolith particles as a function of peak index. The observed mean
peak-to-peak distance was 3.65 nm (60.2 nm s.d., 60.01 nm standard error
of the mean, s.e.m.). This peak-to-peak distance should correspond to 1.5
times the effective diameter d of individual double helices in the monolith
structure, hence d 5 2.4 nm. Solid line is a linear fit with a slope of 3.65 nm
from peak to peak, corroborating equidistant arrangement of helices across
the entire particle width. Error bars (red) indicate mean width of the peaks.
Slightly higher variations in peak width at the edges of the particles are most
likely due to frayed edges (compare with particles in a and g). i, Analysis as in
g repeated for the square-nut shape. j, Histogram of gaussian-fitted peak-to-
peak distances as found for the square-nut particles, with the mean value at
3.18 nm (60.2 nm s.d., 60.01 nm s.e.m.), indicating an effective diameter of
2.1 nm per individual double helix. a.u., arbitrary units. Scale bars:
a–e, 20 nm; f, 1mm (top), 100 nm (bottom).
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fraction of scaffold strands that were incorporated into monomeric
species after folding varied from 7% to 44% for these targets as
estimated by ethidium-bromide fluorescence intensity. Gel-purified
particles were generally observed to be monodisperse with a homo-
genous shape (Fig. 2f); defect analysis for a series of related objects
can be found elsewhere21.

The five objects displayed in Fig. 2 demonstrate the generality of this
honeycomb-pleated origami approach in approximating various
three-dimensional shapes. Figure 2a shows a structure resembling a
monolith, assembled in the form of a honeycomb-pleated block as in
Fig. 1, except with ten layers instead of three. Particles display the
predicted pattern of holes and stripes consistent with a honeycomb
lattice of cylinders. Figure 2b shows a square nut, the cross-section of
which is a block of the honeycomb lattice with an internal pore shaped
like a six-pointed star. Figure 2c shows a structure that resembles a
bridge with hand rails. This shape demonstrates that different cross-
section patterns can be implemented along the helical axis. Figure 2d
shows a slotted cross, a structure composed of two honeycomb-
lattice-based domains that sit at 90u to one another. One domain is
H-shaped, the other is O-shaped. The centre of the H-domain passes
through the slot of the O-domain, and the two domains are connected
by a pair of Holliday-junction crossovers derived from the scaffold
strand. The 90u angle between domains is enforced by steric collisions
between the ends of helices on the H-domain and the sides of helices
on the O-domain. The fifth particle image for the slotted cross in
Fig. 2d shows a defective particle, where the slot in the O-domain
can be seen clearly. Figure 2e shows a stacked cross, where again
two domains sit at 90u to one another. One domain is C-shaped,
the other domain resembles a pod with a cavity. The pod domain
consists of four sub-modules that are each connected to the
C-shaped domain by a Holliday-junction crossover derived from
the scaffold strand. Upon folding, the sub-modules connect to each
other by staple linkages, enforcing a rotation to yield the complete pod
domain oriented 90u to the C-module.

For the monolith, an effective diameter of 2.4 nm (60.1 nm standard
deviation, s.d.) per individual double helix was observed (Fig. 2g, h),
while for the square nut an effective diameter of 2.1 nm (60.1 nm s.d.)
per individual double helix was observed (Fig. 2i, j). Assuming an
unhydrated helical diameter of 2.0 nm (although the hydrodynamic

helical diameter has been estimated22 as 2.2–2.6 nm), this observation
suggests the presence of inter-helical gaps produced by electrostatic
repulsion8 of the order of 0.1–0.4 nm, significantly less than the
1.0 nm gap size estimated for Rothemund flat origami. This discre-
pancy is probably related to the roughly twofold higher density of
crossovers present in the honeycomb-pleated origami. Differences in
effective helix diameter between architectures may originate in part
from staining artefacts (for example, cavities where large amounts of
positively charged stain accumulate, or flattening).

Three key determinants for folding of honeycomb-pleated origami
were investigated: duration of thermal ramp, divalent-cation concen-
tration, and monovalent-cation concentration. Folding with short
thermal ramps (Fig. 3b, lefthand lanes), low concentrations of MgCl2
(Fig. 3d, lefthand lanes), or high concentrations of NaCl (Fig. 3f,
lefthand lanes) yielded a slowly migrating species upon agarose-gel
electrophoresis and grossly misshapen objects as observed by transmis-
sion electron microscopy (for example, see Fig. 3c). In contrast, week-
long thermal annealing at higher concentrations of MgCl2 combined
with low concentrations of NaCl yielded a fast-migrating species upon
agarose-gel electrophoresis and well-folded particles as observed by
electron microscopy (Fig. 3e), along with lower mobility bands corres-
ponding to multimerized and aggregated objects. The apparent trend
was that increasing agarose-gel mobility correlated with improvement
of quality of folding as observed by transmission electron microscopy,
suggesting that correctly folded structures tend to be more compact
than misfolded versions.

Divalent cations thus appear to accelerate the rate of proper folding
and increase the amount of undesired aggregation whereas monovalent
cations appear to decelerate the rate of proper folding and decrease the
amount of undesired aggregation. Many of the structures require week-
long thermal ramps for proper folding, even under idealized divalent-
and monovalent-cation concentrations. Divalent cations may accel-
erate target folding by specific stabilization of Holliday-junction cross-
overs23 and by nonspecific stabilization of compact DNA24 folding
intermediates, although they may also stabilize nontarget aggregates
by a similar mechanism. Monovalent-cation binding might compete
with divalent-cation binding, and thereby antagonize both target
compaction and nontarget aggregation, analogous to how such bind-
ing inhibits multivalent-cation-induced DNA condensation25. Folding
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Figure 1 | Design of three-dimensional DNA origami. a, Double helices
comprised of scaffold (grey) and staple strands (orange, white, blue) run
parallel to the z-axis to form an unrolled two-dimensional schematic of the
target shape. Phosphate linkages form crossovers between adjacent helices,
with staple crossovers bridging different layers shown as semicircular arcs.
b, Cylinder model of a half-rolled conceptual intermediate. Cylinders

represent double helices, with loops of unpaired scaffold strand linking the
ends of adjacent helices. c, Cylinder model of folded target shape. The
honeycomb arrangement of parallel helices is shown in cross-sectional slices
(i–iii) parallel to the x–y plane, spaced apart at seven base-pair intervals that
repeat every 21 base pairs. All potential staple crossovers are shown for each
cross-section. d, Atomistic DNA model of shape from c.
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monolith square-nut railed bridge stacked cross slotted cross

with a length of 7,308 bases, where 2,800 bases of the scaffold strand
were left unpaired and dangling from the neck of the bottle (remini-
scent of wisps of smoke in TEM images), while the other scaffold
sequence used was the 4,733-base forward strand of an expression
vector encoding the enhanced green fluorescent protein (pEGFP-N1,
Clontech). Folding of the same shape under identical conditions gave
superior yield with the M13-based scaffold sequence. Some folding
success could be achieved with the pEGFP-N1 scaffold sequence
when much higher scaffold and staple concentrations were used.
One striking difference between the two scaffold sequences is that
the M13 base composition is 43% cytosines and guanines whereas the
pEGFP-N1 base composition is 53% cytosines and guanines. Higher
levels of GC base pairs might lead to a greater incidence of mispairing
during folding and a slower rate of unpairing in misfolded inter-
mediates, which could explain why folding was more difficult with
the pEGFP-N1 scaffold sequence. On the other hand, local sequence
diversity is potentially greatest at 50% GC content, and so a scaffold
sequence with GC content that is very low might not be well-suited
for DNA origami. Systematic studies will be required in the future to
determine the optimal base composition.

Hierarchical assembly of DNA-origami nanostructures can be
achieved by programming staple strands to bridge separate scaffold
strands. Figure 4a shows the stacked cross programmed to polymerize
along the long axes of the DNA helices of the pod domain. The scaffold
loops on the ends of the object were programmed with a length such
that they form properly spaced scaffold crossovers in the presence of
bridging staple strands that link the two ends of the objects. This
induces head-to-tail polymerization. Shown are filaments that

adsorbed on the grid in two different orientations to illustrate the
periodic presentation of the C-shaped domain perpendicular to the
filament axis at a periodicity of 41 nm (63 nm s.d. over a 33mer),
corresponding to a length per base pair of 0.33 nm (60.02 nm s.d.).

Figure 4b shows a wireframe DNA-origami nanostructure whose
struts are six-helix-bundle nanotubes (strand diagrams in
Supplementary Note S2). A single scaffold strand is folded into a
branched tree that links two pairs of half-struts internally to produce
a double triangle (Fig. 4b). This operation is repeated twice more
with two completely different sets of staple strands, based on cyclic
permutation of the same 8,100-base scaffold sequence through the
architecture of the double-triangle monomer. This produces three
chemically distinct double-triangle monomers that vary according to
the sequences displayed at various positions. Every double triangle
displays ten terminal branches presenting scaffold and staple
sequences that are programmed to pair specifically with five terminal
branches each on the two other double triangles (Fig. 4c). When the
three species are mixed together, heterotrimers in the shape of a
wireframe icosahedron with a diameter of about 100 nm are formed
(Fig. 4d, and gel in Supplementary Note S1). The majority of particles
visualized by transmission electron microscopy have missing struts,
owing either to incomplete folding or to particle flattening and
collapse, commonly seen for spherical or cylindrical particles pre-
pared by negative-stain protocols27.

Previously, scaffolded DNA origami was employed to create flat
structures containing dozens of helices and nanotubes containing six
helices9,28,29. The present work generalizes this method into three dimen-
sions by folding helices on a honeycomb lattice. Using caDNAno21,
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Figure 3 | Gel and TEM analysis of folding conditions for three-dimensional
DNA origami. a, Cylinder models of shapes: monolith, stacked cross, railed
bridge, and two versions of genie bottle, with corresponding scaffold
sequences. Labels indicate the source of scaffold used for folding the object
(for example, p7560 is an M13-based vector of length 7,560 bases). b, Shapes
were folded in 5 mM Tris 1 1 mM EDTA (pH 7.9 at 20 uC) and 16 mM MgCl2
and analysed by gel electrophoresis (2% agarose, 45 mM Tris borate 1 1 mM
EDTA (pH 8.3 at 20 uC), 11 mM MgCl2) using different thermal-annealing
ramps. For the 1.2 h ramp, the temperature was lowered from 95 uC to 20 uC
at a rate of 1.6 min uC21. For the 3 h, 6 h, 12 h, 18 h, 37 h, 74 h and 173 h
ramps, the temperature was lowered from 80 uC to 60 uC at 4 min uC21, and

then from 60 uC to 24 uC at rates of 5, 10, 20, 30, 60, 120 or 280 min uC21,
respectively). c–e, TEM and gel analysis of influence of MgCl2 concentration
on folding quality. c, The fastest-migrating bands in the 4 mM MgCl2 lanes
were purified and imaged, revealing gross folding defects. d, Shapes were
folded with a 173 h ramp in 5 mM Tris 1 1 mM EDTA (pH 7.9 at 20 uC) and
MgCl2 concentrations varying from 0 to 30 mM. e, As in c, leading bands
were purified from the 16 mM MgCl2 lanes and found to exhibit higher-
quality folding when analysed by TEM. f, Excess NaCl inhibits proper
folding. Shapes were folded with 173 h ramp in 5 mM Tris 1 1 mM EDTA
(pH 7.9 at 20 uC), 16 mM MgCl2, and varying NaCl concentrations.
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of simpler DNA-origami structures such as the six-helix-bundle nano-
tube is much more robust to variations in annealing conditions (Sup-
plementary Note S1); the Rothemund flat origami and these simpler
nanotube structures could be folded with 72 min ramps. Presumably,
multilayered structures must traverse more difficult kinetic traps,
perhaps owing in part to the larger density of crossovers, in part to
issues of local folding and unfolding in the confined space between two

or more layers of DNA helices, and in part to the difficulties in reaching
a high density of DNA in the final folded object, similar to that found in
high-pressure virus capsids26.

One of the target shapes presented in Fig. 3 — the genie bottle
(strand diagram in Supplementary Note S2) — was folded with two
different scaffold sequences. Its full size takes up only 4,500 base pairs.
One scaffold sequence used for folding was a modified M13 genome
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Figure 2 | Three-dimensional DNA origami shapes. The first and second
rows show perspective and projection views of cylinder models, with each
cylinder representing a DNA double helix. a, Monolith. b, Square nut.
c, Railed bridge. d, Slotted cross. e, Stacked cross. Rows three to seven show
transmission electron microscope (TEM) micrographs of typical particles.
For imaging, samples were adsorbed (5 min) onto glow-discharged grids pre-
treated with 0.5 M MgCl2, stained with 2% uranyl formate, 25 mM NaOH
(1 min), and visualized with an FEI Tecnai T12 BioTWIN at 120 kV. f, Top,
field of homogeneous and monodisperse stacked-cross particles. Bottom,
expanded view of boxed area from above. g, Left, typical monolith particle.
Right, integrated-intensity profile (red) of line orthogonal to the
longitudinal axis of typical monolith particle, with expected profile (grey)
assuming a simple homogeneous cylinder model. h, Left, gaussian-fitted
mean peak positions (circles) in such integrated-line profiles for twenty

different monolith particles as a function of peak index. The observed mean
peak-to-peak distance was 3.65 nm (60.2 nm s.d., 60.01 nm standard error
of the mean, s.e.m.). This peak-to-peak distance should correspond to 1.5
times the effective diameter d of individual double helices in the monolith
structure, hence d 5 2.4 nm. Solid line is a linear fit with a slope of 3.65 nm
from peak to peak, corroborating equidistant arrangement of helices across
the entire particle width. Error bars (red) indicate mean width of the peaks.
Slightly higher variations in peak width at the edges of the particles are most
likely due to frayed edges (compare with particles in a and g). i, Analysis as in
g repeated for the square-nut shape. j, Histogram of gaussian-fitted peak-to-
peak distances as found for the square-nut particles, with the mean value at
3.18 nm (60.2 nm s.d., 60.01 nm s.e.m.), indicating an effective diameter of
2.1 nm per individual double helix. a.u., arbitrary units. Scale bars:
a–e, 20 nm; f, 1mm (top), 100 nm (bottom).
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Design Rules for the 
Honeycomb Lattice

• Potential crossovers every 7 bases
• 7 bases = ⅔rd turns (240° or -120°)
• 14 bases = 1 ⅓rd turns (480° or 120°)
• 21 bases = 2 turns (720° or 0°)

• Entire origami made up of 7 base cylinder
• Scaffold crosses over at position 2 or 5
• We make staple crossover at every potential crossover point
• Except when the scaffold crossover is 5 bases away
• Maintains uniform cross over density

• Cut staples such that length = (18,49)
• Mean = (30, 42)

(720° or 0°)

(240° or -120°) (480° or 120°)
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fraction of scaffold strands that were incorporated into monomeric
species after folding varied from 7% to 44% for these targets as
estimated by ethidium-bromide fluorescence intensity. Gel-purified
particles were generally observed to be monodisperse with a homo-
genous shape (Fig. 2f); defect analysis for a series of related objects
can be found elsewhere21.

The five objects displayed in Fig. 2 demonstrate the generality of this
honeycomb-pleated origami approach in approximating various
three-dimensional shapes. Figure 2a shows a structure resembling a
monolith, assembled in the form of a honeycomb-pleated block as in
Fig. 1, except with ten layers instead of three. Particles display the
predicted pattern of holes and stripes consistent with a honeycomb
lattice of cylinders. Figure 2b shows a square nut, the cross-section of
which is a block of the honeycomb lattice with an internal pore shaped
like a six-pointed star. Figure 2c shows a structure that resembles a
bridge with hand rails. This shape demonstrates that different cross-
section patterns can be implemented along the helical axis. Figure 2d
shows a slotted cross, a structure composed of two honeycomb-
lattice-based domains that sit at 90u to one another. One domain is
H-shaped, the other is O-shaped. The centre of the H-domain passes
through the slot of the O-domain, and the two domains are connected
by a pair of Holliday-junction crossovers derived from the scaffold
strand. The 90u angle between domains is enforced by steric collisions
between the ends of helices on the H-domain and the sides of helices
on the O-domain. The fifth particle image for the slotted cross in
Fig. 2d shows a defective particle, where the slot in the O-domain
can be seen clearly. Figure 2e shows a stacked cross, where again
two domains sit at 90u to one another. One domain is C-shaped,
the other domain resembles a pod with a cavity. The pod domain
consists of four sub-modules that are each connected to the
C-shaped domain by a Holliday-junction crossover derived from
the scaffold strand. Upon folding, the sub-modules connect to each
other by staple linkages, enforcing a rotation to yield the complete pod
domain oriented 90u to the C-module.

For the monolith, an effective diameter of 2.4 nm (60.1 nm standard
deviation, s.d.) per individual double helix was observed (Fig. 2g, h),
while for the square nut an effective diameter of 2.1 nm (60.1 nm s.d.)
per individual double helix was observed (Fig. 2i, j). Assuming an
unhydrated helical diameter of 2.0 nm (although the hydrodynamic

helical diameter has been estimated22 as 2.2–2.6 nm), this observation
suggests the presence of inter-helical gaps produced by electrostatic
repulsion8 of the order of 0.1–0.4 nm, significantly less than the
1.0 nm gap size estimated for Rothemund flat origami. This discre-
pancy is probably related to the roughly twofold higher density of
crossovers present in the honeycomb-pleated origami. Differences in
effective helix diameter between architectures may originate in part
from staining artefacts (for example, cavities where large amounts of
positively charged stain accumulate, or flattening).

Three key determinants for folding of honeycomb-pleated origami
were investigated: duration of thermal ramp, divalent-cation concen-
tration, and monovalent-cation concentration. Folding with short
thermal ramps (Fig. 3b, lefthand lanes), low concentrations of MgCl2
(Fig. 3d, lefthand lanes), or high concentrations of NaCl (Fig. 3f,
lefthand lanes) yielded a slowly migrating species upon agarose-gel
electrophoresis and grossly misshapen objects as observed by transmis-
sion electron microscopy (for example, see Fig. 3c). In contrast, week-
long thermal annealing at higher concentrations of MgCl2 combined
with low concentrations of NaCl yielded a fast-migrating species upon
agarose-gel electrophoresis and well-folded particles as observed by
electron microscopy (Fig. 3e), along with lower mobility bands corres-
ponding to multimerized and aggregated objects. The apparent trend
was that increasing agarose-gel mobility correlated with improvement
of quality of folding as observed by transmission electron microscopy,
suggesting that correctly folded structures tend to be more compact
than misfolded versions.

Divalent cations thus appear to accelerate the rate of proper folding
and increase the amount of undesired aggregation whereas monovalent
cations appear to decelerate the rate of proper folding and decrease the
amount of undesired aggregation. Many of the structures require week-
long thermal ramps for proper folding, even under idealized divalent-
and monovalent-cation concentrations. Divalent cations may accel-
erate target folding by specific stabilization of Holliday-junction cross-
overs23 and by nonspecific stabilization of compact DNA24 folding
intermediates, although they may also stabilize nontarget aggregates
by a similar mechanism. Monovalent-cation binding might compete
with divalent-cation binding, and thereby antagonize both target
compaction and nontarget aggregation, analogous to how such bind-
ing inhibits multivalent-cation-induced DNA condensation25. Folding
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Figure 1 | Design of three-dimensional DNA origami. a, Double helices
comprised of scaffold (grey) and staple strands (orange, white, blue) run
parallel to the z-axis to form an unrolled two-dimensional schematic of the
target shape. Phosphate linkages form crossovers between adjacent helices,
with staple crossovers bridging different layers shown as semicircular arcs.
b, Cylinder model of a half-rolled conceptual intermediate. Cylinders

represent double helices, with loops of unpaired scaffold strand linking the
ends of adjacent helices. c, Cylinder model of folded target shape. The
honeycomb arrangement of parallel helices is shown in cross-sectional slices
(i–iii) parallel to the x–y plane, spaced apart at seven base-pair intervals that
repeat every 21 base pairs. All potential staple crossovers are shown for each
cross-section. d, Atomistic DNA model of shape from c.
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fraction of scaffold strands that were incorporated into monomeric
species after folding varied from 7% to 44% for these targets as
estimated by ethidium-bromide fluorescence intensity. Gel-purified
particles were generally observed to be monodisperse with a homo-
genous shape (Fig. 2f); defect analysis for a series of related objects
can be found elsewhere21.

The five objects displayed in Fig. 2 demonstrate the generality of this
honeycomb-pleated origami approach in approximating various
three-dimensional shapes. Figure 2a shows a structure resembling a
monolith, assembled in the form of a honeycomb-pleated block as in
Fig. 1, except with ten layers instead of three. Particles display the
predicted pattern of holes and stripes consistent with a honeycomb
lattice of cylinders. Figure 2b shows a square nut, the cross-section of
which is a block of the honeycomb lattice with an internal pore shaped
like a six-pointed star. Figure 2c shows a structure that resembles a
bridge with hand rails. This shape demonstrates that different cross-
section patterns can be implemented along the helical axis. Figure 2d
shows a slotted cross, a structure composed of two honeycomb-
lattice-based domains that sit at 90u to one another. One domain is
H-shaped, the other is O-shaped. The centre of the H-domain passes
through the slot of the O-domain, and the two domains are connected
by a pair of Holliday-junction crossovers derived from the scaffold
strand. The 90u angle between domains is enforced by steric collisions
between the ends of helices on the H-domain and the sides of helices
on the O-domain. The fifth particle image for the slotted cross in
Fig. 2d shows a defective particle, where the slot in the O-domain
can be seen clearly. Figure 2e shows a stacked cross, where again
two domains sit at 90u to one another. One domain is C-shaped,
the other domain resembles a pod with a cavity. The pod domain
consists of four sub-modules that are each connected to the
C-shaped domain by a Holliday-junction crossover derived from
the scaffold strand. Upon folding, the sub-modules connect to each
other by staple linkages, enforcing a rotation to yield the complete pod
domain oriented 90u to the C-module.

For the monolith, an effective diameter of 2.4 nm (60.1 nm standard
deviation, s.d.) per individual double helix was observed (Fig. 2g, h),
while for the square nut an effective diameter of 2.1 nm (60.1 nm s.d.)
per individual double helix was observed (Fig. 2i, j). Assuming an
unhydrated helical diameter of 2.0 nm (although the hydrodynamic

helical diameter has been estimated22 as 2.2–2.6 nm), this observation
suggests the presence of inter-helical gaps produced by electrostatic
repulsion8 of the order of 0.1–0.4 nm, significantly less than the
1.0 nm gap size estimated for Rothemund flat origami. This discre-
pancy is probably related to the roughly twofold higher density of
crossovers present in the honeycomb-pleated origami. Differences in
effective helix diameter between architectures may originate in part
from staining artefacts (for example, cavities where large amounts of
positively charged stain accumulate, or flattening).

Three key determinants for folding of honeycomb-pleated origami
were investigated: duration of thermal ramp, divalent-cation concen-
tration, and monovalent-cation concentration. Folding with short
thermal ramps (Fig. 3b, lefthand lanes), low concentrations of MgCl2
(Fig. 3d, lefthand lanes), or high concentrations of NaCl (Fig. 3f,
lefthand lanes) yielded a slowly migrating species upon agarose-gel
electrophoresis and grossly misshapen objects as observed by transmis-
sion electron microscopy (for example, see Fig. 3c). In contrast, week-
long thermal annealing at higher concentrations of MgCl2 combined
with low concentrations of NaCl yielded a fast-migrating species upon
agarose-gel electrophoresis and well-folded particles as observed by
electron microscopy (Fig. 3e), along with lower mobility bands corres-
ponding to multimerized and aggregated objects. The apparent trend
was that increasing agarose-gel mobility correlated with improvement
of quality of folding as observed by transmission electron microscopy,
suggesting that correctly folded structures tend to be more compact
than misfolded versions.

Divalent cations thus appear to accelerate the rate of proper folding
and increase the amount of undesired aggregation whereas monovalent
cations appear to decelerate the rate of proper folding and decrease the
amount of undesired aggregation. Many of the structures require week-
long thermal ramps for proper folding, even under idealized divalent-
and monovalent-cation concentrations. Divalent cations may accel-
erate target folding by specific stabilization of Holliday-junction cross-
overs23 and by nonspecific stabilization of compact DNA24 folding
intermediates, although they may also stabilize nontarget aggregates
by a similar mechanism. Monovalent-cation binding might compete
with divalent-cation binding, and thereby antagonize both target
compaction and nontarget aggregation, analogous to how such bind-
ing inhibits multivalent-cation-induced DNA condensation25. Folding
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Figure 1 | Design of three-dimensional DNA origami. a, Double helices
comprised of scaffold (grey) and staple strands (orange, white, blue) run
parallel to the z-axis to form an unrolled two-dimensional schematic of the
target shape. Phosphate linkages form crossovers between adjacent helices,
with staple crossovers bridging different layers shown as semicircular arcs.
b, Cylinder model of a half-rolled conceptual intermediate. Cylinders

represent double helices, with loops of unpaired scaffold strand linking the
ends of adjacent helices. c, Cylinder model of folded target shape. The
honeycomb arrangement of parallel helices is shown in cross-sectional slices
(i–iii) parallel to the x–y plane, spaced apart at seven base-pair intervals that
repeat every 21 base pairs. All potential staple crossovers are shown for each
cross-section. d, Atomistic DNA model of shape from c.
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fraction of scaffold strands that were incorporated into monomeric
species after folding varied from 7% to 44% for these targets as
estimated by ethidium-bromide fluorescence intensity. Gel-purified
particles were generally observed to be monodisperse with a homo-
genous shape (Fig. 2f); defect analysis for a series of related objects
can be found elsewhere21.

The five objects displayed in Fig. 2 demonstrate the generality of this
honeycomb-pleated origami approach in approximating various
three-dimensional shapes. Figure 2a shows a structure resembling a
monolith, assembled in the form of a honeycomb-pleated block as in
Fig. 1, except with ten layers instead of three. Particles display the
predicted pattern of holes and stripes consistent with a honeycomb
lattice of cylinders. Figure 2b shows a square nut, the cross-section of
which is a block of the honeycomb lattice with an internal pore shaped
like a six-pointed star. Figure 2c shows a structure that resembles a
bridge with hand rails. This shape demonstrates that different cross-
section patterns can be implemented along the helical axis. Figure 2d
shows a slotted cross, a structure composed of two honeycomb-
lattice-based domains that sit at 90u to one another. One domain is
H-shaped, the other is O-shaped. The centre of the H-domain passes
through the slot of the O-domain, and the two domains are connected
by a pair of Holliday-junction crossovers derived from the scaffold
strand. The 90u angle between domains is enforced by steric collisions
between the ends of helices on the H-domain and the sides of helices
on the O-domain. The fifth particle image for the slotted cross in
Fig. 2d shows a defective particle, where the slot in the O-domain
can be seen clearly. Figure 2e shows a stacked cross, where again
two domains sit at 90u to one another. One domain is C-shaped,
the other domain resembles a pod with a cavity. The pod domain
consists of four sub-modules that are each connected to the
C-shaped domain by a Holliday-junction crossover derived from
the scaffold strand. Upon folding, the sub-modules connect to each
other by staple linkages, enforcing a rotation to yield the complete pod
domain oriented 90u to the C-module.

For the monolith, an effective diameter of 2.4 nm (60.1 nm standard
deviation, s.d.) per individual double helix was observed (Fig. 2g, h),
while for the square nut an effective diameter of 2.1 nm (60.1 nm s.d.)
per individual double helix was observed (Fig. 2i, j). Assuming an
unhydrated helical diameter of 2.0 nm (although the hydrodynamic

helical diameter has been estimated22 as 2.2–2.6 nm), this observation
suggests the presence of inter-helical gaps produced by electrostatic
repulsion8 of the order of 0.1–0.4 nm, significantly less than the
1.0 nm gap size estimated for Rothemund flat origami. This discre-
pancy is probably related to the roughly twofold higher density of
crossovers present in the honeycomb-pleated origami. Differences in
effective helix diameter between architectures may originate in part
from staining artefacts (for example, cavities where large amounts of
positively charged stain accumulate, or flattening).

Three key determinants for folding of honeycomb-pleated origami
were investigated: duration of thermal ramp, divalent-cation concen-
tration, and monovalent-cation concentration. Folding with short
thermal ramps (Fig. 3b, lefthand lanes), low concentrations of MgCl2
(Fig. 3d, lefthand lanes), or high concentrations of NaCl (Fig. 3f,
lefthand lanes) yielded a slowly migrating species upon agarose-gel
electrophoresis and grossly misshapen objects as observed by transmis-
sion electron microscopy (for example, see Fig. 3c). In contrast, week-
long thermal annealing at higher concentrations of MgCl2 combined
with low concentrations of NaCl yielded a fast-migrating species upon
agarose-gel electrophoresis and well-folded particles as observed by
electron microscopy (Fig. 3e), along with lower mobility bands corres-
ponding to multimerized and aggregated objects. The apparent trend
was that increasing agarose-gel mobility correlated with improvement
of quality of folding as observed by transmission electron microscopy,
suggesting that correctly folded structures tend to be more compact
than misfolded versions.

Divalent cations thus appear to accelerate the rate of proper folding
and increase the amount of undesired aggregation whereas monovalent
cations appear to decelerate the rate of proper folding and decrease the
amount of undesired aggregation. Many of the structures require week-
long thermal ramps for proper folding, even under idealized divalent-
and monovalent-cation concentrations. Divalent cations may accel-
erate target folding by specific stabilization of Holliday-junction cross-
overs23 and by nonspecific stabilization of compact DNA24 folding
intermediates, although they may also stabilize nontarget aggregates
by a similar mechanism. Monovalent-cation binding might compete
with divalent-cation binding, and thereby antagonize both target
compaction and nontarget aggregation, analogous to how such bind-
ing inhibits multivalent-cation-induced DNA condensation25. Folding

= =

z
x

y

i

i

ii

i
ii

ii

iii

iii

i ii iii i ii

a b

dc

Figure 1 | Design of three-dimensional DNA origami. a, Double helices
comprised of scaffold (grey) and staple strands (orange, white, blue) run
parallel to the z-axis to form an unrolled two-dimensional schematic of the
target shape. Phosphate linkages form crossovers between adjacent helices,
with staple crossovers bridging different layers shown as semicircular arcs.
b, Cylinder model of a half-rolled conceptual intermediate. Cylinders

represent double helices, with loops of unpaired scaffold strand linking the
ends of adjacent helices. c, Cylinder model of folded target shape. The
honeycomb arrangement of parallel helices is shown in cross-sectional slices
(i–iii) parallel to the x–y plane, spaced apart at seven base-pair intervals that
repeat every 21 base pairs. All potential staple crossovers are shown for each
cross-section. d, Atomistic DNA model of shape from c.
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Figure 2. Three-dimensional DNA origami shapes
First and second rows, perspective and projection views of cylinder models, with each cylinder
representing a DNA double helix. a, monolith. b, square nut. c, railed bridge. d, slotted cross.
e, stacked cross. Rows 3–7, transmission electron microscope (TEM) micrographs of typical
particles. For imaging, samples were adsorbed (5 min) onto glow-discharged grids pre-treated
with 0.5 M MgCl2, stained with 2% uranyl formate, 25mM NaOH (1 min), and visualized with
an FEI Tecnai T12 BioTWIN at 120 kV. f, Field of homogeneous and monodisperse stacked-
cross particles. g, Integrated-intensity profile (red) of line orthogonal to the longitudinal axis
of typical monolith particle, with expected profile (grey) assuming a simple homogeneous
cylinder model. h, Gaussian-fitted average peak positions (circles) in such integrated-line
profiles for twenty different monolith particles as a function of peak index. The observed
average peak-to-peak distance was 3.65 nm (±0.2 nm s.d., ±0.01 nm s.e.m.). This peak-to-peak
distance should correspond to 1.5 times the effective diameter d of individual double helices
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Figure 2. Three-dimensional DNA origami shapes
First and second rows, perspective and projection views of cylinder models, with each cylinder
representing a DNA double helix. a, monolith. b, square nut. c, railed bridge. d, slotted cross.
e, stacked cross. Rows 3–7, transmission electron microscope (TEM) micrographs of typical
particles. For imaging, samples were adsorbed (5 min) onto glow-discharged grids pre-treated
with 0.5 M MgCl2, stained with 2% uranyl formate, 25mM NaOH (1 min), and visualized with
an FEI Tecnai T12 BioTWIN at 120 kV. f, Field of homogeneous and monodisperse stacked-
cross particles. g, Integrated-intensity profile (red) of line orthogonal to the longitudinal axis
of typical monolith particle, with expected profile (grey) assuming a simple homogeneous
cylinder model. h, Gaussian-fitted average peak positions (circles) in such integrated-line
profiles for twenty different monolith particles as a function of peak index. The observed
average peak-to-peak distance was 3.65 nm (±0.2 nm s.d., ±0.01 nm s.e.m.). This peak-to-peak
distance should correspond to 1.5 times the effective diameter d of individual double helices
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of simpler DNA-origami structures such as the six-helix-bundle nano-
tube is much more robust to variations in annealing conditions (Sup-
plementary Note S1); the Rothemund flat origami and these simpler
nanotube structures could be folded with 72 min ramps. Presumably,
multilayered structures must traverse more difficult kinetic traps,
perhaps owing in part to the larger density of crossovers, in part to
issues of local folding and unfolding in the confined space between two

or more layers of DNA helices, and in part to the difficulties in reaching
a high density of DNA in the final folded object, similar to that found in
high-pressure virus capsids26.

One of the target shapes presented in Fig. 3 — the genie bottle
(strand diagram in Supplementary Note S2) — was folded with two
different scaffold sequences. Its full size takes up only 4,500 base pairs.
One scaffold sequence used for folding was a modified M13 genome
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Figure 2 | Three-dimensional DNA origami shapes. The first and second
rows show perspective and projection views of cylinder models, with each
cylinder representing a DNA double helix. a, Monolith. b, Square nut.
c, Railed bridge. d, Slotted cross. e, Stacked cross. Rows three to seven show
transmission electron microscope (TEM) micrographs of typical particles.
For imaging, samples were adsorbed (5 min) onto glow-discharged grids pre-
treated with 0.5 M MgCl2, stained with 2% uranyl formate, 25 mM NaOH
(1 min), and visualized with an FEI Tecnai T12 BioTWIN at 120 kV. f, Top,
field of homogeneous and monodisperse stacked-cross particles. Bottom,
expanded view of boxed area from above. g, Left, typical monolith particle.
Right, integrated-intensity profile (red) of line orthogonal to the
longitudinal axis of typical monolith particle, with expected profile (grey)
assuming a simple homogeneous cylinder model. h, Left, gaussian-fitted
mean peak positions (circles) in such integrated-line profiles for twenty

different monolith particles as a function of peak index. The observed mean
peak-to-peak distance was 3.65 nm (60.2 nm s.d., 60.01 nm standard error
of the mean, s.e.m.). This peak-to-peak distance should correspond to 1.5
times the effective diameter d of individual double helices in the monolith
structure, hence d 5 2.4 nm. Solid line is a linear fit with a slope of 3.65 nm
from peak to peak, corroborating equidistant arrangement of helices across
the entire particle width. Error bars (red) indicate mean width of the peaks.
Slightly higher variations in peak width at the edges of the particles are most
likely due to frayed edges (compare with particles in a and g). i, Analysis as in
g repeated for the square-nut shape. j, Histogram of gaussian-fitted peak-to-
peak distances as found for the square-nut particles, with the mean value at
3.18 nm (60.2 nm s.d., 60.01 nm s.e.m.), indicating an effective diameter of
2.1 nm per individual double helix. a.u., arbitrary units. Scale bars:
a–e, 20 nm; f, 1mm (top), 100 nm (bottom).

LETTERS NATURE | Vol 459 | 21 May 2009

416
 Macmillan Publishers Limited. All rights reserved©2009

Douglas et al - Self-assembly of DNA into nanoscale three-
dimensional shapes



of simpler DNA-origami structures such as the six-helix-bundle nano-
tube is much more robust to variations in annealing conditions (Sup-
plementary Note S1); the Rothemund flat origami and these simpler
nanotube structures could be folded with 72 min ramps. Presumably,
multilayered structures must traverse more difficult kinetic traps,
perhaps owing in part to the larger density of crossovers, in part to
issues of local folding and unfolding in the confined space between two

or more layers of DNA helices, and in part to the difficulties in reaching
a high density of DNA in the final folded object, similar to that found in
high-pressure virus capsids26.

One of the target shapes presented in Fig. 3 — the genie bottle
(strand diagram in Supplementary Note S2) — was folded with two
different scaffold sequences. Its full size takes up only 4,500 base pairs.
One scaffold sequence used for folding was a modified M13 genome
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Figure 2 | Three-dimensional DNA origami shapes. The first and second
rows show perspective and projection views of cylinder models, with each
cylinder representing a DNA double helix. a, Monolith. b, Square nut.
c, Railed bridge. d, Slotted cross. e, Stacked cross. Rows three to seven show
transmission electron microscope (TEM) micrographs of typical particles.
For imaging, samples were adsorbed (5 min) onto glow-discharged grids pre-
treated with 0.5 M MgCl2, stained with 2% uranyl formate, 25 mM NaOH
(1 min), and visualized with an FEI Tecnai T12 BioTWIN at 120 kV. f, Top,
field of homogeneous and monodisperse stacked-cross particles. Bottom,
expanded view of boxed area from above. g, Left, typical monolith particle.
Right, integrated-intensity profile (red) of line orthogonal to the
longitudinal axis of typical monolith particle, with expected profile (grey)
assuming a simple homogeneous cylinder model. h, Left, gaussian-fitted
mean peak positions (circles) in such integrated-line profiles for twenty

different monolith particles as a function of peak index. The observed mean
peak-to-peak distance was 3.65 nm (60.2 nm s.d., 60.01 nm standard error
of the mean, s.e.m.). This peak-to-peak distance should correspond to 1.5
times the effective diameter d of individual double helices in the monolith
structure, hence d 5 2.4 nm. Solid line is a linear fit with a slope of 3.65 nm
from peak to peak, corroborating equidistant arrangement of helices across
the entire particle width. Error bars (red) indicate mean width of the peaks.
Slightly higher variations in peak width at the edges of the particles are most
likely due to frayed edges (compare with particles in a and g). i, Analysis as in
g repeated for the square-nut shape. j, Histogram of gaussian-fitted peak-to-
peak distances as found for the square-nut particles, with the mean value at
3.18 nm (60.2 nm s.d., 60.01 nm s.e.m.), indicating an effective diameter of
2.1 nm per individual double helix. a.u., arbitrary units. Scale bars:
a–e, 20 nm; f, 1mm (top), 100 nm (bottom).
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of simpler DNA-origami structures such as the six-helix-bundle nano-
tube is much more robust to variations in annealing conditions (Sup-
plementary Note S1); the Rothemund flat origami and these simpler
nanotube structures could be folded with 72 min ramps. Presumably,
multilayered structures must traverse more difficult kinetic traps,
perhaps owing in part to the larger density of crossovers, in part to
issues of local folding and unfolding in the confined space between two

or more layers of DNA helices, and in part to the difficulties in reaching
a high density of DNA in the final folded object, similar to that found in
high-pressure virus capsids26.

One of the target shapes presented in Fig. 3 — the genie bottle
(strand diagram in Supplementary Note S2) — was folded with two
different scaffold sequences. Its full size takes up only 4,500 base pairs.
One scaffold sequence used for folding was a modified M13 genome
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Figure 2 | Three-dimensional DNA origami shapes. The first and second
rows show perspective and projection views of cylinder models, with each
cylinder representing a DNA double helix. a, Monolith. b, Square nut.
c, Railed bridge. d, Slotted cross. e, Stacked cross. Rows three to seven show
transmission electron microscope (TEM) micrographs of typical particles.
For imaging, samples were adsorbed (5 min) onto glow-discharged grids pre-
treated with 0.5 M MgCl2, stained with 2% uranyl formate, 25 mM NaOH
(1 min), and visualized with an FEI Tecnai T12 BioTWIN at 120 kV. f, Top,
field of homogeneous and monodisperse stacked-cross particles. Bottom,
expanded view of boxed area from above. g, Left, typical monolith particle.
Right, integrated-intensity profile (red) of line orthogonal to the
longitudinal axis of typical monolith particle, with expected profile (grey)
assuming a simple homogeneous cylinder model. h, Left, gaussian-fitted
mean peak positions (circles) in such integrated-line profiles for twenty

different monolith particles as a function of peak index. The observed mean
peak-to-peak distance was 3.65 nm (60.2 nm s.d., 60.01 nm standard error
of the mean, s.e.m.). This peak-to-peak distance should correspond to 1.5
times the effective diameter d of individual double helices in the monolith
structure, hence d 5 2.4 nm. Solid line is a linear fit with a slope of 3.65 nm
from peak to peak, corroborating equidistant arrangement of helices across
the entire particle width. Error bars (red) indicate mean width of the peaks.
Slightly higher variations in peak width at the edges of the particles are most
likely due to frayed edges (compare with particles in a and g). i, Analysis as in
g repeated for the square-nut shape. j, Histogram of gaussian-fitted peak-to-
peak distances as found for the square-nut particles, with the mean value at
3.18 nm (60.2 nm s.d., 60.01 nm s.e.m.), indicating an effective diameter of
2.1 nm per individual double helix. a.u., arbitrary units. Scale bars:
a–e, 20 nm; f, 1mm (top), 100 nm (bottom).
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of simpler DNA-origami structures such as the six-helix-bundle nano-
tube is much more robust to variations in annealing conditions (Sup-
plementary Note S1); the Rothemund flat origami and these simpler
nanotube structures could be folded with 72 min ramps. Presumably,
multilayered structures must traverse more difficult kinetic traps,
perhaps owing in part to the larger density of crossovers, in part to
issues of local folding and unfolding in the confined space between two

or more layers of DNA helices, and in part to the difficulties in reaching
a high density of DNA in the final folded object, similar to that found in
high-pressure virus capsids26.

One of the target shapes presented in Fig. 3 — the genie bottle
(strand diagram in Supplementary Note S2) — was folded with two
different scaffold sequences. Its full size takes up only 4,500 base pairs.
One scaffold sequence used for folding was a modified M13 genome
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expanded view of boxed area from above. g, Left, typical monolith particle.
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longitudinal axis of typical monolith particle, with expected profile (grey)
assuming a simple homogeneous cylinder model. h, Left, gaussian-fitted
mean peak positions (circles) in such integrated-line profiles for twenty

different monolith particles as a function of peak index. The observed mean
peak-to-peak distance was 3.65 nm (60.2 nm s.d., 60.01 nm standard error
of the mean, s.e.m.). This peak-to-peak distance should correspond to 1.5
times the effective diameter d of individual double helices in the monolith
structure, hence d 5 2.4 nm. Solid line is a linear fit with a slope of 3.65 nm
from peak to peak, corroborating equidistant arrangement of helices across
the entire particle width. Error bars (red) indicate mean width of the peaks.
Slightly higher variations in peak width at the edges of the particles are most
likely due to frayed edges (compare with particles in a and g). i, Analysis as in
g repeated for the square-nut shape. j, Histogram of gaussian-fitted peak-to-
peak distances as found for the square-nut particles, with the mean value at
3.18 nm (60.2 nm s.d., 60.01 nm s.e.m.), indicating an effective diameter of
2.1 nm per individual double helix. a.u., arbitrary units. Scale bars:
a–e, 20 nm; f, 1mm (top), 100 nm (bottom).
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nanotube structures could be folded with 72 min ramps. Presumably,
multilayered structures must traverse more difficult kinetic traps,
perhaps owing in part to the larger density of crossovers, in part to
issues of local folding and unfolding in the confined space between two
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(strand diagram in Supplementary Note S2) — was folded with two
different scaffold sequences. Its full size takes up only 4,500 base pairs.
One scaffold sequence used for folding was a modified M13 genome

ig

fedcba

Distance (nm) Peak index Distance (nm) Distance (nm)

In
te
ns

ity
 (a

.u
.)

P
ea

k 
p
os

iti
on

 (n
m
)

N
um

b
er
 o
f e

ve
nt
s

In
te
ns

ity
 (a

.u
.)

0 1 2 3 4 5 6 7 8 9

10
20
30
40
50
60

0

10

30

20

4 3 48 12 16 20 240 4 8 12 16 20 24 28 32 36 40

jh

Figure 2 | Three-dimensional DNA origami shapes. The first and second
rows show perspective and projection views of cylinder models, with each
cylinder representing a DNA double helix. a, Monolith. b, Square nut.
c, Railed bridge. d, Slotted cross. e, Stacked cross. Rows three to seven show
transmission electron microscope (TEM) micrographs of typical particles.
For imaging, samples were adsorbed (5 min) onto glow-discharged grids pre-
treated with 0.5 M MgCl2, stained with 2% uranyl formate, 25 mM NaOH
(1 min), and visualized with an FEI Tecnai T12 BioTWIN at 120 kV. f, Top,
field of homogeneous and monodisperse stacked-cross particles. Bottom,
expanded view of boxed area from above. g, Left, typical monolith particle.
Right, integrated-intensity profile (red) of line orthogonal to the
longitudinal axis of typical monolith particle, with expected profile (grey)
assuming a simple homogeneous cylinder model. h, Left, gaussian-fitted
mean peak positions (circles) in such integrated-line profiles for twenty

different monolith particles as a function of peak index. The observed mean
peak-to-peak distance was 3.65 nm (60.2 nm s.d., 60.01 nm standard error
of the mean, s.e.m.). This peak-to-peak distance should correspond to 1.5
times the effective diameter d of individual double helices in the monolith
structure, hence d 5 2.4 nm. Solid line is a linear fit with a slope of 3.65 nm
from peak to peak, corroborating equidistant arrangement of helices across
the entire particle width. Error bars (red) indicate mean width of the peaks.
Slightly higher variations in peak width at the edges of the particles are most
likely due to frayed edges (compare with particles in a and g). i, Analysis as in
g repeated for the square-nut shape. j, Histogram of gaussian-fitted peak-to-
peak distances as found for the square-nut particles, with the mean value at
3.18 nm (60.2 nm s.d., 60.01 nm s.e.m.), indicating an effective diameter of
2.1 nm per individual double helix. a.u., arbitrary units. Scale bars:
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a high density of DNA in the final folded object, similar to that found in
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treated with 0.5 M MgCl2, stained with 2% uranyl formate, 25 mM NaOH
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field of homogeneous and monodisperse stacked-cross particles. Bottom,
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Right, integrated-intensity profile (red) of line orthogonal to the
longitudinal axis of typical monolith particle, with expected profile (grey)
assuming a simple homogeneous cylinder model. h, Left, gaussian-fitted
mean peak positions (circles) in such integrated-line profiles for twenty

different monolith particles as a function of peak index. The observed mean
peak-to-peak distance was 3.65 nm (60.2 nm s.d., 60.01 nm standard error
of the mean, s.e.m.). This peak-to-peak distance should correspond to 1.5
times the effective diameter d of individual double helices in the monolith
structure, hence d 5 2.4 nm. Solid line is a linear fit with a slope of 3.65 nm
from peak to peak, corroborating equidistant arrangement of helices across
the entire particle width. Error bars (red) indicate mean width of the peaks.
Slightly higher variations in peak width at the edges of the particles are most
likely due to frayed edges (compare with particles in a and g). i, Analysis as in
g repeated for the square-nut shape. j, Histogram of gaussian-fitted peak-to-
peak distances as found for the square-nut particles, with the mean value at
3.18 nm (60.2 nm s.d., 60.01 nm s.e.m.), indicating an effective diameter of
2.1 nm per individual double helix. a.u., arbitrary units. Scale bars:
a–e, 20 nm; f, 1mm (top), 100 nm (bottom).

LETTERS NATURE | Vol 459 | 21 May 2009

416
 Macmillan Publishers Limited. All rights reserved©2009

Douglas et al - Self-assembly of DNA into nanoscale three-
dimensional shapes



ERRATUM
doi:10.1038/nature08165

Self-assembly of DNA into nanoscale
three-dimensional shapes
Shawn M. Douglas, Hendrik Dietz, Tim Liedl, Björn Högberg,
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In this Letter, Figure 3 was printed incorrectly. The corrected figure is
presented below.
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with a length of 7,308 bases, where 2,800 bases of the scaffold strand
were left unpaired and dangling from the neck of the bottle (remini-
scent of wisps of smoke in TEM images), while the other scaffold
sequence used was the 4,733-base forward strand of an expression
vector encoding the enhanced green fluorescent protein (pEGFP-N1,
Clontech). Folding of the same shape under identical conditions gave
superior yield with the M13-based scaffold sequence. Some folding
success could be achieved with the pEGFP-N1 scaffold sequence
when much higher scaffold and staple concentrations were used.
One striking difference between the two scaffold sequences is that
the M13 base composition is 43% cytosines and guanines whereas the
pEGFP-N1 base composition is 53% cytosines and guanines. Higher
levels of GC base pairs might lead to a greater incidence of mispairing
during folding and a slower rate of unpairing in misfolded inter-
mediates, which could explain why folding was more difficult with
the pEGFP-N1 scaffold sequence. On the other hand, local sequence
diversity is potentially greatest at 50% GC content, and so a scaffold
sequence with GC content that is very low might not be well-suited
for DNA origami. Systematic studies will be required in the future to
determine the optimal base composition.

Hierarchical assembly of DNA-origami nanostructures can be
achieved by programming staple strands to bridge separate scaffold
strands. Figure 4a shows the stacked cross programmed to polymerize
along the long axes of the DNA helices of the pod domain. The scaffold
loops on the ends of the object were programmed with a length such
that they form properly spaced scaffold crossovers in the presence of
bridging staple strands that link the two ends of the objects. This
induces head-to-tail polymerization. Shown are filaments that

adsorbed on the grid in two different orientations to illustrate the
periodic presentation of the C-shaped domain perpendicular to the
filament axis at a periodicity of 41 nm (63 nm s.d. over a 33mer),
corresponding to a length per base pair of 0.33 nm (60.02 nm s.d.).

Figure 4b shows a wireframe DNA-origami nanostructure whose
struts are six-helix-bundle nanotubes (strand diagrams in
Supplementary Note S2). A single scaffold strand is folded into a
branched tree that links two pairs of half-struts internally to produce
a double triangle (Fig. 4b). This operation is repeated twice more
with two completely different sets of staple strands, based on cyclic
permutation of the same 8,100-base scaffold sequence through the
architecture of the double-triangle monomer. This produces three
chemically distinct double-triangle monomers that vary according to
the sequences displayed at various positions. Every double triangle
displays ten terminal branches presenting scaffold and staple
sequences that are programmed to pair specifically with five terminal
branches each on the two other double triangles (Fig. 4c). When the
three species are mixed together, heterotrimers in the shape of a
wireframe icosahedron with a diameter of about 100 nm are formed
(Fig. 4d, and gel in Supplementary Note S1). The majority of particles
visualized by transmission electron microscopy have missing struts,
owing either to incomplete folding or to particle flattening and
collapse, commonly seen for spherical or cylindrical particles pre-
pared by negative-stain protocols27.

Previously, scaffolded DNA origami was employed to create flat
structures containing dozens of helices and nanotubes containing six
helices9,28,29. The present work generalizes this method into three dimen-
sions by folding helices on a honeycomb lattice. Using caDNAno21,
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Figure 3 | Gel and TEM analysis of folding conditions for three-dimensional
DNA origami. a, Cylinder models of shapes: monolith, stacked cross, railed
bridge, and two versions of genie bottle, with corresponding scaffold
sequences. Labels indicate the source of scaffold used for folding the object
(for example, p7560 is an M13-based vector of length 7,560 bases). b, Shapes
were folded in 5 mM Tris 1 1 mM EDTA (pH 7.9 at 20 uC) and 16 mM MgCl2
and analysed by gel electrophoresis (2% agarose, 45 mM Tris borate 1 1 mM
EDTA (pH 8.3 at 20 uC), 11 mM MgCl2) using different thermal-annealing
ramps. For the 1.2 h ramp, the temperature was lowered from 95 uC to 20 uC
at a rate of 1.6 min uC21. For the 3 h, 6 h, 12 h, 18 h, 37 h, 74 h and 173 h
ramps, the temperature was lowered from 80 uC to 60 uC at 4 min uC21, and

then from 60 uC to 24 uC at rates of 5, 10, 20, 30, 60, 120 or 280 min uC21,
respectively). c–e, TEM and gel analysis of influence of MgCl2 concentration
on folding quality. c, The fastest-migrating bands in the 4 mM MgCl2 lanes
were purified and imaged, revealing gross folding defects. d, Shapes were
folded with a 173 h ramp in 5 mM Tris 1 1 mM EDTA (pH 7.9 at 20 uC) and
MgCl2 concentrations varying from 0 to 30 mM. e, As in c, leading bands
were purified from the 16 mM MgCl2 lanes and found to exhibit higher-
quality folding when analysed by TEM. f, Excess NaCl inhibits proper
folding. Shapes were folded with 173 h ramp in 5 mM Tris 1 1 mM EDTA
(pH 7.9 at 20 uC), 16 mM MgCl2, and varying NaCl concentrations.
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staple sequences for folding newly conceived objects can be generated
quickly. Design, acquisition of commercially synthesized staple strands,
thermal folding, and initial transmission-electron-microscopic imaging
can all be completed in as little as two weeks.

Improvements in the rate and yield of folding will be critical for
enabling the robust assembly of larger and more complicated DNA
nanostructures. Potential steps in this direction include enzymatic
synthesis for higher-quality staple strands, artificial scaffold sequences
that are more amenable to robust folding, folding with formamide
dilution instead of thermal ramps to reduce thermal damage to the
DNA29, and hierarchical assembly with monomer architectures that
have been identified as being particularly well-behaved.

Three-dimensional origami structures should expand the range of
possible applications with an increased range of spatial positioning
that is not accessible by flat structures, including those requiring
encapsulation or space-filling functionalities. For example, many
natural biosynthetic machines, such as polymerases, ribosomes, cha-
perones, and modular synthases, use three-dimensional scaffolding
to control assembly of complex products. Similar capabilities for
synthetic machines are thus more accessible with this convenient,
generalizable facility to fabricate custom-shaped three-dimensional
structures from DNA.
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Figure 4 | Two-step hierarchical assembly of larger three-dimensional
structures and polymers. a, Left panel, Cylinder model of stacked-cross
monomer (Fig. 2e), with dotted line indicating direction of assembly. Right
panels, typical TEM micrographs showing stacked-cross polymers. Purified
stacked-cross samples were mixed with a fivefold molar excess of connector
staple strands in the presence of 5 mM Tris 1 1 mM EDTA (pH 7.9 at 20 uC),
16 mM MgCl2 at 30 uC for 24 h. Monomers were folded in separate
chambers, purified, and mixed with connector staple strands designed to
bridge separate monomers. b, Cylinder model (left) and transmission
electron micrograph (right) of a double-triangle shape comprised of 20 six-
helix bundle half-struts. c, Heterotrimerization of the icosahedra was done
with a 1:1:1 mixture of the three unpurified monomers at 50 uC for 24 h.
d, Orthographic projection models and TEM data of four icosahedron
particles. Scale bars in a, b and d: 100 nm.
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staple sequences for folding newly conceived objects can be generated
quickly. Design, acquisition of commercially synthesized staple strands,
thermal folding, and initial transmission-electron-microscopic imaging
can all be completed in as little as two weeks.

Improvements in the rate and yield of folding will be critical for
enabling the robust assembly of larger and more complicated DNA
nanostructures. Potential steps in this direction include enzymatic
synthesis for higher-quality staple strands, artificial scaffold sequences
that are more amenable to robust folding, folding with formamide
dilution instead of thermal ramps to reduce thermal damage to the
DNA29, and hierarchical assembly with monomer architectures that
have been identified as being particularly well-behaved.

Three-dimensional origami structures should expand the range of
possible applications with an increased range of spatial positioning
that is not accessible by flat structures, including those requiring
encapsulation or space-filling functionalities. For example, many
natural biosynthetic machines, such as polymerases, ribosomes, cha-
perones, and modular synthases, use three-dimensional scaffolding
to control assembly of complex products. Similar capabilities for
synthetic machines are thus more accessible with this convenient,
generalizable facility to fabricate custom-shaped three-dimensional
structures from DNA.
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Figure 4 | Two-step hierarchical assembly of larger three-dimensional
structures and polymers. a, Left panel, Cylinder model of stacked-cross
monomer (Fig. 2e), with dotted line indicating direction of assembly. Right
panels, typical TEM micrographs showing stacked-cross polymers. Purified
stacked-cross samples were mixed with a fivefold molar excess of connector
staple strands in the presence of 5 mM Tris 1 1 mM EDTA (pH 7.9 at 20 uC),
16 mM MgCl2 at 30 uC for 24 h. Monomers were folded in separate
chambers, purified, and mixed with connector staple strands designed to
bridge separate monomers. b, Cylinder model (left) and transmission
electron micrograph (right) of a double-triangle shape comprised of 20 six-
helix bundle half-struts. c, Heterotrimerization of the icosahedra was done
with a 1:1:1 mixture of the three unpurified monomers at 50 uC for 24 h.
d, Orthographic projection models and TEM data of four icosahedron
particles. Scale bars in a, b and d: 100 nm.
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2-Step Hierarchal Assembly 
of Larger 3D 
Structures:

(a) Assembly of Polymer-
like Sequence of DNA 
Origami

(b-d) Assembly of 
Polyhedra from smaller 
parts
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Experimental Method
One-pot reaction

1. Rapid heating à slow cooling

2. 10 nM scaffold strands derived from M13 bacteriophage 

3. 50 nM of every oligonucleotide staple strand 
(5x to 1x..why?) purified by reverse-phase cartridge 

4. Buffer, salts è 5 mM Tris + 1 mM EDTA (pH 7.9 at 20 uC), 16 mM MgCl2

5. Thermal-annealing ramp from 80 C to 60 C è 80 min then 60 C to 24 C 
è 173 h.

6. 2% agarose gel containing 45 mM Tris borate + 11 mM EDTA (pH 8.3 at 
20 C) , and 11 mM MgCl2 at 70 V è Monomer bands were excised

7. Objects were electrophoresed
DNA was recovered by physical extraction from the excised band
negative-staining by uranyl formate

8. Objects were imaged using TEM

Douglas et al - Self-assembly of DNA into nanoscale three-
dimensional shapes
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Dietz et al - Folding DNA into Twisted 
and Curved Nanoscale Shapes

• Goal: quantitatively control the degree of curvature
• A radius of curvature as tight as 6 nanometers was achieved. 
• Bend angles ranged from 30° to 180°

àRealized something close to the extreme bending of DNA 
found in the nucleosome

Source: Wikipedia.org/wiki/Nucleosome
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helix-parallel axis, whereas the tensile strain can
be relieved by a compensatory global bend of the
bundle toward that fragment along its helix-
parallel axis. In the same way, insertion of a base
pair into an array cell results in a local under-
winding and compressive strain (Fig. 1C, bot-
tom) that can be relieved by a compensatory
global right-handed twist and bend away from
the fragment along the helix-parallel axis.

Destructive cancellation of compensatory
global bend deformations and constructive re-
inforcement of compensatory global twist defor-
mations can be implemented, for example, by
distribution of only deletions or only insertions in
the bundle, as depicted in Fig. 1D. The bundle
with only deletions is analogous to the archi-
tecture of protein coiled coils, where overwind-
ing of right-handed a helices from 3.6 to 3.5
amino acids per turn, enforced by heptad-repeat
phasing, is compensated by a global left-handed
twist. Conversely, destructive cancellation of
global twist deformations and constructive rein-
forcement of global bend deformations can be
implemented, for example, by distribution of a
gradient of deletions to insertions of base pairs
through a bundle’s cross section, as depicted in
Fig. 1E. Steeper gradients of deletions to inser-
tions can be implemented to achieve greater
degrees of curvature.

To assess whether global twisting can be
implemented, we chose as a model system a 10-
row, 6-helix-per-row (10-by-6) bundle composed
of 60 tightly interconnected DNA double helices
(Fig. 2) that we previously had identified as a
well-behaved folding architecture (19, 20) and
whose ribbonlike (as opposed to tubelike) struc-
ture makes observation of twisting more facile.
We designed three versions of this bundle. In the
default version that is designed not to twist, 19
crossover planes are spaced evenly in 7-bp steps
across a length of 126 bp, or 12 complete turns at
10.5 bp per turn. We designed a second version
of the 10-by-6 bundle in which we deleted a
single base pair from every third array cell along
each helix. Thus, one-third of all array cells con-
tain overtwisted DNA fragments, resulting in a
bundle with a length of 120 bp and an average
twist density of 10 bp per turn. Additionally, we
designed a third version of the 10-by-6 bundle in
which we added a single base pair to every third
array cell, resulting in a shape with a length of
132 bp and an average twist density of 11 bp per
turn (see figs. S7 to S9 for design details).

The 10 by 6 bundles were folded by a two-
step process. The first step involved initialization
of the system by incubation at 80°C of the ap-
propriate mixture of scaffold and staple strands in
buffered solution. The second step involved grad-
ual cooling of the strand suspension to room
temperature. Next, the sample was subjected to
agarose-gel electrophoresis. The fastest migrating
band (excluding the free staple strands) typically
represented the monomeric species. Thus, exci-
sion of this band from the gel, followed by
recovery of the embedded particles by centrifu-

gation through a cellulose-acetate filter, resulted
in enrichment of well-folded particles. These gel-
purified particles were then imaged by negative-
stain transmission electron microscopy (TEM)
(see note S1 for imaging methods and fig. S3 for
additional zoom-out images). As previously
reported, no systematic deformations were found
in the default 10.5 bp per turn version of the
bundle (Fig. 2A, bottom left) (19). However,
particles designed with locally overtwisted DNA
(Fig. 2B, bottom left) or locally undertwisted
DNA (Fig. 2C, bottom left) appear to exhibit a
global twist deformation when oriented so that
they are viewed down the helical-axis interface or
down the six-helix-wide side. The deformed ap-
pearance is not obvious for particles that are
oriented with the 10-helix-wide side oriented
parallel to the grid surface. Surprisingly, the 11 bp
per turn designed twist density improved overall
folding quality (Fig. 2F) of the 10-by-6 bundle.
We speculate that the increased spacing between
crossover planes may allow greater electrostatic-
repulsion–driven bowing out of helices that,

therefore, is easier to achieve. An alternative
speculative explanation derives from the obser-
vation that, for helices surrounded by three
neighbors in the honeycomb array, crossovers oc-
cur every 7 bp. An increased spacing of 8 bp may
improve stability of these segments in a manner
that affects the rate-limiting steps for folding.
Systematic experiments in the future will be re-
quired for elucidating the determinants of folding
speed and quality.

To verify the apparent twist, we separately
polymerized each of the 10-by-6 bundle versions
along the helical axes to form ribbons. When
made up of bundles designed with only default
7-bp array cells, the resulting ribbons appeared
to be completely straight with no detectable global
twist (Fig. 2A, top right). In contrast, for both the
versions with locally overtwisted and locally
undertwisted DNA fragments, we consistently
observed ribbons that clearly twist (see fig. S3
for additional zoom-out image data). To determine
the chirality of these twisted ribbons, we collected
tilt-pair images by rotating the TEM goniometer

Fig. 1. Design principles for controlling twist and curvature in DNA bundles. (A) Double helices are
constrained to a honeycomb arrangement by staple-strand crossovers. Semi-transparent crossover planes
mark the locations of strand crossovers between neighboring helices, which are spaced at 7-bp intervals
along the helical axis. From left to right, each plane contains a class of crossovers rotated in-plane by 240°
clockwise with respect to the preceding plane. The crossover planes divide the bundle conceptually into helix
fragments that can be viewed as residing in array cells (one cell is highlighted). (B) Array cell with default
content of 7 bp, which exerts no stress on its neighbors. (C) Above, array cell with content of 5 bp, which is
under strain and therefore exerts a left-handed torque and a pull on its neighbors. Below, array cell with
content of 9 bp, which is under strain and therefore exerts a right-handed torque and a push on its
neighbors. Force vectors are shown on only two of the four strand ends of the array-cell fragment for clarity.
(D) (Left) Site-directed deletions installed in selected array cells indicated in orange result in global left-
handed twisting with cancellation of compensatory global bend contributions; (right) site-directed
insertions in selected array cells (shown in blue) result in global right-handed twisting. (E) Site-directed
base-pair deletions (indicated in orange) and base-pair insertions (indicated in blue) can be combined to
induce tunable global bending of the DNA bundle with cancellation of compensatory global twist
contributions.
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helix-parallel axis, whereas the tensile strain can
be relieved by a compensatory global bend of the
bundle toward that fragment along its helix-
parallel axis. In the same way, insertion of a base
pair into an array cell results in a local under-
winding and compressive strain (Fig. 1C, bot-
tom) that can be relieved by a compensatory
global right-handed twist and bend away from
the fragment along the helix-parallel axis.

Destructive cancellation of compensatory
global bend deformations and constructive re-
inforcement of compensatory global twist defor-
mations can be implemented, for example, by
distribution of only deletions or only insertions in
the bundle, as depicted in Fig. 1D. The bundle
with only deletions is analogous to the archi-
tecture of protein coiled coils, where overwind-
ing of right-handed a helices from 3.6 to 3.5
amino acids per turn, enforced by heptad-repeat
phasing, is compensated by a global left-handed
twist. Conversely, destructive cancellation of
global twist deformations and constructive rein-
forcement of global bend deformations can be
implemented, for example, by distribution of a
gradient of deletions to insertions of base pairs
through a bundle’s cross section, as depicted in
Fig. 1E. Steeper gradients of deletions to inser-
tions can be implemented to achieve greater
degrees of curvature.

To assess whether global twisting can be
implemented, we chose as a model system a 10-
row, 6-helix-per-row (10-by-6) bundle composed
of 60 tightly interconnected DNA double helices
(Fig. 2) that we previously had identified as a
well-behaved folding architecture (19, 20) and
whose ribbonlike (as opposed to tubelike) struc-
ture makes observation of twisting more facile.
We designed three versions of this bundle. In the
default version that is designed not to twist, 19
crossover planes are spaced evenly in 7-bp steps
across a length of 126 bp, or 12 complete turns at
10.5 bp per turn. We designed a second version
of the 10-by-6 bundle in which we deleted a
single base pair from every third array cell along
each helix. Thus, one-third of all array cells con-
tain overtwisted DNA fragments, resulting in a
bundle with a length of 120 bp and an average
twist density of 10 bp per turn. Additionally, we
designed a third version of the 10-by-6 bundle in
which we added a single base pair to every third
array cell, resulting in a shape with a length of
132 bp and an average twist density of 11 bp per
turn (see figs. S7 to S9 for design details).

The 10 by 6 bundles were folded by a two-
step process. The first step involved initialization
of the system by incubation at 80°C of the ap-
propriate mixture of scaffold and staple strands in
buffered solution. The second step involved grad-
ual cooling of the strand suspension to room
temperature. Next, the sample was subjected to
agarose-gel electrophoresis. The fastest migrating
band (excluding the free staple strands) typically
represented the monomeric species. Thus, exci-
sion of this band from the gel, followed by
recovery of the embedded particles by centrifu-

gation through a cellulose-acetate filter, resulted
in enrichment of well-folded particles. These gel-
purified particles were then imaged by negative-
stain transmission electron microscopy (TEM)
(see note S1 for imaging methods and fig. S3 for
additional zoom-out images). As previously
reported, no systematic deformations were found
in the default 10.5 bp per turn version of the
bundle (Fig. 2A, bottom left) (19). However,
particles designed with locally overtwisted DNA
(Fig. 2B, bottom left) or locally undertwisted
DNA (Fig. 2C, bottom left) appear to exhibit a
global twist deformation when oriented so that
they are viewed down the helical-axis interface or
down the six-helix-wide side. The deformed ap-
pearance is not obvious for particles that are
oriented with the 10-helix-wide side oriented
parallel to the grid surface. Surprisingly, the 11 bp
per turn designed twist density improved overall
folding quality (Fig. 2F) of the 10-by-6 bundle.
We speculate that the increased spacing between
crossover planes may allow greater electrostatic-
repulsion–driven bowing out of helices that,

therefore, is easier to achieve. An alternative
speculative explanation derives from the obser-
vation that, for helices surrounded by three
neighbors in the honeycomb array, crossovers oc-
cur every 7 bp. An increased spacing of 8 bp may
improve stability of these segments in a manner
that affects the rate-limiting steps for folding.
Systematic experiments in the future will be re-
quired for elucidating the determinants of folding
speed and quality.

To verify the apparent twist, we separately
polymerized each of the 10-by-6 bundle versions
along the helical axes to form ribbons. When
made up of bundles designed with only default
7-bp array cells, the resulting ribbons appeared
to be completely straight with no detectable global
twist (Fig. 2A, top right). In contrast, for both the
versions with locally overtwisted and locally
undertwisted DNA fragments, we consistently
observed ribbons that clearly twist (see fig. S3
for additional zoom-out image data). To determine
the chirality of these twisted ribbons, we collected
tilt-pair images by rotating the TEM goniometer

Fig. 1. Design principles for controlling twist and curvature in DNA bundles. (A) Double helices are
constrained to a honeycomb arrangement by staple-strand crossovers. Semi-transparent crossover planes
mark the locations of strand crossovers between neighboring helices, which are spaced at 7-bp intervals
along the helical axis. From left to right, each plane contains a class of crossovers rotated in-plane by 240°
clockwise with respect to the preceding plane. The crossover planes divide the bundle conceptually into helix
fragments that can be viewed as residing in array cells (one cell is highlighted). (B) Array cell with default
content of 7 bp, which exerts no stress on its neighbors. (C) Above, array cell with content of 5 bp, which is
under strain and therefore exerts a left-handed torque and a pull on its neighbors. Below, array cell with
content of 9 bp, which is under strain and therefore exerts a right-handed torque and a push on its
neighbors. Force vectors are shown on only two of the four strand ends of the array-cell fragment for clarity.
(D) (Left) Site-directed deletions installed in selected array cells indicated in orange result in global left-
handed twisting with cancellation of compensatory global bend contributions; (right) site-directed
insertions in selected array cells (shown in blue) result in global right-handed twisting. (E) Site-directed
base-pair deletions (indicated in orange) and base-pair insertions (indicated in blue) can be combined to
induce tunable global bending of the DNA bundle with cancellation of compensatory global twist
contributions.
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helix-parallel axis, whereas the tensile strain can
be relieved by a compensatory global bend of the
bundle toward that fragment along its helix-
parallel axis. In the same way, insertion of a base
pair into an array cell results in a local under-
winding and compressive strain (Fig. 1C, bot-
tom) that can be relieved by a compensatory
global right-handed twist and bend away from
the fragment along the helix-parallel axis.

Destructive cancellation of compensatory
global bend deformations and constructive re-
inforcement of compensatory global twist defor-
mations can be implemented, for example, by
distribution of only deletions or only insertions in
the bundle, as depicted in Fig. 1D. The bundle
with only deletions is analogous to the archi-
tecture of protein coiled coils, where overwind-
ing of right-handed a helices from 3.6 to 3.5
amino acids per turn, enforced by heptad-repeat
phasing, is compensated by a global left-handed
twist. Conversely, destructive cancellation of
global twist deformations and constructive rein-
forcement of global bend deformations can be
implemented, for example, by distribution of a
gradient of deletions to insertions of base pairs
through a bundle’s cross section, as depicted in
Fig. 1E. Steeper gradients of deletions to inser-
tions can be implemented to achieve greater
degrees of curvature.

To assess whether global twisting can be
implemented, we chose as a model system a 10-
row, 6-helix-per-row (10-by-6) bundle composed
of 60 tightly interconnected DNA double helices
(Fig. 2) that we previously had identified as a
well-behaved folding architecture (19, 20) and
whose ribbonlike (as opposed to tubelike) struc-
ture makes observation of twisting more facile.
We designed three versions of this bundle. In the
default version that is designed not to twist, 19
crossover planes are spaced evenly in 7-bp steps
across a length of 126 bp, or 12 complete turns at
10.5 bp per turn. We designed a second version
of the 10-by-6 bundle in which we deleted a
single base pair from every third array cell along
each helix. Thus, one-third of all array cells con-
tain overtwisted DNA fragments, resulting in a
bundle with a length of 120 bp and an average
twist density of 10 bp per turn. Additionally, we
designed a third version of the 10-by-6 bundle in
which we added a single base pair to every third
array cell, resulting in a shape with a length of
132 bp and an average twist density of 11 bp per
turn (see figs. S7 to S9 for design details).

The 10 by 6 bundles were folded by a two-
step process. The first step involved initialization
of the system by incubation at 80°C of the ap-
propriate mixture of scaffold and staple strands in
buffered solution. The second step involved grad-
ual cooling of the strand suspension to room
temperature. Next, the sample was subjected to
agarose-gel electrophoresis. The fastest migrating
band (excluding the free staple strands) typically
represented the monomeric species. Thus, exci-
sion of this band from the gel, followed by
recovery of the embedded particles by centrifu-

gation through a cellulose-acetate filter, resulted
in enrichment of well-folded particles. These gel-
purified particles were then imaged by negative-
stain transmission electron microscopy (TEM)
(see note S1 for imaging methods and fig. S3 for
additional zoom-out images). As previously
reported, no systematic deformations were found
in the default 10.5 bp per turn version of the
bundle (Fig. 2A, bottom left) (19). However,
particles designed with locally overtwisted DNA
(Fig. 2B, bottom left) or locally undertwisted
DNA (Fig. 2C, bottom left) appear to exhibit a
global twist deformation when oriented so that
they are viewed down the helical-axis interface or
down the six-helix-wide side. The deformed ap-
pearance is not obvious for particles that are
oriented with the 10-helix-wide side oriented
parallel to the grid surface. Surprisingly, the 11 bp
per turn designed twist density improved overall
folding quality (Fig. 2F) of the 10-by-6 bundle.
We speculate that the increased spacing between
crossover planes may allow greater electrostatic-
repulsion–driven bowing out of helices that,

therefore, is easier to achieve. An alternative
speculative explanation derives from the obser-
vation that, for helices surrounded by three
neighbors in the honeycomb array, crossovers oc-
cur every 7 bp. An increased spacing of 8 bp may
improve stability of these segments in a manner
that affects the rate-limiting steps for folding.
Systematic experiments in the future will be re-
quired for elucidating the determinants of folding
speed and quality.

To verify the apparent twist, we separately
polymerized each of the 10-by-6 bundle versions
along the helical axes to form ribbons. When
made up of bundles designed with only default
7-bp array cells, the resulting ribbons appeared
to be completely straight with no detectable global
twist (Fig. 2A, top right). In contrast, for both the
versions with locally overtwisted and locally
undertwisted DNA fragments, we consistently
observed ribbons that clearly twist (see fig. S3
for additional zoom-out image data). To determine
the chirality of these twisted ribbons, we collected
tilt-pair images by rotating the TEM goniometer

Fig. 1. Design principles for controlling twist and curvature in DNA bundles. (A) Double helices are
constrained to a honeycomb arrangement by staple-strand crossovers. Semi-transparent crossover planes
mark the locations of strand crossovers between neighboring helices, which are spaced at 7-bp intervals
along the helical axis. From left to right, each plane contains a class of crossovers rotated in-plane by 240°
clockwise with respect to the preceding plane. The crossover planes divide the bundle conceptually into helix
fragments that can be viewed as residing in array cells (one cell is highlighted). (B) Array cell with default
content of 7 bp, which exerts no stress on its neighbors. (C) Above, array cell with content of 5 bp, which is
under strain and therefore exerts a left-handed torque and a pull on its neighbors. Below, array cell with
content of 9 bp, which is under strain and therefore exerts a right-handed torque and a push on its
neighbors. Force vectors are shown on only two of the four strand ends of the array-cell fragment for clarity.
(D) (Left) Site-directed deletions installed in selected array cells indicated in orange result in global left-
handed twisting with cancellation of compensatory global bend contributions; (right) site-directed
insertions in selected array cells (shown in blue) result in global right-handed twisting. (E) Site-directed
base-pair deletions (indicated in orange) and base-pair insertions (indicated in blue) can be combined to
induce tunable global bending of the DNA bundle with cancellation of compensatory global twist
contributions.
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helix-parallel axis, whereas the tensile strain can
be relieved by a compensatory global bend of the
bundle toward that fragment along its helix-
parallel axis. In the same way, insertion of a base
pair into an array cell results in a local under-
winding and compressive strain (Fig. 1C, bot-
tom) that can be relieved by a compensatory
global right-handed twist and bend away from
the fragment along the helix-parallel axis.

Destructive cancellation of compensatory
global bend deformations and constructive re-
inforcement of compensatory global twist defor-
mations can be implemented, for example, by
distribution of only deletions or only insertions in
the bundle, as depicted in Fig. 1D. The bundle
with only deletions is analogous to the archi-
tecture of protein coiled coils, where overwind-
ing of right-handed a helices from 3.6 to 3.5
amino acids per turn, enforced by heptad-repeat
phasing, is compensated by a global left-handed
twist. Conversely, destructive cancellation of
global twist deformations and constructive rein-
forcement of global bend deformations can be
implemented, for example, by distribution of a
gradient of deletions to insertions of base pairs
through a bundle’s cross section, as depicted in
Fig. 1E. Steeper gradients of deletions to inser-
tions can be implemented to achieve greater
degrees of curvature.

To assess whether global twisting can be
implemented, we chose as a model system a 10-
row, 6-helix-per-row (10-by-6) bundle composed
of 60 tightly interconnected DNA double helices
(Fig. 2) that we previously had identified as a
well-behaved folding architecture (19, 20) and
whose ribbonlike (as opposed to tubelike) struc-
ture makes observation of twisting more facile.
We designed three versions of this bundle. In the
default version that is designed not to twist, 19
crossover planes are spaced evenly in 7-bp steps
across a length of 126 bp, or 12 complete turns at
10.5 bp per turn. We designed a second version
of the 10-by-6 bundle in which we deleted a
single base pair from every third array cell along
each helix. Thus, one-third of all array cells con-
tain overtwisted DNA fragments, resulting in a
bundle with a length of 120 bp and an average
twist density of 10 bp per turn. Additionally, we
designed a third version of the 10-by-6 bundle in
which we added a single base pair to every third
array cell, resulting in a shape with a length of
132 bp and an average twist density of 11 bp per
turn (see figs. S7 to S9 for design details).

The 10 by 6 bundles were folded by a two-
step process. The first step involved initialization
of the system by incubation at 80°C of the ap-
propriate mixture of scaffold and staple strands in
buffered solution. The second step involved grad-
ual cooling of the strand suspension to room
temperature. Next, the sample was subjected to
agarose-gel electrophoresis. The fastest migrating
band (excluding the free staple strands) typically
represented the monomeric species. Thus, exci-
sion of this band from the gel, followed by
recovery of the embedded particles by centrifu-

gation through a cellulose-acetate filter, resulted
in enrichment of well-folded particles. These gel-
purified particles were then imaged by negative-
stain transmission electron microscopy (TEM)
(see note S1 for imaging methods and fig. S3 for
additional zoom-out images). As previously
reported, no systematic deformations were found
in the default 10.5 bp per turn version of the
bundle (Fig. 2A, bottom left) (19). However,
particles designed with locally overtwisted DNA
(Fig. 2B, bottom left) or locally undertwisted
DNA (Fig. 2C, bottom left) appear to exhibit a
global twist deformation when oriented so that
they are viewed down the helical-axis interface or
down the six-helix-wide side. The deformed ap-
pearance is not obvious for particles that are
oriented with the 10-helix-wide side oriented
parallel to the grid surface. Surprisingly, the 11 bp
per turn designed twist density improved overall
folding quality (Fig. 2F) of the 10-by-6 bundle.
We speculate that the increased spacing between
crossover planes may allow greater electrostatic-
repulsion–driven bowing out of helices that,

therefore, is easier to achieve. An alternative
speculative explanation derives from the obser-
vation that, for helices surrounded by three
neighbors in the honeycomb array, crossovers oc-
cur every 7 bp. An increased spacing of 8 bp may
improve stability of these segments in a manner
that affects the rate-limiting steps for folding.
Systematic experiments in the future will be re-
quired for elucidating the determinants of folding
speed and quality.

To verify the apparent twist, we separately
polymerized each of the 10-by-6 bundle versions
along the helical axes to form ribbons. When
made up of bundles designed with only default
7-bp array cells, the resulting ribbons appeared
to be completely straight with no detectable global
twist (Fig. 2A, top right). In contrast, for both the
versions with locally overtwisted and locally
undertwisted DNA fragments, we consistently
observed ribbons that clearly twist (see fig. S3
for additional zoom-out image data). To determine
the chirality of these twisted ribbons, we collected
tilt-pair images by rotating the TEM goniometer

Fig. 1. Design principles for controlling twist and curvature in DNA bundles. (A) Double helices are
constrained to a honeycomb arrangement by staple-strand crossovers. Semi-transparent crossover planes
mark the locations of strand crossovers between neighboring helices, which are spaced at 7-bp intervals
along the helical axis. From left to right, each plane contains a class of crossovers rotated in-plane by 240°
clockwise with respect to the preceding plane. The crossover planes divide the bundle conceptually into helix
fragments that can be viewed as residing in array cells (one cell is highlighted). (B) Array cell with default
content of 7 bp, which exerts no stress on its neighbors. (C) Above, array cell with content of 5 bp, which is
under strain and therefore exerts a left-handed torque and a pull on its neighbors. Below, array cell with
content of 9 bp, which is under strain and therefore exerts a right-handed torque and a push on its
neighbors. Force vectors are shown on only two of the four strand ends of the array-cell fragment for clarity.
(D) (Left) Site-directed deletions installed in selected array cells indicated in orange result in global left-
handed twisting with cancellation of compensatory global bend contributions; (right) site-directed
insertions in selected array cells (shown in blue) result in global right-handed twisting. (E) Site-directed
base-pair deletions (indicated in orange) and base-pair insertions (indicated in blue) can be combined to
induce tunable global bending of the DNA bundle with cancellation of compensatory global twist
contributions.
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(Fig. 2, D and E). For ribbons polymerized from
bundles with locally undertwisted DNA, we ob-
served that the nodes consistently moved upward
on an 80° counterclockwise sample-plane rotation.
The experimental geometry (Fig. 2D, bottom)
provides an unequivocal identification of the
global twist as right-handed. Conversely, for rib-
bons constructed from bundles with locally over-
twisted DNA, we observed that the ribbon nodes
consistentlymoved downward on the same sample
rotation, thus revealing a global left-handed twist.

We quantified the twist frequency by mea-
suring the distance between consecutive nodes
for multiple ribbons (Fig. 2G) and then plotting
global twist per turn as observed for each version
of the 10-by-6 bundles versus initially imposed
double-helical twist density (Fig. 2H). Different
architectures probably will exhibit global twist-
ing that will vary in absolute magnitude but not in
sign from the values observed for the 10-by 6-
bundle because of differences in resistance to
torsion as a function of cross-sectional shape. For
example, a 60-helix bundle with a more extended
cross section (e.g., 30 by 2 helices) would be

expected to exhibit more global twist at the same
initially imposed local double-helical twist den-
sity due to the lower torsional stiffness. We also
experimentally observed global twist for a 3-by-6
bundle architecture, but because of the squarelike
cross section, it was difficult to determine the
location of the nodes and thereby quantify the
magnitude of twisting.

These results imply that average double-
helical twist density must be carefully considered
during DNA-nanostructure design to avoid un-
wanted global twist deformations. Global twisting
has been observed for DNA nanotubes assembled
from oligonucleotide-based tiles with double-
helical twist densities deviating from 10.5 bp
per turn (21, 22). Planar DNA origami (18) has
been designed with an average twist density of
10.67 bp per turn. Intrinsic global twist of such
designs as exists in solution, however, might not
be obvious from image analysis of particles flat-
tened by adhesion to surfaces.

We next explored the use of balanced gra-
dients of insertions and deletions to produce
global bend with no global twist by constructing

seven versions of a three row, six-helix-per-row
(3-by-6) bundle (Fig. 3A). The design contains
61 crossover planes evenly spaced along the
helical axis. Between 15 crossover planes in the
middle of the bundle, we implemented gradients
of insertions and deletions across the short axis of
the cross section (red segment in the models in
Fig. 3, A to G; see figs. S10 to S18 for design
details). We implemented increasingly steep gra-
dients (Fig. 3H and figs. S10 to S18) up to
extreme deviations from native B-form–DNA
twist density, where one side of the 3-by-6 bundle
has an average twist density of only 6 bp per turn,
whereas the opposite side has a twist density as
high as 15 bp per turn. We used a toy model that
considers DNA as a continuum rod with elastic
bending, stretch-compression, and twist-stretch
coupling (see note S2 and fig. S1) and an iterative
refinement procedure to identify gradients that
produce bend angles from 30° to 180° in 30°
steps with radii of curvature ranging from 64 to
6 nm.

Folding of five of the seven 3-by-6 bundle
versions resulted in products that migrate as

Fig. 2. Deviations from 10.5 bp per turn twist density induce global
twisting. (A to C) (Top left) Models of a 10-by-6–helix DNA bundle (red)
with 10.5, 10, and 11 bp per turn average double-helical twist density,
respectively, and models of ribbons when polymerized (silver). (Bottom
left) Monomeric particles as observed by negative-stain TEM. Scale bars, 20
nm. (Right) Polymeric ribbons as observed by TEM. Scale bars, 50 nm. (D
and E) Tilt-pair images of twisted ribbons polymerized from 11 bp per turn
(D) and 10 bp per turn (E); 10-by-6–helix bundles, recorded at goniometer
angles of 40° and –40°. Arrows indicate the observed upward (for 11 bp
per turn) or downward (for 10 bp/turn) direction of movement of the
twisted-ribbon nodes. The dashed line provides a reference point (ends of

ribbons remain stationary on goniometer rotation). CCD, charge-coupled
device. (F) Ethidium-bromide–stained 2% agarose gel, comparing
migration of unpurified folded bundles. (G) Histograms of the observed
node-to-node distance in twisted ribbons, as observed in negative-stain
TEM micrographs. Left- and right-handed ribbons undergo half-turns every
235 T 32 nm (n = 62 internode distances measured) and 286 T 48 nm
(n = 197), respectively (numbers after the T sign indicate SD). (H) Plot of
observed global compensatory twist per turn versus double-helical twist
density initially imposed by design. A value of 0.335 nm per bp was used
to calculate global twist per turn from values obtained in (G). Error bars
indicate SD.
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(Fig. 2, D and E). For ribbons polymerized from
bundles with locally undertwisted DNA, we ob-
served that the nodes consistently moved upward
on an 80° counterclockwise sample-plane rotation.
The experimental geometry (Fig. 2D, bottom)
provides an unequivocal identification of the
global twist as right-handed. Conversely, for rib-
bons constructed from bundles with locally over-
twisted DNA, we observed that the ribbon nodes
consistentlymoved downward on the same sample
rotation, thus revealing a global left-handed twist.

We quantified the twist frequency by mea-
suring the distance between consecutive nodes
for multiple ribbons (Fig. 2G) and then plotting
global twist per turn as observed for each version
of the 10-by-6 bundles versus initially imposed
double-helical twist density (Fig. 2H). Different
architectures probably will exhibit global twist-
ing that will vary in absolute magnitude but not in
sign from the values observed for the 10-by 6-
bundle because of differences in resistance to
torsion as a function of cross-sectional shape. For
example, a 60-helix bundle with a more extended
cross section (e.g., 30 by 2 helices) would be

expected to exhibit more global twist at the same
initially imposed local double-helical twist den-
sity due to the lower torsional stiffness. We also
experimentally observed global twist for a 3-by-6
bundle architecture, but because of the squarelike
cross section, it was difficult to determine the
location of the nodes and thereby quantify the
magnitude of twisting.

These results imply that average double-
helical twist density must be carefully considered
during DNA-nanostructure design to avoid un-
wanted global twist deformations. Global twisting
has been observed for DNA nanotubes assembled
from oligonucleotide-based tiles with double-
helical twist densities deviating from 10.5 bp
per turn (21, 22). Planar DNA origami (18) has
been designed with an average twist density of
10.67 bp per turn. Intrinsic global twist of such
designs as exists in solution, however, might not
be obvious from image analysis of particles flat-
tened by adhesion to surfaces.

We next explored the use of balanced gra-
dients of insertions and deletions to produce
global bend with no global twist by constructing

seven versions of a three row, six-helix-per-row
(3-by-6) bundle (Fig. 3A). The design contains
61 crossover planes evenly spaced along the
helical axis. Between 15 crossover planes in the
middle of the bundle, we implemented gradients
of insertions and deletions across the short axis of
the cross section (red segment in the models in
Fig. 3, A to G; see figs. S10 to S18 for design
details). We implemented increasingly steep gra-
dients (Fig. 3H and figs. S10 to S18) up to
extreme deviations from native B-form–DNA
twist density, where one side of the 3-by-6 bundle
has an average twist density of only 6 bp per turn,
whereas the opposite side has a twist density as
high as 15 bp per turn. We used a toy model that
considers DNA as a continuum rod with elastic
bending, stretch-compression, and twist-stretch
coupling (see note S2 and fig. S1) and an iterative
refinement procedure to identify gradients that
produce bend angles from 30° to 180° in 30°
steps with radii of curvature ranging from 64 to
6 nm.

Folding of five of the seven 3-by-6 bundle
versions resulted in products that migrate as

Fig. 2. Deviations from 10.5 bp per turn twist density induce global
twisting. (A to C) (Top left) Models of a 10-by-6–helix DNA bundle (red)
with 10.5, 10, and 11 bp per turn average double-helical twist density,
respectively, and models of ribbons when polymerized (silver). (Bottom
left) Monomeric particles as observed by negative-stain TEM. Scale bars, 20
nm. (Right) Polymeric ribbons as observed by TEM. Scale bars, 50 nm. (D
and E) Tilt-pair images of twisted ribbons polymerized from 11 bp per turn
(D) and 10 bp per turn (E); 10-by-6–helix bundles, recorded at goniometer
angles of 40° and –40°. Arrows indicate the observed upward (for 11 bp
per turn) or downward (for 10 bp/turn) direction of movement of the
twisted-ribbon nodes. The dashed line provides a reference point (ends of

ribbons remain stationary on goniometer rotation). CCD, charge-coupled
device. (F) Ethidium-bromide–stained 2% agarose gel, comparing
migration of unpurified folded bundles. (G) Histograms of the observed
node-to-node distance in twisted ribbons, as observed in negative-stain
TEM micrographs. Left- and right-handed ribbons undergo half-turns every
235 T 32 nm (n = 62 internode distances measured) and 286 T 48 nm
(n = 197), respectively (numbers after the T sign indicate SD). (H) Plot of
observed global compensatory twist per turn versus double-helical twist
density initially imposed by design. A value of 0.335 nm per bp was used
to calculate global twist per turn from values obtained in (G). Error bars
indicate SD.
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(Fig. 2, D and E). For ribbons polymerized from
bundles with locally undertwisted DNA, we ob-
served that the nodes consistently moved upward
on an 80° counterclockwise sample-plane rotation.
The experimental geometry (Fig. 2D, bottom)
provides an unequivocal identification of the
global twist as right-handed. Conversely, for rib-
bons constructed from bundles with locally over-
twisted DNA, we observed that the ribbon nodes
consistentlymoved downward on the same sample
rotation, thus revealing a global left-handed twist.

We quantified the twist frequency by mea-
suring the distance between consecutive nodes
for multiple ribbons (Fig. 2G) and then plotting
global twist per turn as observed for each version
of the 10-by-6 bundles versus initially imposed
double-helical twist density (Fig. 2H). Different
architectures probably will exhibit global twist-
ing that will vary in absolute magnitude but not in
sign from the values observed for the 10-by 6-
bundle because of differences in resistance to
torsion as a function of cross-sectional shape. For
example, a 60-helix bundle with a more extended
cross section (e.g., 30 by 2 helices) would be

expected to exhibit more global twist at the same
initially imposed local double-helical twist den-
sity due to the lower torsional stiffness. We also
experimentally observed global twist for a 3-by-6
bundle architecture, but because of the squarelike
cross section, it was difficult to determine the
location of the nodes and thereby quantify the
magnitude of twisting.

These results imply that average double-
helical twist density must be carefully considered
during DNA-nanostructure design to avoid un-
wanted global twist deformations. Global twisting
has been observed for DNA nanotubes assembled
from oligonucleotide-based tiles with double-
helical twist densities deviating from 10.5 bp
per turn (21, 22). Planar DNA origami (18) has
been designed with an average twist density of
10.67 bp per turn. Intrinsic global twist of such
designs as exists in solution, however, might not
be obvious from image analysis of particles flat-
tened by adhesion to surfaces.

We next explored the use of balanced gra-
dients of insertions and deletions to produce
global bend with no global twist by constructing

seven versions of a three row, six-helix-per-row
(3-by-6) bundle (Fig. 3A). The design contains
61 crossover planes evenly spaced along the
helical axis. Between 15 crossover planes in the
middle of the bundle, we implemented gradients
of insertions and deletions across the short axis of
the cross section (red segment in the models in
Fig. 3, A to G; see figs. S10 to S18 for design
details). We implemented increasingly steep gra-
dients (Fig. 3H and figs. S10 to S18) up to
extreme deviations from native B-form–DNA
twist density, where one side of the 3-by-6 bundle
has an average twist density of only 6 bp per turn,
whereas the opposite side has a twist density as
high as 15 bp per turn. We used a toy model that
considers DNA as a continuum rod with elastic
bending, stretch-compression, and twist-stretch
coupling (see note S2 and fig. S1) and an iterative
refinement procedure to identify gradients that
produce bend angles from 30° to 180° in 30°
steps with radii of curvature ranging from 64 to
6 nm.

Folding of five of the seven 3-by-6 bundle
versions resulted in products that migrate as

Fig. 2. Deviations from 10.5 bp per turn twist density induce global
twisting. (A to C) (Top left) Models of a 10-by-6–helix DNA bundle (red)
with 10.5, 10, and 11 bp per turn average double-helical twist density,
respectively, and models of ribbons when polymerized (silver). (Bottom
left) Monomeric particles as observed by negative-stain TEM. Scale bars, 20
nm. (Right) Polymeric ribbons as observed by TEM. Scale bars, 50 nm. (D
and E) Tilt-pair images of twisted ribbons polymerized from 11 bp per turn
(D) and 10 bp per turn (E); 10-by-6–helix bundles, recorded at goniometer
angles of 40° and –40°. Arrows indicate the observed upward (for 11 bp
per turn) or downward (for 10 bp/turn) direction of movement of the
twisted-ribbon nodes. The dashed line provides a reference point (ends of

ribbons remain stationary on goniometer rotation). CCD, charge-coupled
device. (F) Ethidium-bromide–stained 2% agarose gel, comparing
migration of unpurified folded bundles. (G) Histograms of the observed
node-to-node distance in twisted ribbons, as observed in negative-stain
TEM micrographs. Left- and right-handed ribbons undergo half-turns every
235 T 32 nm (n = 62 internode distances measured) and 286 T 48 nm
(n = 197), respectively (numbers after the T sign indicate SD). (H) Plot of
observed global compensatory twist per turn versus double-helical twist
density initially imposed by design. A value of 0.335 nm per bp was used
to calculate global twist per turn from values obtained in (G). Error bars
indicate SD.
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(Fig. 2, D and E). For ribbons polymerized from
bundles with locally undertwisted DNA, we ob-
served that the nodes consistently moved upward
on an 80° counterclockwise sample-plane rotation.
The experimental geometry (Fig. 2D, bottom)
provides an unequivocal identification of the
global twist as right-handed. Conversely, for rib-
bons constructed from bundles with locally over-
twisted DNA, we observed that the ribbon nodes
consistentlymoved downward on the same sample
rotation, thus revealing a global left-handed twist.

We quantified the twist frequency by mea-
suring the distance between consecutive nodes
for multiple ribbons (Fig. 2G) and then plotting
global twist per turn as observed for each version
of the 10-by-6 bundles versus initially imposed
double-helical twist density (Fig. 2H). Different
architectures probably will exhibit global twist-
ing that will vary in absolute magnitude but not in
sign from the values observed for the 10-by 6-
bundle because of differences in resistance to
torsion as a function of cross-sectional shape. For
example, a 60-helix bundle with a more extended
cross section (e.g., 30 by 2 helices) would be

expected to exhibit more global twist at the same
initially imposed local double-helical twist den-
sity due to the lower torsional stiffness. We also
experimentally observed global twist for a 3-by-6
bundle architecture, but because of the squarelike
cross section, it was difficult to determine the
location of the nodes and thereby quantify the
magnitude of twisting.

These results imply that average double-
helical twist density must be carefully considered
during DNA-nanostructure design to avoid un-
wanted global twist deformations. Global twisting
has been observed for DNA nanotubes assembled
from oligonucleotide-based tiles with double-
helical twist densities deviating from 10.5 bp
per turn (21, 22). Planar DNA origami (18) has
been designed with an average twist density of
10.67 bp per turn. Intrinsic global twist of such
designs as exists in solution, however, might not
be obvious from image analysis of particles flat-
tened by adhesion to surfaces.

We next explored the use of balanced gra-
dients of insertions and deletions to produce
global bend with no global twist by constructing

seven versions of a three row, six-helix-per-row
(3-by-6) bundle (Fig. 3A). The design contains
61 crossover planes evenly spaced along the
helical axis. Between 15 crossover planes in the
middle of the bundle, we implemented gradients
of insertions and deletions across the short axis of
the cross section (red segment in the models in
Fig. 3, A to G; see figs. S10 to S18 for design
details). We implemented increasingly steep gra-
dients (Fig. 3H and figs. S10 to S18) up to
extreme deviations from native B-form–DNA
twist density, where one side of the 3-by-6 bundle
has an average twist density of only 6 bp per turn,
whereas the opposite side has a twist density as
high as 15 bp per turn. We used a toy model that
considers DNA as a continuum rod with elastic
bending, stretch-compression, and twist-stretch
coupling (see note S2 and fig. S1) and an iterative
refinement procedure to identify gradients that
produce bend angles from 30° to 180° in 30°
steps with radii of curvature ranging from 64 to
6 nm.

Folding of five of the seven 3-by-6 bundle
versions resulted in products that migrate as

Fig. 2. Deviations from 10.5 bp per turn twist density induce global
twisting. (A to C) (Top left) Models of a 10-by-6–helix DNA bundle (red)
with 10.5, 10, and 11 bp per turn average double-helical twist density,
respectively, and models of ribbons when polymerized (silver). (Bottom
left) Monomeric particles as observed by negative-stain TEM. Scale bars, 20
nm. (Right) Polymeric ribbons as observed by TEM. Scale bars, 50 nm. (D
and E) Tilt-pair images of twisted ribbons polymerized from 11 bp per turn
(D) and 10 bp per turn (E); 10-by-6–helix bundles, recorded at goniometer
angles of 40° and –40°. Arrows indicate the observed upward (for 11 bp
per turn) or downward (for 10 bp/turn) direction of movement of the
twisted-ribbon nodes. The dashed line provides a reference point (ends of

ribbons remain stationary on goniometer rotation). CCD, charge-coupled
device. (F) Ethidium-bromide–stained 2% agarose gel, comparing
migration of unpurified folded bundles. (G) Histograms of the observed
node-to-node distance in twisted ribbons, as observed in negative-stain
TEM micrographs. Left- and right-handed ribbons undergo half-turns every
235 T 32 nm (n = 62 internode distances measured) and 286 T 48 nm
(n = 197), respectively (numbers after the T sign indicate SD). (H) Plot of
observed global compensatory twist per turn versus double-helical twist
density initially imposed by design. A value of 0.335 nm per bp was used
to calculate global twist per turn from values obtained in (G). Error bars
indicate SD.
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(Fig. 2, D and E). For ribbons polymerized from
bundles with locally undertwisted DNA, we ob-
served that the nodes consistently moved upward
on an 80° counterclockwise sample-plane rotation.
The experimental geometry (Fig. 2D, bottom)
provides an unequivocal identification of the
global twist as right-handed. Conversely, for rib-
bons constructed from bundles with locally over-
twisted DNA, we observed that the ribbon nodes
consistentlymoved downward on the same sample
rotation, thus revealing a global left-handed twist.

We quantified the twist frequency by mea-
suring the distance between consecutive nodes
for multiple ribbons (Fig. 2G) and then plotting
global twist per turn as observed for each version
of the 10-by-6 bundles versus initially imposed
double-helical twist density (Fig. 2H). Different
architectures probably will exhibit global twist-
ing that will vary in absolute magnitude but not in
sign from the values observed for the 10-by 6-
bundle because of differences in resistance to
torsion as a function of cross-sectional shape. For
example, a 60-helix bundle with a more extended
cross section (e.g., 30 by 2 helices) would be

expected to exhibit more global twist at the same
initially imposed local double-helical twist den-
sity due to the lower torsional stiffness. We also
experimentally observed global twist for a 3-by-6
bundle architecture, but because of the squarelike
cross section, it was difficult to determine the
location of the nodes and thereby quantify the
magnitude of twisting.

These results imply that average double-
helical twist density must be carefully considered
during DNA-nanostructure design to avoid un-
wanted global twist deformations. Global twisting
has been observed for DNA nanotubes assembled
from oligonucleotide-based tiles with double-
helical twist densities deviating from 10.5 bp
per turn (21, 22). Planar DNA origami (18) has
been designed with an average twist density of
10.67 bp per turn. Intrinsic global twist of such
designs as exists in solution, however, might not
be obvious from image analysis of particles flat-
tened by adhesion to surfaces.

We next explored the use of balanced gra-
dients of insertions and deletions to produce
global bend with no global twist by constructing

seven versions of a three row, six-helix-per-row
(3-by-6) bundle (Fig. 3A). The design contains
61 crossover planes evenly spaced along the
helical axis. Between 15 crossover planes in the
middle of the bundle, we implemented gradients
of insertions and deletions across the short axis of
the cross section (red segment in the models in
Fig. 3, A to G; see figs. S10 to S18 for design
details). We implemented increasingly steep gra-
dients (Fig. 3H and figs. S10 to S18) up to
extreme deviations from native B-form–DNA
twist density, where one side of the 3-by-6 bundle
has an average twist density of only 6 bp per turn,
whereas the opposite side has a twist density as
high as 15 bp per turn. We used a toy model that
considers DNA as a continuum rod with elastic
bending, stretch-compression, and twist-stretch
coupling (see note S2 and fig. S1) and an iterative
refinement procedure to identify gradients that
produce bend angles from 30° to 180° in 30°
steps with radii of curvature ranging from 64 to
6 nm.

Folding of five of the seven 3-by-6 bundle
versions resulted in products that migrate as

Fig. 2. Deviations from 10.5 bp per turn twist density induce global
twisting. (A to C) (Top left) Models of a 10-by-6–helix DNA bundle (red)
with 10.5, 10, and 11 bp per turn average double-helical twist density,
respectively, and models of ribbons when polymerized (silver). (Bottom
left) Monomeric particles as observed by negative-stain TEM. Scale bars, 20
nm. (Right) Polymeric ribbons as observed by TEM. Scale bars, 50 nm. (D
and E) Tilt-pair images of twisted ribbons polymerized from 11 bp per turn
(D) and 10 bp per turn (E); 10-by-6–helix bundles, recorded at goniometer
angles of 40° and –40°. Arrows indicate the observed upward (for 11 bp
per turn) or downward (for 10 bp/turn) direction of movement of the
twisted-ribbon nodes. The dashed line provides a reference point (ends of

ribbons remain stationary on goniometer rotation). CCD, charge-coupled
device. (F) Ethidium-bromide–stained 2% agarose gel, comparing
migration of unpurified folded bundles. (G) Histograms of the observed
node-to-node distance in twisted ribbons, as observed in negative-stain
TEM micrographs. Left- and right-handed ribbons undergo half-turns every
235 T 32 nm (n = 62 internode distances measured) and 286 T 48 nm
(n = 197), respectively (numbers after the T sign indicate SD). (H) Plot of
observed global compensatory twist per turn versus double-helical twist
density initially imposed by design. A value of 0.335 nm per bp was used
to calculate global twist per turn from values obtained in (G). Error bars
indicate SD.
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(Fig. 2, D and E). For ribbons polymerized from
bundles with locally undertwisted DNA, we ob-
served that the nodes consistently moved upward
on an 80° counterclockwise sample-plane rotation.
The experimental geometry (Fig. 2D, bottom)
provides an unequivocal identification of the
global twist as right-handed. Conversely, for rib-
bons constructed from bundles with locally over-
twisted DNA, we observed that the ribbon nodes
consistentlymoved downward on the same sample
rotation, thus revealing a global left-handed twist.

We quantified the twist frequency by mea-
suring the distance between consecutive nodes
for multiple ribbons (Fig. 2G) and then plotting
global twist per turn as observed for each version
of the 10-by-6 bundles versus initially imposed
double-helical twist density (Fig. 2H). Different
architectures probably will exhibit global twist-
ing that will vary in absolute magnitude but not in
sign from the values observed for the 10-by 6-
bundle because of differences in resistance to
torsion as a function of cross-sectional shape. For
example, a 60-helix bundle with a more extended
cross section (e.g., 30 by 2 helices) would be

expected to exhibit more global twist at the same
initially imposed local double-helical twist den-
sity due to the lower torsional stiffness. We also
experimentally observed global twist for a 3-by-6
bundle architecture, but because of the squarelike
cross section, it was difficult to determine the
location of the nodes and thereby quantify the
magnitude of twisting.

These results imply that average double-
helical twist density must be carefully considered
during DNA-nanostructure design to avoid un-
wanted global twist deformations. Global twisting
has been observed for DNA nanotubes assembled
from oligonucleotide-based tiles with double-
helical twist densities deviating from 10.5 bp
per turn (21, 22). Planar DNA origami (18) has
been designed with an average twist density of
10.67 bp per turn. Intrinsic global twist of such
designs as exists in solution, however, might not
be obvious from image analysis of particles flat-
tened by adhesion to surfaces.

We next explored the use of balanced gra-
dients of insertions and deletions to produce
global bend with no global twist by constructing

seven versions of a three row, six-helix-per-row
(3-by-6) bundle (Fig. 3A). The design contains
61 crossover planes evenly spaced along the
helical axis. Between 15 crossover planes in the
middle of the bundle, we implemented gradients
of insertions and deletions across the short axis of
the cross section (red segment in the models in
Fig. 3, A to G; see figs. S10 to S18 for design
details). We implemented increasingly steep gra-
dients (Fig. 3H and figs. S10 to S18) up to
extreme deviations from native B-form–DNA
twist density, where one side of the 3-by-6 bundle
has an average twist density of only 6 bp per turn,
whereas the opposite side has a twist density as
high as 15 bp per turn. We used a toy model that
considers DNA as a continuum rod with elastic
bending, stretch-compression, and twist-stretch
coupling (see note S2 and fig. S1) and an iterative
refinement procedure to identify gradients that
produce bend angles from 30° to 180° in 30°
steps with radii of curvature ranging from 64 to
6 nm.

Folding of five of the seven 3-by-6 bundle
versions resulted in products that migrate as

Fig. 2. Deviations from 10.5 bp per turn twist density induce global
twisting. (A to C) (Top left) Models of a 10-by-6–helix DNA bundle (red)
with 10.5, 10, and 11 bp per turn average double-helical twist density,
respectively, and models of ribbons when polymerized (silver). (Bottom
left) Monomeric particles as observed by negative-stain TEM. Scale bars, 20
nm. (Right) Polymeric ribbons as observed by TEM. Scale bars, 50 nm. (D
and E) Tilt-pair images of twisted ribbons polymerized from 11 bp per turn
(D) and 10 bp per turn (E); 10-by-6–helix bundles, recorded at goniometer
angles of 40° and –40°. Arrows indicate the observed upward (for 11 bp
per turn) or downward (for 10 bp/turn) direction of movement of the
twisted-ribbon nodes. The dashed line provides a reference point (ends of

ribbons remain stationary on goniometer rotation). CCD, charge-coupled
device. (F) Ethidium-bromide–stained 2% agarose gel, comparing
migration of unpurified folded bundles. (G) Histograms of the observed
node-to-node distance in twisted ribbons, as observed in negative-stain
TEM micrographs. Left- and right-handed ribbons undergo half-turns every
235 T 32 nm (n = 62 internode distances measured) and 286 T 48 nm
(n = 197), respectively (numbers after the T sign indicate SD). (H) Plot of
observed global compensatory twist per turn versus double-helical twist
density initially imposed by design. A value of 0.335 nm per bp was used
to calculate global twist per turn from values obtained in (G). Error bars
indicate SD.
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sharp bands on a 2% agarose gel (Fig. 3H),
indicating folding into an overall homogeneous
shape, whereas the 150° and 180° versions mi-
grate as more fuzzy bands, which suggests that a
greater degree of shape heterogeneity is present.
The latter two versions coincide with the two
steepest insertion/deletion gradients. Such stark
deviations from B-form DNA twist density ap-
parently compromise folding quality and increase
the frequency of defective particles. Moreover,
the gel mobility decreases with increasing
gradient of insertions and deletions, indicating
pronounced changes in the aspect ratio of the
particles.

We used negative-stain TEM to study the
appearance of the particles (Fig. 3, A to G). The
particles mainly adsorbed in two orientations on
the TEM grids and exhibited a smooth appear-
ance when oriented with the long axis of the
bundle cross section parallel to the grid, but
exhibited three pronounced stripes when ori-
ented with the short axis parallel to the TEM
grid (see note S4 and fig. S2 for a more detailed

explanation of the origin of the stripes, as well
as fig. S4 for image data with multiple particle
orientations). The orientation giving rise to the
“stripy” appearance allows for a direct assess-
ment of the extent of the induced bending.

Bend angles ranging from 30° to 180°, as
well as sharply bent radii of curvature down to
6 nm, close to the extreme bending of DNA
found in the nucleosome (23), could be realized.
Figure 3, I and J, gives a sense of the shape
homogeneity exemplified by two bundle ver-
sions designed to bend at 30° and 150°,
respectively. Additional zoom-out image data for
each version of the 3-by-6 helix bundles is pro-
vided in fig. S4.

We quantified the distribution of bend angles
for each version in the series of bundles. To avoid
bias from obviously defective particles, we ana-
lyzed only those where three pronounced stripes
were clearly discernible along the entire length.
As an example, particles marked with an asterisk
in Fig. 3, I and J, do not satisfy that criterion. We
observed that the fraction of particles that failed

this criterion was ~50% for radii of curvature
above 10 nm but increased as a function of tight-
ness of radii of curvature above 10 nm (fig. S4).
Histograms of bend angles observed for the sev-
en different 3-by-6 bundle versions are shown in
Fig. 3K. The distributions each have a half-width
at half maximum of 5° to 9°. Our toy model
predicts thermally induced angular fluctuations
with a SD from the mean bend angle of ~2.5°
(see note S2 and fig. S1). The discrepancy be-
tween expected and observed distribution widths
may be due to defects. Defective helices confer
bending “individuality” to each particle, because
defects change the effective gradient of insertions
and deletions, as well as the compliance of a
defective helix in the bundle. A future challenge
will be to improve folding quality so that thermal
fluctuations alone determine the angular preci-
sion of any produced shape. Our toy model can
identify insertion and deletion patterns to an ac-
curacy of 3° for desired mean bend angles less
than or equal to 120°, although changes in envi-
ronmental conditions may require adjustment of

Fig. 3. Combining site-directed insertions and deletions induces globally
bent shapes. (A to G) Models of seven 3-by-6–helix-bundle versions
programmed to different degrees of bending and typical particles, as observed
by negative-stain TEM. rc, radius of curvature. Scale bars, 20 nm. (H) Ethidium-
bromide–stained 2% agarose gel comparing migration of unpurified folding
products of the seven differently bent bundles. (I and J) Low-magnification
TEM micrographs of the bundle versions programmed to bend by 30° and
150°, respectively. Asterisks indicate defective particles, identified by the lack

of three well-defined stripes at the bend. Scale bars, 100 nm. (K) Histograms
of bend angles as observed in individual particles for the seven different
bundle versions. Average bend angles were determined to be 0° T 3° (n = 74),
30.7° T 5.4° (n = 212), 62.4° T 5.9° (n = 208), 91.3° T 5.2° (n = 206), 121° T
8.4° (n = 212), 143.4° T 9° (n = 131), and 166° T 9° (n = 106) (numbers after
the T sign indicate SD). (Insets) Plots of average double-helical twist density
through the cross section of the bent segment that results from the pattern of
insertions and deletions installed to induce bending.
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sharp bands on a 2% agarose gel (Fig. 3H),
indicating folding into an overall homogeneous
shape, whereas the 150° and 180° versions mi-
grate as more fuzzy bands, which suggests that a
greater degree of shape heterogeneity is present.
The latter two versions coincide with the two
steepest insertion/deletion gradients. Such stark
deviations from B-form DNA twist density ap-
parently compromise folding quality and increase
the frequency of defective particles. Moreover,
the gel mobility decreases with increasing
gradient of insertions and deletions, indicating
pronounced changes in the aspect ratio of the
particles.

We used negative-stain TEM to study the
appearance of the particles (Fig. 3, A to G). The
particles mainly adsorbed in two orientations on
the TEM grids and exhibited a smooth appear-
ance when oriented with the long axis of the
bundle cross section parallel to the grid, but
exhibited three pronounced stripes when ori-
ented with the short axis parallel to the TEM
grid (see note S4 and fig. S2 for a more detailed

explanation of the origin of the stripes, as well
as fig. S4 for image data with multiple particle
orientations). The orientation giving rise to the
“stripy” appearance allows for a direct assess-
ment of the extent of the induced bending.

Bend angles ranging from 30° to 180°, as
well as sharply bent radii of curvature down to
6 nm, close to the extreme bending of DNA
found in the nucleosome (23), could be realized.
Figure 3, I and J, gives a sense of the shape
homogeneity exemplified by two bundle ver-
sions designed to bend at 30° and 150°,
respectively. Additional zoom-out image data for
each version of the 3-by-6 helix bundles is pro-
vided in fig. S4.

We quantified the distribution of bend angles
for each version in the series of bundles. To avoid
bias from obviously defective particles, we ana-
lyzed only those where three pronounced stripes
were clearly discernible along the entire length.
As an example, particles marked with an asterisk
in Fig. 3, I and J, do not satisfy that criterion. We
observed that the fraction of particles that failed

this criterion was ~50% for radii of curvature
above 10 nm but increased as a function of tight-
ness of radii of curvature above 10 nm (fig. S4).
Histograms of bend angles observed for the sev-
en different 3-by-6 bundle versions are shown in
Fig. 3K. The distributions each have a half-width
at half maximum of 5° to 9°. Our toy model
predicts thermally induced angular fluctuations
with a SD from the mean bend angle of ~2.5°
(see note S2 and fig. S1). The discrepancy be-
tween expected and observed distribution widths
may be due to defects. Defective helices confer
bending “individuality” to each particle, because
defects change the effective gradient of insertions
and deletions, as well as the compliance of a
defective helix in the bundle. A future challenge
will be to improve folding quality so that thermal
fluctuations alone determine the angular preci-
sion of any produced shape. Our toy model can
identify insertion and deletion patterns to an ac-
curacy of 3° for desired mean bend angles less
than or equal to 120°, although changes in envi-
ronmental conditions may require adjustment of

Fig. 3. Combining site-directed insertions and deletions induces globally
bent shapes. (A to G) Models of seven 3-by-6–helix-bundle versions
programmed to different degrees of bending and typical particles, as observed
by negative-stain TEM. rc, radius of curvature. Scale bars, 20 nm. (H) Ethidium-
bromide–stained 2% agarose gel comparing migration of unpurified folding
products of the seven differently bent bundles. (I and J) Low-magnification
TEM micrographs of the bundle versions programmed to bend by 30° and
150°, respectively. Asterisks indicate defective particles, identified by the lack

of three well-defined stripes at the bend. Scale bars, 100 nm. (K) Histograms
of bend angles as observed in individual particles for the seven different
bundle versions. Average bend angles were determined to be 0° T 3° (n = 74),
30.7° T 5.4° (n = 212), 62.4° T 5.9° (n = 208), 91.3° T 5.2° (n = 206), 121° T
8.4° (n = 212), 143.4° T 9° (n = 131), and 166° T 9° (n = 106) (numbers after
the T sign indicate SD). (Insets) Plots of average double-helical twist density
through the cross section of the bent segment that results from the pattern of
insertions and deletions installed to induce bending.
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sharp bands on a 2% agarose gel (Fig. 3H),
indicating folding into an overall homogeneous
shape, whereas the 150° and 180° versions mi-
grate as more fuzzy bands, which suggests that a
greater degree of shape heterogeneity is present.
The latter two versions coincide with the two
steepest insertion/deletion gradients. Such stark
deviations from B-form DNA twist density ap-
parently compromise folding quality and increase
the frequency of defective particles. Moreover,
the gel mobility decreases with increasing
gradient of insertions and deletions, indicating
pronounced changes in the aspect ratio of the
particles.

We used negative-stain TEM to study the
appearance of the particles (Fig. 3, A to G). The
particles mainly adsorbed in two orientations on
the TEM grids and exhibited a smooth appear-
ance when oriented with the long axis of the
bundle cross section parallel to the grid, but
exhibited three pronounced stripes when ori-
ented with the short axis parallel to the TEM
grid (see note S4 and fig. S2 for a more detailed

explanation of the origin of the stripes, as well
as fig. S4 for image data with multiple particle
orientations). The orientation giving rise to the
“stripy” appearance allows for a direct assess-
ment of the extent of the induced bending.

Bend angles ranging from 30° to 180°, as
well as sharply bent radii of curvature down to
6 nm, close to the extreme bending of DNA
found in the nucleosome (23), could be realized.
Figure 3, I and J, gives a sense of the shape
homogeneity exemplified by two bundle ver-
sions designed to bend at 30° and 150°,
respectively. Additional zoom-out image data for
each version of the 3-by-6 helix bundles is pro-
vided in fig. S4.

We quantified the distribution of bend angles
for each version in the series of bundles. To avoid
bias from obviously defective particles, we ana-
lyzed only those where three pronounced stripes
were clearly discernible along the entire length.
As an example, particles marked with an asterisk
in Fig. 3, I and J, do not satisfy that criterion. We
observed that the fraction of particles that failed

this criterion was ~50% for radii of curvature
above 10 nm but increased as a function of tight-
ness of radii of curvature above 10 nm (fig. S4).
Histograms of bend angles observed for the sev-
en different 3-by-6 bundle versions are shown in
Fig. 3K. The distributions each have a half-width
at half maximum of 5° to 9°. Our toy model
predicts thermally induced angular fluctuations
with a SD from the mean bend angle of ~2.5°
(see note S2 and fig. S1). The discrepancy be-
tween expected and observed distribution widths
may be due to defects. Defective helices confer
bending “individuality” to each particle, because
defects change the effective gradient of insertions
and deletions, as well as the compliance of a
defective helix in the bundle. A future challenge
will be to improve folding quality so that thermal
fluctuations alone determine the angular preci-
sion of any produced shape. Our toy model can
identify insertion and deletion patterns to an ac-
curacy of 3° for desired mean bend angles less
than or equal to 120°, although changes in envi-
ronmental conditions may require adjustment of

Fig. 3. Combining site-directed insertions and deletions induces globally
bent shapes. (A to G) Models of seven 3-by-6–helix-bundle versions
programmed to different degrees of bending and typical particles, as observed
by negative-stain TEM. rc, radius of curvature. Scale bars, 20 nm. (H) Ethidium-
bromide–stained 2% agarose gel comparing migration of unpurified folding
products of the seven differently bent bundles. (I and J) Low-magnification
TEM micrographs of the bundle versions programmed to bend by 30° and
150°, respectively. Asterisks indicate defective particles, identified by the lack

of three well-defined stripes at the bend. Scale bars, 100 nm. (K) Histograms
of bend angles as observed in individual particles for the seven different
bundle versions. Average bend angles were determined to be 0° T 3° (n = 74),
30.7° T 5.4° (n = 212), 62.4° T 5.9° (n = 208), 91.3° T 5.2° (n = 206), 121° T
8.4° (n = 212), 143.4° T 9° (n = 131), and 166° T 9° (n = 106) (numbers after
the T sign indicate SD). (Insets) Plots of average double-helical twist density
through the cross section of the bent segment that results from the pattern of
insertions and deletions installed to induce bending.
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Dietz et al - Folding DNA into Twisted and Curved 
Nanoscale Shapes



model parameters. We expect our method for
generating DNA shapes with tunable bending to
be generally applicable for a wide range of bun-
dle cross-sectional architectures, as long as ex-
treme deviations from canonical B-form DNA
twist density (less than 6 bp per turn or more than
15 bp per turn) are avoided.

To illustrate the diversity of curved shapes
now accessible, we designed a DNA bundle bear-
ing three “teeth” that is programmed to fold into a
half circle with a 25-nm radius (Fig. 4A; also see
fig. S19 for design details and fig. S5 for ad-
ditional zoom-out image data). Using hierar-
chical assembly, two of these bundles can be
combined into a circular object that resembles a
nanoscale gear with six teeth. The teeth exhibited
a greater frequency of folding defects than the
body, at a rate of about one defective tooth out
of three, perhaps related to their small size (only
42 bp long per double helix). About one-third of
multimeric complexes were observed to be the
target cyclic dimers, versus noncyclic dimers and
higher-ordermultimers. By adjusting the gradient
of insertions and deletions, the bundle can be
tuned to fold into a quarter circle with a 50-nm
radius (Fig. 4B; see also fig. S20 for design
details). By connecting four of these quarter cir-

cles, a gear with 12 teeth can be manufactured. In
this case, only about a tenth of the multimeric
complexes were observed to be the target cyclic
tetramers. In the future, target cyclization may be
improved for objects designed with taller inter-
faces that resist out-of-plane bending and that are
more tolerant of folding defects.

3D spherical shapes can be created as well
(Fig. 4C). We designed a 50-nm-wide spherical
wireframe object that resembles a beach ball by
programming six interconnected vertices, each
composed of two crossed six-helix bundles, to
bend so that a projection of the edges of an octa-
hedron onto a circumscribing sphere is com-
pleted (see fig. S21 for design details). We further
designed a concave and a convex triangle (Fig. 4,
D and E; see figs. S22 and S23 for design details)
and a spiral consisting of six segments of a six-
helix bundle that are each programmed to bend
into a half circle with increasing radii of curvature
(Fig. 4F; see fig. S24 for design details). The
convex triangle is designed as a hierarchically
assembling homotrimer. For this design, about
one-third of multimeric complexes were ob-
served to be the target cyclic trimers (additional
image data on all objects shown in Fig. 4 is
provided in fig. S6).

Precisely arranged bent DNA and associated
DNA-binding proteins play an important role in
transcriptional regulation and genomic packag-
ing (24–26). Programmable DNA bending might
prove useful as a probe to study the propensity of
such proteins to bind pre-bent DNA substrates
and also to probe the propensity of different DNA
sequences to adopt specifically bent conforma-
tions (27).
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Fig. 4. Bending enables the design of intricate nonlinear shapes. Red
segments indicate regions in which deletions and insertions are installed.
Scale bars, 20 nm. (A) Model of a 3-by-6–helix DNA-origami bundle
designed to bend into a half-circle with a 25-nm radius that bears three
non-bent teeth. Monomers were folded in separate chambers, purified,
and mixed with connector staple strands to form six-tooth gears. Typical
monomer and dimer particles visualized by negative-stain TEM. (B) 3-by-
6–helix bundle as in (A), modified to bend into a quarter circle with a 50-nm
radius. Hierarchical assembly of monomers yields 12-tooth gears. (C) A

single scaffold strand designed to fold into a 50-nm-wide spherical wireframe
capsule resembling a beach ball and four typical particles representing
different projections of the beach ball. The design folds as six bent crosses
(inset) connected on a single scaffold. (D) A concave triangle that is folded
from a single scaffold strand. The design can be conceptualized as three
3-by-6 bundles with internal segments designed to bend by 60°. (E) A convex
triangle assembled hierarchically from three 3-by-6 bundles designed
with a 120° bend (Fig. 3E). (F) A six-helix bundle programmed with varying
degrees of bending folds into a spiral-like object.
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model parameters. We expect our method for
generating DNA shapes with tunable bending to
be generally applicable for a wide range of bun-
dle cross-sectional architectures, as long as ex-
treme deviations from canonical B-form DNA
twist density (less than 6 bp per turn or more than
15 bp per turn) are avoided.

To illustrate the diversity of curved shapes
now accessible, we designed a DNA bundle bear-
ing three “teeth” that is programmed to fold into a
half circle with a 25-nm radius (Fig. 4A; also see
fig. S19 for design details and fig. S5 for ad-
ditional zoom-out image data). Using hierar-
chical assembly, two of these bundles can be
combined into a circular object that resembles a
nanoscale gear with six teeth. The teeth exhibited
a greater frequency of folding defects than the
body, at a rate of about one defective tooth out
of three, perhaps related to their small size (only
42 bp long per double helix). About one-third of
multimeric complexes were observed to be the
target cyclic dimers, versus noncyclic dimers and
higher-ordermultimers. By adjusting the gradient
of insertions and deletions, the bundle can be
tuned to fold into a quarter circle with a 50-nm
radius (Fig. 4B; see also fig. S20 for design
details). By connecting four of these quarter cir-

cles, a gear with 12 teeth can be manufactured. In
this case, only about a tenth of the multimeric
complexes were observed to be the target cyclic
tetramers. In the future, target cyclization may be
improved for objects designed with taller inter-
faces that resist out-of-plane bending and that are
more tolerant of folding defects.

3D spherical shapes can be created as well
(Fig. 4C). We designed a 50-nm-wide spherical
wireframe object that resembles a beach ball by
programming six interconnected vertices, each
composed of two crossed six-helix bundles, to
bend so that a projection of the edges of an octa-
hedron onto a circumscribing sphere is com-
pleted (see fig. S21 for design details). We further
designed a concave and a convex triangle (Fig. 4,
D and E; see figs. S22 and S23 for design details)
and a spiral consisting of six segments of a six-
helix bundle that are each programmed to bend
into a half circle with increasing radii of curvature
(Fig. 4F; see fig. S24 for design details). The
convex triangle is designed as a hierarchically
assembling homotrimer. For this design, about
one-third of multimeric complexes were ob-
served to be the target cyclic trimers (additional
image data on all objects shown in Fig. 4 is
provided in fig. S6).

Precisely arranged bent DNA and associated
DNA-binding proteins play an important role in
transcriptional regulation and genomic packag-
ing (24–26). Programmable DNA bending might
prove useful as a probe to study the propensity of
such proteins to bind pre-bent DNA substrates
and also to probe the propensity of different DNA
sequences to adopt specifically bent conforma-
tions (27).
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Fig. 4. Bending enables the design of intricate nonlinear shapes. Red
segments indicate regions in which deletions and insertions are installed.
Scale bars, 20 nm. (A) Model of a 3-by-6–helix DNA-origami bundle
designed to bend into a half-circle with a 25-nm radius that bears three
non-bent teeth. Monomers were folded in separate chambers, purified,
and mixed with connector staple strands to form six-tooth gears. Typical
monomer and dimer particles visualized by negative-stain TEM. (B) 3-by-
6–helix bundle as in (A), modified to bend into a quarter circle with a 50-nm
radius. Hierarchical assembly of monomers yields 12-tooth gears. (C) A

single scaffold strand designed to fold into a 50-nm-wide spherical wireframe
capsule resembling a beach ball and four typical particles representing
different projections of the beach ball. The design folds as six bent crosses
(inset) connected on a single scaffold. (D) A concave triangle that is folded
from a single scaffold strand. The design can be conceptualized as three
3-by-6 bundles with internal segments designed to bend by 60°. (E) A convex
triangle assembled hierarchically from three 3-by-6 bundles designed
with a 120° bend (Fig. 3E). (F) A six-helix bundle programmed with varying
degrees of bending folds into a spiral-like object.
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model parameters. We expect our method for
generating DNA shapes with tunable bending to
be generally applicable for a wide range of bun-
dle cross-sectional architectures, as long as ex-
treme deviations from canonical B-form DNA
twist density (less than 6 bp per turn or more than
15 bp per turn) are avoided.

To illustrate the diversity of curved shapes
now accessible, we designed a DNA bundle bear-
ing three “teeth” that is programmed to fold into a
half circle with a 25-nm radius (Fig. 4A; also see
fig. S19 for design details and fig. S5 for ad-
ditional zoom-out image data). Using hierar-
chical assembly, two of these bundles can be
combined into a circular object that resembles a
nanoscale gear with six teeth. The teeth exhibited
a greater frequency of folding defects than the
body, at a rate of about one defective tooth out
of three, perhaps related to their small size (only
42 bp long per double helix). About one-third of
multimeric complexes were observed to be the
target cyclic dimers, versus noncyclic dimers and
higher-ordermultimers. By adjusting the gradient
of insertions and deletions, the bundle can be
tuned to fold into a quarter circle with a 50-nm
radius (Fig. 4B; see also fig. S20 for design
details). By connecting four of these quarter cir-

cles, a gear with 12 teeth can be manufactured. In
this case, only about a tenth of the multimeric
complexes were observed to be the target cyclic
tetramers. In the future, target cyclization may be
improved for objects designed with taller inter-
faces that resist out-of-plane bending and that are
more tolerant of folding defects.

3D spherical shapes can be created as well
(Fig. 4C). We designed a 50-nm-wide spherical
wireframe object that resembles a beach ball by
programming six interconnected vertices, each
composed of two crossed six-helix bundles, to
bend so that a projection of the edges of an octa-
hedron onto a circumscribing sphere is com-
pleted (see fig. S21 for design details). We further
designed a concave and a convex triangle (Fig. 4,
D and E; see figs. S22 and S23 for design details)
and a spiral consisting of six segments of a six-
helix bundle that are each programmed to bend
into a half circle with increasing radii of curvature
(Fig. 4F; see fig. S24 for design details). The
convex triangle is designed as a hierarchically
assembling homotrimer. For this design, about
one-third of multimeric complexes were ob-
served to be the target cyclic trimers (additional
image data on all objects shown in Fig. 4 is
provided in fig. S6).

Precisely arranged bent DNA and associated
DNA-binding proteins play an important role in
transcriptional regulation and genomic packag-
ing (24–26). Programmable DNA bending might
prove useful as a probe to study the propensity of
such proteins to bind pre-bent DNA substrates
and also to probe the propensity of different DNA
sequences to adopt specifically bent conforma-
tions (27).
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Fig. 4. Bending enables the design of intricate nonlinear shapes. Red
segments indicate regions in which deletions and insertions are installed.
Scale bars, 20 nm. (A) Model of a 3-by-6–helix DNA-origami bundle
designed to bend into a half-circle with a 25-nm radius that bears three
non-bent teeth. Monomers were folded in separate chambers, purified,
and mixed with connector staple strands to form six-tooth gears. Typical
monomer and dimer particles visualized by negative-stain TEM. (B) 3-by-
6–helix bundle as in (A), modified to bend into a quarter circle with a 50-nm
radius. Hierarchical assembly of monomers yields 12-tooth gears. (C) A

single scaffold strand designed to fold into a 50-nm-wide spherical wireframe
capsule resembling a beach ball and four typical particles representing
different projections of the beach ball. The design folds as six bent crosses
(inset) connected on a single scaffold. (D) A concave triangle that is folded
from a single scaffold strand. The design can be conceptualized as three
3-by-6 bundles with internal segments designed to bend by 60°. (E) A convex
triangle assembled hierarchically from three 3-by-6 bundles designed
with a 120° bend (Fig. 3E). (F) A six-helix bundle programmed with varying
degrees of bending folds into a spiral-like object.
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model parameters. We expect our method for
generating DNA shapes with tunable bending to
be generally applicable for a wide range of bun-
dle cross-sectional architectures, as long as ex-
treme deviations from canonical B-form DNA
twist density (less than 6 bp per turn or more than
15 bp per turn) are avoided.

To illustrate the diversity of curved shapes
now accessible, we designed a DNA bundle bear-
ing three “teeth” that is programmed to fold into a
half circle with a 25-nm radius (Fig. 4A; also see
fig. S19 for design details and fig. S5 for ad-
ditional zoom-out image data). Using hierar-
chical assembly, two of these bundles can be
combined into a circular object that resembles a
nanoscale gear with six teeth. The teeth exhibited
a greater frequency of folding defects than the
body, at a rate of about one defective tooth out
of three, perhaps related to their small size (only
42 bp long per double helix). About one-third of
multimeric complexes were observed to be the
target cyclic dimers, versus noncyclic dimers and
higher-ordermultimers. By adjusting the gradient
of insertions and deletions, the bundle can be
tuned to fold into a quarter circle with a 50-nm
radius (Fig. 4B; see also fig. S20 for design
details). By connecting four of these quarter cir-

cles, a gear with 12 teeth can be manufactured. In
this case, only about a tenth of the multimeric
complexes were observed to be the target cyclic
tetramers. In the future, target cyclization may be
improved for objects designed with taller inter-
faces that resist out-of-plane bending and that are
more tolerant of folding defects.

3D spherical shapes can be created as well
(Fig. 4C). We designed a 50-nm-wide spherical
wireframe object that resembles a beach ball by
programming six interconnected vertices, each
composed of two crossed six-helix bundles, to
bend so that a projection of the edges of an octa-
hedron onto a circumscribing sphere is com-
pleted (see fig. S21 for design details). We further
designed a concave and a convex triangle (Fig. 4,
D and E; see figs. S22 and S23 for design details)
and a spiral consisting of six segments of a six-
helix bundle that are each programmed to bend
into a half circle with increasing radii of curvature
(Fig. 4F; see fig. S24 for design details). The
convex triangle is designed as a hierarchically
assembling homotrimer. For this design, about
one-third of multimeric complexes were ob-
served to be the target cyclic trimers (additional
image data on all objects shown in Fig. 4 is
provided in fig. S6).

Precisely arranged bent DNA and associated
DNA-binding proteins play an important role in
transcriptional regulation and genomic packag-
ing (24–26). Programmable DNA bending might
prove useful as a probe to study the propensity of
such proteins to bind pre-bent DNA substrates
and also to probe the propensity of different DNA
sequences to adopt specifically bent conforma-
tions (27).
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Fig. 4. Bending enables the design of intricate nonlinear shapes. Red
segments indicate regions in which deletions and insertions are installed.
Scale bars, 20 nm. (A) Model of a 3-by-6–helix DNA-origami bundle
designed to bend into a half-circle with a 25-nm radius that bears three
non-bent teeth. Monomers were folded in separate chambers, purified,
and mixed with connector staple strands to form six-tooth gears. Typical
monomer and dimer particles visualized by negative-stain TEM. (B) 3-by-
6–helix bundle as in (A), modified to bend into a quarter circle with a 50-nm
radius. Hierarchical assembly of monomers yields 12-tooth gears. (C) A

single scaffold strand designed to fold into a 50-nm-wide spherical wireframe
capsule resembling a beach ball and four typical particles representing
different projections of the beach ball. The design folds as six bent crosses
(inset) connected on a single scaffold. (D) A concave triangle that is folded
from a single scaffold strand. The design can be conceptualized as three
3-by-6 bundles with internal segments designed to bend by 60°. (E) A convex
triangle assembled hierarchically from three 3-by-6 bundles designed
with a 120° bend (Fig. 3E). (F) A six-helix bundle programmed with varying
degrees of bending folds into a spiral-like object.
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model parameters. We expect our method for
generating DNA shapes with tunable bending to
be generally applicable for a wide range of bun-
dle cross-sectional architectures, as long as ex-
treme deviations from canonical B-form DNA
twist density (less than 6 bp per turn or more than
15 bp per turn) are avoided.

To illustrate the diversity of curved shapes
now accessible, we designed a DNA bundle bear-
ing three “teeth” that is programmed to fold into a
half circle with a 25-nm radius (Fig. 4A; also see
fig. S19 for design details and fig. S5 for ad-
ditional zoom-out image data). Using hierar-
chical assembly, two of these bundles can be
combined into a circular object that resembles a
nanoscale gear with six teeth. The teeth exhibited
a greater frequency of folding defects than the
body, at a rate of about one defective tooth out
of three, perhaps related to their small size (only
42 bp long per double helix). About one-third of
multimeric complexes were observed to be the
target cyclic dimers, versus noncyclic dimers and
higher-ordermultimers. By adjusting the gradient
of insertions and deletions, the bundle can be
tuned to fold into a quarter circle with a 50-nm
radius (Fig. 4B; see also fig. S20 for design
details). By connecting four of these quarter cir-

cles, a gear with 12 teeth can be manufactured. In
this case, only about a tenth of the multimeric
complexes were observed to be the target cyclic
tetramers. In the future, target cyclization may be
improved for objects designed with taller inter-
faces that resist out-of-plane bending and that are
more tolerant of folding defects.

3D spherical shapes can be created as well
(Fig. 4C). We designed a 50-nm-wide spherical
wireframe object that resembles a beach ball by
programming six interconnected vertices, each
composed of two crossed six-helix bundles, to
bend so that a projection of the edges of an octa-
hedron onto a circumscribing sphere is com-
pleted (see fig. S21 for design details). We further
designed a concave and a convex triangle (Fig. 4,
D and E; see figs. S22 and S23 for design details)
and a spiral consisting of six segments of a six-
helix bundle that are each programmed to bend
into a half circle with increasing radii of curvature
(Fig. 4F; see fig. S24 for design details). The
convex triangle is designed as a hierarchically
assembling homotrimer. For this design, about
one-third of multimeric complexes were ob-
served to be the target cyclic trimers (additional
image data on all objects shown in Fig. 4 is
provided in fig. S6).

Precisely arranged bent DNA and associated
DNA-binding proteins play an important role in
transcriptional regulation and genomic packag-
ing (24–26). Programmable DNA bending might
prove useful as a probe to study the propensity of
such proteins to bind pre-bent DNA substrates
and also to probe the propensity of different DNA
sequences to adopt specifically bent conforma-
tions (27).
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Fig. 4. Bending enables the design of intricate nonlinear shapes. Red
segments indicate regions in which deletions and insertions are installed.
Scale bars, 20 nm. (A) Model of a 3-by-6–helix DNA-origami bundle
designed to bend into a half-circle with a 25-nm radius that bears three
non-bent teeth. Monomers were folded in separate chambers, purified,
and mixed with connector staple strands to form six-tooth gears. Typical
monomer and dimer particles visualized by negative-stain TEM. (B) 3-by-
6–helix bundle as in (A), modified to bend into a quarter circle with a 50-nm
radius. Hierarchical assembly of monomers yields 12-tooth gears. (C) A

single scaffold strand designed to fold into a 50-nm-wide spherical wireframe
capsule resembling a beach ball and four typical particles representing
different projections of the beach ball. The design folds as six bent crosses
(inset) connected on a single scaffold. (D) A concave triangle that is folded
from a single scaffold strand. The design can be conceptualized as three
3-by-6 bundles with internal segments designed to bend by 60°. (E) A convex
triangle assembled hierarchically from three 3-by-6 bundles designed
with a 120° bend (Fig. 3E). (F) A six-helix bundle programmed with varying
degrees of bending folds into a spiral-like object.
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model parameters. We expect our method for
generating DNA shapes with tunable bending to
be generally applicable for a wide range of bun-
dle cross-sectional architectures, as long as ex-
treme deviations from canonical B-form DNA
twist density (less than 6 bp per turn or more than
15 bp per turn) are avoided.

To illustrate the diversity of curved shapes
now accessible, we designed a DNA bundle bear-
ing three “teeth” that is programmed to fold into a
half circle with a 25-nm radius (Fig. 4A; also see
fig. S19 for design details and fig. S5 for ad-
ditional zoom-out image data). Using hierar-
chical assembly, two of these bundles can be
combined into a circular object that resembles a
nanoscale gear with six teeth. The teeth exhibited
a greater frequency of folding defects than the
body, at a rate of about one defective tooth out
of three, perhaps related to their small size (only
42 bp long per double helix). About one-third of
multimeric complexes were observed to be the
target cyclic dimers, versus noncyclic dimers and
higher-ordermultimers. By adjusting the gradient
of insertions and deletions, the bundle can be
tuned to fold into a quarter circle with a 50-nm
radius (Fig. 4B; see also fig. S20 for design
details). By connecting four of these quarter cir-

cles, a gear with 12 teeth can be manufactured. In
this case, only about a tenth of the multimeric
complexes were observed to be the target cyclic
tetramers. In the future, target cyclization may be
improved for objects designed with taller inter-
faces that resist out-of-plane bending and that are
more tolerant of folding defects.

3D spherical shapes can be created as well
(Fig. 4C). We designed a 50-nm-wide spherical
wireframe object that resembles a beach ball by
programming six interconnected vertices, each
composed of two crossed six-helix bundles, to
bend so that a projection of the edges of an octa-
hedron onto a circumscribing sphere is com-
pleted (see fig. S21 for design details). We further
designed a concave and a convex triangle (Fig. 4,
D and E; see figs. S22 and S23 for design details)
and a spiral consisting of six segments of a six-
helix bundle that are each programmed to bend
into a half circle with increasing radii of curvature
(Fig. 4F; see fig. S24 for design details). The
convex triangle is designed as a hierarchically
assembling homotrimer. For this design, about
one-third of multimeric complexes were ob-
served to be the target cyclic trimers (additional
image data on all objects shown in Fig. 4 is
provided in fig. S6).

Precisely arranged bent DNA and associated
DNA-binding proteins play an important role in
transcriptional regulation and genomic packag-
ing (24–26). Programmable DNA bending might
prove useful as a probe to study the propensity of
such proteins to bind pre-bent DNA substrates
and also to probe the propensity of different DNA
sequences to adopt specifically bent conforma-
tions (27).
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Fig. 4. Bending enables the design of intricate nonlinear shapes. Red
segments indicate regions in which deletions and insertions are installed.
Scale bars, 20 nm. (A) Model of a 3-by-6–helix DNA-origami bundle
designed to bend into a half-circle with a 25-nm radius that bears three
non-bent teeth. Monomers were folded in separate chambers, purified,
and mixed with connector staple strands to form six-tooth gears. Typical
monomer and dimer particles visualized by negative-stain TEM. (B) 3-by-
6–helix bundle as in (A), modified to bend into a quarter circle with a 50-nm
radius. Hierarchical assembly of monomers yields 12-tooth gears. (C) A

single scaffold strand designed to fold into a 50-nm-wide spherical wireframe
capsule resembling a beach ball and four typical particles representing
different projections of the beach ball. The design folds as six bent crosses
(inset) connected on a single scaffold. (D) A concave triangle that is folded
from a single scaffold strand. The design can be conceptualized as three
3-by-6 bundles with internal segments designed to bend by 60°. (E) A convex
triangle assembled hierarchically from three 3-by-6 bundles designed
with a 120° bend (Fig. 3E). (F) A six-helix bundle programmed with varying
degrees of bending folds into a spiral-like object.
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model parameters. We expect our method for
generating DNA shapes with tunable bending to
be generally applicable for a wide range of bun-
dle cross-sectional architectures, as long as ex-
treme deviations from canonical B-form DNA
twist density (less than 6 bp per turn or more than
15 bp per turn) are avoided.

To illustrate the diversity of curved shapes
now accessible, we designed a DNA bundle bear-
ing three “teeth” that is programmed to fold into a
half circle with a 25-nm radius (Fig. 4A; also see
fig. S19 for design details and fig. S5 for ad-
ditional zoom-out image data). Using hierar-
chical assembly, two of these bundles can be
combined into a circular object that resembles a
nanoscale gear with six teeth. The teeth exhibited
a greater frequency of folding defects than the
body, at a rate of about one defective tooth out
of three, perhaps related to their small size (only
42 bp long per double helix). About one-third of
multimeric complexes were observed to be the
target cyclic dimers, versus noncyclic dimers and
higher-ordermultimers. By adjusting the gradient
of insertions and deletions, the bundle can be
tuned to fold into a quarter circle with a 50-nm
radius (Fig. 4B; see also fig. S20 for design
details). By connecting four of these quarter cir-

cles, a gear with 12 teeth can be manufactured. In
this case, only about a tenth of the multimeric
complexes were observed to be the target cyclic
tetramers. In the future, target cyclization may be
improved for objects designed with taller inter-
faces that resist out-of-plane bending and that are
more tolerant of folding defects.

3D spherical shapes can be created as well
(Fig. 4C). We designed a 50-nm-wide spherical
wireframe object that resembles a beach ball by
programming six interconnected vertices, each
composed of two crossed six-helix bundles, to
bend so that a projection of the edges of an octa-
hedron onto a circumscribing sphere is com-
pleted (see fig. S21 for design details). We further
designed a concave and a convex triangle (Fig. 4,
D and E; see figs. S22 and S23 for design details)
and a spiral consisting of six segments of a six-
helix bundle that are each programmed to bend
into a half circle with increasing radii of curvature
(Fig. 4F; see fig. S24 for design details). The
convex triangle is designed as a hierarchically
assembling homotrimer. For this design, about
one-third of multimeric complexes were ob-
served to be the target cyclic trimers (additional
image data on all objects shown in Fig. 4 is
provided in fig. S6).

Precisely arranged bent DNA and associated
DNA-binding proteins play an important role in
transcriptional regulation and genomic packag-
ing (24–26). Programmable DNA bending might
prove useful as a probe to study the propensity of
such proteins to bind pre-bent DNA substrates
and also to probe the propensity of different DNA
sequences to adopt specifically bent conforma-
tions (27).
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Fig. 4. Bending enables the design of intricate nonlinear shapes. Red
segments indicate regions in which deletions and insertions are installed.
Scale bars, 20 nm. (A) Model of a 3-by-6–helix DNA-origami bundle
designed to bend into a half-circle with a 25-nm radius that bears three
non-bent teeth. Monomers were folded in separate chambers, purified,
and mixed with connector staple strands to form six-tooth gears. Typical
monomer and dimer particles visualized by negative-stain TEM. (B) 3-by-
6–helix bundle as in (A), modified to bend into a quarter circle with a 50-nm
radius. Hierarchical assembly of monomers yields 12-tooth gears. (C) A

single scaffold strand designed to fold into a 50-nm-wide spherical wireframe
capsule resembling a beach ball and four typical particles representing
different projections of the beach ball. The design folds as six bent crosses
(inset) connected on a single scaffold. (D) A concave triangle that is folded
from a single scaffold strand. The design can be conceptualized as three
3-by-6 bundles with internal segments designed to bend by 60°. (E) A convex
triangle assembled hierarchically from three 3-by-6 bundles designed
with a 120° bend (Fig. 3E). (F) A six-helix bundle programmed with varying
degrees of bending folds into a spiral-like object.
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model parameters. We expect our method for
generating DNA shapes with tunable bending to
be generally applicable for a wide range of bun-
dle cross-sectional architectures, as long as ex-
treme deviations from canonical B-form DNA
twist density (less than 6 bp per turn or more than
15 bp per turn) are avoided.

To illustrate the diversity of curved shapes
now accessible, we designed a DNA bundle bear-
ing three “teeth” that is programmed to fold into a
half circle with a 25-nm radius (Fig. 4A; also see
fig. S19 for design details and fig. S5 for ad-
ditional zoom-out image data). Using hierar-
chical assembly, two of these bundles can be
combined into a circular object that resembles a
nanoscale gear with six teeth. The teeth exhibited
a greater frequency of folding defects than the
body, at a rate of about one defective tooth out
of three, perhaps related to their small size (only
42 bp long per double helix). About one-third of
multimeric complexes were observed to be the
target cyclic dimers, versus noncyclic dimers and
higher-ordermultimers. By adjusting the gradient
of insertions and deletions, the bundle can be
tuned to fold into a quarter circle with a 50-nm
radius (Fig. 4B; see also fig. S20 for design
details). By connecting four of these quarter cir-

cles, a gear with 12 teeth can be manufactured. In
this case, only about a tenth of the multimeric
complexes were observed to be the target cyclic
tetramers. In the future, target cyclization may be
improved for objects designed with taller inter-
faces that resist out-of-plane bending and that are
more tolerant of folding defects.

3D spherical shapes can be created as well
(Fig. 4C). We designed a 50-nm-wide spherical
wireframe object that resembles a beach ball by
programming six interconnected vertices, each
composed of two crossed six-helix bundles, to
bend so that a projection of the edges of an octa-
hedron onto a circumscribing sphere is com-
pleted (see fig. S21 for design details). We further
designed a concave and a convex triangle (Fig. 4,
D and E; see figs. S22 and S23 for design details)
and a spiral consisting of six segments of a six-
helix bundle that are each programmed to bend
into a half circle with increasing radii of curvature
(Fig. 4F; see fig. S24 for design details). The
convex triangle is designed as a hierarchically
assembling homotrimer. For this design, about
one-third of multimeric complexes were ob-
served to be the target cyclic trimers (additional
image data on all objects shown in Fig. 4 is
provided in fig. S6).

Precisely arranged bent DNA and associated
DNA-binding proteins play an important role in
transcriptional regulation and genomic packag-
ing (24–26). Programmable DNA bending might
prove useful as a probe to study the propensity of
such proteins to bind pre-bent DNA substrates
and also to probe the propensity of different DNA
sequences to adopt specifically bent conforma-
tions (27).
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Fig. 4. Bending enables the design of intricate nonlinear shapes. Red
segments indicate regions in which deletions and insertions are installed.
Scale bars, 20 nm. (A) Model of a 3-by-6–helix DNA-origami bundle
designed to bend into a half-circle with a 25-nm radius that bears three
non-bent teeth. Monomers were folded in separate chambers, purified,
and mixed with connector staple strands to form six-tooth gears. Typical
monomer and dimer particles visualized by negative-stain TEM. (B) 3-by-
6–helix bundle as in (A), modified to bend into a quarter circle with a 50-nm
radius. Hierarchical assembly of monomers yields 12-tooth gears. (C) A

single scaffold strand designed to fold into a 50-nm-wide spherical wireframe
capsule resembling a beach ball and four typical particles representing
different projections of the beach ball. The design folds as six bent crosses
(inset) connected on a single scaffold. (D) A concave triangle that is folded
from a single scaffold strand. The design can be conceptualized as three
3-by-6 bundles with internal segments designed to bend by 60°. (E) A convex
triangle assembled hierarchically from three 3-by-6 bundles designed
with a 120° bend (Fig. 3E). (F) A six-helix bundle programmed with varying
degrees of bending folds into a spiral-like object.
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Dietz et al - Folding DNA into Twisted and Curved 
Nanoscale Shapes



Origin of 
Stripes

Claim: Clear stripes indicate 
well formed structures.

Dietz et al - Folding DNA into Twisted and Curved Nanoscale Shapes
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Yield Analysis

Dietz et al - Folding DNA into Twisted and Curved 
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Yield Analysis: 3D DNA Origami

• Yield ~ 50% at radius of curvature 10 nm

• Yield decreases as radius of curvature decreases

• Low yield for multimeric object such as gears, sometimes 
less than 10%

Dietz et al - Folding DNA into Twisted and Curved 
Nanoscale Shapes



Overview
• Gave a 3D extension of origami

• Implemented using the honeycomb lattice

• Sculpt away unnecessary parts of the lattice

• Change the number of bases per turn to twist or 
bend the honeycomb

• Long annealing schedule

• Carefully controlled cationic concentration

• Average to low yields

Dietz et al - Folding DNA into Twisted and Curved 
Nanoscale Shapes



Han et al – DNA Origami with 
Complex Curvatures in Three-

Dimensional Space



Han et al – DNA Origami with Complex 
Curvatures in Three-Dimensional Space

In the final steps, a long single-stranded scaf-
fold (7249 nts for the typical M13 scaffold, the
cyan strands in Fig. 1, C and D) is wound so that
it comprises one of the two strands in every helix;
each time the scaffold moves from one ring to the
next, a “scaffold crossover” is created. Watson-
Crick complements to the scaffold (staples, the
colored strands in Fig. 1, C and D) are sub-
sequently designed to serve as the second strand
in each helix and create the additional crossovers
that maintain structural integrity (19). Each staple
is generally 16 to 60 nts long and reverses di-
rection after participating in a crossover, resulting
in stable antiparallel crossover configurations (5).
Once the folding path, crossover pattern, and
staple position are determined, a list of staple se-
quences is generated (19). Several additional
factors, including the ideal conformation of DNA
double helices, must be considered to complete
the design process.

The conformation of each double-helical ring
(10 bps/turn) shown in Fig. 1, C and D, closely
resembles B-formDNA (10.5 bps/turn), andwhile
the concentric ring structure demonstrates in-
plane bending of nonparallel helices, maintaining
~10 bps/turn sacrifices a certain level of design
control. For example, sustaining ~10 bps/turn re-
stricts the number of concentric rings that can be
added to a structure. As the radius of a ring in-
creases, additional crossover points are required
to constrain the double helix to a 2D ring (i.e., 70
bps between crossovers is not expected to main-
tain the required level of rigidity). Consider add-
ing a fourth, fifth, and sixth ring to the concentric
ring structure in Fig. 1, C and D: The fourth ring
would have 250 bps with five crossovers (50 bps
between crossovers), the fifth ring would have
300 bps with five crossovers (60 bps between
crossovers), and, following the same pattern, the
sixth ring would have 350 bps with five cross-
overs (70 bps between crossovers). To stabilize
the outer ring would most likely require at least
one additional crossover, and the resulting double
helix would no longer conform to 10 bps/turn.

DNA has been shown to be flexible enough
to tolerate non-natural conformations in certain

DNA nanostructure arrangements (18). To deter-
mine the range of DNA conformations amena-
ble to our current design, we constructed a series
of three-ring structures (fig. S11) with different
numbers of bps between adjacent crossovers and
evaluated their stability (19). We found that a
wide range of DNA conformations are compat-
ible with DNA origami formation, as confirmed
by the atomic force microscopy (AFM) images in
fig. S13. As expected, structures in which the
DNA most closely resembles its natural confor-
mation (10 and 11 bps/turn) formed with the
highest yield (>96%), and those with the largest
deviation from 10.5 bps/turn (8 and 13 bps/turn)
formed with the lowest yield (fig. S14). The
results suggest that it is not necessary to strictly
conform to 10.5 bps/turn when designing DNA
origami structures, and the flexibility in this de-
sign constraint supports more complex design
schemes.

With each of these parameters in mind, we
designed objects with more complex structural
features. Figure 2A illustrates a more intricate
concentric ring design, with nine layers of double-
helical rings (fig. S26). The design is based on a
Dc of 50 bps, and the number of bps/ring ranges
from 200 in the innermost to 600 in the outermost
ring (with an increment of 50 bps/ring). As the
ring size increases, the outer layers need addi-
tional crossovers between helices to stabilize the
overall structure and preserve the circular shape.
The number of crossovers between adjacent heli-
ces is five for the two innermost rings, and 10 for
the remaining outer rings. Table 1 lists the spe-
cific details of each concentric ring layer. The
conformation of double-helical DNA in the nine-
layer concentric ring structure ranges from 9 to
11.7 bps/turn, with several different distances be-
tween successive crossovers. The AFM images
in Fig. 2A and fig. S16 reveal that the nine-layer
ring structure forms with relatively high yield

(~90%), despite the various degrees of bending in
each of the helices and inclusion of non–B-form
DNA (19).

A modified square frame (Fig. 2B) was de-
signed to determine whether sharp and rounded
elements could be combined in a single structure
(figs. S31 to S33). Each side of the modified
square frame is based on a conventional helix-
parallel design scheme, whereas each corner cor-
responds to one-fourth of the concentric ring
design. The AFM images (Fig. 2B and fig. S18)
confirm that several design strategies can in fact
be used to generate intricate details within a sin-
gle structure (19). Several additional 2D designs
with various structural features were also con-
structed (fig. S15). An “opened” version of the
nine-layer ring structure was assembled (fig. S27),
as well as an unmodified square frame with four
well-defined sharp corners (figs. S28 to S30), and
a three-point star motif (fig. S34).

To produce a complex 3D object, it is neces-
sary to create curvatures both in and out of the
plane. Out-of-plane curvature can be achieved by
shifting the relative position of crossover points
between DNA double helices (Fig. 1, E and F).
Typically, two adjacent B-form helices (n and
n + 1) are linked by crossovers that are spaced
21 bps apart (exactly two full turns), with the two
axes of the helices defining a plane. The cross-
over pattern of the two-helix bundle and those
of a third helix can be offset by any discrete num-
ber of individual nucleotides (not equal to any
whole number of half turns, which would result
in all three helices lying in the same plane), and
in this way, the third helix can deviate from the
plane of the previous two. However, with B-form
DNA, the dihedral angle (q)—the angle between
the planes defined by n and n + 1, and n + 1 and
n + 2—can not be finely tuned, and ~34.3°/bp
is the smallest increment of curvature that can
be achieved.

Table 1. Design parameters for the nine-layer
concentric-ring structure. The number of bps in
each ring, number of crossovers between adjacent
helices, conformation of the double helical DNA in
bps/turn, and radius are listed, respectively.

Ring no. bps No. of
crossovers

bps/turn Radius
(nm)

1 200 5 10 10.3
2 250 5 10 12.9
3 300 10 10 15.5
4 350 10 11.7 18
5 400 10 10 20.6
6 450 10 9 23.2
7 500 10 10 25.8
8 550 10 11 28.4
9 600 – 10 30.9

Fig. 3. DNA nanostructures with complex 3D curvatures. (A) Schematic representation of the hem-
isphere. (B) Schematic representation of the sphere. (C) Schematic representation of the ellipsoid. (D) TEM
images of the hemisphere, randomly deposited on TEM grids. The concave surface is visible as a dark area.
(E) TEM images of the sphere, randomly deposited on TEM grids. Due to the spherical symmetry, the
orientation can not be determined. (F) TEM images of the ellipsoid. The outline of the ellipsoid is visible.
Scale bar for the TEM images in (D), (E) and (F) is 50 nm. (G) Schematic representation of the nanoflask.
(H) AFM images of the nanoflask. Scale bar is 75 nm. (I) TEM images of the nanoflask, randomly deposited
on TEM grids. The cylindrical neck and rounded bottom of the flask are clearly visible in the images. Scale
bar is 50 nm.
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fold, followed by manipulation of DNA confor-
mation and shaping of crossover networks to
achieve the design.

First, we designed a series of curved 2DDNA
origami structures to establish the basic design
principles of our method (19). The first step is to
create an outline of the desired shape. For il-
lustration purposes, Fig. 1, C and D, show an
example shape: a 7-nm-wide concentric ring struc-
ture. For this rounded structure, the shape is filled
by following the contours of the outline and
conceptually “winding” double-helical DNA into
concentric rings. The structure is composed of
three concentric rings of helices, with an in-
terhelical distance (Dr) of 2.5 nm (from the axial
center of one helix to the center of an adjacent
helix). This value is based on the observed pack-
ing of parallel helices in conventional DNA

origami structures and is merely a first approx-
imation for design purposes (20). The circum-
ferences (c) of rings are designed to maintain the
interhelical distance; therefore, Dc should equal
15.7 nm (Dc = 2p × 2.5 nm). For B-form DNA,
this is equivalent to 48.5 bps, a value that can be
adjusted to 48 or 50 bps for ease and symmetry of
design. In Fig. 1C, the inner, middle, and outer
rings contain 100, 150, and 200 bps, respectively.

The second step is to incorporate a periodic
array of crossovers between helices (19). Cross-
overs represent positions at which a strand of
DNA following along one ring switches to an
adjacent ring, bridging the interhelical gap.With-
out these crossovers between helices, the rigidity
of double-helical DNA (with a persistence length
of ~50 nm) (21) would cause the DNA in each
ring to extend fully. The number and pattern of

crossovers are flexible and will depend on the
overall design and on the size of each ring. The-
oretically, any divisor of Dc (48 or 50) could be
considered; however, a balance between flexibil-
ity and structural stability must be maintained.
For rings with a Dc of 48 bps, this generally
corresponds to 3, 4, 6, or 8 crossovers between
helices. For those with a Dc of 50 bps, the
number of crossovers should be adjusted to either
5 or 10. These values ensure that the pattern of
crossovers is symmetric, with an integer number
of bps between sequential crossovers. For helices
that are connected to two neighboring rings (this
condition applies to all but the inner and outer-
most rings), the pattern of crossovers must con-
tain nucleotide positions that are facing both of
the adjacent helices (tangent). In Fig. 1, the inner/
middle and middle/outer rings are connected at
five distinct crossover points. Thus, the inner,
middle, and outer rings contain 20, 30, and 40
bps between crossovers, which is approximately
equal to 2, 3, and 4 full turns (for B-form DNA),
respectively. For the middle ring, the alternating
crossover points between the inner and outer ring
are spaced by 1.5 turns, which ensures that the
three rings are approximately in the same plane.

Fig. 1. Design principles for DNA origami with complex curvatures in 3D space. (A) A parallel
arrangement of DNA double helices to make multihelical DNA nanostructures. The distance between
consecutive crossovers connecting adjacent helices (L1, L2, and L3) is constant and generally corresponds
to 21 or 32 bps (about two or three full turns of B-form DNA). (B) Bending of DNA helices into concentric
rings to generate in-plane curvature. The distance between crossovers in the outer rings are greater than
in the inner rings (L3 > L2 > L1). This distance is not required to be regular, or exactly equal to a whole
number of full turns of B-form DNA for every helix. (C) Schematic diagram of a three-ring concentric
structure. The long single-stranded DNA scaffold is shown in cyan, and short oligonucleotide staple
strands are shown in various colors. Two scaffold crossovers are required between adjacent rings to
achieve the three-ring arrangement. They are located far apart, on opposite sides of the rings. Five
periodic, staple-strand crossovers connect the outer and middle rings and the middle and inner rings,
respectively, constraining the three bent double-helical DNA rings to the same 2D plane. (D) Helical and
cylindrical view of the three-ring concentric structure. (E) A general method to introduce out-of-plane
curvature in a multihelical DNA structure. All DNA helices exhibit a natural B-form conformation. There
are 10 possible values of q ranging from ~34° to ~343°. Due to steric hindrance, not all values are
allowed. Only a few of these values are demonstrated here. (F) Various views of the structure shown in (E),
viewed along the helical axes, tilted by 135°, and perpendicular to the helical axes.

Fig. 2. Curved 2D DNA nanostructures with various
structural features. (Upper panels) Schematic de-
signs. (Middle panels) Zoom-in AFM images with 50-
nm scale bars. (Lower panels) Zoom-out AFM images
with 100-nm scale bars. (A) Nine-layer concentric
ring structure. Only 3600 of 7249 nucleotides of the
scaffold strand are used in this structure, and the
remaining single-stranded loop is left unpaired,
attached to the outer ring (often visible due to
formation of secondary structures). (B) Eleven-layer
modified concentric square frame structure with
rounded outer corners and sharp inner corners.
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fold, followed by manipulation of DNA confor-
mation and shaping of crossover networks to
achieve the design.

First, we designed a series of curved 2DDNA
origami structures to establish the basic design
principles of our method (19). The first step is to
create an outline of the desired shape. For il-
lustration purposes, Fig. 1, C and D, show an
example shape: a 7-nm-wide concentric ring struc-
ture. For this rounded structure, the shape is filled
by following the contours of the outline and
conceptually “winding” double-helical DNA into
concentric rings. The structure is composed of
three concentric rings of helices, with an in-
terhelical distance (Dr) of 2.5 nm (from the axial
center of one helix to the center of an adjacent
helix). This value is based on the observed pack-
ing of parallel helices in conventional DNA

origami structures and is merely a first approx-
imation for design purposes (20). The circum-
ferences (c) of rings are designed to maintain the
interhelical distance; therefore, Dc should equal
15.7 nm (Dc = 2p × 2.5 nm). For B-form DNA,
this is equivalent to 48.5 bps, a value that can be
adjusted to 48 or 50 bps for ease and symmetry of
design. In Fig. 1C, the inner, middle, and outer
rings contain 100, 150, and 200 bps, respectively.

The second step is to incorporate a periodic
array of crossovers between helices (19). Cross-
overs represent positions at which a strand of
DNA following along one ring switches to an
adjacent ring, bridging the interhelical gap.With-
out these crossovers between helices, the rigidity
of double-helical DNA (with a persistence length
of ~50 nm) (21) would cause the DNA in each
ring to extend fully. The number and pattern of

crossovers are flexible and will depend on the
overall design and on the size of each ring. The-
oretically, any divisor of Dc (48 or 50) could be
considered; however, a balance between flexibil-
ity and structural stability must be maintained.
For rings with a Dc of 48 bps, this generally
corresponds to 3, 4, 6, or 8 crossovers between
helices. For those with a Dc of 50 bps, the
number of crossovers should be adjusted to either
5 or 10. These values ensure that the pattern of
crossovers is symmetric, with an integer number
of bps between sequential crossovers. For helices
that are connected to two neighboring rings (this
condition applies to all but the inner and outer-
most rings), the pattern of crossovers must con-
tain nucleotide positions that are facing both of
the adjacent helices (tangent). In Fig. 1, the inner/
middle and middle/outer rings are connected at
five distinct crossover points. Thus, the inner,
middle, and outer rings contain 20, 30, and 40
bps between crossovers, which is approximately
equal to 2, 3, and 4 full turns (for B-form DNA),
respectively. For the middle ring, the alternating
crossover points between the inner and outer ring
are spaced by 1.5 turns, which ensures that the
three rings are approximately in the same plane.

Fig. 1. Design principles for DNA origami with complex curvatures in 3D space. (A) A parallel
arrangement of DNA double helices to make multihelical DNA nanostructures. The distance between
consecutive crossovers connecting adjacent helices (L1, L2, and L3) is constant and generally corresponds
to 21 or 32 bps (about two or three full turns of B-form DNA). (B) Bending of DNA helices into concentric
rings to generate in-plane curvature. The distance between crossovers in the outer rings are greater than
in the inner rings (L3 > L2 > L1). This distance is not required to be regular, or exactly equal to a whole
number of full turns of B-form DNA for every helix. (C) Schematic diagram of a three-ring concentric
structure. The long single-stranded DNA scaffold is shown in cyan, and short oligonucleotide staple
strands are shown in various colors. Two scaffold crossovers are required between adjacent rings to
achieve the three-ring arrangement. They are located far apart, on opposite sides of the rings. Five
periodic, staple-strand crossovers connect the outer and middle rings and the middle and inner rings,
respectively, constraining the three bent double-helical DNA rings to the same 2D plane. (D) Helical and
cylindrical view of the three-ring concentric structure. (E) A general method to introduce out-of-plane
curvature in a multihelical DNA structure. All DNA helices exhibit a natural B-form conformation. There
are 10 possible values of q ranging from ~34° to ~343°. Due to steric hindrance, not all values are
allowed. Only a few of these values are demonstrated here. (F) Various views of the structure shown in (E),
viewed along the helical axes, tilted by 135°, and perpendicular to the helical axes.

Fig. 2. Curved 2D DNA nanostructures with various
structural features. (Upper panels) Schematic de-
signs. (Middle panels) Zoom-in AFM images with 50-
nm scale bars. (Lower panels) Zoom-out AFM images
with 100-nm scale bars. (A) Nine-layer concentric
ring structure. Only 3600 of 7249 nucleotides of the
scaffold strand are used in this structure, and the
remaining single-stranded loop is left unpaired,
attached to the outer ring (often visible due to
formation of secondary structures). (B) Eleven-layer
modified concentric square frame structure with
rounded outer corners and sharp inner corners.
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Han et al – DNA Origami with Complex Curvatures in Three-Dimensional Space

Design principles for DNA origami with complex 
curvatures in 3D space.

(A) A parallel arrangement of DNA double helices to make multihelical 
DNA nanostructures. The distance between consecutive crossovers 
connecting adjacent helices (L1, L2, and L3) is constant and generally 
corresponds to 21 or 32 bps (about two or three full turns of B-form 
DNA). 

(B) Bending of DNA helices into concentric rings to generate 
in-plane curvature. The distance between crossovers in the 
outer rings are greater than in the inner rings (L3 > L2 > L1). 
This distance is not required to be regular, or exactly equal to 
a whole number of full turns of B-form DNA for every helix. 



fold, followed by manipulation of DNA confor-
mation and shaping of crossover networks to
achieve the design.

First, we designed a series of curved 2DDNA
origami structures to establish the basic design
principles of our method (19). The first step is to
create an outline of the desired shape. For il-
lustration purposes, Fig. 1, C and D, show an
example shape: a 7-nm-wide concentric ring struc-
ture. For this rounded structure, the shape is filled
by following the contours of the outline and
conceptually “winding” double-helical DNA into
concentric rings. The structure is composed of
three concentric rings of helices, with an in-
terhelical distance (Dr) of 2.5 nm (from the axial
center of one helix to the center of an adjacent
helix). This value is based on the observed pack-
ing of parallel helices in conventional DNA

origami structures and is merely a first approx-
imation for design purposes (20). The circum-
ferences (c) of rings are designed to maintain the
interhelical distance; therefore, Dc should equal
15.7 nm (Dc = 2p × 2.5 nm). For B-form DNA,
this is equivalent to 48.5 bps, a value that can be
adjusted to 48 or 50 bps for ease and symmetry of
design. In Fig. 1C, the inner, middle, and outer
rings contain 100, 150, and 200 bps, respectively.

The second step is to incorporate a periodic
array of crossovers between helices (19). Cross-
overs represent positions at which a strand of
DNA following along one ring switches to an
adjacent ring, bridging the interhelical gap.With-
out these crossovers between helices, the rigidity
of double-helical DNA (with a persistence length
of ~50 nm) (21) would cause the DNA in each
ring to extend fully. The number and pattern of

crossovers are flexible and will depend on the
overall design and on the size of each ring. The-
oretically, any divisor of Dc (48 or 50) could be
considered; however, a balance between flexibil-
ity and structural stability must be maintained.
For rings with a Dc of 48 bps, this generally
corresponds to 3, 4, 6, or 8 crossovers between
helices. For those with a Dc of 50 bps, the
number of crossovers should be adjusted to either
5 or 10. These values ensure that the pattern of
crossovers is symmetric, with an integer number
of bps between sequential crossovers. For helices
that are connected to two neighboring rings (this
condition applies to all but the inner and outer-
most rings), the pattern of crossovers must con-
tain nucleotide positions that are facing both of
the adjacent helices (tangent). In Fig. 1, the inner/
middle and middle/outer rings are connected at
five distinct crossover points. Thus, the inner,
middle, and outer rings contain 20, 30, and 40
bps between crossovers, which is approximately
equal to 2, 3, and 4 full turns (for B-form DNA),
respectively. For the middle ring, the alternating
crossover points between the inner and outer ring
are spaced by 1.5 turns, which ensures that the
three rings are approximately in the same plane.

Fig. 1. Design principles for DNA origami with complex curvatures in 3D space. (A) A parallel
arrangement of DNA double helices to make multihelical DNA nanostructures. The distance between
consecutive crossovers connecting adjacent helices (L1, L2, and L3) is constant and generally corresponds
to 21 or 32 bps (about two or three full turns of B-form DNA). (B) Bending of DNA helices into concentric
rings to generate in-plane curvature. The distance between crossovers in the outer rings are greater than
in the inner rings (L3 > L2 > L1). This distance is not required to be regular, or exactly equal to a whole
number of full turns of B-form DNA for every helix. (C) Schematic diagram of a three-ring concentric
structure. The long single-stranded DNA scaffold is shown in cyan, and short oligonucleotide staple
strands are shown in various colors. Two scaffold crossovers are required between adjacent rings to
achieve the three-ring arrangement. They are located far apart, on opposite sides of the rings. Five
periodic, staple-strand crossovers connect the outer and middle rings and the middle and inner rings,
respectively, constraining the three bent double-helical DNA rings to the same 2D plane. (D) Helical and
cylindrical view of the three-ring concentric structure. (E) A general method to introduce out-of-plane
curvature in a multihelical DNA structure. All DNA helices exhibit a natural B-form conformation. There
are 10 possible values of q ranging from ~34° to ~343°. Due to steric hindrance, not all values are
allowed. Only a few of these values are demonstrated here. (F) Various views of the structure shown in (E),
viewed along the helical axes, tilted by 135°, and perpendicular to the helical axes.

Fig. 2. Curved 2D DNA nanostructures with various
structural features. (Upper panels) Schematic de-
signs. (Middle panels) Zoom-in AFM images with 50-
nm scale bars. (Lower panels) Zoom-out AFM images
with 100-nm scale bars. (A) Nine-layer concentric
ring structure. Only 3600 of 7249 nucleotides of the
scaffold strand are used in this structure, and the
remaining single-stranded loop is left unpaired,
attached to the outer ring (often visible due to
formation of secondary structures). (B) Eleven-layer
modified concentric square frame structure with
rounded outer corners and sharp inner corners.
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Design principles for DNA origami with complex 
curvatures in 3D space.

(C) Schematic diagram of a three-ring concentric 
structure. The long single-stranded DNA scaffold is 
shown in cyan, and short oligonucleotide staple 
strands are shown in various colors. Two scaffold 
crossovers are required between adjacent rings to 
achieve the three-ring arrangement. They are located 
far apart, on opposite sides of the rings. Five periodic, 
staple-strand crossovers connect the outer and middle 
rings and the middle and inner rings, 
respectively, constraining the three bent double-
helical DNA rings to the same 2D plane. 

(D) Helical and cylindrical view of the three-ring concentric structure. 



fold, followed by manipulation of DNA confor-
mation and shaping of crossover networks to
achieve the design.

First, we designed a series of curved 2DDNA
origami structures to establish the basic design
principles of our method (19). The first step is to
create an outline of the desired shape. For il-
lustration purposes, Fig. 1, C and D, show an
example shape: a 7-nm-wide concentric ring struc-
ture. For this rounded structure, the shape is filled
by following the contours of the outline and
conceptually “winding” double-helical DNA into
concentric rings. The structure is composed of
three concentric rings of helices, with an in-
terhelical distance (Dr) of 2.5 nm (from the axial
center of one helix to the center of an adjacent
helix). This value is based on the observed pack-
ing of parallel helices in conventional DNA

origami structures and is merely a first approx-
imation for design purposes (20). The circum-
ferences (c) of rings are designed to maintain the
interhelical distance; therefore, Dc should equal
15.7 nm (Dc = 2p × 2.5 nm). For B-form DNA,
this is equivalent to 48.5 bps, a value that can be
adjusted to 48 or 50 bps for ease and symmetry of
design. In Fig. 1C, the inner, middle, and outer
rings contain 100, 150, and 200 bps, respectively.

The second step is to incorporate a periodic
array of crossovers between helices (19). Cross-
overs represent positions at which a strand of
DNA following along one ring switches to an
adjacent ring, bridging the interhelical gap.With-
out these crossovers between helices, the rigidity
of double-helical DNA (with a persistence length
of ~50 nm) (21) would cause the DNA in each
ring to extend fully. The number and pattern of

crossovers are flexible and will depend on the
overall design and on the size of each ring. The-
oretically, any divisor of Dc (48 or 50) could be
considered; however, a balance between flexibil-
ity and structural stability must be maintained.
For rings with a Dc of 48 bps, this generally
corresponds to 3, 4, 6, or 8 crossovers between
helices. For those with a Dc of 50 bps, the
number of crossovers should be adjusted to either
5 or 10. These values ensure that the pattern of
crossovers is symmetric, with an integer number
of bps between sequential crossovers. For helices
that are connected to two neighboring rings (this
condition applies to all but the inner and outer-
most rings), the pattern of crossovers must con-
tain nucleotide positions that are facing both of
the adjacent helices (tangent). In Fig. 1, the inner/
middle and middle/outer rings are connected at
five distinct crossover points. Thus, the inner,
middle, and outer rings contain 20, 30, and 40
bps between crossovers, which is approximately
equal to 2, 3, and 4 full turns (for B-form DNA),
respectively. For the middle ring, the alternating
crossover points between the inner and outer ring
are spaced by 1.5 turns, which ensures that the
three rings are approximately in the same plane.

Fig. 1. Design principles for DNA origami with complex curvatures in 3D space. (A) A parallel
arrangement of DNA double helices to make multihelical DNA nanostructures. The distance between
consecutive crossovers connecting adjacent helices (L1, L2, and L3) is constant and generally corresponds
to 21 or 32 bps (about two or three full turns of B-form DNA). (B) Bending of DNA helices into concentric
rings to generate in-plane curvature. The distance between crossovers in the outer rings are greater than
in the inner rings (L3 > L2 > L1). This distance is not required to be regular, or exactly equal to a whole
number of full turns of B-form DNA for every helix. (C) Schematic diagram of a three-ring concentric
structure. The long single-stranded DNA scaffold is shown in cyan, and short oligonucleotide staple
strands are shown in various colors. Two scaffold crossovers are required between adjacent rings to
achieve the three-ring arrangement. They are located far apart, on opposite sides of the rings. Five
periodic, staple-strand crossovers connect the outer and middle rings and the middle and inner rings,
respectively, constraining the three bent double-helical DNA rings to the same 2D plane. (D) Helical and
cylindrical view of the three-ring concentric structure. (E) A general method to introduce out-of-plane
curvature in a multihelical DNA structure. All DNA helices exhibit a natural B-form conformation. There
are 10 possible values of q ranging from ~34° to ~343°. Due to steric hindrance, not all values are
allowed. Only a few of these values are demonstrated here. (F) Various views of the structure shown in (E),
viewed along the helical axes, tilted by 135°, and perpendicular to the helical axes.

Fig. 2. Curved 2D DNA nanostructures with various
structural features. (Upper panels) Schematic de-
signs. (Middle panels) Zoom-in AFM images with 50-
nm scale bars. (Lower panels) Zoom-out AFM images
with 100-nm scale bars. (A) Nine-layer concentric
ring structure. Only 3600 of 7249 nucleotides of the
scaffold strand are used in this structure, and the
remaining single-stranded loop is left unpaired,
attached to the outer ring (often visible due to
formation of secondary structures). (B) Eleven-layer
modified concentric square frame structure with
rounded outer corners and sharp inner corners.
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Design principles for DNA origami with complex 
curvatures in 3D space.

(F) Various views of the structure shown in (E)  viewed along the helical axes, tilted by 135°, and 
perpendicular to the helical axes.

(E) A general method to 
introduce out-of-plane 
curvature in a multihelical 
DNA structure. All DNA 
helices exhibit a natural B-
form conformation. There are 
10 possible values of q 
ranging from ~34° to ~343°. 
Due to steric hindrance, not 
all values are allowed. Only a 
few of these values are 
demonstrated here. 



fold, followed by manipulation of DNA confor-
mation and shaping of crossover networks to
achieve the design.

First, we designed a series of curved 2DDNA
origami structures to establish the basic design
principles of our method (19). The first step is to
create an outline of the desired shape. For il-
lustration purposes, Fig. 1, C and D, show an
example shape: a 7-nm-wide concentric ring struc-
ture. For this rounded structure, the shape is filled
by following the contours of the outline and
conceptually “winding” double-helical DNA into
concentric rings. The structure is composed of
three concentric rings of helices, with an in-
terhelical distance (Dr) of 2.5 nm (from the axial
center of one helix to the center of an adjacent
helix). This value is based on the observed pack-
ing of parallel helices in conventional DNA

origami structures and is merely a first approx-
imation for design purposes (20). The circum-
ferences (c) of rings are designed to maintain the
interhelical distance; therefore, Dc should equal
15.7 nm (Dc = 2p × 2.5 nm). For B-form DNA,
this is equivalent to 48.5 bps, a value that can be
adjusted to 48 or 50 bps for ease and symmetry of
design. In Fig. 1C, the inner, middle, and outer
rings contain 100, 150, and 200 bps, respectively.

The second step is to incorporate a periodic
array of crossovers between helices (19). Cross-
overs represent positions at which a strand of
DNA following along one ring switches to an
adjacent ring, bridging the interhelical gap.With-
out these crossovers between helices, the rigidity
of double-helical DNA (with a persistence length
of ~50 nm) (21) would cause the DNA in each
ring to extend fully. The number and pattern of

crossovers are flexible and will depend on the
overall design and on the size of each ring. The-
oretically, any divisor of Dc (48 or 50) could be
considered; however, a balance between flexibil-
ity and structural stability must be maintained.
For rings with a Dc of 48 bps, this generally
corresponds to 3, 4, 6, or 8 crossovers between
helices. For those with a Dc of 50 bps, the
number of crossovers should be adjusted to either
5 or 10. These values ensure that the pattern of
crossovers is symmetric, with an integer number
of bps between sequential crossovers. For helices
that are connected to two neighboring rings (this
condition applies to all but the inner and outer-
most rings), the pattern of crossovers must con-
tain nucleotide positions that are facing both of
the adjacent helices (tangent). In Fig. 1, the inner/
middle and middle/outer rings are connected at
five distinct crossover points. Thus, the inner,
middle, and outer rings contain 20, 30, and 40
bps between crossovers, which is approximately
equal to 2, 3, and 4 full turns (for B-form DNA),
respectively. For the middle ring, the alternating
crossover points between the inner and outer ring
are spaced by 1.5 turns, which ensures that the
three rings are approximately in the same plane.

Fig. 1. Design principles for DNA origami with complex curvatures in 3D space. (A) A parallel
arrangement of DNA double helices to make multihelical DNA nanostructures. The distance between
consecutive crossovers connecting adjacent helices (L1, L2, and L3) is constant and generally corresponds
to 21 or 32 bps (about two or three full turns of B-form DNA). (B) Bending of DNA helices into concentric
rings to generate in-plane curvature. The distance between crossovers in the outer rings are greater than
in the inner rings (L3 > L2 > L1). This distance is not required to be regular, or exactly equal to a whole
number of full turns of B-form DNA for every helix. (C) Schematic diagram of a three-ring concentric
structure. The long single-stranded DNA scaffold is shown in cyan, and short oligonucleotide staple
strands are shown in various colors. Two scaffold crossovers are required between adjacent rings to
achieve the three-ring arrangement. They are located far apart, on opposite sides of the rings. Five
periodic, staple-strand crossovers connect the outer and middle rings and the middle and inner rings,
respectively, constraining the three bent double-helical DNA rings to the same 2D plane. (D) Helical and
cylindrical view of the three-ring concentric structure. (E) A general method to introduce out-of-plane
curvature in a multihelical DNA structure. All DNA helices exhibit a natural B-form conformation. There
are 10 possible values of q ranging from ~34° to ~343°. Due to steric hindrance, not all values are
allowed. Only a few of these values are demonstrated here. (F) Various views of the structure shown in (E),
viewed along the helical axes, tilted by 135°, and perpendicular to the helical axes.

Fig. 2. Curved 2D DNA nanostructures with various
structural features. (Upper panels) Schematic de-
signs. (Middle panels) Zoom-in AFM images with 50-
nm scale bars. (Lower panels) Zoom-out AFM images
with 100-nm scale bars. (A) Nine-layer concentric
ring structure. Only 3600 of 7249 nucleotides of the
scaffold strand are used in this structure, and the
remaining single-stranded loop is left unpaired,
attached to the outer ring (often visible due to
formation of secondary structures). (B) Eleven-layer
modified concentric square frame structure with
rounded outer corners and sharp inner corners.
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To produce a complex 3D object, it is necessary to create curvatures both in and out of the plane:
• Out-of-plane curvature can be achieved by shifting the relative position of crossover points between 

DNA double helices (Fig. E and F). 
• Typically, two adjacent B-form helices (n and n + 1) are linked by crossovers that are spaced 21 bps 

apart (exactly two full turns), with the two axes of the helices defining a plane. 
• The crossover pattern of the two-helix bundle and those of a third helix can be offset by any discrete 

number of individual nucleotides (not equal to any whole number of half turns, which would result in 
all three helices lying in the same plane), and in this way, the third helix can deviate from the plane of 
the previous two. 

• However, with B-form DNA, the dihedral angle (θ)—the angle between the planes defined by n and n + 
1, and n + 1 and n + 2—can not be finely tuned, and ~34.3°/bp is the smallest increment of curvature 
that can be achieved.

Han et al – DNA Origami with Complex Curvatures in Three-Dimensional Space



fold, followed by manipulation of DNA confor-
mation and shaping of crossover networks to
achieve the design.

First, we designed a series of curved 2DDNA
origami structures to establish the basic design
principles of our method (19). The first step is to
create an outline of the desired shape. For il-
lustration purposes, Fig. 1, C and D, show an
example shape: a 7-nm-wide concentric ring struc-
ture. For this rounded structure, the shape is filled
by following the contours of the outline and
conceptually “winding” double-helical DNA into
concentric rings. The structure is composed of
three concentric rings of helices, with an in-
terhelical distance (Dr) of 2.5 nm (from the axial
center of one helix to the center of an adjacent
helix). This value is based on the observed pack-
ing of parallel helices in conventional DNA

origami structures and is merely a first approx-
imation for design purposes (20). The circum-
ferences (c) of rings are designed to maintain the
interhelical distance; therefore, Dc should equal
15.7 nm (Dc = 2p × 2.5 nm). For B-form DNA,
this is equivalent to 48.5 bps, a value that can be
adjusted to 48 or 50 bps for ease and symmetry of
design. In Fig. 1C, the inner, middle, and outer
rings contain 100, 150, and 200 bps, respectively.

The second step is to incorporate a periodic
array of crossovers between helices (19). Cross-
overs represent positions at which a strand of
DNA following along one ring switches to an
adjacent ring, bridging the interhelical gap.With-
out these crossovers between helices, the rigidity
of double-helical DNA (with a persistence length
of ~50 nm) (21) would cause the DNA in each
ring to extend fully. The number and pattern of

crossovers are flexible and will depend on the
overall design and on the size of each ring. The-
oretically, any divisor of Dc (48 or 50) could be
considered; however, a balance between flexibil-
ity and structural stability must be maintained.
For rings with a Dc of 48 bps, this generally
corresponds to 3, 4, 6, or 8 crossovers between
helices. For those with a Dc of 50 bps, the
number of crossovers should be adjusted to either
5 or 10. These values ensure that the pattern of
crossovers is symmetric, with an integer number
of bps between sequential crossovers. For helices
that are connected to two neighboring rings (this
condition applies to all but the inner and outer-
most rings), the pattern of crossovers must con-
tain nucleotide positions that are facing both of
the adjacent helices (tangent). In Fig. 1, the inner/
middle and middle/outer rings are connected at
five distinct crossover points. Thus, the inner,
middle, and outer rings contain 20, 30, and 40
bps between crossovers, which is approximately
equal to 2, 3, and 4 full turns (for B-form DNA),
respectively. For the middle ring, the alternating
crossover points between the inner and outer ring
are spaced by 1.5 turns, which ensures that the
three rings are approximately in the same plane.

Fig. 1. Design principles for DNA origami with complex curvatures in 3D space. (A) A parallel
arrangement of DNA double helices to make multihelical DNA nanostructures. The distance between
consecutive crossovers connecting adjacent helices (L1, L2, and L3) is constant and generally corresponds
to 21 or 32 bps (about two or three full turns of B-form DNA). (B) Bending of DNA helices into concentric
rings to generate in-plane curvature. The distance between crossovers in the outer rings are greater than
in the inner rings (L3 > L2 > L1). This distance is not required to be regular, or exactly equal to a whole
number of full turns of B-form DNA for every helix. (C) Schematic diagram of a three-ring concentric
structure. The long single-stranded DNA scaffold is shown in cyan, and short oligonucleotide staple
strands are shown in various colors. Two scaffold crossovers are required between adjacent rings to
achieve the three-ring arrangement. They are located far apart, on opposite sides of the rings. Five
periodic, staple-strand crossovers connect the outer and middle rings and the middle and inner rings,
respectively, constraining the three bent double-helical DNA rings to the same 2D plane. (D) Helical and
cylindrical view of the three-ring concentric structure. (E) A general method to introduce out-of-plane
curvature in a multihelical DNA structure. All DNA helices exhibit a natural B-form conformation. There
are 10 possible values of q ranging from ~34° to ~343°. Due to steric hindrance, not all values are
allowed. Only a few of these values are demonstrated here. (F) Various views of the structure shown in (E),
viewed along the helical axes, tilted by 135°, and perpendicular to the helical axes.

Fig. 2. Curved 2D DNA nanostructures with various
structural features. (Upper panels) Schematic de-
signs. (Middle panels) Zoom-in AFM images with 50-
nm scale bars. (Lower panels) Zoom-out AFM images
with 100-nm scale bars. (A) Nine-layer concentric
ring structure. Only 3600 of 7249 nucleotides of the
scaffold strand are used in this structure, and the
remaining single-stranded loop is left unpaired,
attached to the outer ring (often visible due to
formation of secondary structures). (B) Eleven-layer
modified concentric square frame structure with
rounded outer corners and sharp inner corners.
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fold, followed by manipulation of DNA confor-
mation and shaping of crossover networks to
achieve the design.

First, we designed a series of curved 2DDNA
origami structures to establish the basic design
principles of our method (19). The first step is to
create an outline of the desired shape. For il-
lustration purposes, Fig. 1, C and D, show an
example shape: a 7-nm-wide concentric ring struc-
ture. For this rounded structure, the shape is filled
by following the contours of the outline and
conceptually “winding” double-helical DNA into
concentric rings. The structure is composed of
three concentric rings of helices, with an in-
terhelical distance (Dr) of 2.5 nm (from the axial
center of one helix to the center of an adjacent
helix). This value is based on the observed pack-
ing of parallel helices in conventional DNA

origami structures and is merely a first approx-
imation for design purposes (20). The circum-
ferences (c) of rings are designed to maintain the
interhelical distance; therefore, Dc should equal
15.7 nm (Dc = 2p × 2.5 nm). For B-form DNA,
this is equivalent to 48.5 bps, a value that can be
adjusted to 48 or 50 bps for ease and symmetry of
design. In Fig. 1C, the inner, middle, and outer
rings contain 100, 150, and 200 bps, respectively.

The second step is to incorporate a periodic
array of crossovers between helices (19). Cross-
overs represent positions at which a strand of
DNA following along one ring switches to an
adjacent ring, bridging the interhelical gap.With-
out these crossovers between helices, the rigidity
of double-helical DNA (with a persistence length
of ~50 nm) (21) would cause the DNA in each
ring to extend fully. The number and pattern of

crossovers are flexible and will depend on the
overall design and on the size of each ring. The-
oretically, any divisor of Dc (48 or 50) could be
considered; however, a balance between flexibil-
ity and structural stability must be maintained.
For rings with a Dc of 48 bps, this generally
corresponds to 3, 4, 6, or 8 crossovers between
helices. For those with a Dc of 50 bps, the
number of crossovers should be adjusted to either
5 or 10. These values ensure that the pattern of
crossovers is symmetric, with an integer number
of bps between sequential crossovers. For helices
that are connected to two neighboring rings (this
condition applies to all but the inner and outer-
most rings), the pattern of crossovers must con-
tain nucleotide positions that are facing both of
the adjacent helices (tangent). In Fig. 1, the inner/
middle and middle/outer rings are connected at
five distinct crossover points. Thus, the inner,
middle, and outer rings contain 20, 30, and 40
bps between crossovers, which is approximately
equal to 2, 3, and 4 full turns (for B-form DNA),
respectively. For the middle ring, the alternating
crossover points between the inner and outer ring
are spaced by 1.5 turns, which ensures that the
three rings are approximately in the same plane.

Fig. 1. Design principles for DNA origami with complex curvatures in 3D space. (A) A parallel
arrangement of DNA double helices to make multihelical DNA nanostructures. The distance between
consecutive crossovers connecting adjacent helices (L1, L2, and L3) is constant and generally corresponds
to 21 or 32 bps (about two or three full turns of B-form DNA). (B) Bending of DNA helices into concentric
rings to generate in-plane curvature. The distance between crossovers in the outer rings are greater than
in the inner rings (L3 > L2 > L1). This distance is not required to be regular, or exactly equal to a whole
number of full turns of B-form DNA for every helix. (C) Schematic diagram of a three-ring concentric
structure. The long single-stranded DNA scaffold is shown in cyan, and short oligonucleotide staple
strands are shown in various colors. Two scaffold crossovers are required between adjacent rings to
achieve the three-ring arrangement. They are located far apart, on opposite sides of the rings. Five
periodic, staple-strand crossovers connect the outer and middle rings and the middle and inner rings,
respectively, constraining the three bent double-helical DNA rings to the same 2D plane. (D) Helical and
cylindrical view of the three-ring concentric structure. (E) A general method to introduce out-of-plane
curvature in a multihelical DNA structure. All DNA helices exhibit a natural B-form conformation. There
are 10 possible values of q ranging from ~34° to ~343°. Due to steric hindrance, not all values are
allowed. Only a few of these values are demonstrated here. (F) Various views of the structure shown in (E),
viewed along the helical axes, tilted by 135°, and perpendicular to the helical axes.

Fig. 2. Curved 2D DNA nanostructures with various
structural features. (Upper panels) Schematic de-
signs. (Middle panels) Zoom-in AFM images with 50-
nm scale bars. (Lower panels) Zoom-out AFM images
with 100-nm scale bars. (A) Nine-layer concentric
ring structure. Only 3600 of 7249 nucleotides of the
scaffold strand are used in this structure, and the
remaining single-stranded loop is left unpaired,
attached to the outer ring (often visible due to
formation of secondary structures). (B) Eleven-layer
modified concentric square frame structure with
rounded outer corners and sharp inner corners.
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 In the final steps, a long single-stranded scaf-

fold (7249 nts for the typical M13 scaffold, the
cyan strands in Fig. 1, C and D) is wound so that
it comprises one of the two strands in every helix;
each time the scaffold moves from one ring to the
next, a “scaffold crossover” is created. Watson-
Crick complements to the scaffold (staples, the
colored strands in Fig. 1, C and D) are sub-
sequently designed to serve as the second strand
in each helix and create the additional crossovers
that maintain structural integrity (19). Each staple
is generally 16 to 60 nts long and reverses di-
rection after participating in a crossover, resulting
in stable antiparallel crossover configurations (5).
Once the folding path, crossover pattern, and
staple position are determined, a list of staple se-
quences is generated (19). Several additional
factors, including the ideal conformation of DNA
double helices, must be considered to complete
the design process.

The conformation of each double-helical ring
(10 bps/turn) shown in Fig. 1, C and D, closely
resembles B-formDNA (10.5 bps/turn), andwhile
the concentric ring structure demonstrates in-
plane bending of nonparallel helices, maintaining
~10 bps/turn sacrifices a certain level of design
control. For example, sustaining ~10 bps/turn re-
stricts the number of concentric rings that can be
added to a structure. As the radius of a ring in-
creases, additional crossover points are required
to constrain the double helix to a 2D ring (i.e., 70
bps between crossovers is not expected to main-
tain the required level of rigidity). Consider add-
ing a fourth, fifth, and sixth ring to the concentric
ring structure in Fig. 1, C and D: The fourth ring
would have 250 bps with five crossovers (50 bps
between crossovers), the fifth ring would have
300 bps with five crossovers (60 bps between
crossovers), and, following the same pattern, the
sixth ring would have 350 bps with five cross-
overs (70 bps between crossovers). To stabilize
the outer ring would most likely require at least
one additional crossover, and the resulting double
helix would no longer conform to 10 bps/turn.

DNA has been shown to be flexible enough
to tolerate non-natural conformations in certain

DNA nanostructure arrangements (18). To deter-
mine the range of DNA conformations amena-
ble to our current design, we constructed a series
of three-ring structures (fig. S11) with different
numbers of bps between adjacent crossovers and
evaluated their stability (19). We found that a
wide range of DNA conformations are compat-
ible with DNA origami formation, as confirmed
by the atomic force microscopy (AFM) images in
fig. S13. As expected, structures in which the
DNA most closely resembles its natural confor-
mation (10 and 11 bps/turn) formed with the
highest yield (>96%), and those with the largest
deviation from 10.5 bps/turn (8 and 13 bps/turn)
formed with the lowest yield (fig. S14). The
results suggest that it is not necessary to strictly
conform to 10.5 bps/turn when designing DNA
origami structures, and the flexibility in this de-
sign constraint supports more complex design
schemes.

With each of these parameters in mind, we
designed objects with more complex structural
features. Figure 2A illustrates a more intricate
concentric ring design, with nine layers of double-
helical rings (fig. S26). The design is based on a
Dc of 50 bps, and the number of bps/ring ranges
from 200 in the innermost to 600 in the outermost
ring (with an increment of 50 bps/ring). As the
ring size increases, the outer layers need addi-
tional crossovers between helices to stabilize the
overall structure and preserve the circular shape.
The number of crossovers between adjacent heli-
ces is five for the two innermost rings, and 10 for
the remaining outer rings. Table 1 lists the spe-
cific details of each concentric ring layer. The
conformation of double-helical DNA in the nine-
layer concentric ring structure ranges from 9 to
11.7 bps/turn, with several different distances be-
tween successive crossovers. The AFM images
in Fig. 2A and fig. S16 reveal that the nine-layer
ring structure forms with relatively high yield

(~90%), despite the various degrees of bending in
each of the helices and inclusion of non–B-form
DNA (19).

A modified square frame (Fig. 2B) was de-
signed to determine whether sharp and rounded
elements could be combined in a single structure
(figs. S31 to S33). Each side of the modified
square frame is based on a conventional helix-
parallel design scheme, whereas each corner cor-
responds to one-fourth of the concentric ring
design. The AFM images (Fig. 2B and fig. S18)
confirm that several design strategies can in fact
be used to generate intricate details within a sin-
gle structure (19). Several additional 2D designs
with various structural features were also con-
structed (fig. S15). An “opened” version of the
nine-layer ring structure was assembled (fig. S27),
as well as an unmodified square frame with four
well-defined sharp corners (figs. S28 to S30), and
a three-point star motif (fig. S34).

To produce a complex 3D object, it is neces-
sary to create curvatures both in and out of the
plane. Out-of-plane curvature can be achieved by
shifting the relative position of crossover points
between DNA double helices (Fig. 1, E and F).
Typically, two adjacent B-form helices (n and
n + 1) are linked by crossovers that are spaced
21 bps apart (exactly two full turns), with the two
axes of the helices defining a plane. The cross-
over pattern of the two-helix bundle and those
of a third helix can be offset by any discrete num-
ber of individual nucleotides (not equal to any
whole number of half turns, which would result
in all three helices lying in the same plane), and
in this way, the third helix can deviate from the
plane of the previous two. However, with B-form
DNA, the dihedral angle (q)—the angle between
the planes defined by n and n + 1, and n + 1 and
n + 2—can not be finely tuned, and ~34.3°/bp
is the smallest increment of curvature that can
be achieved.

Table 1. Design parameters for the nine-layer
concentric-ring structure. The number of bps in
each ring, number of crossovers between adjacent
helices, conformation of the double helical DNA in
bps/turn, and radius are listed, respectively.

Ring no. bps No. of
crossovers

bps/turn Radius
(nm)

1 200 5 10 10.3
2 250 5 10 12.9
3 300 10 10 15.5
4 350 10 11.7 18
5 400 10 10 20.6
6 450 10 9 23.2
7 500 10 10 25.8
8 550 10 11 28.4
9 600 – 10 30.9

Fig. 3. DNA nanostructures with complex 3D curvatures. (A) Schematic representation of the hem-
isphere. (B) Schematic representation of the sphere. (C) Schematic representation of the ellipsoid. (D) TEM
images of the hemisphere, randomly deposited on TEM grids. The concave surface is visible as a dark area.
(E) TEM images of the sphere, randomly deposited on TEM grids. Due to the spherical symmetry, the
orientation can not be determined. (F) TEM images of the ellipsoid. The outline of the ellipsoid is visible.
Scale bar for the TEM images in (D), (E) and (F) is 50 nm. (G) Schematic representation of the nanoflask.
(H) AFM images of the nanoflask. Scale bar is 75 nm. (I) TEM images of the nanoflask, randomly deposited
on TEM grids. The cylindrical neck and rounded bottom of the flask are clearly visible in the images. Scale
bar is 50 nm.
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Hollow DNA nanostructures

In the final steps, a long single-stranded scaf-
fold (7249 nts for the typical M13 scaffold, the
cyan strands in Fig. 1, C and D) is wound so that
it comprises one of the two strands in every helix;
each time the scaffold moves from one ring to the
next, a “scaffold crossover” is created. Watson-
Crick complements to the scaffold (staples, the
colored strands in Fig. 1, C and D) are sub-
sequently designed to serve as the second strand
in each helix and create the additional crossovers
that maintain structural integrity (19). Each staple
is generally 16 to 60 nts long and reverses di-
rection after participating in a crossover, resulting
in stable antiparallel crossover configurations (5).
Once the folding path, crossover pattern, and
staple position are determined, a list of staple se-
quences is generated (19). Several additional
factors, including the ideal conformation of DNA
double helices, must be considered to complete
the design process.

The conformation of each double-helical ring
(10 bps/turn) shown in Fig. 1, C and D, closely
resembles B-formDNA (10.5 bps/turn), andwhile
the concentric ring structure demonstrates in-
plane bending of nonparallel helices, maintaining
~10 bps/turn sacrifices a certain level of design
control. For example, sustaining ~10 bps/turn re-
stricts the number of concentric rings that can be
added to a structure. As the radius of a ring in-
creases, additional crossover points are required
to constrain the double helix to a 2D ring (i.e., 70
bps between crossovers is not expected to main-
tain the required level of rigidity). Consider add-
ing a fourth, fifth, and sixth ring to the concentric
ring structure in Fig. 1, C and D: The fourth ring
would have 250 bps with five crossovers (50 bps
between crossovers), the fifth ring would have
300 bps with five crossovers (60 bps between
crossovers), and, following the same pattern, the
sixth ring would have 350 bps with five cross-
overs (70 bps between crossovers). To stabilize
the outer ring would most likely require at least
one additional crossover, and the resulting double
helix would no longer conform to 10 bps/turn.

DNA has been shown to be flexible enough
to tolerate non-natural conformations in certain

DNA nanostructure arrangements (18). To deter-
mine the range of DNA conformations amena-
ble to our current design, we constructed a series
of three-ring structures (fig. S11) with different
numbers of bps between adjacent crossovers and
evaluated their stability (19). We found that a
wide range of DNA conformations are compat-
ible with DNA origami formation, as confirmed
by the atomic force microscopy (AFM) images in
fig. S13. As expected, structures in which the
DNA most closely resembles its natural confor-
mation (10 and 11 bps/turn) formed with the
highest yield (>96%), and those with the largest
deviation from 10.5 bps/turn (8 and 13 bps/turn)
formed with the lowest yield (fig. S14). The
results suggest that it is not necessary to strictly
conform to 10.5 bps/turn when designing DNA
origami structures, and the flexibility in this de-
sign constraint supports more complex design
schemes.

With each of these parameters in mind, we
designed objects with more complex structural
features. Figure 2A illustrates a more intricate
concentric ring design, with nine layers of double-
helical rings (fig. S26). The design is based on a
Dc of 50 bps, and the number of bps/ring ranges
from 200 in the innermost to 600 in the outermost
ring (with an increment of 50 bps/ring). As the
ring size increases, the outer layers need addi-
tional crossovers between helices to stabilize the
overall structure and preserve the circular shape.
The number of crossovers between adjacent heli-
ces is five for the two innermost rings, and 10 for
the remaining outer rings. Table 1 lists the spe-
cific details of each concentric ring layer. The
conformation of double-helical DNA in the nine-
layer concentric ring structure ranges from 9 to
11.7 bps/turn, with several different distances be-
tween successive crossovers. The AFM images
in Fig. 2A and fig. S16 reveal that the nine-layer
ring structure forms with relatively high yield

(~90%), despite the various degrees of bending in
each of the helices and inclusion of non–B-form
DNA (19).

A modified square frame (Fig. 2B) was de-
signed to determine whether sharp and rounded
elements could be combined in a single structure
(figs. S31 to S33). Each side of the modified
square frame is based on a conventional helix-
parallel design scheme, whereas each corner cor-
responds to one-fourth of the concentric ring
design. The AFM images (Fig. 2B and fig. S18)
confirm that several design strategies can in fact
be used to generate intricate details within a sin-
gle structure (19). Several additional 2D designs
with various structural features were also con-
structed (fig. S15). An “opened” version of the
nine-layer ring structure was assembled (fig. S27),
as well as an unmodified square frame with four
well-defined sharp corners (figs. S28 to S30), and
a three-point star motif (fig. S34).

To produce a complex 3D object, it is neces-
sary to create curvatures both in and out of the
plane. Out-of-plane curvature can be achieved by
shifting the relative position of crossover points
between DNA double helices (Fig. 1, E and F).
Typically, two adjacent B-form helices (n and
n + 1) are linked by crossovers that are spaced
21 bps apart (exactly two full turns), with the two
axes of the helices defining a plane. The cross-
over pattern of the two-helix bundle and those
of a third helix can be offset by any discrete num-
ber of individual nucleotides (not equal to any
whole number of half turns, which would result
in all three helices lying in the same plane), and
in this way, the third helix can deviate from the
plane of the previous two. However, with B-form
DNA, the dihedral angle (q)—the angle between
the planes defined by n and n + 1, and n + 1 and
n + 2—can not be finely tuned, and ~34.3°/bp
is the smallest increment of curvature that can
be achieved.

Table 1. Design parameters for the nine-layer
concentric-ring structure. The number of bps in
each ring, number of crossovers between adjacent
helices, conformation of the double helical DNA in
bps/turn, and radius are listed, respectively.

Ring no. bps No. of
crossovers

bps/turn Radius
(nm)

1 200 5 10 10.3
2 250 5 10 12.9
3 300 10 10 15.5
4 350 10 11.7 18
5 400 10 10 20.6
6 450 10 9 23.2
7 500 10 10 25.8
8 550 10 11 28.4
9 600 – 10 30.9

Fig. 3. DNA nanostructures with complex 3D curvatures. (A) Schematic representation of the hem-
isphere. (B) Schematic representation of the sphere. (C) Schematic representation of the ellipsoid. (D) TEM
images of the hemisphere, randomly deposited on TEM grids. The concave surface is visible as a dark area.
(E) TEM images of the sphere, randomly deposited on TEM grids. Due to the spherical symmetry, the
orientation can not be determined. (F) TEM images of the ellipsoid. The outline of the ellipsoid is visible.
Scale bar for the TEM images in (D), (E) and (F) is 50 nm. (G) Schematic representation of the nanoflask.
(H) AFM images of the nanoflask. Scale bar is 75 nm. (I) TEM images of the nanoflask, randomly deposited
on TEM grids. The cylindrical neck and rounded bottom of the flask are clearly visible in the images. Scale
bar is 50 nm.
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Han et al – DNA Origami with Complex Curvatures in Three-Dimensional Space

Schematic representations:
(A) The hemisphere. 
(B) The sphere. 
(C) The ellipsoid. 

TEM images:
(D) TEM images of hemisphere. 
(E) TEM images of the sphere
(F) TEM images of the ellipsoid

Scale bar for the TEM images in 
(D), (E) and (F) is 50 nm.

(H) AFM images of the nanoflask. 
Scale bar is 75 nm. 
(I) TEM images of the nanoflask. 
The cylindrical neck and rounded 
bottom of the flask are clearly 
visible in the images. Scale on TEM 
grids. The cylindrical neck and 
rounded bottom of the flask are 
clearly visible in the images. Scale 
bar is 50 nm.

(G) Schematic representation 
of the nanoflask. 



Automated design of 3D DNA origami with non-rasterized 2D curvature
Dan Fu, Hao Yan & John Reif, Science Advances, 2022

(F) Crossovers are 
densely applied 
upon the template 
using either a 
greedy algorithm 
or a simulated 
annealing 
algorithm. 
(G) Conventional 
scaffold sequences 
are applied to 
generated 
corresponding 
staple sequences 
within specified 
length bounds. 
(H) Staple 
sequences are 
annealed with the 
corresponding 
scaffolds, 
sometimes 
multiple 
orthogonal 
sequences as 
needed, in a one-
pot reaction to 
produce DNA 
nanostructures of 
the designed 
shape.

Overview of the DNAxiS design process:
(A)User input is a 3D model in STL file format generated in the user’s graphics design software of choice.
(B) The vertices of the STL build a point cloud that is upsampled to avoid gaps when extracting the shape’s outline
(C)A circle-based mesh is extracted from the point cloud. 
(D) The structure can be made selectively multilayer by adding rings outward from the starting mesh. 
(E) A helical twist is calculated from circumference and used to convert each circle of mesh into a DNA helix ring 



Automated design of 3D DNA origami with non-rasterized 2D curvature 
Dan Fu, Hao Yan & John Reif, Science Advances, 2022

Alignment principles for single/multilayer, curved, closed-shell DNA nanostructures:

(A)  As a single-layer structure without varying circumferences, the crossover network of a cylinder is no more complex than a flat DNA 
origami rectangle. Local patterns of a few crossovers can be repeated globally, as the dihedral angle and crossover periodicity are the 
same for all pairs of nearest neighbor helices. 

(B ) Extension of design principles to multilayer, curved, and closed-shell DNA nanostructures significantly complicates the design space 
for determining valid crossovers. Each crossover pattern between pairs of nearest neighbor helices is unique because of a different 
dihedral angle and varying helical twists. Rather than repeating a simple local pattern, each crossover, typically up to 200 when fully 
using a single M13mp18 scaffold, must be carefully positioned. DNA origami nanostructures were designed using caDNAno software. 
DNA origami nanostructures were designed using caDNAno software.



Automated design of 3D DNA origami with non-rasterized 2D curvature 
Dan Fu, Hao Yan & John Reif, Science Advances, 2022

Experimental verification of automated design principles:
(A)Bowl design evaluates convex and concave inflection horizontally with respect to its axis of rotation. Scale bar, 

40 nm. 
(B) Gourd design evaluates convex and concave inflection vertically along its profile, perpendicular to the axis of 

rotation. Scale bar, 40 nm. 
(C)Sphere is designed with two layers, one nested and one encapsulating, to evaluate the extension of design 

principles to multilayer structures. Scale bar, 40 nm. 



Automated design of 3D DNA origami with non-rasterized 2D curvature 
Dan Fu, Hao Yan & John Reif, Science Advances, 2022

Characterization of reinforcement strategies:
(A)A portion of the vase is selected for targeted reinforcement via additional of coplanar helices. 
(B) Designs generated from DNAxiS (top) are submitted into oxDNA (bottom), whereupon mean structures are 

calculated from 103 samples taken uniformly from 108 trajectory steps. 
(C)The interior layer (yellow), which determines the shape of the cavity, for both the single layer and reinforced 

section is consolidated and compared to their intended shape (green). The overlay shows that the reinforced 
structure more closely conforms to the intended shape of the neck. 



Automated design of 3D DNA origami with non-rasterized 2D curvature 
Dan Fu, Hao Yan & John Reif, Science Advances, 2022

(D to I) Comparing additional geometries (gray) using RMSF calculations calculated from trajectory steps 
generated by oxDNA, yields and shown by AGE, TEM micrographs, and 2D class averages. Scale bars, 40 nm.

Characterization of reinforcement strategies, cont:



Automated design of 3D DNA origami with non-
rasterized 2D curvature 

Dan Fu, Hao Yan & John Reif, Science Advances, 2022

(C) The ellipse shape is repeated five times in a vertical 
extrusion and pitched by 20°. The cross-sectional area of each 
ellipse is reduced to fit the entire design within a limited 
length of scaffold sequence despite already using multiple 
scaffolds. Both parallel and antiparallel crossovers are 
created to increase the crossover count and yield of the 
design. 

(D) The cross section of bundles is expanded to three by three 
to increase the upper-bounded stiffness of each module. This 
is necessary to achieve sufficient counteracting strain on 
inside corner modules to preserve the inflection between 
convex to concave segments of the structure without 
“rounding out” as it did in three-by-two clover. Scale bars 
(on TEM micrographs and 2D averages), 40 nm. 

Exploration of axially asymmetric structures and 
generalized application of DNAxiS design principles:

(A and B) Modules defined as arcs can be linked together to create 
axially asymmetric shapes. Each module is a bent bundle of 
variable cross-sectional helices where design principles 
implemented in DNAxiS for multilayer structures can directly 
apply and were used to generate ellipse and clover shapes. 



DNA origami capsids 
Fu, Pradeep et al



DNA origami capsids 
Fu, Pradeep et al

Rigidity increases 
with bundles, even 
if curved.



Planar Polyhedral DNA 
Nanostructures

Benson et al, Nature 523(7561), 2015



3D Polyhedral DNA Nanostructures
Benson et al, Nature 523(7561), 2015



Planar Polyhedral DNA Nanostructures
Benson et al, Nature 523(7561), 2015



Challenge of polyhedral DNA nanostructures: 
Eulerian Path Problem:
Given a graph is it possible to construct a path that visits 
each edge exactly once?
Polynomial Time Solution: graph has Eulerian path iff each 
vertex has even number of edges

Benson et al, Nature 523(7561), 2015

Benson et al, Nature 523(7561), 2015



Benson et al, Nature 523(7561), 2015

Routing Scaffold Sequence using Singe or Doubled 
Eulerian Paths

Benson et al, Nature 523(7561), 2015



Scaffold routing using Eulerian Paths

Benson et al, Nature 523(7561), 2015

Benson et al, Nature 523(7561), 2015



Gigadalton-scale shape-
programmable DNA assemblies

Wagenbauer, Sigl, Dietz



Gigadalton Polyhedra
Helix bundle polyhedra

Strut Joint Polyhedra
Reinforced curvature

Gigadalton DNA bricks

DNA Origami Scaling Up Challenge:



Gigadalton-scale shape-programmable DNA assemblies
Wagenbauer, Sigl, Dietz

• Repeatedly joining the same single geometric unit can self-assemble into large 
multiple unit structures.

• Controlling the angle affects the number of units necessary to fill 360°, thus 
controls size of formed structure.



Designing a 3-degree pivot:

Gigadalton-scale shape-programmable DNA assemblies
Wagenbauer, Sigl, Dietz



Using a 3-degree pivot:

Gigadalton-scale shape-programmable DNA assemblies
Wagenbauer, Sigl, Dietz



Helix Bundle Edges:
Automated sequence design of 3D 
polyhedral wireframe DNA origami 

with honeycomb edges
Jun et al 2019 ACS Nano



Helix Bundle Edges:
Automated sequence design of 3D polyhedral wireframe DNA origami with 

honeycomb edges
Jun et al 2019 ACS Nano



• Rigidity typically scales with crossover density
• Crossover density – Number of crossovers per area typically increases with larger size 

bundles

Helix Bundle Edges:
Automated sequence design of 3D polyhedral wireframe DNA origami with 

honeycomb edges
Jun et al 2019 ACS Nano



Strut-Supported Polyhedra
Iinuma et al Science 2014



Strut-Supported Polyhedra
Iinuma et al Science 2014

• Weak vertices limited the variety of constructed polyhedral.
• Adding struts add rigidity and can explicitly set the angle.



Strut-Supported Polyhedra
Iinuma et al Science 2014


