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Polyhedra Self-Assembled from
DNA Tripods and Characterized
with 3D DNA-PAINT

Ryosuke linuma,**t Yonggang Ke,*3*t Ralf Jungmann,™** Thomas Schlichthaerle,*

Johannes B. Woehrstein,™* Peng Yin™*§

DNA self-assembly has produced diverse synthetic three-dimensional polyhedra. These structures typically
have a molecular weight no greater than 5 megadaltons. We report a simple, general strategy for
one-step self-assembly of wireframe DNA polyhedra that are more massive than most previous structures.
A stiff three-arm-junction DNA origami tile motif with precisely controlled angles and arm lengths

was used for hierarchical assembly of polyhedra. We experimentally constructed a tetrahedron

(20 megadaltons), a triangular prism (30 megadaltons), a cube (40 megadaltons), a pentagonal prism
(50 megadaltons), and a hexagonal prism (60 megadaltons) with edge widths of 100 nanometers.

The structures were visualized by means of transmission electron microscopy and three-dimensional
DNA-PAINT super-resolution fluorescent microscopy of single molecules in solution.

NA nanotechnology has produced a wide
Drange of shape-controlled nanostructures

(1-10). Hollow polyhedra (Z, 5, 11-26)
are particularly interesting because they resemble
natural structures such as viral capsids and prom-
ise applications for scaffolding and encapsulating
functional materials. Previous work has constructed
diverse polyhedra, such as tetrahedra (13, 16, 20, 24),
cubes (1, 19, 23), bipyramids (15), truncated octahe-
dra (/7), octahedra (/2), dodecahedra (16, 18),
icosahedra (17, 21), nanoprisms (14, 22, 25, 26),
and buckyballs (/6), with <80-nm sizes and
<5-MD molecular weights (such as Fig. 1A,
structures 1 to 8). Assembly strategies include
step-wise synthesis (/, /1, 21, 22), folding of a
long scaffold (12, 19, 20, 24, 25), cooperative
assembly of individual strands (/3—135, 18, 26),
and hierarchical assembly of branched DNA
tiles (16, 17, 23).

A promising route to scaling up polyhedra is
the hierarchical assembly of larger monomers.
Previous work using small three-arm-junction
(80 kD) (16, 23) and five-arm-junction (130 kD)
(17) tiles has produced several <5-MD polyhedra
(such as Fig. 1A, structures 5 to 7). Additionally,
a 15-MD icosahedron (Fig. 1A, structure 9) (5) was
assembled from three double-triangle—shaped
origami monomers. Perhaps because of the lack
of precise geometric control of the flexible double-
triangle monomers, this icosahedron has low yield

MWyss Institute for Biologically Inspired Engineering, Harvard
University, Boston, MA 02115, USA. “Department of Cancer
Biology, Dana-Farber Cancer Institute, Harvard Medical School,
Boston, MA 02115, USA. *Department of Biological Chemistry
and Molecular Pharmacology, Harvard Medical School, Boston,
MA 02115, USA. “Department of Systems Biology, Harvard
Medical School, Boston, MA 02115, USA.

*These authors contributed equally to this work.

tPresent address: JSR Life Sciences Corporation, Ibaraki
305-0841, Japan.

tPresent address: Wallace H. Coulter Department of Bio-
medical Engineering, Georgia Institute of Technology and
Emory University, Atlanta, GA 30322, USA.

§Corresponding author. E-mail: py@hms.harvard.edu

(5), and this method has not been generalized to
construct more complex polyhedra.

We developed a more general strategy for hier-
archical self-assembly of polyhedra from mega-
dalton monomers using a DNA “tripod,” a 5-MD
three-arm-junction origami tile [60 times more
massive than previous three-arm tiles (16, 23)].
The tripod motif features inter-arm angles
controlled by supporting struts and strengthened
by vertex helices. Self-assembly of tripods into
wireframe polyhedra is further facilitated by a dy-
namic connector design. We constructed a tetrahe-
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dron (~20 MD), a triangular prism (~30 MD), a
cube (~40 MD), a pentagonal prism (~50 MD),
and a hexagonal prism (~60 MD) (Fig. 1A and
fig. S1) (27). With 100-nm edges, these polyhe-
dra have a size comparable with those of bacterial
microcompartments such as carboxysomes.

To characterize the three-dimensional (3D)
single-molecule morphology of these polyhedra,
we used a DNA-based super-resolution fluores-
cence imaging method (resolution below the dif-
fraction limit) called DNA-PAINT (a variation of
point accumulation for imaging in nanoscale to-
pography) (28-30). Unlike traditional transmis-
sion electron microscopy (TEM), which images
the samples in a vacuum under dried and stained
conditions, 3D DNA-PAINT introduces minimal
distortion to the structures in a “native” hydrated
imaging environment.

Design

In one-pot annealing, the scaffold and staple strands
first assemble into a tripod origami monomer, and
then the tripods (without intermediate purifica-
tion) assemble into the polyhedron (Fig. 1A).
Diverse polyhedra can be constructed by using
tripods with different designed inter-arm angles.
The tripod has three equal-length (~50 nm) stiff
arms connected at the vertex (connection details
are available in fig. S2) with controlled inter-arm
angles (Fig. 1B). To ensure stiffness, each arm
contains 16 parallel double-helices packed on a
honeycomb lattice (5) with twofold rotational
symmetry. A supporting “strut” consisting of
two double-helices controls the angle between the

Polyhedra self-assembled from stiff, tunable DNA tripods
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Fig. 1. DNA-origami polyhedra. (A) Polyhedra self-assembled from DNA tripods with tunable inter-

arm angles, and comparison of their sizes and mo

lecular weights with selected previous polyhedra

(structures 1 to 9) (details are provided in fig. S1). (B) Design diagram of a tripod. Cylinders represent
DNA double helices. Details of the arm connection at the vertex are provided in fig. S2. (C) Cylinder model
illustrating the connection between two tripod monomers. (D and E) Connection schemes for assembling
(E) the tetrahedron and (D) other polyhedra (represented here by the cube design).
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two arms. We name a tripod according to its three
inter-arm angles (for example, the tetrahedron
and the cube are respectively assembled from
60°-60°-60° and 90°-90°-90° tripods). To avoid
potential unwanted aggregation resulting from
blunt-end stacking of DNA helices (4), up to six
short DNA double-helices (denoted “vertex helices™)
are included at the vertex so as to partially con-
ceal its blunt duplex ends (Fig. 1B). The number
of helices and their lengths vary for different poly-
hedra (fig. S2). Additionally, the vertex helices are
expected to help maintain inter-arm angles by in-
creasing rigidity of the vertices. Two connection
strategies are used to assemble tripods into polyhe-
dra. To facilitate exposition, the three arms are
denoted as X-arm, Y-arm, and Z-arm (Fig. 1B).
Connecting X-arm to X-arm (Fig. 1C) and Y-arm to
Z-arm produces polyhedra (such as a cube) (Fig. 1D)

other than the tetrahedron, which is assembled by
connecting X to X, Y to Y, and Z to Z (Fig. 1E).

Results
Tripod Conformation Control with Struts

First, we verified that the inter-arm angle was
controlled by the length of the supporting strut.
Gel electrophoresis of 60°-60°-60° and 90°-90°-
90° tripods revealed a dominant band for each
tripod (Fig. 2A), confirming their correct forma-
tion. Consistent with its more compact designed
conformation, the 60°-60°-60° tripod migrated
slightly faster than did the 90°-90°-90° one. The
two tripod bands each were purified, were im-
aged with TEM, and showed designed tripod-like
morphologies (Fig. 2B). The measured inter-arm
angles were slightly smaller than designed [53 +
5° (SD, n = 60 tripods) for 60°-60°-60° tripods;

60°-60°-60%,monomer
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87 + 4° (SD, n = 60 tripods) for 90°-90°-90° tri-
pods], possibly reflecting a small degree of strut
bending.

Connector Designs

The strands connecting the tripods are called
“connectors.” Connector designs affected the
polyhedra assembly yields. Two designs were
tested for the cube. In scheme i, each 30-base
connector spanned two adjacent tripods, with a
28-base segment anchored on one tripod and an-
other 2-base (sticky end) anchored on the other
(Fig. 2C and fig. S3). Gel electrophoresis (shown in
Fig. 2C and quantified in Fig. 2E) revealed that
the assembly yield was affected by the number of
connected helices (r): a product band was only
observed for 4 <n < 12; for n < 4, the dominant
bands were monomers, likely reflecting overly

90°-90°-90° monomer

Fig. 2. Self-assembly of DNA tripods and polyhedra. (A) Gel electro-
phoresis and (B) TEM images of the 60°-60°-60° (lane 1 in the gel) and 90°-
90°-90° (lane 2) tripods. Gel lane 3 is a 1-kb ladder. Gel electrophoresis
involves 1.5% native agarose gel and ice water bath. (C and D) Two schemes
of connector designs and corresponding gel electrophoresis results. For each
scheme, the strand model depicts the connection between two pairs of DNA
duplexes. The number above a gel lane denotes the number of connected
helices between two adjacent arms. Lane L is a 1-kb ladder, and lane S is a
scaffold. Arrowheads indicate the bands corresponding to assembled cubes.
(€) Scheme i: long (30 nt) connector (red) including a 2-nt sticky end. The
complete 30-nt connector is only shown on the left, with a 28-nt segment

anchored on the left helices and a 2-nt exposed sticky end available for
hybridization with the 90°-90°-90° right neighbor (dashed circle depicts
hybridization site). (D) Scheme ii: short (11 nt) connector including a 2-nt
sticky end. (E) Assembly yields of the cubes, calculated as intensity ratio
between a cube band and the corresponding scaffold band. (F) Agarose gel
electrophoresis of the polyhedra. Lane 1 is the 90°-90°-90° monomer. Lanes 2
to 6 are polyhedra. Lane 7 is the assembly reaction containing tripods without
struts. Lane 8 is the assembly reaction containing 90°-90°-90° tripods without
vertex helices. Lane 9 is a 1-kb ladder. Gel bands corresponding to desired
products are marked with arrowheads. Gel electrophoresis involves 0.8%
native agarose gel and ice water bath.
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weak inter-monomer connections; for n > 12,
aggregations dominated.

In scheme i, the connectors were stably an-
chored (forming 28 base pairs) on tripods before
inter-monomer connection occurred. In scheme
ii, the connector was shortened from 30 to 11
bases so that it should only be anchored to two
adjacent tripods by 9- and 2-base segments in the
assembled cube (Fig. 2D) and only dynamically

binds to a monomeric tripod. Compared with the
stably attached connector design, the dynamic
connector design could potentially help correct
inter-monomer mismatches that occurred during
the assembly because such mismatches would be
less likely frozen in a kinetic trap. Indeed, scheme
il showed substantially increased assembly yield
(Fig. 2E). It was thus used for subsequent polyhe-
dra designs, except for the tetrahedron, in which

Table 1. Strut designs of the polyhedra. All units are nanometers. Entries are the designed length of
the strut connecting the (i) Y-arm and Z-arm, (i) X-arm and Z-arm, or (iii) X-arm and Y-arm or the
designed distance from the vertex to the strut attachment point on the (iv) X-, (v) Y-, or (vi) Z-arm.

i ii iii iv v vi
Tetrahedron 28 28 28 29 29 29
Triangular prism 18 26 26 18 18 18
Cube 30 30 30 21 21 21
Pentagonal prism 32 26 26 19 18 18
Hexagonal prism 37 28 28 20 20 20

Fig. 3. TEM images of polyhedra. The zoomed-in (columns
1 and 2) and zoomed-out (column 3) images are shown for (A)
the tetrahedron, (B) the triangular prism, (C) the cube, (D) the
pentagonal prism, and (E) the hexagonal prism. Images of the
tetrahedron, the triangular prism, and the cube were acquired
from purified samples. Images of the pentagonal prism and the
hexagonal prism were collected from crude samples (denoted
with an asterisk). Scale bars are 100 nm in the zoomed-in TEM
images and 500 nm in the zoomed-out images. Aggregates are
clearly visible for unpurified samples [such as in (D), right].

RESEARCH ARTIC

scheme i produced sufficient yield for this rela-
tively simple structure. The assembly yields were
estimated from the gel (Fig. 2F). The 90°-90°-
90° monomer sample (Fig. 2F, lane 1) showed
a strong monomer band and a putative dimer
band (not studied with TEM, ~27% intensity as
compared with the monomer). We define the
assembly yield of a polyhedron as the ratio be-
tween its product band intensity and the com-
bined intensity of the 90°-90°-90° monomer and
dimer bands (lane 1) and obtained yields of
45,24, 20, 4.2, and 0.11% for the tetrahedron,
the triangular prism, the cube, the pentagonal
prism, and the hexagonal prism, respectively
(Fig. 2F).

Polyhedra Assembly

The lengths and the attachment points of the
struts varied for each polyhedron (Table 1). The
tetrahedron, the triangular prism, the cube, the pen-
tagonal prism, and the hexagonal prism should

www.sciencemag.org SCIENCE VOL 344 4 APRIL 2014
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be assembled from monomers with designed
60°-60°-60°, 90°-90°-60°, 90°-90°-90°, 90°-
90°-108°, and 90°-90°-120° angles, respectively
(Fig. 1A). The first three monomers indeed
produced tetrahedra, triangular prisms, and cubes
[verified with gel electrophoresis (Fig. 2F) and
TEM imaging (Fig. 3, A to C)], suggesting ac-
curate control for angles within 90°. However, the
pentagonal prism was assembled from monomers
with designed angles of 90°-90°-120° (instead of
90°-90°-108°), and the hexagonal prism from 90°-
90°-140° (instead of 90°-90°-120°). Thus, the as-
sembly of these two polyhedra requires monomers
with designed Y-Z angles greater than those of the
design criteria. This requirement likely reflects
slight bending of the relevant struts, which could
be compensated by using longer struts.

Effects of Struts and Vertex Helices

We next verified that both the struts and the ver-
tex helices were required for the tripods to assem-
ble into the designed polyhedron. Three samples
were prepared for cube assembly by using tripods
that contain (i) both the struts and the vertex

helices (Fig. 2F, lane 4), (ii) the vertex helices but
not the struts (lane 7), and (iii) the struts but not
the vertex helices (lane 8); the latter samples were
subjected to gel electrophoresis after annealing.
The first sample showed a sharp strong band
corresponding to the cube (verified with TEM)
(Fig. 3C). The second failed to produce any clear
product band. The third produced substantial ag-
gregates and a clear but weak band with mobility
comparable with that of the triangular prism. This
band may correspond to a hexamer, but its mo-
lecular morphology was not investigated. On the
basis of the above experiments, we included both
the struts and the vertex helices in the tripods for
subsequent polyhedra assembly.

TEM Characterization

Product bands were purified and imaged under
TEM. For the tetrahedron, the triangular prism,
and the cube, most structures appeared as intact
polyhedra; a small fraction of broken structures
(< 20%) were likely ruptured during the purifi-
cation and imaging (Fig. 3, A to C). In contrast,
few intact structures were observed for the pu-

rified pentagonal and hexagonal prisms. Thus,
unpurified samples for these two were directly
imaged, and the expected molecular morpholo-
gies were observed (Fig. 3, D and E). Additional
images are provided in figs. S4 to S13. The struts
are clearly visible in many images (a zoomed-in
example is provided in fig. S14).

3D DNA-PAINT Super-Resolution Microscopy

Localization-based 3D super-resolution fluores-
cence microscopy (3/—33) offers a minimally inva-
sive way to obtain true single-molecule 3D images
of DNA nanostructures in their “native’ hydrated
environment (distorted and broken tetrahedra,
likely caused by the TEM imaging conditions,
are shown in figs. S4 and S15). In stochastic re-
construction microscopy (34), most molecules are
switched to a fluorescent dark (OFF) state, and
only a few emit fluorescence (ON state). Each
molecule is localized with nanometer precision
by fitting its emission to a 2D Gaussian function. In
DNA-PAINT, the “switching”” between ON and OFF
states is facilitated through the repetitive, transient
binding of fluorescently labeled oligonucleotides

DNA-PAINT +
diffraction-limited

Fig. 4. 3D DNA-PAINT super-resolution fluorescence imaging of poly-
hedra. (A1) Staple strands at the vertices of each polyhedron were extended
with single-stranded docking sequences for 3D DNA-PAINT super-resolution
imaging. (A1 to E1) Schematics of polyhedra, with DNA-PAINT sites high-
lighted in green. (A2 to E2) 3D DNA-PAINT super-resolution reconstruction of
typical polyhedra shown in the same perspective as depicted in Al to E1. (A3
to E3) 2D x-y projection. (A4 to E4) 2D x-z projection. (A5 to E5) Height

Z-Position

measurements of the polyhedra obtained from the cross-sectional histograms
in the x-z projections. (F) A larger 2D super-resolution x-y projection view of
tetrahedra and drift markers (bright individual dots). The diffraction-limited
image is superimposed on the super-resolution image in the upper half. (G)
Tilted 3D view of a larger-field-of-view image of the tetrahedron. Drift markers
appear as bright individual dots. Scale bars, 200 nm. Color indicates height in
the z direction.
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(“imager” strands) to complementary “docking”
strands (24, 28, 29, 35).

We extended DNA-PAINT to 3D imaging
(29) using optical astigmatism (31, 36), in which
a cylindrical lens used in the imaging path “con-
verts” the spherical point spread function (PSF)
of a molecule to an elliptical PSF when imaged
out of focus. The degree and orientation of the
elliptical PSF depends on the displacement and
direction of the point source from the current
focal imaging plane and is used to determine its z
position (37, 36). We applied 3D DNA-PAINT to
obtain subdiffraction-resolution single-molecule
images of the polyhedra. To ensure all the vertices
of a polyhedron will be imaged, each vertex is
modified with multiple (~18) 9-nucleotide (nt)
docking strands (Fig. 4Al) in a symmetric ar-
rangement (fig. S2). For surface immobilization,
a subset of strands along the polyhedron edges
were modified with 21-nt extensions, which were
hybridized to biotinylated complementary strands
attached to a streptavidin covered glass slide [(27),
DNA sequences].

Using 3D DNA-PAINT microscopy, all five
polyhedra showed designed 3D patterns of verti-
ces (Fig. 4, columns 1 to 4) with expected heights
(Fig. 4, AS to ES5), suggesting that the solution
shape of the structures is maintained during sur-
face immobilization and imaging. We quantified
the tetrahedra formation and imaging yields (Fig.
4, F and G, and fig. S16). Out of 285 structures,
253 (89%) contained four spots in the expected
tetrahedral geometry. Height measurement yielded
82 + 15 nm, which is consistent with the designed
value (82 nm). Single DNA-PAINT binding events
were localized with an accuracy of 5.4 nm in x-y
and 9.8 nm in z [(27) describes how localization
accuracy was determined]. This z localization ac-
curacy almost completely accounts for the 15-nm
spread in the height measurement distribution.
The calculated localization precisions translate to
an obtainable resolution of ~13 nm in x and y, and
~24 nm in z. Movies S1 and S2 are 3D DNA-
PAINT videos. Design is provided in figs. S17 to
S22, and tables S1 to S7 have sequence details.

Discussion

Previous work demonstrated diverse DNA polyhe-
dra self-assembled from small three-arm-junction
tiles (~80 kD) (16, 23), which consist of three
double-helix arms connected by flexible single-
stranded hinges. However, straightforward imple-
mentation of megadalton three-arm origami tiles
by use of similar flexible inter-arm hinges (tri-
pods with no struts or vertex helices) failed to
produce well-formed polyhedra (Fig. 2F, lane 7).
An origami tripod contains 50 times more dis-
tinct strands than do previous three-arm-junction
tiles (formed from three distinct strands) and is
60 times more massive in molecular weight. Apart
from the challenges associated with the more error-
prone construction of the more complex monomers
from individual strands, successful hierarchical
assembly of such large monomers into polyhedra
also needs to overcome much slower reaction

kinetics, caused by the larger size and lower con-
centration of the tripod monomers. The stiff DNA
tripods, with rationally designed inter-arm angles
controlled by supporting struts and vertex helices,
lead to successful construction of diverse polyhe-
dra, suggesting that conformation control of branched
megadalton monomers can facilitate their suc-
cessful assembly into higher-order structures.

The design principles of DNA tripods may
be extended to stiff megadalton n-arm (n > 4)
branched motifs with controlled inter-arm angles.
Self-assembly with such n-arm motifs could be
used to construct more sophisticated polyhedra
and potentially extended 2D and 3D lattices with
<100-nm tunable cavities. Such structures could
potentially be used to template guest molecules
for diverse applications—for example, spatially
arranging multiple enzymes into efficient reac-
tion cascades (37) or nanoparticles to achieve
useful photonic properties (38, 39). Furthermore,
the DNA polyhedra constructed here, with a size
comparable with those of bacterial microcom-
partments, may potentially be used as skeletons
for making compartments with precisely controlled
dimensions and shapes by wrapping lipid mem-
branes around their outer surfaces (40). Such
membrane-enclosed microcompartments could
potentially serve as bioreactors for synthesis of
useful products or as delivery vehicles for thera-
peutic cargo (25).

For 3D characterization of DNA nanostruc-
tures, super-resolution fluorescence microscopy
(such as 3D DNA-PAINT) provides complemen-
tary capabilities to present electron microscopy
[such as cryogenic electron microscopy (cryo-EM)
(12, 16, 17, 23)]. Whereas cryo-EM offers higher
spatial resolution imaging of unlabeled structures,
DNA-PAINT is less technically involved to im-
plement, obtains true single-molecule images of
individual structures (rather than relying on class
averaging), and preserves the multicolor capabil-
ity of fluorescence microscopy (29). Additionally,
DNA-PAINT in principle allows for observation
of dynamic structural changes of nanostructures
in their “native” hydrated environment, which is
currently suitable for slow changes on the minutes
time scale (such as the locomotion of synthetic
DNA walkers) and potentially for faster motions
with further development.
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