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The construction of well-defined 3D architectures is one of
the greatest challenges of self-assembly. Nanofabrication
through molecular self-assembly has resulted in the formation
of DNA polyhedra with the connectivities of cubes,[1]

tetrahedra,[2,3] octahedra,[4, 5] dodecahedra,[3] and buckmin-
sterfullerene.[3] DNA polyhedra could also function as nano-
capsules and thereby enable the targeted delivery of entities
encapsulated from solution. Key to realizing this envisaged
function is the construction of complex polyhedra that
maximize encapsulation volumes while preserving small
pore size. Polyhedra based on platonic solids are most
promising in this regard, as they maximize encapsulation
volumes. We therefore constructed the most complex DNA-
based platonic solid, namely, an icosahedron, through a
unique modular assembly strategy and demonstrated this
functional aspect for DNA polyhedra by encapsulating gold
nanoparticles (GNPs) from solution.

This modular assembly strategy to access complex poly-
hedra involves a stepwise amalgamation of discrete modules
obtained from degenerate components. DNA icosahedra may
be constructed from three distinct five-way-junction (5WJ)[6,7]

components V, U, and L, with programmable overhangs
(Figure 1a; see Table 1 in the Supporting Information for
sequences). Each 5WJ module, V, U, and L, is constructed
from equimolar amounts of the respective five phosphory-
lated single strands (Figure 2 a; see also Figure 2 in the
Supporting Information). At 20 mm, V was shown to form a
complex with L in a 1:5 ratio (Figure 2 a,b). The complemen-
tary module VU5 was synthesized similarly from components
V and U (see Figure 3a in the Supporting Information). At
this stage, contiguously hybridized strands in VU5 and VL5

were ligated chemically with N-cyanoimidazole (NCI)[8, 9] to
enhance stability.

When 5WJs of U attached to 3.5 nm gold nanoparticles
were complexed with V in a 1:5 ratio and investigated by
electron microscopy, several pentagonal arrangements of gold
nanoparticles were observed in the [1:5] complex VU5

(Figure 2c,d; see also Figure 3 in the Supporting Informa-
tion). The average center-to-center distance between two gold

nanoparticles that mark adjacent vertices (“a”) and non-
adjacent vertices (“b”; see Figure 3 in the Supporting
Information) in these pentagonal arrangements of VU5

were a = 8.8� 1 nm (n = 36) and b = 13.7� 1.7 (n = 12). This
result is consistent with the theoretical distances (a = 8.3 nm,
b = 13.4 nm) in the proposed half-icosahedral, compacted,
cup-shaped arrangements resulting from recognition between
complementary overhangs U5 and U2 of adjacent U 5WJs in
the complex VU5.

The two different modular assemblies, VU5 and VL5, with
ten identical overhangs each (the overhangs are complemen-
tary in the two assemblies), were shown to complex with each
other in a 1:1 ratio. The contiguous termini were ligated again
with NCI to yield a complex I with a 2:5:5 V/U/L stoichiom-

Figure 1. Retrosynthetic strategy for the construction of the DNA
icosahedron: The icosahedron I is constructed from two half-icosahe-
dra, VU5 and VL5, which in turn are formed from two types of 5WJ, V
and U/L. a) The 5WJs V, U, and L are shown. The heavy black lines
represent double-stranded regions, and the complementary overhangs
are color-coded. b) Each half is formed from a central vertex 5WJ, V,
and five equivalents of the 5WJ U or L. c) The complex structure, I, is
formed by the addition of an upper (VU5) to a lower half (VL5) in a 1:1
ratio.

Figure 2. Gel electrophoretic images showing the formation of the
complexes at various stages of assembly. a) PAGE (10%) showing the
formation of the 5WJ V and the formation of the [1:5] complexes VU5

and VL5 from 5WJs. Lane 1: DNA marker; lane 2: V1 oligonucleotide;
lane 3: 5WJ V ; lane 4: VU5 ; lane 5: VL5. b) Gel electrophoresis showing
the formation of the [1:5] complex VL5 in the indicated stoichiometry.
The radiolabeled 5WJ V was complexed with the unlabeled 5WJ L at
different ratios. Samples were then subjected to electrophoresis on
10% native PAGE in TBE buffer and visualized with PhosphorImager.
Lane 1: V + L ; lane 2: V + 2L ; lane 3: V + 3L ; lane 4: V + 4L ; lane 5:
V + 5L ; lane 6: 5WJ V (P32-labeled V1 oligonucleotide). c) Representa-
tive transmission electron micrograph (TEM) of a gold-nanoparticle-
labeled U 5WJ in a VU5 complex. Scale bar: 20 nm. d) Defocused
image of the same field; gold nanoparticles appear as white spheres
as a result of defocusing. Scale bar: 20 nm.[14]
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etry in high yield (ca. 90 %; Figure 3 a,b). The [2:5:5] complex
I was resistant to both T7 and lambda exonucleases, which
indicates the presence of circularized component DNA
strands and is consistent with the highly catenated nature of
the putative tertiary structure adopted by the complex
(Figure 3c; see also Figure 4 in the Supporting Information).
Particle-sizing measurements on the [2:5:5] complex I by
tapping-mode AFM gave a mean height distribution of
(16.7� 2.7) nm (n = 130; Figure 6 in the Supporting Informa-
tion). To obtain information on particle morphology, we
adsorbed an aliquot of the specimen onto a carbon-coated,
glow-discharged formvar support on a 400 mesh copper grid.
The specimen was subjected subsequently to either platinum
shadowing or negative staining with 1% uranyl acetate, and
imaged by bright-field TEM under variable accelerating
voltages (100/120/200 kV) by using a low-beam current. In
both cases, several regular hexagonal and pentagonal features

were observed, with C3 and C5 symmetries, respectively
(Figure 3d).

The observed cevian length of the pentagonal features was
found to be (15.4� 0.8) nm (n = 135), and the observed tip-to-
tip and side-to-side distances of the hexagonal features were
(19.1� 0.6) nm (n = 131) and (17.3� 0.4) nm (n = 128),
respectively. These dimensions were in excellent correlation
with an icosahedral arrangement of the component helices in
the [2:5:5] complex constructed with the software Matlab 7
(Figure 8 in the Supporting Information), for which DNA
helices were assumed to be cylinders of diameter 2.3 nm.
Importantly, the large numbers of hexagonal and pentagonal
features indicate that the [2:5:5] complex could adopt an
icosahedral tertiary structure of degree k = 1, as observed for
several viral particles.[10, 11]

To see whether the [2:5:5] complex was capable of
functioning as capsules for other nanoscale entities, we
mixed VU5 and VL5 in a 1:1 ratio in the presence of citrate-
capped gold nanoparticles in a buffer. Following ligation with
NCI, the free gold nanoparticles were separated from the
[2:5:5] complex by size-exclusion chromatography on a G-75
sephadex column and dialysis. Visualization by TEM of an
aliquot of the dialyzed solution of the [2:5:5] complex without
staining showed that gold nanoparticles were present only in
clusters of at least 6� 2 particles (see Figure 9 in the
Supporting Information). Negative staining of the same
samples with 1 % aqueous uranyl acetate revealed the
presence of several hexagonal and pentagonal [2:5:5] par-
ticles with a highly electron dense core under low magnifi-
cation (50 kX; Figure 4a; see also Figure 10 in the Supporting
Information). At higher magnification, gold nanoclusters
could be visualized clearly inside [2:5:5] cages of average size
(23� 2) nm (Figure 4 a, inset). Furthermore, histograms of
gold-nanoparticle sizes before and after encapsulation reveal
a depletion of nanoparticles below 2.5 nm in diameter
(Figure 4b,c). This result is consistent with an in-circle
diameter of 2.8 nm of the triangular faces, as predicted for
an icosahedral arrangement of helices in the [2:5:5] complex,
and further indicates the overall effective porosity in these
capsules. The minimum effective encapsulation volume per
[2:5:5] complex is approximately 580 nm3 or approximately
53% of the computed void volume. Modules VU5 or VL5

alone were incapable of encapsulating gold nanoparticles (see
the Supporting Information). However, encapsulation by a
defective [1:5:5] complex created through a different assem-
bly strategy (see Figure 11 in the Supporting Information) and
missing a single vertex gave an effective pore size of 3.5 nm.
Thus, this assay for pore size in the bulk complex is sensitive
to an overall loss of a single vertex within the structure.

Owing to the conformational flexibility of DNA junctions,
5WJs are unable to form icosahedra in the absence of
prefolding. They assemble instead into 2D sheets at higher
concentrations.[15] The advantage of a modular assembly
strategy is that stoichiometrically well-defined closed capsules
may be formed in high yield even at high concentrations as a
result of the formation of prefolded intermediate modules as
well as the increase in cooperativity associated with pro-
gressively higher order assembly. As also seen in viral capsid
assembly, which utilizes very few repeating modules, a

Figure 3. a) Agarose gel (0.8%) showing the formation of the [2:5:5]
complex I from VU5 and VL5. Lane 1: ligated VU5 ; lane 2: ligated VL5 ;
lane 3: the ligated [2:5:5] complex I. b) Agarose gel (0.8%) showing
the formation of the [2:5:5] complex in the indicated stoichiometry
from VU5 and VL5. Lane 1: ligated VL5 ; lane 2: the ligated [2:5:5]
complex I ; lane 3: VU5/VL5 (0.2:1); lane 4: VU5/VL5 (0.5:1); lane 5:
VU5/VL5 (0.7:1); lane 6: VU5/VL5 (1:1). c) Exonuclease treatment of the
ligated [2:5:5] complex on 0.8% agarose gel. Lane 1: 0.5–12 kb DNA
marker; lane 2: genomic DNA from HeLa cells not treated with the
exonuclease; lane 3: genomic DNA treated with 3 U of lambda
exonuclease for 4 h at 37 8C; lane 4: genomic DNA treated with 5 U of
T7 exonuclease for 3 h at 25 8C; lane 5: the ligated [2:5:5] complex, not
treated with lambda exonuclease; lane 6: the ligated [2:5:5] complex
treated with 3 U of lambda exonuclease for 4 h at 37 8C; lane 7: the
ligated [2:5:5] complex, not treated with T7 exonuclease; lane 8: the
ligated [2:5:5] complex treated with 5 U of T7 exonuclease for 3 h at
25 8C. d) Representative transmission electron micrographs of DNA
icosahedra. Platinum-shadowed samples showing hexagonal (top left)
and pentagonal (bottom left) features corresponding to C3 and C5

symmetries. Scale bar: 20 nm. Shown on the right are the calculated
theoretical dimensions (nm).
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prefolded scaffold with a defined curvature can undergo a
larger number of favorable collisions that result in successful
recognition events as a result of the degeneracy in the
recognition sites that is associated with very few repeating
modules. Modular strategies could therefore be used to
construct icosahedra of even greater complexity through
applications of quasiequivalence, in analogy with the assem-
bly of large and complex viral capsids. Given the capacity of
icosahedra to function as efficient nanocapsules, one could
envisage targeted cargo delivery through the use of an
icosahedral display of protein-binding sites on such scaffolds
to create viruslike protein–DNA complexes that could be
recognized by viral-entry pathways. Furthermore, the con-
struction of an icosahedron could facilitate the formation of
extended 3D frameworks owing to the well-known propensity
of this polyhedron to pack.

Experimental Section
5WJs V, U, and L (20 mm) were constructed by annealing an
equimolar mixture of 5’-phosphorylated oligonucleotides (Sigma)
from 90 to 20 8C in sodium phosphate buffer. The [1:5] complexes
VU5 and VL5 were created by annealing V and U/L in a 1:5 ratio
(3.33 mm) from 45 8C to room temperature. The [2:5:5] complex I was
formed by annealing VU5 and VL5 in 1:1 ratio (1 mm) from 45 8C to
room temperature. All the samples were analyzed by electrophoresis
by using either 10% PAGE (polyacrylamide gel electrophoresis) in
1X TBE buffer (TBE = Tris base (tris(hydroxymethyl)aminome-
thane)/boric acid/ethylenediaminetetraacetic acid (EDTA)) or
0.8% agarose in 1X TAE (TAE = Tris base/acetate/EDTA) at 4 8C.

All [1:5] and [2:5:5] complexes were ligated with NCI at room
temperature as described previously.[16] Gold nanoparticles of the
desired sizes were synthesized by using the standard tannic acid–
citrate–bicarbonate reduction method.[12, 13] GNP-labeled [1:5] com-
plexes and the [2:5:5] samples before and after GNP encapsulation
were analyzed with either a JEOL 100 or a Tecnai 12 Biotwin TEM
instrument operating at 80 or 100 kV. Size-exclusion chromatography
was performed on a Biosep SEC 3000 column attached to a Shimadzu
Prominence HPLC instrument equipped with UV and fluorescence
detectors. Procedures for the exonuclease treatment of all samples are
described in the Supporting Information.

All procedures and experiments are described in detail in the
Supporting Information in the section Materials and Methods.
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Figure 4. a) TEM image of the gold nanoparticles encapsulated within
DNA icosahedra. The bright-field low-resolution TEM image shows the
dense core of metallic particles within the cages. The inset shows
representative high-resolution images in which the individual gold
nanoparticles can be seen to be present within the icosahedral cages.
Scale bar: 50 nm. b,c) Histograms showing the size-based distribution
of the gold nanoparticles before (b) and after encapsulation (c).
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