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Abstract: A strategy of structural transformation for the
assembly of DNA nanocages that can not be assembled directly
is described. In this strategy, a precursor DNA nanocage is
assembled first and then is isothermally transformed into
a desired, complicated nanocage. A dramatic, conformational
change accompanies the transformation. This strategy has been
proven to be successful by native polyacrylamide gel electro-
phoresis (PAGE) and cryogenic electron microscopy
(cryoEM) imaging. We expect that the strategy of structural
transformation will be useful for the assembly of many
otherwise inaccessible DNA nanostructures and help to
increase the structural complexity of DNA nanocages.

In last three decades, great effort has been made regarding
the construction and application of DNA nanostructures,[1–3]

including various DNA nanocages.[4–16] Such nanocages prom-
ise applications for cargo encapsulation,[17–19] 3D protein/
nanoparticle organization,[20, 21] controlled nano-object deliv-
ery,[18, 22,23] etc. Structural control of the nanocages is key to
fully meet those potentials. Research activity in the field is
constantly updating on two fronts: the structural complexity
that can be achieved and how complex structures can be
assembled in a simple way. It has been demonstrated that the
shape and surface porosity of a DNA nanocage could be
reversibly switched.[12, 14, 24,25] In most cases, the structural
changes/reconfigurations can be easily predicted and both the
starting/ending structures could be assembled directly.
Herein, we have applied structural transformation as a way
to assemble complex DNA nanocages that cannot be
assembled directly. During the transformation, there is
a dramatic conformational change that is not easily predicted.

Structural transformation between three DNA nanocages
has been realized by isothermal strand displacement
(Figure 1).[26] We start with a triakis tetrahedron (cage I),[10]

a multicavity nanocage that can be directly assembled from
a six-point-star motif (M6

A) and a three-point-star motif (M3).
All the branches of the motifs have sticky ends on the outside

for further assembly. Three branches of M6
A can self-associate

to form the central tetrahedral chamber and the other three
branches can associate with M3 motifs to produce four
tetrahedral chambers outside of the four faces of the central
tetrahedron. All the tetrahedral chambers have the same edge
length: four helical turns or approximately 14 nm. there is
a 10-nucleotide (nt) long, single-stranded overhang on strand
SB-A at the end of each self-associating arm in M6

A in the
assembled cage I. The structural transformation is triggered
by the addition of a DNA strand SA’-B’, which is fully
complementary to SB-A. It binds to strand SB-A at the overhang
region and gradually displaces it from cage I to form a short
duplex, SA’-B’/SB-A. After the removal of strand SB-A, the
original M6

A motif becomes a pseudo-three-point-star motif
M3

B, which has an open triangle in the center. Accordingly, the
original cage I becomes a structure with a single cavity. It
resembles a cube, but has four open vertexes. We named it
a semitruncated cube (cage II). This step of the transforma-
tion process can be reversed by re-introduction of strand SB-A.
To further close the four open vertexes, we can add strand
SB’-C’, which can not self-associate to define an inner chamber,
but is able to change M3

B into a new six-arm motif M6
C. As
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Figure 1. Structural transformation of DNA nanocages. Top panel:
DNA nanocages; bottom panel: corresponding component DNA nano-
motifs and their simple rod-ball representations. Each line in the motif
structure represents a DNA strand and each rod represents one
branch (two interconnected, parallel DNA duplexes) of the motifs.
Three arms (red rods) of motif M6

A can self-associate while the other
three arms (green rods) can only associate with the arms (yellow rods)
of motif M3. Structural transformation is realized by specific addition
or removal of a DNA strand from the 6-point-star motifs M6

A and M6
C

by toe-hold-mediated strand displacement. Note that during the whole
process, there is no change to motif M3 or the association between
the yellow arms and the green arms.
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a result, cage II is converted into cage III, a new single-cavity
cube with closed vertexes. As a consequence of the overhang
domain of strand SB’-C’, cage III can also be reversibly
transformed into cage II by strand displacement (displacing
strand SB’-C’ with a strand SC-B ; these two stands are fully
complementary to each other).

Cage I has been directly self-assembled before[10] and cage
III is expected to be able to self-assemble because both
component motifs are highly structured. However, cage II
could not self-assemble from its component motifs (M3 and
M3

B). Motif M3
B is poorly structured. At the center of the

motif, there is an equilateral triangle. Each side contains two
5-base-long (TTTTT) single-stranded bulges and two single-
stranded tails, which make the motif very flexible. Direct
assembly of M3 and M3

B would produce a series of complexes
with different molecular weights, but the dominant product is
expected to be the smallest complex, a heterodimer of M3 and
M3

B. Thus, preparing cage II is a challenge. Here we propose
that we can prepare cage I or III first, and then convert them
into cage II through structural transformation, as outlined in
Figure 1.

First, we examined the direct assembly of the three
nanocages from the component DNA tiles by native PAGE
(Figure 2). For cages I and III, dominant, sharp bands

appeared in the lanes corresponding to the two samples.
The band for cage I (a triakis tetrahedron with twelve 10-
base-long overhangs) migrated the same as a previously
reported triakis tetrahedron without extended overhangs
(cage I’’). As the two cages had the same 3D structures and
similar molecular weights (3324 nucleotides for cage I and
3204 nucleotides for cage I’’), similar mobilities were expected.

Cage III migrated significantly slower as it was much less
compact than cage I. The PAGE experiment suggested that
cages I and III assembled successfully, as designed. However,
the assembly was different for cage II. A band corresponding
to cage II appeared. It migrated much slower than cage I
because cage I was more compact, and migrated slightly faster
than cage III because cage III had a slightly higher molecular
weight. The band was very weak. Besides the desired band,
multiple, high-mobility (low-molecular-weight) bands existed.
The major band had a quite low molecular weight (high
mobility), which was presumably a heterodimer of motifs M3

B

and M3. This observation indicated that the direct assembly of
cage II failed. It was not a surprise because M3

B was very
flexible. Note that in the lane of M6

A, there are a series of
bands, which are oligo-M6

A complexes formed through the
interaction between the self-associating arms.

Although direct assembly worked poorly for cage II,
structural transformation provided an effective way to
prepare it (Figure 3 and see Figure S2 in the Supporting

Information). The structural transformation was demon-
strated by native PAGE (Figure 3a). Cage I was assembled
directly from the component motifs. Upon addition of strand
SA’-B’, strand SB-A would be removed from cage I, which
consequently became cage II, as shown schematically in
Figure 1. The transformation from cage I to cage II was
evidenced by a significant shift in the electrophoretic mobility
and the appearance of a new high-mobility band correspond-
ing to the waste duplex of SA’-B’/SB-A. The transformation was
near quantitative, as the original band of cage I completely
disappeared. When another strand SB’-C’ was added, cage II
was further converted into cage III, thereby resulting in

Figure 2. Native polyacrylamide gel electrophoretic (PAGE) analysis of
the direct self-assembly of DNA nanocages from component motifs.
Cage I’’ is a previously reported triakis tetrahedron (TET), but without
single-stranded overhangs on strand SB-A. It serves as a size marker.
The sample composition in each lane and the chemical identity of
each band are indicated above and beside the gel image, respectively.
The assembly yield of each cage has been estimated on the basis of
the band intensity by ImageJ, an image processing software, and
shown at the bottom of the corresponding lane.

Figure 3. Reversible transformation process demonstrated by native
PAGE. a) One complete cycle of the transformation: cage I!II!III!
II!I. b) Multiple cycles of the structural transformation. The sample
composition in each lane and the chemical identity of each band are
indicated above and beside the gel images, respectively. The yields are
shown in the corresponding lanes. The arrows above the gel indicate
the transformation process. The sample “cage III (SA)” was prepared
by direct self-assembly from motifs M3 and M6

C and used as a control.
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a small mobility shift. The whole process could be reversed
from cage III to cage II (by adding strand SC-B), and then back
to cage I (by adding strand SB-A). Thus, cage II could be
prepared in high yield by structural transformation from cage
I or III. The transformation was efficient and remarkably
robust. The above described process could be repeated for
multiple cycles (Figure 3b see Figure S2 in the Supporting
Information). The samples in different cycles behaved very
similar to each other in native PAGE. As the process
continued, the waste duplex was accumulated and the
intensity of the corresponding band became stronger and
stronger.

To directly prove that the 3D structures of the nanocages
were as designed, we characterized the cages by cryoEM
(Figure 4), which has been proven to be well-suited for the
structural study of 3D DNA nanostructures.[4, 6, 27] Framework-
like nanoparticles were randomly distributed in the cryoEM
images (Figure 4a,d,g, see Figures S3, S5, and S7 in the
Supporting Information). From the observed nanoparticles,
we applied a single-particle 3D reconstruction technique[28] to
reveal the native 3D structures. This process resulted in
a triakis tetrahedron for cage I (at a resolution of 4.0 nm),
a semitruncated cube structure for cage II (at a resolution of
4.8 nm), and a cube structure for cage III (at a resolution of
5.1 nm) as expected. To validate the reconstructed structural
models, we made pairwise comparisons between the exper-
imentally observed, individual, particle images and computer-
generated 2D projections of the reconstructed structural
models (Figure 4c,f,i). They clearly matched with each other,
thus indicating that the reconstructed models were indeed the
native 3D structures of the nanocages. Cages II and III were
similar to each other and exhibited cube-like structures, but
clear differences existed. For cage II, four vertices were solid
(corresponding to motif M3) and each of the other four had
one triangle-shaped opening (corresponding to the triangle in
motif M3

B). For cage III, all the vertices were solid, but four
had lower densities (corresponding to motif M3) than the
other four (corresponding to motif M6

C). Cages II and III
were both loosely packed compared to the densely packed
cage I structure (Figure 4b).

In summary, we have demonstrated that structural trans-
formation can be used to prepare a DNA nanocage that
cannot be assembled directly from its component tiles.
Accompanying the transformation, there are dramatic
changes in the 3D structures and topologies. To the best of
our knowledge, there is only one study in the literature that
reports a dramatic, but not easily predicted structural change
resulting from strand displacement. In that study, a Mobius
strip becomes a two-circle catenane and many different
removal strands are required.[29] We expect that such a struc-
tural transformation will become a general method to prepare
complex DNA nanostructures that are not otherwise acces-
sible.
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strand displacement
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