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or helper strands are added. The staple strands
are used to fold the scaffolding strand into a
well-defined shape. The first example of a scaf-
folding strand in structural DNA nanotechnol-
ogy was reported by Yan et al. (38), who used
a scaffolding strand to make a one-dimensional
barcode array. This application of scaffolding
was followed quickly by Shih et al. (30), who
used a long strand of DNA with five short
helper strands to build an octahedron held to-
gether by PX cohesion (39). However, neither
of these two advances had the dramatic im-
pact of Rothemund’s 2006 publication (21). He
demonstrated that he was able to take single-
stranded M13 viral DNA and get it to fold
into a variety of shapes, including a smiley face
(Figure 6a). One of the great advantages of this
achievement is that it creates an addressable sur-
face area roughly 100 nm square. One can use
the DX+J motif (Figure 3b) developed for pat-
terning two-dimensional arrays (40) (see below)
to place patterns on DNA origami constructs.
An example is seen in Figure 6b, which shows a
map of the Western Hemisphere. DNA origami
has become widely used since it was intro-
duced and has been employed for embedding
nanomechanical devices (41), for making long
six-helix bundles (42), for use as an aid to NMR
structure determination (43), and for building
three-dimensional objects (22), including a box
that can be locked and unlocked, with potential
uses in therapeutic delivery (44).

4. CRYSTALLINE ARRAYS
The original goal of structural DNA nanotech-
nology was to produce designed periodic mat-
ter (9). The first stage of this effort was the
assembly of two-dimensional crystals from ro-
bust motifs. These two-dimensional crystals
could be readily characterized by atomic force
microscopy. Two-dimensional crystals are dis-
cussed in Section 4.1. Three-dimensional crys-
tals have been assembled recently. They have
been characterized by X-ray crystallographic
methods, which require a more highy ordered
sample than AFM. Three-dimensional crystals
are discussed in Section 4.2.

a b

Figure 6
Atomic force micrographs of DNA origami constructs. (a) A smiley face. The
scaffold strand, bound to helper strands, zigzags back and forth from left to
right, yielding the structure seen. (b) A map of the Western Hemisphere. This
image dramatically demonstrates the addressability of the DNA array. Each of
the white pixels is made by a small DNA double helical domain, similar to the
DX+J tile (Figure 3).

4.1. Two-Dimensional Crystals
To generate periodic matter, it is necessary
to have robust motifs that do not bend and
flex readily; otherwise, a repeating pattern
could fold up to form a cycle, poisoning the
growth of the array. The DX molecule (see
Figure 3b) was the first molecule shown to be
sufficiently rigid for this purpose (13, 45). The
molecule was quickly exploited to produce
periodic matter in two dimensions (40). The
DX+J motif was used to impose patterns on
these arrays. When DX+J molecules were
included specifically in the pattern, deliberately
striped features could be seen in the AFM,
as shown in Figure 7. DNA motifs that form
two-dimensional periodic (or aperiodic) arrays
are often called “tiles” because they can tile
the plane. There are numerous tiles that have
been developed to tile the two-dimensional
plane, including the three-domain TX tile
(14), the six-helix hexagonal bundle (42), and
the DX triangle (46). For reasons that are not
well understood, two-dimensional crystals are
relatively small, typically no more than a few
micrometers in either dimension.

Two-dimensional crystals have proved to be
an extremely good way to introduce students
and other new investigators to structural DNA
nanotechnology. The preparation of the AB∗

or ABCD∗ array (Figure 7), for example, is
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Supramolecular	  chemistry:	  Beyond	  Covalent	  bonds	  
‘The	  whole	  is	  greater	  than	  its	  parts.’	  	  

	  

 Concepts2

Defi nition and Development of Supramolecular Chemistry

Lehn, J.-M., ‘Supramolecular chemistry and self-assembly special feature: Toward complex matter: Supramolecular 
chemistry and self-organization’, Proc. Nat. Acad. Sci. USA, 2002, 99, 4763–4768.

What is Supramolecular Chemistry?

Supramolecular chemistry has been defi ned by one of its leading proponents, Jean-Marie Lehn, who 
won the Nobel Prize for his work in the area in 1987, as the ‘chemistry of molecular assemblies and of 
the intermolecular bond’. More colloquially this may be expressed as ‘chemistry beyond the molecule’. 
Other defi nitions include phrases such as ‘the chemistry of the non-covalent bond’ and ‘non-molecular 
chemistry’. Originally supramolecular chemistry was defi ned in terms of the non-covalent interaction 
between a ‘host’ and a ‘guest’ molecule as highlighted in Figure 1.1, which illustrates the relationship 
between molecular and supramolecular chemistry in terms of both structures and function.

These descriptions, while helpful, are by their nature noncomprehensive and there are many 
exceptions if such defi nitions are taken too literally. The problem may be linked to the defi nition 
of organometallic chemistry as ‘the chemistry of compounds with metal-to-carbon bonds’. This 
immediately rules out Wilkinson’s compound, RhCl(PPh3)3, for example, which is one of the most 
important industrial catalysts for organometallic transformations known in the fi eld. Indeed, it is often 
the objectives and thought processes of the chemist undertaking the work, as much as the work itself, 
which determine its fi eld. Work in modern supramolecular chemistry encompasses not just host-guest 
systems but also molecular devices and machines, molecular recognition, so called ‘self-processes’ 

1.11.1

1.1.11.1.1

Figure 1.1 Comparison between the scope of molecular and supramolecular chemistry according to 
Lehn.1

Supramolecular Chemistry, 2nd edition J. W. Steed and J. L. Atwood
© 2009 John Wiley & Sons, Ltd  ISBN: 978-0-470-51233-3

Supramolecular	  Chemistry	  (2009),	  2nd	  ed.,	  Steed	  and	  Atwood.,	  John	  Wiley	  and	  Sons	  

•  Formal	  Dis>nc>on	  between	  tradi>onal	  covalent	  chemistry	  and	  self	  assembly.	  

2	  



•  Since	  it’s	  formaliza>on	  in	  the	  1960-‐70’s,	  methods	  to	  build	  supramolecular	  
assemblies	  using	  organic	  molecules	  and	  scaffolds	  have	  resulted	  in	  an	  
astonishing	  array	  of	  new	  materials.	  

•  Molecular	  recogni>on	  using	  non	  covalent	  interac>ons	  have	  opened	  doors	  to	  
host-‐guest	  complexes,	  topologically	  curious	  structures,	  dynamic	  molecular	  
assemblies	  and	  responsive	  molecules.	  

	  	  

Supramolecular	  Chemistry	  

ifest itself in the form of exo/endo/
exo/endo binding sites in a wholly cross-
complementary fashion. In a chemical con-
text (Fig. 1C), transition metals can be
embedded into these binding sites, thus
ensuring complete three-dimensional con-
trol at all six such sites through a judicious
choice of coordination geometry. Specifi-
cally, differentiation of the exo and endo
binding sites at each of the six ring cross-
ings can be established through the union
(Fig. 1D) of bidentate and tridentate li-
gands around a five-coordinate metal ion.
The requirements for flexibility and revers-
ibility in the coordination spheres were met
by using kinetically labile zinc(II) ions,
each bound preferentially to one exo-
bipyridyl and one endo-diiminopyridyl li-
gand. Ligands of this latter class have been
used (28) to form macrocycles in the pres-
ence of metal-ion templates. It seemed pro-
pitious, therefore, to incorporate two of
these endo-tridentate ligands, as a result of
dynamic imine bond formation (27 ) be-
tween 2,6-diformylpyridine (DFP) and a
diamine (DAB) harboring the incipient exo-
bidentate ligands following a [2!2] mac-
rocyclization (Fig. 1E).

Whereas in the absence of a metal-ion
template, a complex mixture of polymeric
and macrocyclic products is the likely out-
come, introduction of zinc(II) ions is expect-
ed to template the formation of molecular
BRs with maximal site occupancy (31) being
honored. Molecular modeling (32) of the
Borromean links, constructed from the appro-
priately interlocked arrangement of three of
the [2!2] macrocycles, revealed only two
molecular trinities stabilized by combinations
of 12 "–" stacking interactions and 30 dative
bonds, one with Ci (# S2) symmetry and the
other, shown in Fig. 1E, with S6 symmetry.

Initial 1H nuclear magnetic resonance
(NMR) spectroscopic investigations, con-
ducted in a CD3OD solution containing
equimolar amounts of DFP and DAB-
H4!4TFA (TFA-trifluoroacetate), revealed
that little or no reaction occurred at room
temperature during several hours. Upon
the addition of an equivalent of Zn(OAc)2

to the NMR tube, the spectrum changed
dramatically, indicating that a reaction
was occurring. To expedite the self-
assembly process, the reaction mixture
was heated under reflux for 3 days. Period-
ic monitoring of the 1H NMR spectrum
revealed that equilibrium was reached
after 2 days, affording predominantly
(90%) one highly symmetrical entity. To
isolate sufficient quantities of the major
product for characterization, the reaction
was repeated on a preparative scale, result-
ing in a pale yellow powder that was
crystallized from MeOH/Et2O to yield a
pure crystalline sample. Electrospray ion-

ization mass spectrometric (ESI-MS)
analysis of this sample revealed three
major peaks at mass-to-charge (m/z) ratios
of 1465, 1070, and 834, corresponding
to [M–3TFA]3!, [M– 4TFA]4!, and
[M–5TFA]5!, respectively, a situation that
is consistent with the proposed Borromean
ring compound BR!12TFA.

Comparison of the 1H NMR spectrum of
this crystalline material (Fig. 2B) with that
of DAB-H4!4TFA (Fig. 2A) (both spectra
recorded in CD3OD) reveals appreciable
changes in the chemical shifts for the aro-
matic protons of the DAB fragment. Spe-
cifically, the resonances for H-e, H-f, H-g,
and H-i are all moved upfield by as much as
from 0.1 to 0.9 parts per million (ppm),
indicating the occurrence of "–" stacking
interactions, as predicted by the computa-
tional investigations carried out on the mo-
lecular Borromean ring (BR) surrogate.
The averaged molecular symmetry (Th) of
this compound, which is fluxional on the
1H NMR time scale at 50°C, is such that we
would expect to see 1H NMR signals for
only one quadrant of one of the [2!2]
macrocycles, because all three rings are
equivalent. Inspection of the 1H NMR spec-
trum shown in Fig. 2B reveals eight of the
anticipated nine signals centered on $ 8.89
(H-c), 8.62 (H-a), 8.31 (H-b), 7.97 (H-i),
6.74/6.68 (H-e/f), 6.50 (H-g), and 4.84 (H-
d). It is notable that the signal for H-g on

the bipyridyl ligand is broad but that the
signal for the vicinal H-h proton has
merged into the baseline between $ 7 and 8
ppm. A spectrum recorded at 50°C indi-
cates that the signal for H-g becomes much
sharper, whereas that for H-h emerges out
of the baseline and resonates as a broad
singlet, centered on $ 7.90 ppm. This
temperature-dependent behavior suggests
that a (co)-conformational change might be
occurring within the BR12! dodecacation
that is on the order of the 1H NMR time
scale at room temperature.

The x-ray crystallographic analysis (33)
of BR!12TFA reveals a molecular structure
(Fig. 3, A to E) with S6 symmetry wherein
the three rings have the topology of a Bor-
romean link. Each of the three equivalent
rings adopts a chairlike conformation and,
consequently, the BR12! dodecacation can
be symmetry-related from half of one of the
rings, which is 24.5 Å long from the tip of
one pyridyl unit to the tip of the other.
Molecular recognition is manifest in a mu-
tually compatible manner. The three equiv-
alent rings are held together by six Zn(II)
ions, positioned 12.7 Å apart. They are
each coordinated in a slightly distorted oc-
tahedral geometry to five N atoms (Zn–N
bond lengths ranging from 2.10 to 2.24 Å
with the cis N–Zn–N bond angles, ranging
from 72.4° to 109.6°), with the sixth coor-
dination site occupied by an O atom (Zn–O

Fig. 1. The Borromean
rings (BRs) can be de-
picted in many ways,
including a planar
Venn representation
(A) and a more inform-
ative orthogonal ar-
rangement (B). At
each of the six cross-
ing points on this
graph, it is possible to
embed a templating
feature [the silver
spheres shown in (C)]
to control the overall
three-dimensional ar-
chitecture in a molec-
ular context. By em-
ploying transition
metal ions to gather
around themselves
appropriate ligands in
a prescribed fashion,
one can envisage a
relatively straightfor-
ward retrosynthetic
disconnection of the
BRs (D). The retrosyn-
thesis in chemical
terms (E) anticipates
the use of an exo-
bidentate bipyridyl ligand and an endo-tridentate diiminopyridyl ligand that is formed reversibly
upon the reaction of DFP with DAB in a [2!2] macrocyclization. Molecular modeling (E, left)
confirms that three such [2!2] macrocycles can be slotted together to form a highly stabilized
assembly with a BR topology.
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bond length of 2.06 Å and cis O–Zn–N
bond angles, ranging from 89.0° to 99.3°)
belonging to aTFA– anion with a disor-
dered trifluoromethyl group. The six
equivalent bipyridyl ligands are sand-
wiched unsymmetrically between six pairs
of phenolic rings, such that the !–! stack-
ing distance is 3.61 Å in one direction and
3.66 Å in the other. The BR12" dodecaca-
tion contains an inner chamber (34 ) of
volume 250 Å3 lined with the van der
Waals surfaces of 12 O atoms that are
oriented in the form of a cuboctahedral
array toward the center of the chamber,
which contains species that give rise to
nonresolved and diffuse electron density.

At a supramolecular level, the BR12"

dodecactions are arranged (Fig. 3E) in hex-
agonal arrays with close (3.31 Å) intermo-
lecular !–! stacking interactions between
pairs of pyridyl rings in adjacent dodeca-
cations, which form (Fig. 3F) columnar
arrays in the orthogonal c direction that are
stabilized by six [C–H!!!O#C] interactions
between each BR12" dodecacation, the
centers of which are 16.3 Å apart. The six
cylindrical channels that surround each col-

Fig. 2. The 1H NMR spectra (CD3OD, 298 K) of (A) the exo-bidentate ligand-containing starting
material DAB-H4!4TFA (500 MHz), (B) the molecular Borromean rings BR!12TFA (600 MHz), and (C)
an inseparable mixture of “empty” and “filled” Borromean rings, namely BR!12TFA and
Zn@BR!14TFA, respectively (600 MHz). The letters a to i are defined for BR12" with respect to the
appropriate protons on the structural formulas shown in Fig. 1E. Primed letters represent the
corresponding protons in Zn@BR14".

Fig. 3. Different structural and superstructur-
al representations of the BR12" dodecaca-
tion(s) in the solid state as deduced from
x-ray crystallography carried out on single
crystals of BR!12TFA. In the case of the illus-
trations of the single BR12" dodecacation,
the three equivalent macrocycles are fea-
tured, as tubular and space-filling represen-
tations, in the three primary colors, green,
red, and blue. The six Zn(II) ions are depicted
in silver. (A) Tubular representation viewed
down the S6 (and collinear C3) axis of BR

12".
(B) Space-filling representation of A, showing
the pore with a diameter of 2.08 Å in BR12",
which leads to an inner chamber. (C) Space-
filling representation of BR12", highlighting
the mutually orthogonal arrangement of the
three interlocked macrocycles adopting
chairlike conformations wherein the distance
from the tip of one pyridyl ring to the other,
in any given macrocycle, is 24.5 Å. Multiple
!–! stacking interactions are evident to the
extent that all six equivalent bipyridyl ligands
are sandwiched between six pairs of flanking
phenolic rings, such that the plane-to-plane
separations are 3.61 Å in one direction and
3.66 Å in the other. In addition, there are six
[C–H!!!!] interactions (H!!!! distance 2.78 Å)
between H-h on all of the bipyridyl ligands and the faces of the six
pyridyl rings. The coordination sphere around each of the six equiva-
lent Zn(II) ions exhibits distorted octahedral geometry, with a single
TFA– anion (not shown) occupying the sixth coordination site in all
cases. (D) A stick representation of BR12", upon which are superim-
posed a platonic solid (i.e., the silver octahedron with its vertices
defined by the six Zn(II) ions and having edges that are all equal to
12.7 Å) and a slightly distorted Archimedean solid [i.e., the red cuboc-
tahedron with its vertices defined by 12 O atoms (each 5.1 Å distant from
the centroid of BR12") that line the inner chamber of BR12" and with a
volume of $250 Å3]. (E) Space-filling representation of the hexagonal
array of six individual columnar stacks of three BR12" dodecacations
clustered around a central column viewed down the c direction of the
crystal lattice, showing the TFA– anions (red and blue) coordinated to the

Zn(II) ions. Neighboring BR12" dodecacations are held together by
intermolecular !–! stacking interactions (3.31 Å) between matching
pairs of pyridyl rings. The small channels that run through the center of
the superstructures are separated by 22.5 Å, and the large channels,
which are 4.2 Å in diameter, are filled with Zn(II)-coordinated TFA–
anions (not shown) and separated from each other by 13.0 Å. (F)
Space-filling representation of three interdigitated BR12" dodecacations
present in superstructural columns that run through the crystal in the c
direction. Each BR12" (green) in the columnar array is linked above
(purple) and below (blue) itself by six [C–H!!!O#C] hydrogen bonds (with
a [H!!!O] distance of 2.52 Å), which arise from an interaction between
H-g in one BR12" and the carbonyl oxygen atom of a Zn(II)-bound TFA–
anion in the neighboring BR12". The distance within the columns be-
tween the centers of repeating BR12" dodecacations is 16.3 Å.
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Borromean	  rings	  (Stoddard,	  2004)	  

has reached the lower level, is present. The
original 1H NMR spectrum was regenerated
in every detail on addition of a slight excess
of trifluoroacetic acid to the NMR sample
treated with the base; i.e., the elevator goes
back completely to the upper level.

Clear evidence for the elevator operating
with base and acid inputs was also obtained
from electrochemical experiments performed

in acetonitrile solution. It is well known (23)
that BIPY2! units undergo two successive,
reversible monoelectronic reduction process-
es at about –0.4 and –0.8 V [compared with
a saturated calomel electrode (SCE)]. When
BIPY2! units are surrounded by electron do-
nors such as the catechol rings in DB24C8,
their reduction potentials become displaced
(8) to more negative values by about 150 to

200 mV. We found that [6H3]9! (Fig. 2)
exhibits two successive reversible three-
electron reduction processes at –0.35 V and
–0.80 V, indicating that the three BIPY2!

units (i) are equivalent, (ii) behave indepen-
dently of one another, and (iii) are not en-
gaged in electron donor-acceptor interac-
tions. On deprotonation of the control
[6H3]9! by addition of the phosphazene base,
the two reduction waves (Fig. 4A) are almost
unaffected. The electrochemical behavior of
the molecular elevator [5H3]9! is quite sim-
ilar to that of the control [6H3]9!, indicating
that the three BIPY2! units are not interact-
ing with the electron-donating catechol rings
at the periphery of the platform. Thus, the
initial co-conformation adopted by [5H3]9!

corresponds to the one in which the crown
ether loops on the platform all surround the
–NH2

!– centers on the three-legged rig (on
the upper level). On addition of slightly more
than 3 equivalents of base, however, the two
reduction waves are displaced (Fig. 4A) to
more negative potentials, indicating that the
three BIPY2! units in the three legs, although
remaining equivalent and independent from
one another, are now surrounded by the

Fig. 2. The trifurcated guest salt [4H3][PF6]6 and the tritopic host 2 (each 6.6 mM) in a
CHCl3/MeCN solution (3.0 mL, 2 :1) form a 1:1 adduct (superbundle) that was, at elevated
temperature (75°C), converted to the mechanically interlocked elevator [5H3][PF6]9 in the reaction
with (i) 3,5-di-tert-butylbenzylbromide(200 mM), followed by (ii) the counterion-exchange
(NH4PF6/MeOH/H2O). Following the same protocol, only without 2, the model compound
[6H3][PF6]9 was synthesized.

Fig. 3. 1H NMR spectra (600 MHz, CD3CN, 4.3 mM, and 298 K) recorded on [5H3][PF6]9 before (A)
and after (B) addition of 3.4 equivalents of the phosphazene base, N-t -butyl-
N",N",N"",N"",N""",N"""-hexamethylphosphorimidic triamide. The original spectrum is regenerated
(C) on addition of 3.4 equivalents of trifluoroacetic acid. The corresponding operation of the
molecular elevator is shown on the right-hand side. The platform is situated on the upper level (D)
at the outset. Addition of the base causes the platform to move to the lower level (E). Addition of
acid restores the platform to the upper level (F).

Fig. 4. (A) Potential values, in V versus SCE,
for the reduction processes of the BIPY2!
units of [5H3]

9! (●) and [6H3]
9! (") (top) on

addition of a base to afford 56! and, respec-
tively, 66! (middle) and after reprotonation
with an acid, a stoichiometric amount with
respect to the added base (bottom). (B)
Changes in absorbance observed at 310 nm
(path length is 4.0 cm) for a 7.1 #M solution
of [5H3]

9! on successive addition of stoichi-
ometric amounts of base (yellow areas) and
acid (green areas). All experiments were car-
ried out in acetonitrile solution at 298 K.
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	  A	  molecular	  elevator	  	  
(Stoddard,	  2004)	  

 Cation-Binding Hosts120

molecules, such as 3.17, which are able to encapsulate their guests more fully. Again, the rigid-
end-group philosophy is applicable since tripodal hosts are often highly fl exible as a consequence of 
inversion at the bridgehead nitrogen atoms.

Lariat Ethers

Gokel, G. W., ‘Lariat ethers - from simple sidearms to supramolecular systems,’ Chem. Soc. Rev. 1992, 21, 
39–47.

The term ‘lariat ether’ refers to a crown ether or similar macrocyclic derivative with one or more 
accompanying appendages designed to enhance metal cation complexation ability by giving some 
three-dimensionality to the binding (cf. 3.17). The compounds may be regarded as a crown type 
macrocycle with a podand side-arm. The name comes from the Spanish la reata, meaning ‘the rope’, 
and suggests the concept of the macrocycle representing the loop of a lasso and the podand side-arm 
representing the rope by which it is held. They thus combine the higher rigidity and preorganisation 
of macrocyclic compounds with the additional stability and fl exibility (which leads to fast cation-
binding kinetics) of podand complexation. A comparison between the binding ability of some simple 
podand, crown and lariat ether compounds is shown in Figure 3.11. Clearly [18]crown-6 is a much 
more effective ligand for K! than the podand pentaethyleneglycol dimethylether (3.11) (the K! 
complex is almost four orders of magnitude more stable). At fi rst sight, the lariat ether 3.19 seems 
to lie somewhat in between the binding ability of the cyclic and acyclic compounds. However, the 
affi nity for K! is also regulated by the character of the donor atoms. A more direct comparison 
between the azacrowns 3.18 and 3.19 suggests that it is the three-dimensional binding by the lariat 
ether (Figure 3.12) that is the more effective of the two, although the greater amine basicity in 
3.19 also enhances the binding constant (cf. N,N ′-di-n-butyldiaza[18]crown-6, log K " 3.8). The 
number of donor atoms (eight as opposed to six) is also a key consideration.
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cryptands, many with very unusual cation and anion binding properties. Some examples are shown in 
Figure 3.13.

A particularly novel class of cryptand are the sepulchrates, which arise from a Co(III) templated 
condensation of various capping groups with tris(chelate) complexes of bidentate ligands. The fi rst 
example, reported in 1968 by Boston and Rose, involved the reaction of tris(dimethylglyoximato) 
cobalt(III) with the highly Lewis acidic boron trifl uoride etherate (Scheme 3.8). The fact that 
Co(III) is a highly inert metal ion (see Chapter 10, Box 10.1) means that it is very likely that the 
cryptate complex is formed as a consequence of the ability of the metal ion to hold the ligand in an 
orientation similar to the geometry of the fi nal product. Work by Alan Sargeson of the Australian 
National University has resulted in a range of related complexes derived for 1,2-diaminoethane. 
Sargeson coined the name ‘sepulchrates’ for the nitrogen-capped metal compounds and ‘sarcophag-
ines’ for the analogous C-bridged species because the sequestered, metal complex is highly stable 

Scheme 3.7 Simple template synthesis of selected cryptands with yields.
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Supramolecular	  hosts	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(Cram,	  Lehn,	  Pederson,	  

1960-‐1975	  )	  
Supramolecular	  Chemistry	  (2009),	  2nd	  ed.,	  Steed	  and	  Atwood.,	  John	  Wiley	  and	  Sons	  

Chichak	  et.al,	  Science	  (2004),	  304,1308.	  
Badjic	  et.	  al.,	  Science	  (2004),	  303,	  1845	  
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DNA	  –	  A	  King	  of	  Self	  Assembly	  	  

•  A	  polymer	  with	  a	  ‘nucleo>de	  code’	  
to	  mark	  loca>ons.	  

	  
•  Precise	  base	  pairing	  with	  an	  

absolutely	  predictable	  structure	  
output.	  

•  Forma>on	  of	  the	  duplex	  is	  under	  
thermodynamic	  control.	  

•  A	  myriad	  of	  enzymes	  available	  to	  
modify	  the	  resul>ng	  polymer	  at	  
specific	  loca>ons.	  

•  Nucleic	  acid	  synthesis	  is	  now	  a	  
mature	  field	  and	  oligonucleo>des	  
upto	  150	  bases	  are	  rou>nely	  
prepared.	  

	  
	  	  

Image:	  hMp://upload.wikimedia.org/wikipedia/commons/4/4c/DNA_Structure%2BKey%2BLabelled.pn_NoBB.png	  
4	  



Solid	  Phase	  DNA	  synthesis	  

Solid	  Phase	  Phosphoramidite	  DNA	  synthesis	  

Image:	  hMp://commons.wikimedia.org/wiki/File:Oligocycle1.png	  
5	  



Hybridiza>on	  is	  the	  basis	  for	  combining	  DNA	  strands	  

•  DNA	  hybridiza>on	  is	  highly	  sequence	  dependent.	  DNA	  molecules	  with	  
complementary	  sequences	  will	  ‘anneal’.	  

•  Conversely,	  If	  a	  duplex	  structure	  is	  heated,	  ‘mel>ng’	  of	  the	  two	  strands	  will	  
occur	  at	  a	  sharp	  temperature	  (Tm).	  

A	  typical	  DNA	  mel.ng	  curve	  

hMp://www.atdbio.com/content/53/DNA-‐duplex-‐stability	  

•  Generally,	  Tm	  for	  a	  30-‐40bp	  
duplex	  will	  be	  between	  60-‐80oC	  

•  This	  essen>ally	  means	  that	  
hea>ng	  the	  DNA	  sample	  above	  
90oC	  and	  cooling	  it	  to	  RT	  assures	  
forma>on	  of	  a	  predictable,	  
sequence-‐directed	  duplex	  
structure.	  

6	  



Annealing	  gives	  the	  thermodynamically	  stable	  product	  

test tube with reaction buffer (water + salt) test tube with reaction buffer (water + salt) 

Single-stranded DNA is flexible 

DNA hybridization (binding) 

test tube with reaction buffer (water + salt) test tube with reaction buffer (water + salt) 

Complementary single-stranded domains bind (hybridize) to each other. 
Formation of base pairs is energetically favorable and drives the reaction 
forwards 

DNA hybridization (binding) 

1.	  Heat	  

2.	  Cool	  

•  The	  thermodynamically	  stable	  product	  is	  one	  where	  maximum	  uninterrupted	  base	  
pairing	  is	  aaained.	  The	  process	  is	  also	  kine>cally	  enforced.	  

•  Such	  a	  stable	  product	  is	  extremely	  easy	  to	  design/predict	  by	  looking	  at	  the	  sequence	  
of	  par>cipa>ng	  molecules.	  
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DNA	  as	  a	  building	  block:	  
Founda>onal	  ideas:	  Nadrian	  Seeman	  (1982)	  

A Conversation with
Prof. Ned Seeman:
Founder of DNA Nanotechnology

I met with Prof. Ned Seeman in Snow-
bird, Utah, at the 2008 Foundations of
Nanoscience Meeting (FNANO08),1

which we both helped organize. Prof. See-
man is a pioneer in the area of structural
DNA nanotechnology, and he shared some
of his early experiences in the field.

PSW: What made you think of making
nanostructures with DNA?

Ned Seeman: I was trained as a crystal-
lographer. When I went off to get my first in-
dependent position at Albany, I was unsuc-
cessful at growing any crystals. So, what
does a crystallographer do who cannot get
crystals? The answer is, he writes code to try
to solve some problem, because you can al-
ways write code.

I wound up worrying about branch mi-
gration in DNA.2 This is a phenomenon that
involves the relocation of the branch point in
naturally occurring branched DNA structures
in the process of genetic recombination. I was
doing this with Bruce Robinson, who is now
on the faculty at the University of Washing-

ton. What I realized during our effort (which
took 2 or 3 months) was that we were really
engaged in a scholastic enterprise rather than
a scientific enterprise because there was no
way that we could test any hypothesis that
we came up with.

One day, I was talking to an undergradu-
ate student in my laboratory and I suddenly
realized, “Wow, if I had synthetic branched
molecules, I could study these things and
test various hypotheses,” because with the
branched molecules, if they were synthetic,
I could trash the symmetry that was respon-
sible for the branch migration that gave
you a polydisperse system. I was really ex-
cited about that, and I told everybody I
knew. One visitor came by and he said,
“Four arms— can you make them with dif-
ferent numbers of arms?” And I said, “You
know, I hadn’t thought about that!” I
thought about it and realized that we could
go up to at least eight.

One day, I went over to the campus
pub to think about six-arm junctions. When
I was thinking about six-arm junctions, I sud-
denly thought about Escher’s woodcut Depth
[Figure 1]. This is the one with the flying fish
that are organized like the molecules in a mo-
lecular crystal: periodicity front to back, up
and down, right and left. The flying fish were
just like the six-arm junction!

I said, “Maybe I could use this concept
to make crystals, to get crystals to self-
associate rather than simply to try to crystal-
lize them in the usual method of throwing
stuff in a pot and invoking one deity after
another to get the crystals.” Of course, I
needed some way to do this, something to
get them to come together.

I was in a biology department and I had
been listening to other people’s students
(since I had none of my own at the time)
talking about how they made a series of
constructs. I was familiar with so-called
“sticky ends”—single-stranded overhangs
that cohere with each other when they’re
put in the same pot. That struck me as the

To hear Prof. Seeman’s advice to
nanoscientists, please visit us at the
podcast page of
http://www.acsnano.org/.

Published online June 24, 2008.
10.1021/nn800316c CCC: $40.75

© 2008 American Chemical Society

Figure 1. M.C. Escher’s Depth. Copyright 1955,
The M.C. Escher CompanyOHolland (http://
www.mcescher.com/). All rights reserved. Used
with permission.

Prof. Ned Seeman at the Cliff Lodge
at the 2008 Foundations of Nano-
science Meeting in Snowbird, Utah.

IM
A

G
E

C
O

U
RTESY

O
F

PA
U

L
S.W

EISS

C
O
N
V
ERSA

TIO
N

www.acsnano.org VOL. 2 ▪ NO. 6 ▪ 1089–1096 ▪ 2008 1089

•  In	  his	  cryp>c	  1982	  paper,	  Seeman	  presented	  ideas	  to	  
construct	  nucleic	  acid	  junc>ons.	  

238 N. C‘. SEEMAN 

FIG. 1. A replicational junction. The half-arrows indicate the 5’+3’ direction of the 
individual strands. The outer strands represent the parent double helix, while the inner strands 
are newly synthesized. This disjoint junction structure shows sequence symmetry between 
the two newly formed double helical segments. Since this structure is not likely to be as stable 
as individual double helices, mixing these oligonucleotides would probably generate a 
hexameric double helix and another trimeric double helix. 

in the regulation of gene expression (Gellert et al., 1978; Lilley, 1980). 
Other types of junction structures are involved as intermediates in single- 
strand-displacement recombination and as transcriptional intermediates. 

To date, it has not been possible to study the structural and dynamic 
properties of these junctions in oligonucleotide model systems, where the 
junction will contribute a significant signal. This is due to the sequence 
symmetry evident in Figs 1 and 2: the strands there are unlikely to form 
junction structures in preference to double helices; if they did occasionally 
form such structures, the process of branch point migration, shown in 
Fig. 2, will result in the rapid resolution of the junction structures into 
double helices (Thompson, Camien & Warner, 1976). 

Conversely, abandonment of this sequence symmetry results in the possi- 
bility of generating junctions which will form preferentially, and which are 
immobile with respect to the migratory process. This statement rests on 
two assumptions: First, that Watson-Crick base pairing is the optimal form 
of association for individual strands of nucleic acids; and second, that 
individual strands of nucleic acids will maximize their Watson-Crick base 
pairing when they associate. The first assumption is weak near the junction, 
where the Watson-Crick pairing specificity associated with double helical 
nucleic acids may be perturbed. Since many forms of pairing between the 
bases are possible (Voet & Rich, 1970; Seeman, 1980), it is clear that the 
double helical backbone is an important element in generating the Watson- 
Crick pairing specificity between adenine and thymine or uracil and between 
guanine and cytosine. Nevertheless, as the lengths of the double helical 
arms which flank the junction increase, so does the strength of this assump- 
tion. Below, I elucidate the rules for selecting sequences which generate 
immobile junctions flanked by double helices. Junctions which display 
limited migrational mobility (semi-mobile junctions) are also devisable, 
with a slight modification of the concepts underlying the rules. Although 

	  

•  Naturally	  occuring	  junc>ons	  like	  the	  one	  shown	  here	  are	  
unstable	  due	  to	  symmetry.	  

	  
•  He	  gave	  a	  list	  of	  sequence	  selec>on	  rules	  that	  would	  

guarantee	  a	  stable	  arrangement	  of	  DNA	  fragments.	  
	  

Ned	  Seeman,	  2008	  

Paul	  Weiss,	  ACSNano	  (2008),	  6,	  1089.	  
Seeman,	  J.	  Theor.	  Bio.	  (1982),	  99,	  237.	  
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Founda>onal	  ideas:	  Ned	  Seeman	  

Reduc>on	  of	  symmmetry	  
restricts	  junc>on	  
migra>on.	  

242 N. (‘. SEEMAN 

the constraints applied to the generation of the immobile junction in 
Fig. 3 were incompatible with a value of N, less than 4. 

I have written a FORTRAN computer program to generate sequences 
which fulfill these criteria for junctions of any design by a rapid algorithm. 
The program also ranks generated sequences on the basis of pairing fidelity 
relative to competing interactions at lengths shorter than N,. The details 
of the algorithm and the way in which free.energy considerations are taken 
into account for competing Watson-Crick pairing interactions (at lengths 
shorter than NC) will be discussed elsewhere (Seeman & Kallenbach, in 
preparation). 

Immobile junctions of the sort described in this section will be enormously 
valuable in studying the structural characteristics of junctions. There are 
several questions associated with this system which crystallographic and 
solution studies of immobile junctions will answer: these pertain to the 
structure of the junction and the dynamics of its motion. It has been 
suggested by several authors that the dynamics of the junction structure 
are critically related to the process of branch point migration (Thompson, 
Camien & Warner, 1976; Warner, Fishel & Wheeler, 1978; Seeman & 
Robinson, 1981). However, in order to get a handle on the direct mechanism 
of the migratory event, it is necessary to go to a second class of molecules, 
the semi-mobile junctions; these complexes are capable of limited migration 
within the confines of a fundamentally immobile structure. An example of 
a semi-mobile junction is shown in Fig. 4. This junction is able to accomplish 

FIG. 4. A semi-mobile junction. This junction may undergo the reactions indicated, but 
may not go beyond them and resolve into two linear duplexes. Thus, it constitutes a simple 
flip-flop. The rules of migration are satisfied for the two states shown, but the rules for 
non-migration come into play for any further migratory events in either direction. 

a flip-flop, as indicated in the figure, but it is incapable of complete 
resolution. In order to generate such a junction, the mobile bases and the 
phosphates which flank them must be considered part of the bend. Thus, 
the base pairs which flank the mobile bases are now considered to abut 

•  A	  stable	  ‘rank	  4’	  junc>on:	  

240 W C‘. fFFM.4N 

this discussion is couched primarily in terms of DNA oligomeric fragments. 
all arguments should be equally applicable to nligomeric RNA fragments 
and to mixtures of RNA and DNA oligomeric fragments. 

The Construction of Immobile and Semi-mobile Junctions 

The construction of immobile junctions relies on unique base pairing 
patterns, These, in turn, are a function of the free energy of association of 
the individual strands involved. Every strand which is chosen to participate 
in the formation of an immobile junction may be considered to be composed 
of a series of overlapping segments of a given criterion length, N,. For 
example, each hexadecameric strand in the immobile junction shown in 
Fig. 3 is a series of 13 overlapping segments of length 4. Each of these 

-l 
GCACAAGT 

C-G 
G.C 
C-G 
C-G 
T.A 
T-A 
C-G 
C*G 

C-G 
C-G 
G*C 
C-G 
T-A 
T-A 
G.C 
C.G 

L 
TGAGACCG 
iC;C;GGi r 

FIG. 3. An immobile nucleic acid junction of rank 4. The directions of the backbones, 
5’+ 3’, are indicated by the half-arrowheads. The sequence fulfills all the rules listed in the 
text. Note that all the sets of base pairs are in accord with rule 4, not just the base pairs 
which flank the junction. This junction was generated with N, = 4. It has a predicted fidelity 
probability of 0.9999 at 30°C. 

segments is termed a “criton”, while the complement to a criton is termed 
its “anti-criton”. A given value of N, implies a diversity of 4” critons 
available with which to construct a given junction. Watson-Crick pairing 
arrangements which compete with the desired pairing must be considered 
from a thermodynamic point of view for lengths less that N,. However, if 
the rules indicated below are obeyed, there will be no competing Watson- 
Crick pairing interactions for segments of length N, or longer. Two 
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further terms must be defined to facilitate this discussion. A “bend” is a 
phosphodiester linkage which is flanked by bases paired to different strands. 
The concept of a bend will be generalized below when semi-mobile junc- 
tions are discussed. The “rank” of a junction is the number of base pairs 
which directly abut it. Thus, the junction shown in Fig. 1 is of rank 3, while 
those shown in Fig. 2 are of rank 4. 

In order to generate uniquely paired structures with non-migratory 
junctions (for length N, or greater), the following rules must be obeyed 
within the designated pairing regions. 

( 1) Every criton in the individual strands forming the junction must be 
unique throughout all strands, regardless of frame. 

(2) The anti-criton to any criton which spans a bend in a strand must 
not be present in any strand, regardless of frame. 

(3) Self-complementary critons are not permitted. If N, is an odd num- 
ber, this injunction holds for all critons of size (N, + 1). 

(4) The same base pair can only abut the junction twice. If it is present 
twice, those two occurrences must be on adjacent arms. 

The first three rules are both necessary and sufficient to assure preferential 
annealing via pairing specificity for all segments of length N, or greater. 
They also ensure immobility through lack of homology, except for N, - 1 
base pairs on each arm belonging to the criton nearest the junction. The 
fourth restriction eliminates migratory possibilities for these bases; it should 
be applied sequentially to each base pair in the criton, and perhaps beyond, 
in light of the weakness of assumption (1). The fourth rule also limits the 
maximum rank of junctions: since there are only four base pairs, A-T, 
T-A, G-C, C-G, and since each pair can only appear twice, junctions of 
rank greater than eight are not possible with the conventional bases. Third 
rank junctions which fulfill the first three rules are immobile regardless of 
the fourth rule, except as noted below. 

These rules are limited to those cases in which N, is less that the minimum 
length for stable stem-loop structures. In the unlikely event that this is not 
the case, further restrictions would be necessary to forbid those critons 
capable of forming stem-loop structures from spanning the bends which 
flank the junction. Similarly, if one of the strands is not continuous at the 
junction as in replication forks, the base pairs on either side of the break 
must be different, to avoid the sort of migration observed by Nilsen & 
Baglioni (1979). 

Clearly, N, is a number to be minimized, since this minimizes the 
strengths of competing interactions by shortening the lengths involved. The 
most likely reason for increasing N, is that the desired junction cannot be 
generated by the 4N’ critons available for a given value of N,. For example, 

Seeman,	  J.	  Theor.	  Bio.	  (1982),	  99,	  237.	  
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this discussion is couched primarily in terms of DNA oligomeric fragments. 
all arguments should be equally applicable to nligomeric RNA fragments 
and to mixtures of RNA and DNA oligomeric fragments. 

The Construction of Immobile and Semi-mobile Junctions 

The construction of immobile junctions relies on unique base pairing 
patterns, These, in turn, are a function of the free energy of association of 
the individual strands involved. Every strand which is chosen to participate 
in the formation of an immobile junction may be considered to be composed 
of a series of overlapping segments of a given criterion length, N,. For 
example, each hexadecameric strand in the immobile junction shown in 
Fig. 3 is a series of 13 overlapping segments of length 4. Each of these 
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FIG. 3. An immobile nucleic acid junction of rank 4. The directions of the backbones, 
5’+ 3’, are indicated by the half-arrowheads. The sequence fulfills all the rules listed in the 
text. Note that all the sets of base pairs are in accord with rule 4, not just the base pairs 
which flank the junction. This junction was generated with N, = 4. It has a predicted fidelity 
probability of 0.9999 at 30°C. 

segments is termed a “criton”, while the complement to a criton is termed 
its “anti-criton”. A given value of N, implies a diversity of 4” critons 
available with which to construct a given junction. Watson-Crick pairing 
arrangements which compete with the desired pairing must be considered 
from a thermodynamic point of view for lengths less that N,. However, if 
the rules indicated below are obeyed, there will be no competing Watson- 
Crick pairing interactions for segments of length N, or longer. Two 
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AC LJ”cL-lBc 
A A’ --1 A ii 

FIG. 6. Formation of a two-dimensional lattice from an immobile junction with sticky ends. 
A is a sticky end, and A’ is complementary to it. A similar relationship exists between B and 
8’. Four of the monomeric junctions on the left are complexed in parallel orientation to yield 
the structure on the right. I f  the inter-junctional spacing is large enough, a ligase would be 
able to close he overlapped gaps to make the complex on the right a covalently bonded 
structure. Note that the complex has maintained open valences, so that it can be extended 
by the addition of more monomers. This procedure is not limited in theory to rank-4 junctions, 
nor is it limited to two dimensions. 

structure, and possibly to undesirable bonds being formed. Probably 150 
A is the limit for which an individual double helical linkage should be 
allowed. This is i to : of the reported persistence lengths for linear duplex 
DNA (Barkley & Zimm, 1979). It should be pointed out that the flexibility 
inherent in linear duplex DNA of this length should be markedly decreased 
by the cross-strutting of these sturctures. Specificity comes from the iden- 
tities of the individual sticky ends. If we wish to link two separate junctions 
together, and they each contain complementary sticky ends, we can be 
assured that this reaction will proceed with high fidelity. The major 
constraint on the generation of spatially periodic arrays is the repeat length 
of the nucleic acid double helix. Clearly, structures must be appropriately 
designed so that spatial periodicity is possible. The relationship between 
spatial periodicity, the lengths of double helix involved, junction and linear 
duplex flexibility, crystal packing forces and lattice construction algorithms 
will be treated in detail elsewhere. It is evident, however, that it is possible 
to mix the ranks of the materials that form these lattices, and it is further- 
more evident that every double helical edge in these networks can be 
replaced by a prismatically shaped nucleic acid network to form infinite 
polyhedra (Wells, 1977). 

Those junctions of rank greater than 3 suffer from a potential problem 
of pseudoenantiomerism. Although all molecules of nucleic acids are chiral 
(the sugars are all D-ribose or D-deoxyribose), the valence clusters which 
these junctions constitute are not guaranteed to assume a unique “configur- 
ation”. For example, if the rank 4 junction assumed a tetrahedral structure, 

•  The	  rigid	  rank	  4	  junc>on	  can	  now	  
be	  s>tched	  together	  with	  designed	  
‘s>cky	  end	  valencies’.	  	  

Formaliza.on	  of	  these	  rules	  enabled	  Seeman	  to	  write	  a	  FORTRAN	  based	  
programme	  to	  design	  fragment	  strands	  

Founda>onal	  ideas:	  Ned	  Seeman	  

Basically,	  the	  ‘Seeman	  rules’	  ar>culated:	  
	  
1.  Minimizing	  symmetry	  around	  the	  junc>on.	  
2.  Minimizing	  unwanted	  complementarity	  in	  

par>cipa>ng	  strands	  
3.  Preven>on	  of	  long	  stretches	  of	  G’s	  
4.  Avoiding	  homopolymer,	  polypurine	  and	  

polypyrimidine	  tracks	  or	  anything	  which	  is	  
symmetric	  in	  the	  broadest	  sense	  of	  the	  
term.	  

Seeman,	  J.	  Theor.	  Bio.	  (1982),	  99,	  237.	  
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Synthesis	  of	  a	  DNA	  cube	  

© 1991 Nature  Publishing Group

© 1991 Nature  Publishing Group

•  A	  ‘convergent’	  synthesis	  of	  a	  topological	  cube	  star>ng	  from	  12	  single	  strand	  oligos	  of	  
lengths	  50-‐80	  bases. 	  	  	  

Chen	  and	  Seeman,	  Nature	  (1991),	  350,	  631..	  
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Synthesis	  of	  a	  DNA	  cube	  

© 1991 Nature  Publishing Group

© 1991 Nature  Publishing Group

The	  overhanging	  s>cky	  ends	  –	  C,C’	  and	  D,D’	  are	  designed	  with	  sequence	  
complimentarity	  to	  guide	  the	  liga>on….	  
…So	  are	  A,A’	  and	  B,B’	  which	  will	  be	  closed	  in	  the	  last	  step.	  
	  

Chen	  and	  Seeman,	  Nature	  (1991),	  350,	  631..	  
12	  



Synthesis	  of	  a	  DNA	  cube	  

•  The	  final	  species	  was	  only	  a	  cube	  ‘topologically’.	  Geometrically	  it	  might	  have	  	  
been	  a	  rhombohedral	  looking	  object.	  

•  Characteriza>ons	  were	  essen>ally	  done	  by	  gel	  shie	  arguments	  
	  
•  Seeman	  recalls	  ,	  ”We	  went	  through	  a	  bunch	  of	  tricks	  to	  make	  the	  cube;	  it	  was	  

basically	  a	  recons`tu`on	  of	  single-‐stranded	  species.	  It	  was	  a	  nightmare!”	  	  

© 1991 Nature  Publishing Group

Chen	  and	  Seeman,	  Nature	  (1991),	  350,	  631.	  
.	  Paul	  Weiss,	  ACSNano	  (2008),	  6,	  1089	  
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approximately 2.6 nm, corresponding to a globular protein
with a molecular weight of roughly 60 kDa.[13] A model of the
tetrahedron with a molecule of cytochrome c (12.4 kDa)[14]

inside the cavity is shown in Figure 1b.
Horse-heart holo-cytochrome c was conjugated to the

5’ end of oligonucleotide s1 through a surface amine before
assembly of the tetrahedron. This protein–DNA conjugate
was then combined with oligonucleotides s2–s4 to form
tetrahedra with the protein attached to one edge (see
Experimental Section and Supporting Information). The
position of the protein relative to the cage was controlled
by altering the sequence of s1: when one nucleotide is
transferred from the 3’ end of s1 to the 5’ end, then the
attachment point of the protein—the nick in the edge formed
by s1 and s4 where the ends of s1 meet—moves 0.34 nm along
the double-helical edge of the tetrahedron and rotates
clockwise by about 358 about its axis. As the edge is not
free to rotate as a result of the double connection to
neighboring edges, the attachment point of the protein on
the edge determines the position of the protein relative to the
tetrahedron cage. This makes it possible to choose whether

the protein is held on the inside or on the outside of the
tetrahedron. For the diastereomer that is selected by the
assembly process,[11a] the attachment point is on the inside of
the tetrahedron for conjugation at nucleotide 8 and on the
outside at nucleotide 13 (counting in the 5’ to 3’ direction,
with the unpaired nucleotide at the vertex as zero). The
stereoselectivity of the synthesis[11a] is essential to the success
of our strategy, as an attachment point that is on the inside of
one diastereomer would be on the outside of the other.

Polyacrylamide gel electrophoresis (PAGE) was used to
compare a group of 11 tetrahedra with cytochrome c con-
jugated at consecutive positions along one edge from the 5th
to the 15th nucleotide (see Figure 1c). The control lane
labeled “T” contains a tight band corresponding to a DNA
tetrahedron without protein: this band is present in all other
lanes (as a result of the presence of residual unconjugated
oligonucleotides s1) and serves as a reference marker. A
slower band corresponding to protein-conjugated tetrahedra
is also visible; this band is broader, consistent with a
distribution of conformations of the flexible DNA–protein
linker. The mobility of the conjugate varies approximately
sinusoidally with attachment position: the mobility difference
between the conjugate and the unmodified tetrahedron is
maximal for conjugation at nucleotide 13 and minimal for
conjugation at nucleotide 8, that is, five bases further along
the helix corresponding to approximately 1808 rotation about
the edge. When the protein is attached at nucleotide 8, the
conjugate band is not separated from the nonconjugated
control. The mobilities of the constructs with protein attach-
ment at nucleotides 5 and 15, which are separated by one turn
of the double helix, are approximately equal. This pattern is
consistent with the expected helical trajectory of the attach-
ment point along the edge.

To confirm this interpretation tetrahedron T13+, with
cytochrome c conjugated at nucleotide 13, the corresponding
unmodified tetrahedron, T13! and T8+/T8! (not resolved on
non-denaturing gels), were purified on gel and analyzed on
both non-denaturing and denaturing gels (Figure 2a and b).
These tetrahedra differ from those shown in Figure 1c only in
that the unmodified oligonucleotides s2–s4 had been ligated
after assembly of the tetrahedron to form linked circles.
Denaturation of T13! (band C) produces the expected frag-
ments of unmodified tetrahedra: linked circles and single
unmodified linear oligonucleotides (unligated s2–s4 or
unmodified s1; see Supporting Information). Tetrahedron
T13+ (band B) contains one additional band corresponding to
s1 conjugated to cytochrome c, thus confirming that this slow-
migrating construct is the protein conjugate as identified
above. Denaturing gel analysis of T8+/T8! (band D) also
reveals the presence of s1 conjugated to cytochrome c, thus
confirming that T8+/T8! , which is unresolved from an empty
tetrahedron on a non-denaturing gel, is not simply an empty
tetrahedron but does contain the protein.

We conclude that when the protein is attached at
nucleotide 13, it is positioned on the outside of the tetrahe-
dron where it decreases the electrophoretic mobility of the
construct. When it is attached at nucleotide 8, it has minimal
effect on mobility as it is encapsulated within the tetrahedral
cage.

Figure 1. Positioning a protein within a DNA tetrahedron. a) Tetrahe-
dron made from four oligonucleotides s1–s4. The black arrow indicates
the protein attachment site at the 5’ end of s1. b) Molecular model
which shows that cytochrome c can fit inside the tetrahedron.
c) Native polyacrylamide gel showing the variation in electrophoretic
mobility with the position of the attachment site. Control T: unmodi-
fied tetrahedron.
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“scaffold,” obtained from a viral genome, by using
short helper or “staple” oligonucleotides into a
desired nanoscale shape (Fig. 4A) (47). Because
each staple strand is different, some can be de-
signed to presentDNA sticky ends at programmed
locations on the periphery of the final assembled
object, allowing these structures to act as scaf-
folds with spatially prescribed DNA bonds that
capture and organize other nano-objects. These
materials, therefore, derive the structural rigid-
ity of their DNA bonds from the same chemical
source as DNA tiles: numerous crossover events
between neighboring duplexes and the hydrogen
bonds that link them. However, this approach
differs in that it is less focused on the develop-
ment of a small number of building blocks that
can arrange themselves into large periodic struc-
tures, and is more interested in constructing dis-
crete nanoscale objects whose size and shape is
well-defined. The advantage over tile-based assem-
bly is that hybridization occurs frequently via
intramolecular interactions on the scaffold strand,
resulting in a high local concentration of com-
plementary oligonucleotides that drives the system
toward the intended sequence-specific thermo-
dynamic product (48). This allows for relatively
high yields of particularly complex objects and
obviates the need for a precise stoichiometry of
all components in the system. As in all these
systems, onemust be extremely careful to control
the sequences of the staple oligonucleotides to
fold the scaffold strand into a desired shape,
necessitating computational methods to be ap-
plied for the design of each structure that is to be
synthesized. To address this problem, a number
of open-source software packages are now avail-
able that aid researchers in developing the strands
and sequences required for a particular DNA
origami structure (49, 50).
Although thisprinciplewasexperimentally dem-

onstrated with barcode arrays (51) and in the
construction of a nanoscale wireframe octahedron
(52), the power of the techniquewas best illustrated
with the formation of numerous 2D shapes of
impressive complexity (47). Conceptually, these
patterns are generated by imaging the scaffold
strand being rastered back and forth to fill an
arbitrarily shaped2Darea (Fig. 4A). Computational
methods are then used to select the appropriate
staple strands so that the desired folding path is
stabilized by DNA hybridization and numerous
crossover junctions. Themethod requires that sev-
eral important design parameters be considered,
including the number of helical twists of DNA
between crossover points and the elimination of
strain, nicks, and seams. Although the majority
of structures formed in greater than 60% yield,
two alternate strategies for forming similar trian-
gular patterns resulted in vastly different yields of
~1 and 88%, highlighting the need to carefully de-
sign and optimize sequences because the number
of potential undesired interactions is quite large.
DNA origami has become a powerful tool for

building discrete nanoscale materials, generating
a variety of complex and dynamic structures, in-
cluding a box with a sequence-specific opening
lid (53) and a barrel-shaped structure that can

carrymolecular payloads and release thembased
on intracellular logic-gated aptamer binding events
(54). Origamimethods have found particular util-
ity in constructing 2D scaffold materials because
individual sticky-ends and other DNA-based fea-
tures can be placed in nearly any arrangement.
This has facilitated the demonstration of DNA
walkers that can pick up nanoscale cargo (35),
studies of distance-dependent bivalent ligand-
protein binding (55), and the controlled place-
ment of nanoparticles for plasmonic applications
(56, 57).
A conceptual leap in DNA origami was made

in 2009 when these principles were extended

frombuilding 2D objects to those that fill 3D space
(58, 59). This was accomplished by imagining the
scaffold strand being rastered into an elongated
2D sheet, which is then encouraged to fold back
and forth onto itself via the interactions of staple
strands to form pleated sheets of antiparallel dou-
ble helices (Fig. 4B) (58). Because of the helical
twist of DNA, crossover events between helical
domains are selected to occur at 120° dihedral
angles, as in the six-helix bundle (27), resulting
in a dense honeycomb lattice of DNA helices
that fill a 3D volume. From this block of DNA,
one must imagine removing segments in order
to “carve out” the desired nanoscale object, a

1260901-4 20 FEBRUARY 2015 • VOL 347 ISSUE 6224 sciencemag.org SCIENCE

Fig. 3. 3DDNA hybridization-based tiles. (A) The tensegrity triangle assembled into a macroscopic 3D
rhombohedral lattice. Scale bar, 500 mm. [Modified from (12,43),with permission] (B) The three-point star
motif assembled into a variety of wireframe polyhedra based on the intrinsic curvature of the tile and its
concentration. Scale bars, 20 nm. [Modified from (44), with permission] (C) Single-stranded DNA
assembled into arbitrary 3D brickworklike nanoscale objects. Scale bar, 20 nm. [Modified from (46), with
permission]
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demonstrated that two long complementary
DNA molecules can be folded successfully into
two different shapes before they rehybridize to
form a linear duplex.

3. INDIVIDUAL CONSTRUCTS
DNA can be used to construct specific tar-
get structures, which are self-assembled and
then may be ligated into closed species. These
molecules may be characterized only by their
topologies, but some have been characterized
geometrically. These molecules are discussed
in Section 3.1. Large constructs can be made
by using a long scaffolding strand, which binds
a large number of “helper” or “staple” strands
that lock it into its final structure. This type of
construction is known as DNA origami, and is
described in Section 3.2.

3.1. Unscaffolded Targets
The earliest DNA constructs were best de-
scribed as topological species, rather than ge-
ometrical species. This is because the earliest
DNA motifs, i.e., branched junctions, were not
robust but could be described as floppy if they

a b

Figure 5
Early topological constructs built from DNA. (a) A cube-like molecule. This
molecule is a hexacatenane; each edge corresponds to two double helical turns
of DNA. Each backbone strand is drawn in a different color, and each one
corresponds to a given face of the cube. Each is linked twice to each of the four
strands that flank it, owing to the two-turn lengths of the edges. (b) A DNA-
truncated octahedron. This molecule is a 14 catenane, again with each edge
consisting of two turns of double helical DNA. Although the truncated
octahedron has three edges flanking each vertex (i.e., it is “three connected”), it
has been built using four-arm junctions.

were ligated (25, 26). Thus, both the linking
and branching topologies of these molecules
were well-defined because these features could
be established by gels, but their detailed struc-
tures were not fixed. Idealized pictures of the
first two structures, a cube (27) and a truncated
octahedron (28), each with two double helical
turns between vertices, are shown in Figure 5.
All nicks in these molecules were sealed, and
they were characterized topologically by dena-
turing gel electrophoresis. One of the issues
with these structures is that they were not delta-
hedrons (polyhedrons whose faces are all trian-
gles); deltahedrons, such as tetrahedrons (29),
octahedrons (30), and icosahedrons (22), have
all been produced during the current decade
(22, 31). In addition, a protein has been encap-
sulated within a tetrahedron (32). The larger
species have been characterized by electron mi-
croscopy. Other polyhedrons, such as DNA
buckyballs (truncated icosahedrons), have been
produced by carefully exploiting the interplay
between junction flexibility and edge rigidity
(31).

The topological features of the early con-
structs also led to the development of single-
stranded DNA topology. A crossover in a knot
or a catenane can be regarded as being equiv-
alent to a half-turn of DNA, which can be ex-
ploited accordingly (33). Thus, it has proved
fairly simple to produce a variety of knotted
molecules from single-stranded DNA (34), as
well as a number of specifically linked cate-
nanes. Some of these constructs have been used
to characterize the topology of Holliday junc-
tions (35). By using left-handed Z-DNA, it is
possible to produce nodes of both signs in topo-
logical products. This aspect of DNA topology
was exploited to produce the first Borromean
rings from DNA (36). An RNA knot was used
to discover that Escherichia coli DNA topoiso-
merase III (but not topoisomerase I) can act as
an RNA topoisomerase (37).

3.2. DNA Origami
DNA origami entails the use of a scaffolding
strand to which a series of smaller staple strands

72 Seeman
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	  Truncated	  octahedron	  
(Seeman,	  1994)	  

!"#$%&#'#"(")**$!+)%,$%"$

	  Borromean	  rings	  
(Seeman,	  1997)	  

	  Protein	  encapsula>on	  in	  a	  tetrahedron	  
(Turberfield,	  2006	  )	  

A	  General	  Self	  assembly	  
method	  for	  3-‐D	  polyhedra,	  
70-‐90%	  yield	  
(Shih,	  2009)	  

Zhang	  and	  Seeman,	  JACS	  (1994),	  116,	  1661.	  
Mao,	  Sun	  and	  Seeman,	  Nature	  (1997),	  386,	  137.	  

	  Erben	  	  et.	  al.,	  ACIE	  (2006),	  45,	  7414.	  
Douglas	  et.	  al.,	  Nature	  (2009),	  459,	  414.	  	  
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Building	  blocks	  –	  Design	  mo>fs	  

•  The	  simple	  rank-‐4	  junc>on	  was	  not	  rigid	  enough	  to	  support	  a	  larger	  self	  assembled	  
network.	  

•  The	  ‘Crossover	  >le’	  was	  designed	  as	  a	  s>ffer,	  stronger,	  building	  block.	  
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is performed, there is no difference, because
the two products are just conformers of each
other; however, if two or more operations are
performed, different topologies result. Often
a different ease of formation accompanies the
two different topologies; empirically, the best-
behaved molecules are those in which exchange
takes place between strands of opposite polarity.

A number of important motifs generated this
way are illustrated in Figure 3b. The DX motif
(12) with exchanges between strands of opposite
polarity is shown at the upper left of that panel.
This motif has been well characterized, and it is
known that its persistence length is about twice
that of a conventional linear duplex DNA (13).
The DX+J motif is shown at the upper right
of Figure 3b. In this motif, the extra domain
is usually oriented so as to be nearly perpen-
dicular to the plane of the two helix axes; this
orientation enables the domain to act as a topo-
graphic marker in the atomic force microscope
(AFM). The motif shown at the bottom left of
Figure 3b is the three-domain TX molecule.
Below, we shall see that, by joining these mo-
tifs in a 1–3 fashion (the top helical domain of

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

Figure 3
Motif generation by reciprocal exchange. (a) The
fundamental operation. The basic operation of
reciprocal exchange is shown: A red stand and a blue
strand become a red-blue and a blue-red strand
following the operation. (b) Motifs that can result
from reciprocal exchange of DNA molecules. At the
top of the panel are shown the DX motif and the
DX+J motif. The DX motif results from two
reciprocal exchanges between double helical motifs.
The DX+J motif contains another DNA domain.
Usually, this domain is oriented perpendicular to the
plane of the two helix axes in the DX part of the
motif. When this orientation is achieved, the extra
domain can behave as a topographic marker for two-
dimensional arrays containing the DX+J motif. The
bottom row of the panel shows the TX motif at left,
wherein a third domain has been added; again the
exchanges take place between strands of opposite
polarity. In the center and to the right are the PX
motif and its topoisomer, the JX2 motif. The PX
molecule is formed by exchanges between strands of
identical polarity at every possible position. The JX2
molecule lacks two of these exchanges.

one molecule joins with the bottom domain of
another molecule), two-dimensional arrays can
be created that contain useful cavities (14, 15).
By contrast with the DX and TX motifs shown,
the PX motif and its topoisomer, the JX2 motif
(bottom right of Figure 3b), result from re-
ciprocal exchange between strands of the same
polarity. In the case of the PX molecule, this
happens everywhere that two double helices can

Reciprocal 
exchange
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DX + J
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is performed, there is no difference, because
the two products are just conformers of each
other; however, if two or more operations are
performed, different topologies result. Often
a different ease of formation accompanies the
two different topologies; empirically, the best-
behaved molecules are those in which exchange
takes place between strands of opposite polarity.

A number of important motifs generated this
way are illustrated in Figure 3b. The DX motif
(12) with exchanges between strands of opposite
polarity is shown at the upper left of that panel.
This motif has been well characterized, and it is
known that its persistence length is about twice
that of a conventional linear duplex DNA (13).
The DX+J motif is shown at the upper right
of Figure 3b. In this motif, the extra domain
is usually oriented so as to be nearly perpen-
dicular to the plane of the two helix axes; this
orientation enables the domain to act as a topo-
graphic marker in the atomic force microscope
(AFM). The motif shown at the bottom left of
Figure 3b is the three-domain TX molecule.
Below, we shall see that, by joining these mo-
tifs in a 1–3 fashion (the top helical domain of
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Figure 3
Motif generation by reciprocal exchange. (a) The
fundamental operation. The basic operation of
reciprocal exchange is shown: A red stand and a blue
strand become a red-blue and a blue-red strand
following the operation. (b) Motifs that can result
from reciprocal exchange of DNA molecules. At the
top of the panel are shown the DX motif and the
DX+J motif. The DX motif results from two
reciprocal exchanges between double helical motifs.
The DX+J motif contains another DNA domain.
Usually, this domain is oriented perpendicular to the
plane of the two helix axes in the DX part of the
motif. When this orientation is achieved, the extra
domain can behave as a topographic marker for two-
dimensional arrays containing the DX+J motif. The
bottom row of the panel shows the TX motif at left,
wherein a third domain has been added; again the
exchanges take place between strands of opposite
polarity. In the center and to the right are the PX
motif and its topoisomer, the JX2 motif. The PX
molecule is formed by exchanges between strands of
identical polarity at every possible position. The JX2
molecule lacks two of these exchanges.

one molecule joins with the bottom domain of
another molecule), two-dimensional arrays can
be created that contain useful cavities (14, 15).
By contrast with the DX and TX motifs shown,
the PX motif and its topoisomer, the JX2 motif
(bottom right of Figure 3b), result from re-
ciprocal exchange between strands of the same
polarity. In the case of the PX molecule, this
happens everywhere that two double helices can
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is performed, there is no difference, because
the two products are just conformers of each
other; however, if two or more operations are
performed, different topologies result. Often
a different ease of formation accompanies the
two different topologies; empirically, the best-
behaved molecules are those in which exchange
takes place between strands of opposite polarity.

A number of important motifs generated this
way are illustrated in Figure 3b. The DX motif
(12) with exchanges between strands of opposite
polarity is shown at the upper left of that panel.
This motif has been well characterized, and it is
known that its persistence length is about twice
that of a conventional linear duplex DNA (13).
The DX+J motif is shown at the upper right
of Figure 3b. In this motif, the extra domain
is usually oriented so as to be nearly perpen-
dicular to the plane of the two helix axes; this
orientation enables the domain to act as a topo-
graphic marker in the atomic force microscope
(AFM). The motif shown at the bottom left of
Figure 3b is the three-domain TX molecule.
Below, we shall see that, by joining these mo-
tifs in a 1–3 fashion (the top helical domain of
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Figure 3
Motif generation by reciprocal exchange. (a) The
fundamental operation. The basic operation of
reciprocal exchange is shown: A red stand and a blue
strand become a red-blue and a blue-red strand
following the operation. (b) Motifs that can result
from reciprocal exchange of DNA molecules. At the
top of the panel are shown the DX motif and the
DX+J motif. The DX motif results from two
reciprocal exchanges between double helical motifs.
The DX+J motif contains another DNA domain.
Usually, this domain is oriented perpendicular to the
plane of the two helix axes in the DX part of the
motif. When this orientation is achieved, the extra
domain can behave as a topographic marker for two-
dimensional arrays containing the DX+J motif. The
bottom row of the panel shows the TX motif at left,
wherein a third domain has been added; again the
exchanges take place between strands of opposite
polarity. In the center and to the right are the PX
motif and its topoisomer, the JX2 motif. The PX
molecule is formed by exchanges between strands of
identical polarity at every possible position. The JX2
molecule lacks two of these exchanges.

one molecule joins with the bottom domain of
another molecule), two-dimensional arrays can
be created that contain useful cavities (14, 15).
By contrast with the DX and TX motifs shown,
the PX motif and its topoisomer, the JX2 motif
(bottom right of Figure 3b), result from re-
ciprocal exchange between strands of the same
polarity. In the case of the PX molecule, this
happens everywhere that two double helices can
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complementary subsequences. In each DX molecule’s sequences,
there are no 6-base subsequences complementary to other 6-base
subsequences except as required by the design, and spurious 5-base
complementarity is rare. Thus it is expected that during self-
assembly, the DNA strands spend little time in undesired associa-
tions and form DX units with high yield.

DX units can be designed that will fit together into a two-
dimensional crystalline lattice. Here we use either two or four
distinct unit types (Fig. 1a) to produce striped lattices. We use
two separate systems to implement the two-unit lattice, one con-
sisting of two DAO units, the other consisting of two DAE units. The

lattices produced by these systems are called DAO-E and DAE-O,
respectively, to indicate the number of half-turns between crossover
points on adjacent units; their distinct topologies are shown in Fig.
1c. Covalently joining adjacent nucleotides at nicks in the lattice, by
chemical or enzymatic ligation, would result in a ‘woven fabric’ of
DNA strands. Ligation of the DAO-E design produces four distinct
strand types, each of which continues infinitely in the vertical
direction (here, the terms ‘vertical’ and ‘horizontal’ will always be
as in Fig. 1c). The DAE-O design involves two small nicked circular
strands in addition to four infinite strands, two of which extend
horizontally and two of which extend vertically. The DAO-E
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Figure 1 Design of DX molecular structure and arrangement into 2-D lattices. a,

The logical structure for 2-D lattices consisting of two units and four units. In the

two-unit design, type A units have four coloured edge regions, each of which

match exactly one coloured region of the adjacent type B units. Similarly, in the

four-unit design, the edge colours are chosen uniquely to define the desired

relations between neighbouring tiles. Note that rotations and reflections of Wang

tiles aredisallowed; anequivalent restriction could also be obtained byusingnon-

rectangular tiles or more complex patterns of colours. b, Model structures for

DAO andDAE typeAunits. Each component oligonucleotide is shown in a unique

colour. The crossover points arecircled.Complete base stackingat the crossover

points is assumed. Computer models showing every nucleotide (nt) were

generated using NAMOT2 (ref. 39). c, The lattice topologies produced by the DAO

and DAE units. Each DX unit is highlighted by a grey rectangle. A unique colour is

chosen for each strand type which would be formed after covalent ligation of

units. Arrowheads indicate the 39 ends of strands. Black ellipses indicate dyad

symmetry axes perpendicular to the plane; black arrows indicate dyad axes in the

plane (full arrowhead) or screw axes (half arrowhead). The symmetries of the

DAO-E and DAE-O lattices are those corresponding to the layer groups40
P2122

and P21212 respectively. The boundaries of the DAE-O units are not designed to

coincide with the vertical symmetry elements. d, The actual sequences used in

the reported experiments (see Methods for several exceptions). The schematics

accurately report primary and secondary structure—oligonucleotide sequence

and paired bases—but are not geometrically or topologically faithful because they

do not show the double-helical twist. Both type B and typeB

ˆ areshown, indicating

where the hairpin sequences are inserted. Note that for each type—A, B, and B

ˆ —

there is both a DAO unit and a DAE unit.

•  DAO	  is	  a	  synonym	  for	  the	  
DX	  >le.	  

•  Each	  >le	  has	  6bp-‐	  s>cky	  
ends	  which	  enable	  self	  
assembly	  

•  Thus,	  the	  >les	  are	  s>tched	  
together	  to	  form	  a	  2-‐D	  
network.	  

•  Characteriza>on	  can	  now	  
be	  done	  with	  AFM	  

Winfree,	  Liu,	  Wenzler	  and	  Seeman.	  Nature	  (1998),	  394,	  539.	  
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samples contain 2-D sheets many micrometres long, often more than
200 nm wide (Fig. 3a, d). The apparent height of the sheets is
1:4 6 0:5 nm, suggestive of a monolayer of DNA. The sheets often
seem ripped and appear to have a grain, in that rips have a preferred
direction consistent with the design (Fig. 1c). In the DAO-E lattice, a
vertical rip requires breaking six sticky-end bonds per 12 nm torn,
whereas a horizontal rip requires breaking only one sticky-end bond
per 13 nm torn. A possible vertical column, perpendicular to the
rips, is indicated in Fig. 3a (arrows). Although in this image the
columns are barely perceptible, Fourier analysis shows a peak at
13 6 1 nm, suggesting that observed columns are 1 DX wide.
Periodic topographic features would not be expected in the ideal
AB lattice; however, a vertically stretched lattice may have gaps
between the DX units that could produce the periodic features seen
here. Because crystals are found in AFM samples taken from both
the top and the bottom of the solution, we believe that crystals form
in solution and are not due to interaction with a surface.

Control of surface topography

The self-assembling AB lattice can serve as scaffolding for other

molecular structures. We have decorated B with two DNA hairpin
sequences inserted into its component strands, which we call B

ˆ (Fig.
1d). So decorated, the vertical columns of the lattice become
strikingly apparent as stripes in AFM images (Fig. 3b, c, e, f),
further confirming the proper self-assembly of the 2-D lattice. The
spacing of the decorated columns is 25 6 2 nm for the DAO-E
lattice and 33 6 3 nm for the DAE-O lattice, indicating that every
other column is decorated, in accord with the design. Slow anneal-
ing at 20 8C and gentle handling of the DAO-E sample during
deposition and washing has produced single crystals measuring up
to 2 3 8 mm (Fig. 4a–c). Close examination shows that the stripes
are continuous across the crystal, and thus it appears to be a single
domain containing over 500,000 DX units.

Instead of DNA hairpins, other chemical groups can be used to
label the DX molecules. Previously, biotin–streptavidin–gold has
been used to label linear DNA for imaging by AFM25,26. We have used
1.4-nm nanogold–streptavidin conjugates to label DAE molecules.
For these experiments, the central strand of B contains a 59 biotin
group; after assembly of AB lattices, the solution containing DNA
lattices is incubated with streptavidin–nanogold conjugates and
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b

c f

e
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Figure 3 AFM images of two-unit lattices. a, DAO-E AB lattice. A possible vertical

column is indicated by the arrows. Fourier analysis shows 13 6 1nm periodicity;

each DAO is 12.6 nm wide. b and c, DAO-E AB

ˆ lattice (two views of the same

sample). Stripes have 25 6 2nm periodicity; the expected value is 25.2nm. d,

DAE-O AB lattice. e and f, DAE-O AB

ˆ lattice (for different samples, see Methods).

Stripes have 33 6 3 nm periodicity; the expected value is 32 nm. All scale bars are

300 nm; images show 500 3 500nm or 1:5 3 1:5 mm. The grey scale indicates the

height above the mica surface; the apparent lattice height is between 1 and 2nm.

a

b

f

e

d

c

Figure 4 AFM images showing large crystals and modifications of lattice

periodicity and surface features. a–c, DAO-E AB

ˆ lattice at three levels of detail (all

the same sample). The largest domain is ,2 3 8 mm, and contains ,500,000 DX

units. d, DAE-O AB lattice in which B has been labelled with biotin–streptavidin–

nanogold. e and f, DAE-O ABCD

ˆ lattice at two levels of detail (the same sample).

Stripes have 66 6 5nm periodicity; the expected value is 64nm. All scale bars are

300 nm; images show 500 3 500 nm, 1:5 3 1:5 mm, or 10 3 10 mm. The grey scale

indicates the height above the mica surface; the apparent lattice height is

between 1 and 2nm.

•  AFM	  images	  of	  the	  self	  
assembled	  array.	  

•  Periodicity	  of	  >ling	  can	  be	  
seen	  (e).	  

•  The	  process	  is	  extremely	  
simple:	  	  

	  
“All	  strands	  are	  mixed	  
stoichiometrically,	  heated	  to	  
95oC	  and	  cooled	  slowly	  over	  
40hrs.	  Even	  undergrads	  and	  high	  
school	  students	  usually	  produce	  
beau>ful	  AFM	  images	  on	  the	  first	  
pass.	  There	  are	  some	  
experiments	  that	  can	  discourage	  
new	  inves>gators	  in	  DNA	  
assembly	  but	  making	  2-‐D	  arrays	  
is	  not	  one	  of	  them.”	  

Winfree,	  Liu,	  Wenzler	  and	  Seeman.	  Nature	  (1998),	  394,	  539.	  
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•  Strand	  displacement	  is	  the	  process	  
through	  which	  two	  strands	  with	  par>al	  
or	  full	  complementarity	  hybridize	  to	  
each	  other,	  displacing	  one	  or	  more	  
pre-‐hybridized	  strands	  in	  the	  process.	  	  

•  The	  ‘reac>on’	  is	  generally	  rapid	  and	  
quan>ta>ve	  since	  the	  process	  is	  highly	  
thermodynamically	  favourable.	  

•  The	  resul>ng	  new	  duplex	  (L)	  must	  have	  
more	  con>nuous	  base	  pairs	  than	  the	  
original	  one	  (S).	  	  

DNA	  strand	  Displacement	  

and therefore can be considered effectively unreactive. This is
because the complex L does not possess a single-stranded
complement to strand Y’s R domain, so Y cannot be easily
colocalized to complex L. Thus, the presence and properties of
the toehold domain are instrumental to the kinetic control of
DNA strand displacement reactions.5,53

Because of the toehold’s role in initiating strand displacement
reactions, strands can be rendered effectively unreactive if the
toehold domain is made inaccessible by toehold sequestering.
Toehold sequestering can be achieved in a number of ways, the
two most common of which are hybridization of the toehold to a
complementary domain9,15,16 and isolation of the toehold in a
short hairpin structure where helix formation is difficult6,52,55

(see Figure 1C). Programmed sequestering and subsequent
exposure of toehold domains allows precise control of order and
timing over the reactions and has been used in conjunction with
toehold-mediated strand displacement to construct molecular
motors,5,8,9 polymerization reactions,6,9 catalytic reactions,9,51,52 and
logic gates.15,48,49

Recently, the toehold exchange mechanism was introduced
as a method for improved control of strand displacement
kinetics.16 Toehold exchange is similar to toehold-mediated
strand displacement in that an invading strand (X) binds by a
toehold to initiate branch migration but differs from the latter
in that the incumbent strand (Y) possesses a unique toehold
that must spontaneously dissociate for the reaction to complete.
Expanding on the example strand displacement reaction in
Figure 1B, the toehold exchange reaction and mechanism that
we study experimentally is illustrated in Figure 1DE for an
invading toehold of length n and an incumbent toehold of length
m (m, n > 0): Strand X(m, n) binds to complex S via invading
toehold γn and displaces strand Y’s "m domain by branch
migration. Strand Y’s incumbent toehold "m then spontaneously
dissociates, yielding free strand Y and complex L(m, n). The
end result of the toehold exchange reaction is that the originally
active toehold γn is sequestered while the formerly sequestered(55) Green, S. J.; Lubrich, D.; Turberfield, A. J. Biophys. J. 2006, 91, 2966.

Figure 1. (A) DNA abstraction. A DNA complex (top) is typically abstracted as several directional lines, one for each strand, with bases identities shown. Here,
we abstract DNA strands and complexes one step further by grouping contiguous nucleotides into domains, functional regions of DNA that act as units in binding.
Because the principles and mechanisms studied in this paper are expected to be generalizable to most DNA sequences, we typically do not show the sequences of
DNA strands in figures. For sequences, refer to Table 1. (B) A toehold-mediated strand displacement reaction. The displacement of strand Y by strand X is facilitated
by strand X’s toehold domain γ. (C) Two examples of toehold sequestration. A strand of DNA can be rendered unreactive by inactivating its toehold domains. In
the figure, toehold γ is sequestered through isolation in a hairpin (middle) and through hybridization to a complementary domain (bottom). (D) A toehold exchange
reaction and its mechanism. Invading strand X(m, n) binds to substrate complex S by toehold γn (known as the invading toehold) to form intermediate I(m, n).
Intermediate I(m, n) represents all branch migration states in which Y is bound to more bases of "m than X(m, n). Intermediate I(m, n) rearranges to form intermediate
J(m, n), which analogously represents all states in which X(m, n) binds more bases of "m than Y. Domain "m (known as the incumbent toehold) spontaneously
dissociates, releasing products Y and L(m, n). The toehold exchange reaction is reversible, because strand Y can subsequently bind to complex L(m, n) via strand
Y’s toehold "m. (E) Comparison of various invading strands X(m, n). Strand X(m, n) is the concatenation of domains "m and γn and consequently has length
(b + n - m) nt, where b is the length of the full " domain. In a toehold exchange reaction using X(m, n), the invading toehold has length n and the incumbent
toehold has length m. For our experiments, we used three sets of invading toeholds, γn, γsn, and γwn. The sequence composition of the latter two are purely A/T’s
and purely G/C’s, respectively, to characterize the kinetics of toehold exchange given weak and strong toeholds, respectively. Substrates using γs are labeled Ss, and
inputs using γs are labeled Xs(m, n), and similarly for γ and γw. (F) Schematic of the experimental system used for rate measurements. Reporter complex R reacts
stoichiometrically with product Y to yield increased fluorescence.

Table 1. Domain Sequences

domain sequence length (nt)

R 5′- CCACATACATCATATT -3′ 16
" 5′- CCCTCATTCAATACCCTACG -3′ b ≡ 20
γs 5′- CCCGCCGCCG -3′ 10
γ 5′- TCTCCATGTCACTTC -3′ 15
γw 5′- ATTTATTATA -3′ 10

J. AM. CHEM. SOC. 9 VOL. 131, NO. 47, 2009 17305

Control of DNA Strand Displacement Kinetics A R T I C L E S

Hang	  and	  Winfree,	  JACS	  (2009),	  131,	  17303.	  
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Use	  of	  ‘toeholds’	  is	  cri.cal	  for	  controlling	  the	  kine.cs	  of	  strand	  displacement	  
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Several subsequent works used Yurke’s basic reaction sequence 
(a hybridization step followed by strand displacement to reverse the 
effect of the initial hybridization) for controlling complex nanos-
cale structures. Simmel and Yurke34 demonstrated a nanoactuator 
related to Yurke’s original tweezer design. Addition of a first input 
strand pushed the two arms of the nanoactuator apart; addition of 
a second input strand set them free. In further work they built a 
device that could be switched between three distinct states using 
two pairs of fuel strands35. Tian and Mao36 built a device consisting 
of two DNA complexes reminiscent of interlocking gears that could 
be repeatedly cycled through three different states.

Reconfiguring self-assembled structures. Strand displacement 
can be combined with structural self-assembly to enable dynamic 
reconfiguration of larger DNA nanostructures post-assembly, and 

can be used to induce changes at macroscopic scales. A first exam-
ple of this was described by Yan and co-workers37 who used the 
toehold-mediated cycling technique of Yurke et al. to construct a 
rotary DNA device. Their device could be switched between two 
states corresponding to different DNA tile motifs, called PX and 
JX2 (Fig. 1b). They also assembled multiple devices into a linear 
structure large enough to be visualized with an atomic force micro-
scope and demonstrated switching of a DNA multi-stranded struc-
tural motif relative to the main axis of a larger structure (Fig. 1c). 
Their device was based on an earlier example of a switchable DNA 
nanomachine30 that responded to ambient salt concentration rather 
than DNA inputs.

Chakraborty et al.38 later extended this basic design to a system 
that could be switched between three different states, and Zhong and 
Seeman39 demonstrated that switching could be indirectly controlled 

DNA is represented as directional lines, with the hook denoting 
the 3  end (panel a). For many strand-displacement-based designs, 
it is convenient to abstract contiguous DNA bases into functional 
DNA domains that act as a unit in hybridization, branch migra-
tion or dissociation. Domains are represented here by numbers; 
a starred domain denotes a domain complementary in sequence 
to the domain without a star (for example, domain 2* is comple-
mentary to domain 2). The sequences of the nucleotide bases are 
not typically shown because it is expected that DNA devices based 
on strand displacement will work for many if not most choices of 
domain sequences.

The key reaction that has allowed the construction of the 
dynamic assemblies shown in this review is DNA strand displace-
ment. Panel b shows one example of this reaction. Single-stranded 
DNA molecule A reacts with multi-stranded DNA complex X to 
release strand B and complex Y. Throughout the text we will refer 
to single-stranded reactants (such as A) that initiate a reaction as 
‘inputs’ and to single-stranded reactants that are released from a 
complex (such as B) as ‘outputs’. The strand-displacement reaction 
is facilitated by the ‘toehold’ domains 3 and 3*: the hybridization 
of these single-stranded toeholds co-localizes A and X, and allows 
the 2 domain to ‘branch migrate’. Branch migration is the random 

walk process in which one domain displaces another of identical 
sequence through a series of reversible single nucleotide dissocia-
tion and hybridization steps24. At the completion of branch migra-
tion, complex Y is formed and strand B is released. The concept of 
toeholds was introduced to DNA nanotechnology by Yurke et al.29, 
and studied in detail by Yurke and Mills17, Li et al.18 and Zhang 
and Winfree19.

Panel c shows that the kinetics of strand displacement can be accu-
rately modelled and predicted from the length and sequence of the 
toehold domain19 (nt = nucleotide). The rate constant of the strand-
displacement reaction varies over a factor of 106, from 1 M–1 s–1 to 
6 × 106 M–1 s–1. The green trace shows the kinetics of using a strong 
toehold composed of only G/C nucleotides, the red trace shows the 
kinetics of using a toehold composed only of A/T nucleotides, and 
the black trace shows the kinetics of a toehold composed of roughly 
equal numbers of all four nucleotides. The grey region spanned by 
the green and red traces roughly shows the range of potential kinet-
ics based on toehold length. The progress of strand-displacement 
reactions is typically assayed using fluorescence, either by means of 
reporter complexes that stoichiometrically react with the output, or 
by using dual-labelled probes as output strands. Part c reproduced 
with permission from ref. 19, © 2009 ACS.

Box 1 | Overview of DNA strand displacement
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Several subsequent works used Yurke’s basic reaction sequence 
(a hybridization step followed by strand displacement to reverse the 
effect of the initial hybridization) for controlling complex nanos-
cale structures. Simmel and Yurke34 demonstrated a nanoactuator 
related to Yurke’s original tweezer design. Addition of a first input 
strand pushed the two arms of the nanoactuator apart; addition of 
a second input strand set them free. In further work they built a 
device that could be switched between three distinct states using 
two pairs of fuel strands35. Tian and Mao36 built a device consisting 
of two DNA complexes reminiscent of interlocking gears that could 
be repeatedly cycled through three different states.

Reconfiguring self-assembled structures. Strand displacement 
can be combined with structural self-assembly to enable dynamic 
reconfiguration of larger DNA nanostructures post-assembly, and 

can be used to induce changes at macroscopic scales. A first exam-
ple of this was described by Yan and co-workers37 who used the 
toehold-mediated cycling technique of Yurke et al. to construct a 
rotary DNA device. Their device could be switched between two 
states corresponding to different DNA tile motifs, called PX and 
JX2 (Fig. 1b). They also assembled multiple devices into a linear 
structure large enough to be visualized with an atomic force micro-
scope and demonstrated switching of a DNA multi-stranded struc-
tural motif relative to the main axis of a larger structure (Fig. 1c). 
Their device was based on an earlier example of a switchable DNA 
nanomachine30 that responded to ambient salt concentration rather 
than DNA inputs.

Chakraborty et al.38 later extended this basic design to a system 
that could be switched between three different states, and Zhong and 
Seeman39 demonstrated that switching could be indirectly controlled 

DNA is represented as directional lines, with the hook denoting 
the 3  end (panel a). For many strand-displacement-based designs, 
it is convenient to abstract contiguous DNA bases into functional 
DNA domains that act as a unit in hybridization, branch migra-
tion or dissociation. Domains are represented here by numbers; 
a starred domain denotes a domain complementary in sequence 
to the domain without a star (for example, domain 2* is comple-
mentary to domain 2). The sequences of the nucleotide bases are 
not typically shown because it is expected that DNA devices based 
on strand displacement will work for many if not most choices of 
domain sequences.

The key reaction that has allowed the construction of the 
dynamic assemblies shown in this review is DNA strand displace-
ment. Panel b shows one example of this reaction. Single-stranded 
DNA molecule A reacts with multi-stranded DNA complex X to 
release strand B and complex Y. Throughout the text we will refer 
to single-stranded reactants (such as A) that initiate a reaction as 
‘inputs’ and to single-stranded reactants that are released from a 
complex (such as B) as ‘outputs’. The strand-displacement reaction 
is facilitated by the ‘toehold’ domains 3 and 3*: the hybridization 
of these single-stranded toeholds co-localizes A and X, and allows 
the 2 domain to ‘branch migrate’. Branch migration is the random 

walk process in which one domain displaces another of identical 
sequence through a series of reversible single nucleotide dissocia-
tion and hybridization steps24. At the completion of branch migra-
tion, complex Y is formed and strand B is released. The concept of 
toeholds was introduced to DNA nanotechnology by Yurke et al.29, 
and studied in detail by Yurke and Mills17, Li et al.18 and Zhang 
and Winfree19.

Panel c shows that the kinetics of strand displacement can be accu-
rately modelled and predicted from the length and sequence of the 
toehold domain19 (nt = nucleotide). The rate constant of the strand-
displacement reaction varies over a factor of 106, from 1 M–1 s–1 to 
6 × 106 M–1 s–1. The green trace shows the kinetics of using a strong 
toehold composed of only G/C nucleotides, the red trace shows the 
kinetics of using a toehold composed only of A/T nucleotides, and 
the black trace shows the kinetics of a toehold composed of roughly 
equal numbers of all four nucleotides. The grey region spanned by 
the green and red traces roughly shows the range of potential kinet-
ics based on toehold length. The progress of strand-displacement 
reactions is typically assayed using fluorescence, either by means of 
reporter complexes that stoichiometrically react with the output, or 
by using dual-labelled probes as output strands. Part c reproduced 
with permission from ref. 19, © 2009 ACS.
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•  Toehold	  mediated	  strand	  displacement	  results	  in	  
rate	  constants	  upto	  6	  magnitudes	  higher	  for	  the	  
forward	  reac>on.	  

•  In	  this	  case,	  the	  toehold	  domain	  (3)	  allows	  strand	  
A	  to	  localize	  specifically	  on	  complex	  X.	  
Subsequent	  equilibrium	  branch	  migra>on	  is	  
followed	  by	  an	  irreversible	  displacement	  of	  B.	  

Hang	  and	  Seelig.	  Nature	  Chemistry	  (2011),	  3,	  103.	  
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•  A	  DNA	  molecular	  tweezer	  fuelled	  by	  DNA	  
(Turberfield,	  2000)	  

•  The	  open,	  linear	  tweezer	  is	  shown	  on	  the	  lee.	  
Objec>ve	  is	  to	  bring	  the	  two	  fluorophores	  TET	  and	  
TAMRA	  together.	  
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•  Strand	  F	  has	  complementary	  regions	  to	  the	  blue	  
and	  green	  s>cky	  ends	  and	  closes	  the	  the	  tweezer.	  

•  F	  also	  has	  a	  toehold	  (in	  orange)	  and	  can	  be	  
removed	  by	  using	  its	  complementary	  strand	  F’.	  

•  Thus,	  a	  sequen>al	  addi>on	  of	  F	  and	  F’	  can	  open	  
and	  close	  the	  tweezer.	  

Yurke	  et.	  al.,	  Nature	  (2000),	  406,	  605.	  
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tiling arrays, which may lead to programmed chemical
synthesis. 3) It may offer a mechanism for DNA computation
of arrays whose elements (the tiles) hold state.

Herein we report the construction of a robust sequence-
dependent DNA device, which we call a nanoactuator, and
the incorporation of such a device into a 2D parallelogram
DNA lattice. Figure 1 illustrates the design and the operation
of the nanoactuator device. The two states of the device are
shown as S1 and S2. S1 consists four strands assembled
through Watson–Crick base pairing to form a bulged three-
arm DNA branch-junction. Leontis and colleagues[11] have
previously shown that a three-arm DNA branch-junction
containing a loop of two deoxythymidine nucleotides has a
preferred stacking direction. Bulged three-arm DNA branch-
junctions have been well characterized by Liu et al.[13] and
have been extensively used in DNA nanoconstruction[14,15]

and as topographic markers in the self-assembly of 2D DNA
lattices.[1, 2] Thus, a DNA device based on a bulged three-arm
junction is an excellent candidate to serve as actuator for
DNA lattices. The stem-loop joining the two strands of the
duplex contains 21 nucleotides and is composed of a loop of
two deoxythymidine nucleotides, a seven-base-pair duplex
region (contains two mismatched pairs), and a loop of five
deoxythymidine nucleotides. In Figure 1 the strand in red is a
set strand (SS1) that sets the nanoactuator device in the S1
state. S2 consists of the same three black strands as in S1, but a
blue strand (SS2), which has a region fully complementary to
the stem-loop sequence, replaces the red strand. SS2 serves to
open up the stem-loop in S1 and set the conformation of the
nanoactuator device to the S2 state. The mismatched base
pairs (in pink) are included in the stem-loop of S1 to avoid the
formation of an unwanted kinetically trapped cruciform
junction, a possible secondary structure to the S2 state of
the nanoactuator device.

The nanoactuator designed here differs significantly from
a conventional molecular beacon[10] in that the nanoactuator

has a well-defined conformation that can be easily incorpo-
rated into DNA lattices, the motion generated is translated
along a stacked double helix, and the reversible interconver-
sion between states is executed through strand displacement
using a DNA fuel strand. Yurke and Turberfield[5] first
introduced strand displacement by using a fuel strand for the
construction of a DNA tweezer that executes an open/close
motion. We utilize this technique to interconvert the nano-
actuator device described here. Both the set strands in the
device have a 3’ extension of eight nucleotides, which are used
as a handle to initiate branch migration upon addition of their
fuel strands, leading to their removal from the nanoactuator
device. Since the set strands and their corresponding fuel
strands (FS1 and FS2) are complementary along their entire
length, pairing of a set strand and its fuel strand is energeti-
cally more favored than partial pairing of the set strands in the
S1 and S2 state. Both fuel strands have a biotin group at their
5’-ends indicated in Figure 1 by a filled black circle. The waste
product composed of the complementary duplex of set strand
and fuel strand can be removed, if desired, by treatment with
streptavidin magnetic-bead separation. The nanoactuator
device operates as follows: starting from S1, SS1 (red) is
removed by the addition of FS1 (green), producing the
unpaired intermediate (INT), which is then fixed to S2 by the
addition of SS2 (blue). Addition of FS2 (purple) to re-
move SS2 converts S2 to the unpaired intermediate (INT).
Addition of a SS1 (red) restores the S1 state and completes
the cycle. Operation of the nanoactuator device will result
in an extension/contraction motion of two turns of DNA
(~ 6.8 nm) along the stacked helix.

We used both gel electrophoresis and fluorescent reso-
nance energy transfer spectroscopy (FRET) to demonstrate
the interconversion and cycling of the nanoactuator device. In
Figure 2a the electrophoresis with 14% nondenaturing poly-
acrylamide gel shows the formation and operation of the
device. Lane LM contains 50-base-pair (bp) DNA linear

Figure 1. Schematic drawing of the design and operation of the nanoactuator device. I-IV represent the four steps to complete one cycle of the
device operation. See the text for an explanation.
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A	  Dynamic	  2-‐D	  array	  

•  The	  idea	  is	  to	  use	  a	  modified	  DX	  >le	  that	  can	  alter	  its	  dimension	  by	  strand	  
displacement	  (Hao	  Yan,	  2003).	  

•  The	  orange	  and	  blue	  strands	  in	  the	  >le	  can	  be	  interchanged,	  thus	  changing	  the	  length	  
of	  the	  >le	  

Feng	  et.al.,	  ACIE	  (2003),	  42,	  4342.	  
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The nanoactuator device is incorporated into a 2D DNA
lattice constructed previously by Mao et al.,[3] which was
demonstrated to display a rhombuslike cavity with size of
~ 14 nm in each of the two dimensions. The unit of the
previously demonstrated parallelogram contains four four-
arm branched junctions (Figure 4a), which were fused into a
rhombuslike molecule. The branch points, which define
vertices, are each separated by four double-helical turns.
The rhombuses were directed to self-assemble by hydrogen
bonding into a two-dimensional periodic array, whose spacing
is six turns in each direction. In our design, we modified the
molecule and incorporated two nanoactuator devices into two
opposite edges of the unit (Figure 4b). The operation of the
nanoactuator devices will result in a contraction/extension
motion of the 2D lattice assembled from the designed unit, as
illustrated in lower panel of Figure 4b.

We performed the interconversion of the nanoactuator
device in solution and demonstrated the motion of the lattice
by imaging samples deposited on mica using atomic force
microscopy (AFM). The AFM images in Figure 5 illustrate

Figure 4. Schematic drawing of the two-state 2D lattices actuated by DNA nanoactuator devices. a) A unit for self-assembly of parallelogram lat-
tice (described in ref. [4]) containing complementary sticky ends, for example, A and A’, which will self-assemble into a 2D lattice. b) Incorporation
of DNA nanoactuator devices into 2D lattice. Two nanoactuator devices with different base sequences are incorporated into the opposite arms of
the rhombuslike motif. The two states of these nanoactuator devices result in two different lattice components. Sticky-ended association will lead
to 2D lattices. Periodicity of the lattice is illustrated by their helical turns.

Figure 5. AFM evidence for the two state DNA lattice actuated by DNA
nanoactuator devices. For details see text.
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Dynamic	  DNA	  array	  

The nanoactuator device is incorporated into a 2D DNA
lattice constructed previously by Mao et al.,[3] which was
demonstrated to display a rhombuslike cavity with size of
~ 14 nm in each of the two dimensions. The unit of the
previously demonstrated parallelogram contains four four-
arm branched junctions (Figure 4a), which were fused into a
rhombuslike molecule. The branch points, which define
vertices, are each separated by four double-helical turns.
The rhombuses were directed to self-assemble by hydrogen
bonding into a two-dimensional periodic array, whose spacing
is six turns in each direction. In our design, we modified the
molecule and incorporated two nanoactuator devices into two
opposite edges of the unit (Figure 4b). The operation of the
nanoactuator devices will result in a contraction/extension
motion of the 2D lattice assembled from the designed unit, as
illustrated in lower panel of Figure 4b.

We performed the interconversion of the nanoactuator
device in solution and demonstrated the motion of the lattice
by imaging samples deposited on mica using atomic force
microscopy (AFM). The AFM images in Figure 5 illustrate

Figure 4. Schematic drawing of the two-state 2D lattices actuated by DNA nanoactuator devices. a) A unit for self-assembly of parallelogram lat-
tice (described in ref. [4]) containing complementary sticky ends, for example, A and A’, which will self-assemble into a 2D lattice. b) Incorporation
of DNA nanoactuator devices into 2D lattice. Two nanoactuator devices with different base sequences are incorporated into the opposite arms of
the rhombuslike motif. The two states of these nanoactuator devices result in two different lattice components. Sticky-ended association will lead
to 2D lattices. Periodicity of the lattice is illustrated by their helical turns.

Figure 5. AFM evidence for the two state DNA lattice actuated by DNA
nanoactuator devices. For details see text.
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•  Strand	  displacement	  reac>on	  on	  the	  
en>re	  array	  transforms	  individual	  >les	  
from	  S1	  to	  S2.	  

•  The	  dimensional	  changes	  at	  the	  >le	  
level	  translates	  to	  a	  collec>ve	  
‘breathing’	  of	  the	  array.	  

Feng	  et.al.,	  ACIE	  (2003),	  42,	  4342.	  
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DNA	  walkers	  

•  Autonomous	  mul.step	  Organic	  Synthesis	  with	  a	  DNA	  walker.	  (David	  Liu,	  2010)	  	  
•  Synthesis	  of	  a	  tripep>de	  from	  ac>vated	  precursors	  on	  a	  self	  assembled	  DNA	  plamorm.	  

Inspired	  by	  the	  ribosome.	  
•  S1-‐S3	  are	  assembled	  on	  template	  T.	  The	  walker	  W	  facilitates	  stepwise	  forma>on	  of	  

the	  coupling	  products	  by	  moving	  along	  the	  track	  autonomously.	  

into a double-stranded complex. Upon addition of S0 and W, the
initiator and walker associate via D2:D2′ hybridization and localize
to the track–substrate complex through S0:I hybridization (Fig. 1a).
The template-bound walker then hybridizes with the nearest D1
docking region, which is found on the S1 substrate annealed to
the first station (Fig. 1b). Hybridization between W and S1
induces the favourable translocation of W from S0 (which can
hybridize only to the D2′ region of W) to S1 (which can hybridize
to both the D1′ and D2′ regions of W). W–S1 hybridization also
triggers DNA-templated acylation of the walker’s amine group
with the NHS ester of S1, resulting in transfer of the first amino-
acid building block from S1 to W. The 10–23 DNAzyme core in
the walker cleaves the ribonucleotide linkage in S1, allowing the 5′

fragment of S1 to dissociate (Fig. 1b). The system is now identical
to the W:S0:T starting state, except that W has captured the first
reaction product and has translocated from the initiation site to
the first station.

Two subsequent cycles of walker translocation, DNA-templated
amine acylation, DNAzyme-catalysed cleavage, and dissociation of
the 5′ fragment of the expended substrate result in the walker

resting at the final station on the template covalently linked to the
final multistep reaction product (in this case, a triamide containing
three amino-acid building blocks in a specific T-programmed
order). Because each step of this cycle occurs spontaneously
under identical conditions, the entire three-step reaction sequence
proceeds autonomously, requiring no changes in temperature or
pH, and no intervention from the researcher.

A major challenge of any effort to perform a multistep reaction
sequence in a single solution is to prevent reactive substrates from
undergoing any of the many possible reactions other than those
on the desired pathway. In the case of transforming amino-acid
building blocks into a specific oligoamide, each activated amino
acid can only react with the nascent product, and not with each
other. In nature, the ribosomal machinery modulates the effective
molarity of aminoacylated tRNAs with respect to water or other
nucleophiles to greatly increase the likelihood than an aminoacy-
lated tRNA in the A-site of the ribosome couples with the nascent
peptide in the P-site before hydrolysis or errant coupling takes
place22,23. Like the ribosome, the DNAsome system displays multiple
activated amino acids on a single track simultaneously. These amino
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Figure 1 | Overview of the DNAsome system. a, The system described in this work comprises six DNA or DNA-linked molecules. Three substrates (S1–S3)
and an initiator (S0) can hybridize on a single-stranded DNA track (T). Each substrate has an amino acid NHS ester at its 5′ end and two ribonucleotides
(green dot) in the middle of its DNA sequence. The DNA walker (W) contains a 3′ amine group and an RNA-cleaving DNAzyme (purple line) that can
cleave the ribonucleotides in the substrates. b, DNAsome-mediated multistep synthesis of a triamide product. All steps take place in a single solution under
one set of reaction conditions without external intervention.
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DNA	  walkers	  

into a double-stranded complex. Upon addition of S0 and W, the
initiator and walker associate via D2:D2′ hybridization and localize
to the track–substrate complex through S0:I hybridization (Fig. 1a).
The template-bound walker then hybridizes with the nearest D1
docking region, which is found on the S1 substrate annealed to
the first station (Fig. 1b). Hybridization between W and S1
induces the favourable translocation of W from S0 (which can
hybridize only to the D2′ region of W) to S1 (which can hybridize
to both the D1′ and D2′ regions of W). W–S1 hybridization also
triggers DNA-templated acylation of the walker’s amine group
with the NHS ester of S1, resulting in transfer of the first amino-
acid building block from S1 to W. The 10–23 DNAzyme core in
the walker cleaves the ribonucleotide linkage in S1, allowing the 5′

fragment of S1 to dissociate (Fig. 1b). The system is now identical
to the W:S0:T starting state, except that W has captured the first
reaction product and has translocated from the initiation site to
the first station.

Two subsequent cycles of walker translocation, DNA-templated
amine acylation, DNAzyme-catalysed cleavage, and dissociation of
the 5′ fragment of the expended substrate result in the walker

resting at the final station on the template covalently linked to the
final multistep reaction product (in this case, a triamide containing
three amino-acid building blocks in a specific T-programmed
order). Because each step of this cycle occurs spontaneously
under identical conditions, the entire three-step reaction sequence
proceeds autonomously, requiring no changes in temperature or
pH, and no intervention from the researcher.

A major challenge of any effort to perform a multistep reaction
sequence in a single solution is to prevent reactive substrates from
undergoing any of the many possible reactions other than those
on the desired pathway. In the case of transforming amino-acid
building blocks into a specific oligoamide, each activated amino
acid can only react with the nascent product, and not with each
other. In nature, the ribosomal machinery modulates the effective
molarity of aminoacylated tRNAs with respect to water or other
nucleophiles to greatly increase the likelihood than an aminoacy-
lated tRNA in the A-site of the ribosome couples with the nascent
peptide in the P-site before hydrolysis or errant coupling takes
place22,23. Like the ribosome, the DNAsome system displays multiple
activated amino acids on a single track simultaneously. These amino
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Figure 1 | Overview of the DNAsome system. a, The system described in this work comprises six DNA or DNA-linked molecules. Three substrates (S1–S3)
and an initiator (S0) can hybridize on a single-stranded DNA track (T). Each substrate has an amino acid NHS ester at its 5′ end and two ribonucleotides
(green dot) in the middle of its DNA sequence. The DNA walker (W) contains a 3′ amine group and an RNA-cleaving DNAzyme (purple line) that can
cleave the ribonucleotides in the substrates. b, DNAsome-mediated multistep synthesis of a triamide product. All steps take place in a single solution under
one set of reaction conditions without external intervention.
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•  The	  Walker	  has	  complimentary	  regions	  to	  the	  fragment	  anchors	  (D1-‐D1’).	  This	  
enables	  proximity	  based	  coupling	  to	  the	  amine	  terminus.	  An	  inbuilt	  DNAzyme	  
domain	  allows	  cleavage	  of	  anchors	  to	  move	  forward.	  

•  Once	  the	  Walker	  is	  added,	  no	  interven>on	  is	  needed	  to	  obtain	  the	  final	  product.	  
An	  overall	  tripep>de	  yield	  of	  45%	  is	  reported.	  

He	  and	  Liu,	  Nature	  Nanotechnology	  (2010),	  5,	  778.	  
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Summary	  >ll	  now	  

•  Hybridiza>on	  guides	  predictable	  self	  assembly	  of	  DNA	  strands.	  

•  Early	  examples	  of	  DNA	  structures	  included	  polyhedrons	  constructed	  by	  
imagina>ve	  use	  of	  DNA	  hybridiza>on.	  

•  Introduc>on	  of	  s>ff	  design	  mo>fs	  gave	  rise	  to	  assembly	  of	  2-‐D	  network	  
structures.	  

•  Strand	  Displacement	  reac>ons	  enabled	  dynamic	  DNA	  architectures	  capable	  
of	  func>on.	  

	  

	  
By	  this	  >me,	  DNA	  had	  established	  itself	  as	  a	  superior	  building	  block.	  However,	  as	  in	  
the	  case	  of	  classical	  supramolecular	  designs,	  new	  architectures	  depended	  on	  
ingenious	  use	  of	  DNA	  hybridiza>on	  and	  imagina>on.	  	  Larger	  self	  assembled	  structures	  
were	  limited	  by	  the	  repe>>ve	  nature	  of	  their	  building	  blocks.	  
	  
The	  field	  was	  to	  be	  transformed	  by	  Paul	  Rothemund’s	  revolu`onary	  publica`on	  in	  
2006.	  
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DNA	  Origami	  

Folding	  DNA	  to	  create	  Nanoscale	  shapes	  and	  paRerns	  (Paul	  Rothemund,	  2006).	  	  

Instead	  of	  using	  building	  blocks	  for	  a	  ‘boaom-‐up’	  construc>on,	  the	  idea	  here	  is	  to	  
use	  a	  long	  single	  stranded	  DNA	  molecule(~7kb	  in	  this	  case)	  of	  known	  sequence	  
and	  then	  fold	  it	  into	  a	  desired	  shape	  by	  using	  hundreds	  of	  designed,	  smaller	  
‘staple’	  strands	  (20-‐40	  bases):	  
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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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1.  The	  desired	  shape	  is	  approximated	  by	  parallel	  helices	  with	  regular	  crossovers.	  
2.  	  The	  scaffold	  strand	  runs	  through	  every	  helix	  and	  forms	  more	  crossovers.	  
3.  Staple	  strands	  with	  crossovers	  realize	  these	  helices	  and	  produce	  the	  complete	  

structure.	  
4.  The	  whole	  process	  is	  executed	  by	  a	  computer	  wriaen	  programme.	  
5.  Resul>ng	  structures	  are	  characterized	  by	  AFM	  imaging.	  

Paul	  Rothemund,	  Nature	  (2006),	  440,	  297.	  
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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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DNA	  Origami	  

Any	  desired	  shape	  can	  be	  accessed.	  Yields	  are	  greater	  than	  70%	  
Paul	  Rothemund,	  Nature	  (2006),	  440,	  297.	  
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PaRerning	  with	  staple	  strands:	  
Staple	  strands	  specify	  loca>on	  on	  the	  scaffold.	  Thus,	  the	  shape	  can	  be	  regiospecifically	  
marked	  by	  modifying	  the	  necessary	  staple	  strand.	  
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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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PaRerning	  with	  staple	  strands:	  
Markers	  on	  staple	  strands	  are	  seen	  as	  dis>nct	  topological	  features	  on	  the	  AFM.	  
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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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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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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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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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3-‐D	  DNA	  Origami	  

•  The	  folding	  of	  a	  scaffold	  strand	  was	  soon	  extended	  to	  aaain	  3-‐D	  architectures.	  
•  Shih	  and	  coworkers	  developed	  ‘caDNAno’	  an	  open	  source	  soeware	  for	  design	  of	  

DNA	  architectures.	  The	  soeware	  designs	  all	  staple	  strands	  based	  on	  the	  desired	  
shape.	  

	  

“With	  caDNAno,	  an	  individual	  with	  no	  prior	  knowledge	  of	  programming	  or	  DNA	  
structure	  can	  complete	  a	  short	  tutorial	  and	  then	  be	  capable	  of	  genera`ng	  sequences	  
within	  a	  day	  for	  building	  a	  new	  shape	  comparable	  in	  complexity	  to	  the	  examples	  
demonstrated	  here.”	  	  

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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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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The experimental spectra agree well with theoretical calculations
based on classical electrodynamics (Fig. 2b). The strongest absorption
of circularly polarized light is predicted in the vicinity of the surface
plasmon frequency of the metal nanoparticles, as experimentally seen
with our assemblies. Strikingly, even the strength of the measured
signals closely matches the magnitude predicted by the calculations.
We further confirmed theoretically that the CD signal remains robust
to positional perturbations of the individual particles (see Supplemen-
tary Information note 2).

The dipole theory17 predicts that the CD signal becomes stronger
when the particles are either larger or arranged in a tighter helix:

CDplasmon<
a12

NP

R8
0

ð1Þ

where aNP and R0 are the nanoparticle and helix radii, respectively. We
quantified the influence of particle size on the CD signal by using
electroless deposition of metal from solution26,27 onto 10-nm seeding
particles that were already assembled into the helical geometry
described in Fig. 1 (see Supplementary Information note 7 for experi-
mental details and additional TEM images). CD measurements of
these ‘enhanced’ samples showed two notable effects (Fig. 2c): the
signal strength increased up to 400-fold for nanoparticle diameters
of 16 6 2 nm, and the absorption as well as the CD peak shifted to
longer wavelengths. These results are consistent with theoretical pre-
dictions for the plasmonic CD effect. A simple estimate for the CD
signal increase based on equation (1) and assuming a particle size of
16 nm yields an enhancement of about 280, and quantitative numerical
calculations predict an enhancement of about 500. As in the experi-
ments, the calculated CD for larger particles and the same helix radius
is also red-shifted (Fig. 2d), which is typical for strongly interacting
plasmonic nanocrystals28. Taken together, these observations illus-
trate that desired optical behaviour can be designed and realized by
exploiting the collective interactions between plasmonic particles
attached with close to 100% yield and positioned with nanometre-scale
precision.

To generate CD at other wavelengths, we plated silver onto pre-
assembled 10-nm gold particle helices and thereby produced a silver
shell of about 3 nm around each of the gold nanoparticles. Plasmon
resonances in silver occur at a shorter wavelength than in gold, so the
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Figure 2 | Circular dichroism of self-assembled gold nanohelices.
Experimental (a and c) and theoretical (b and d) CD spectra of left-handed (red
lines) and right-handed (blue lines) helices of nine gold nanoparticles show
characteristic bisignate signatures in the visible. a, CD spectra of nanohelices
composed of 10-nm gold particles. The peak position in the spectra of left-
handed helices (indicated by the arrow) coincides with the plasmon absorption
resonance maximum. b, The theoretically predicted CDs for the geometries in
a exhibit the same features; the peak positions and amplitudes are in remarkable
agreement with the experiment. c, The CD signal increases owing to collective
plasmonic enhancement by a factor of 400 for assemblies of nanoparticles with
16-nm diameter, rendering the noise in the spectra invisible (as in a). The peak
position for left-handed helices exhibits a red-shift from 524 nm to 545 nm.
d, The corresponding theoretical calculation predicts a 500-fold enhancement
of the signal and a peak shift from 523 nm to 534 nm. The CD spectra were
recorded at concentrations of nanohelices of 1.5 nM in a and 0.4 nM in c. The
insets in a and c show TEM images of left-handed (red frame) and right-handed
(blue frame) nanohelices (scale bars, 20 nm); the respective left-handed model
geometries are depicted in the insets to b and d.
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Figure 1 | Assembly of DNA origami gold nanoparticle helices and
principle of circular dichroism. a, Left- and right-handed nanohelices
(diameter 34 nm, helical pitch 57 nm) are formed by nine gold nanoparticles
each of diameter 10 nm that are attached to the surface of DNA origami 24-
helix bundles (each of diameter 16 nm). Each attachment site consists of three
15-nucleotide-long single-stranded extensions of staple oligonucleotides. Gold
nanoparticles carry multiple thiol-modified DNA strands, which are
complementary to these staple extensions. Nanoparticles and 24-helix bundles

are mixed for assembly and the resulting constructs are gel-purified. b, TEM
image of assembled left-handed gold nanohelices (scale bar, 100 nm). Analysis
of the TEM data yields a 98% success rate for directed attachment of
nanoparticles. c, Circular dichroism is measured as the difference in absorbance
DA 5 ALCP 2 ARCP of left-hand-circularly polarized (LCP) and right-hand-
circularly polarized (RCP) light as a function of wavelength. CD measurements
were performed with a CD spectrometer on samples in cuvettes of optical path
length 3 mm.
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The experimental spectra agree well with theoretical calculations
based on classical electrodynamics (Fig. 2b). The strongest absorption
of circularly polarized light is predicted in the vicinity of the surface
plasmon frequency of the metal nanoparticles, as experimentally seen
with our assemblies. Strikingly, even the strength of the measured
signals closely matches the magnitude predicted by the calculations.
We further confirmed theoretically that the CD signal remains robust
to positional perturbations of the individual particles (see Supplemen-
tary Information note 2).

The dipole theory17 predicts that the CD signal becomes stronger
when the particles are either larger or arranged in a tighter helix:

CDplasmon<
a12

NP

R8
0

ð1Þ

where aNP and R0 are the nanoparticle and helix radii, respectively. We
quantified the influence of particle size on the CD signal by using
electroless deposition of metal from solution26,27 onto 10-nm seeding
particles that were already assembled into the helical geometry
described in Fig. 1 (see Supplementary Information note 7 for experi-
mental details and additional TEM images). CD measurements of
these ‘enhanced’ samples showed two notable effects (Fig. 2c): the
signal strength increased up to 400-fold for nanoparticle diameters
of 16 6 2 nm, and the absorption as well as the CD peak shifted to
longer wavelengths. These results are consistent with theoretical pre-
dictions for the plasmonic CD effect. A simple estimate for the CD
signal increase based on equation (1) and assuming a particle size of
16 nm yields an enhancement of about 280, and quantitative numerical
calculations predict an enhancement of about 500. As in the experi-
ments, the calculated CD for larger particles and the same helix radius
is also red-shifted (Fig. 2d), which is typical for strongly interacting
plasmonic nanocrystals28. Taken together, these observations illus-
trate that desired optical behaviour can be designed and realized by
exploiting the collective interactions between plasmonic particles
attached with close to 100% yield and positioned with nanometre-scale
precision.

To generate CD at other wavelengths, we plated silver onto pre-
assembled 10-nm gold particle helices and thereby produced a silver
shell of about 3 nm around each of the gold nanoparticles. Plasmon
resonances in silver occur at a shorter wavelength than in gold, so the
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Figure 2 | Circular dichroism of self-assembled gold nanohelices.
Experimental (a and c) and theoretical (b and d) CD spectra of left-handed (red
lines) and right-handed (blue lines) helices of nine gold nanoparticles show
characteristic bisignate signatures in the visible. a, CD spectra of nanohelices
composed of 10-nm gold particles. The peak position in the spectra of left-
handed helices (indicated by the arrow) coincides with the plasmon absorption
resonance maximum. b, The theoretically predicted CDs for the geometries in
a exhibit the same features; the peak positions and amplitudes are in remarkable
agreement with the experiment. c, The CD signal increases owing to collective
plasmonic enhancement by a factor of 400 for assemblies of nanoparticles with
16-nm diameter, rendering the noise in the spectra invisible (as in a). The peak
position for left-handed helices exhibits a red-shift from 524 nm to 545 nm.
d, The corresponding theoretical calculation predicts a 500-fold enhancement
of the signal and a peak shift from 523 nm to 534 nm. The CD spectra were
recorded at concentrations of nanohelices of 1.5 nM in a and 0.4 nM in c. The
insets in a and c show TEM images of left-handed (red frame) and right-handed
(blue frame) nanohelices (scale bars, 20 nm); the respective left-handed model
geometries are depicted in the insets to b and d.
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Figure 1 | Assembly of DNA origami gold nanoparticle helices and
principle of circular dichroism. a, Left- and right-handed nanohelices
(diameter 34 nm, helical pitch 57 nm) are formed by nine gold nanoparticles
each of diameter 10 nm that are attached to the surface of DNA origami 24-
helix bundles (each of diameter 16 nm). Each attachment site consists of three
15-nucleotide-long single-stranded extensions of staple oligonucleotides. Gold
nanoparticles carry multiple thiol-modified DNA strands, which are
complementary to these staple extensions. Nanoparticles and 24-helix bundles

are mixed for assembly and the resulting constructs are gel-purified. b, TEM
image of assembled left-handed gold nanohelices (scale bar, 100 nm). Analysis
of the TEM data yields a 98% success rate for directed attachment of
nanoparticles. c, Circular dichroism is measured as the difference in absorbance
DA 5 ALCP 2 ARCP of left-hand-circularly polarized (LCP) and right-hand-
circularly polarized (RCP) light as a function of wavelength. CD measurements
were performed with a CD spectrometer on samples in cuvettes of optical path
length 3 mm.
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a)  Func>onalized	  staple	  strands	  on	  the	  cylindrical	  backbone	  allow	  precise	  
aaachment	  of	  gold	  nanopar>cles.	  	  

b)  Lee	  and	  right	  handed	  helices	  seen	  in	  TEM.	  
c)  CD	  for	  the	  chiral	  nanostructures	  
	   Kuzyk	  et.	  al.,	  Nature	  (2012),	  483,	  311.	  	  
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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
cubic higher-order structure, respectively. The six DNA sheets are colour-
coded as in a.
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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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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

a b c

400 nm

35 nm 35 nm 35 nm

400 nm 400 nm

- 15 nm

- 0 nm

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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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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•  A	  single	  scaffold	  folded	  into	  a	  
cube	  and	  lid.	  

•  Lid	  could	  be	  opened	  by	  strand	  
displacement	  of	  the	  ‘lock’	  strands	  
with	  ‘key’	  strands.	  

•  AFM	  images	  of	  an	  individual	  box;	  
closed	  and	  open.	  

Andersen	  et.	  al.,	  Nature	  (2009),	  459,	  73.	  	  
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DNA	  Nanorobot	  

A	  logic	  gated	  nanorobot	  for	  targeted	  transport	  of	  molecular	  payloads.	  

that are complementary to a linker sequence
attached to the intended cargo (Fig. 1D). After
nanorobot folding and purification, cargo loading
was carried out by adding linker-modified pay-
load in molar excess to attachment sites and in-
cubating at room temperature for 12 hours. Two
types of cargo were loaded: 5-nm gold nano-
particles covalently attached to 5′-thiol–modified
linkers (18), and various Fab´ antibody fragments
that were covalently attached to 5′-amine–
modified linkers using a HyNic/4FB coupling
kit (Solulink, San Diego, California). We used
negative-stain transmission electron microscopy
(TEM) to analyze the device in closed and open
states, with and without cargo (Fig. 1F). We ob-
served by manual counting that on average four
attachment sites were populated when loading
gold nanoparticles, and three sites were populated
when loading antibody fragments (fig. S11).

One obstacle to overcome in constructing a
“spring-loaded” device was to ensure assembly
to high yield in its closed state. Like hands that
set a mousetrap, two “guide” staples were in-

corporated adjacent to the lock sites that span the
top and bottom domains of the device (Fig. 1E).
The guide staples include 8-base toehold over-
hangs and could be removed after folding and
purification steps by adding a 10:1 excess of fully
complementary strands to the mixture (19). We
observed that foldingwith the aid of guide staples
increased the yield of closed robots from 48%
to 97.5%, as assessed by manual counting of
nanorobots images by TEM (fig. S17).

To examine nanorobot function, we selected a
payload such that robot activation would be cou-
pled to labeling of an activating cell (Fig. 2A).
Robots loaded with fluorescently labeled anti-
body fragments against human leukocyte antigen
(HLA)–A/B/Cwere mixed with different cell types
expressing humanHLA-A/B/C and various “key”
combinations (described below) and were ana-
lyzed by flow cytometry. In the absence of the
correct combination of keys, the robot remained
inactive. In the inactive state, the sequestered
antibody fragments were not able to bind the cell
surface, resulting in a baseline fluorescence sig-

nal. However, when the robot encountered the
proper combination of antigen keys, it was freed
to open and bind to the cell surface via its anti-
body payload, causing an increase in fluorescence.
We used key-neutralizing antibodies in compe-
titive inhibition control experiments to verify that
nanorobots were not activated by a non–ligand-
based mechanism (fig. S25).

The robot could be programmed to activate in
response to a single type of key by using the
same aptamer sequence in both lock sites. Al-
ternatively, different aptamer sequences could be
encoded in the locks to recognize two inputs.
Both locks needed to be opened simultaneously
to activate the robot. The robot remained inactive
when only one of the two locks was opened. The
lock mechanism is thus equivalent to a logical
AND gate, with possible inputs of cell surface
antigens not binding or binding (0 or 1, respec-
tively) to aptamer locks, and possible outputs of
remaining closed or a conformational rearrange-
ment to expose the payload (0 or 1, respectively)
(Fig. 2B).
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Fig. 1. Design and TEM analysis of aptamer-gated DNA nanorobot. (A) Sche-
matic front orthographic view of closed nanorobot loaded with a protein pay-
load. Two DNA-aptamer locks fasten the front of the device on the left (boxed)
and right. (B) Aptamer lock mechanism, consisting of a DNA aptamer (blue)
and a partially complementary strand (orange). The lock can be stabilized in a
dissociated state by its antigen key (red). Unless otherwise noted, the lock
duplex length is 24 bp, with an 18- to 24-base thymine spacer in the nonaptamer
strand. (C) Perspective view of nanorobot opened by protein displacement of
aptamer locks. The two domains (blue and orange) are constrained in the rear by

scaffold hinges. (D) Payloads such as gold nanoparticles (gold) and antibody Fab´
fragments (magenta) can be loaded inside the nanorobot. (E) Front and side
views show guide staples (red) bearing 8-base toeholds aid assembly of nano-
robot to 97.5% yield in closed state as assessed by manual counting. After
folding, guide staples are removed by addition of fully complementary oligos
(black). Nanorobots can be subsequently activated by interaction with antigen
keys (red). (F) TEM images of robots in closed and open conformations. Left
column, unloaded; center column, robots loaded with 5-nm gold nanoparticles;
right column, robots loaded with Fab´ fragments. Scale bars, 20 nm.
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•  A	  ‘mousetrap’	  container	  
design	  that	  can	  carry	  
cargo	  inside	  (in	  this	  case,	  
an>bodies).	  

•  The	  container	  is	  locked	  by	  
aptamer	  keys	  to	  a	  target	  
protein.	  

•  The	  protein	  will	  bind	  to	  
the	  aptamer	  and	  open	  
the	  container,	  releasing	  
stored	  cargo.	  

Douglas,	  Bachelet	  and	  Church,	  Science	  (2012),	  335,	  831.	  	  
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DNA	  nanorobot	  

that are complementary to a linker sequence
attached to the intended cargo (Fig. 1D). After
nanorobot folding and purification, cargo loading
was carried out by adding linker-modified pay-
load in molar excess to attachment sites and in-
cubating at room temperature for 12 hours. Two
types of cargo were loaded: 5-nm gold nano-
particles covalently attached to 5′-thiol–modified
linkers (18), and various Fab´ antibody fragments
that were covalently attached to 5′-amine–
modified linkers using a HyNic/4FB coupling
kit (Solulink, San Diego, California). We used
negative-stain transmission electron microscopy
(TEM) to analyze the device in closed and open
states, with and without cargo (Fig. 1F). We ob-
served by manual counting that on average four
attachment sites were populated when loading
gold nanoparticles, and three sites were populated
when loading antibody fragments (fig. S11).

One obstacle to overcome in constructing a
“spring-loaded” device was to ensure assembly
to high yield in its closed state. Like hands that
set a mousetrap, two “guide” staples were in-

corporated adjacent to the lock sites that span the
top and bottom domains of the device (Fig. 1E).
The guide staples include 8-base toehold over-
hangs and could be removed after folding and
purification steps by adding a 10:1 excess of fully
complementary strands to the mixture (19). We
observed that foldingwith the aid of guide staples
increased the yield of closed robots from 48%
to 97.5%, as assessed by manual counting of
nanorobots images by TEM (fig. S17).

To examine nanorobot function, we selected a
payload such that robot activation would be cou-
pled to labeling of an activating cell (Fig. 2A).
Robots loaded with fluorescently labeled anti-
body fragments against human leukocyte antigen
(HLA)–A/B/Cwere mixed with different cell types
expressing humanHLA-A/B/C and various “key”
combinations (described below) and were ana-
lyzed by flow cytometry. In the absence of the
correct combination of keys, the robot remained
inactive. In the inactive state, the sequestered
antibody fragments were not able to bind the cell
surface, resulting in a baseline fluorescence sig-

nal. However, when the robot encountered the
proper combination of antigen keys, it was freed
to open and bind to the cell surface via its anti-
body payload, causing an increase in fluorescence.
We used key-neutralizing antibodies in compe-
titive inhibition control experiments to verify that
nanorobots were not activated by a non–ligand-
based mechanism (fig. S25).

The robot could be programmed to activate in
response to a single type of key by using the
same aptamer sequence in both lock sites. Al-
ternatively, different aptamer sequences could be
encoded in the locks to recognize two inputs.
Both locks needed to be opened simultaneously
to activate the robot. The robot remained inactive
when only one of the two locks was opened. The
lock mechanism is thus equivalent to a logical
AND gate, with possible inputs of cell surface
antigens not binding or binding (0 or 1, respec-
tively) to aptamer locks, and possible outputs of
remaining closed or a conformational rearrange-
ment to expose the payload (0 or 1, respectively)
(Fig. 2B).
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Fig. 1. Design and TEM analysis of aptamer-gated DNA nanorobot. (A) Sche-
matic front orthographic view of closed nanorobot loaded with a protein pay-
load. Two DNA-aptamer locks fasten the front of the device on the left (boxed)
and right. (B) Aptamer lock mechanism, consisting of a DNA aptamer (blue)
and a partially complementary strand (orange). The lock can be stabilized in a
dissociated state by its antigen key (red). Unless otherwise noted, the lock
duplex length is 24 bp, with an 18- to 24-base thymine spacer in the nonaptamer
strand. (C) Perspective view of nanorobot opened by protein displacement of
aptamer locks. The two domains (blue and orange) are constrained in the rear by

scaffold hinges. (D) Payloads such as gold nanoparticles (gold) and antibody Fab´
fragments (magenta) can be loaded inside the nanorobot. (E) Front and side
views show guide staples (red) bearing 8-base toeholds aid assembly of nano-
robot to 97.5% yield in closed state as assessed by manual counting. After
folding, guide staples are removed by addition of fully complementary oligos
(black). Nanorobots can be subsequently activated by interaction with antigen
keys (red). (F) TEM images of robots in closed and open conformations. Left
column, unloaded; center column, robots loaded with 5-nm gold nanoparticles;
right column, robots loaded with Fab´ fragments. Scale bars, 20 nm.
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To test the generality and robustness of the
aptamer-encoded logic gating, we designed six
different robots using pairwise combinations of
aptamer locks drawn from a set of three well-
characterized aptamer sequences: 41t, against
platelet-derived growth factor (PDGF) (20), shown
in red; TE17 (21), shown in yellow; and sgc8c (22),
shown in blue (Fig. 2C). The six robot versions—
plus a permanently locked negative control and a
no-lock positive control—were loaded with fluo-
rescently labeled antibody to human HLA-A/B/C
Fab´ and used to probe six different cell lines, each
expressing different profiles of the “key” anti-
gens recognized by the three chosen aptamers.

A Burkitt’s lymphoma cell line (Ramos) activated
none of the robots. An acute myeloid leukemia
cell line (Kasumi-1) activated all robots. A third
cell line, isolated from a patient with large granular
lymphocytic leukemia, aggressive NK type (NKL)
(23), activated robots with two 41t locks, two
TE17 locks, andwith one 41t and one TE17 lock.
The baseline negative signal for NKL cells was
higher than other cell lines because of NKL back-
ground fluorescence. A fourth cell line, isolated
from acute T cell leukemia (Jurkat), activated ro-
bots bearing two TE17 locks, two sgc8c locks, as
well as one TE17 lock and one sgc8c lock. The
fifth line was isolated from acute lymphoblastic

leukemia (CCRF-CEM) and had a similar pro-
file to Jurkat cells. Finally, a neuroblastoma cell
line (SH-SY5Y) activated robots with two sgc8c
locks. The lower intensity of the positive signals
in the neuroblastoma cell line may be caused by
the lower level of surface HLA-A/B/C expressed
on these cells, and fluorescence intensities may
be affected in general by expression levels of both
aptamer keys and antibody payload targets.

We further examined the performance of the
logic-gating mechanism in three ways. First, we
tested the ability of the robot to selectively bind to
a single cell type (NKLPTK7+/+) in a mixed pop-
ulation of two cell types (NKLPTK7+/+ andRamos).
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Experimental scheme. Nanorobots were loaded with fluorescently labeled anti-
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(bottom). (B) Truth table for nanorobot activation. The aptamer-encoded locks
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serves as input; output is manifested as nanorobot conformation. (C) Eight
different nanorobot versions (10 to 100 fmol, loaded with anti–HLA-A/B/C anti-
body fragments at a molar excess of 20) were tested with six different cell types
expressing various combinations of antigen keys by incubating for 5 hours. Each

histogram displays the count of cells versus fluorescence due to anti–HLA-A/B/C
labeling. (D) NKL cells (50,000 per sample, with transiently induced expression of
PTK7 (NKLPTK7+/+), Ramos cells (100,000 per sample), fluorescein isothiocyanate
(FITC)–labeled antibody to human CD20 (0.1 mg/ml), and permanently locked
robots loaded with allophycocyanin–labeled antibody to human HLA-A/B/C Fab´
were incubated at room temperature for 5 hours. No labeling is observed, as
locked robots remain inactive. (E) Unlocked robots react with both cell pop-
ulations. (F) sgc8c-gated robots react only with the cell population expressing the
PTK7 key. (G) Forward- versus side-scatter dot plot of 4:1 mixture of healthy
humanwhole-blood leukocytes andNKL cells. Nanorobots loaded with anti-CD33
Fab´ payload and gated with 41t locks selectively label NKL cells. Off-target
binding occurred in 0.6% of sampled cells.
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To test the generality and robustness of the
aptamer-encoded logic gating, we designed six
different robots using pairwise combinations of
aptamer locks drawn from a set of three well-
characterized aptamer sequences: 41t, against
platelet-derived growth factor (PDGF) (20), shown
in red; TE17 (21), shown in yellow; and sgc8c (22),
shown in blue (Fig. 2C). The six robot versions—
plus a permanently locked negative control and a
no-lock positive control—were loaded with fluo-
rescently labeled antibody to human HLA-A/B/C
Fab´ and used to probe six different cell lines, each
expressing different profiles of the “key” anti-
gens recognized by the three chosen aptamers.

A Burkitt’s lymphoma cell line (Ramos) activated
none of the robots. An acute myeloid leukemia
cell line (Kasumi-1) activated all robots. A third
cell line, isolated from a patient with large granular
lymphocytic leukemia, aggressive NK type (NKL)
(23), activated robots with two 41t locks, two
TE17 locks, andwith one 41t and one TE17 lock.
The baseline negative signal for NKL cells was
higher than other cell lines because of NKL back-
ground fluorescence. A fourth cell line, isolated
from acute T cell leukemia (Jurkat), activated ro-
bots bearing two TE17 locks, two sgc8c locks, as
well as one TE17 lock and one sgc8c lock. The
fifth line was isolated from acute lymphoblastic

leukemia (CCRF-CEM) and had a similar pro-
file to Jurkat cells. Finally, a neuroblastoma cell
line (SH-SY5Y) activated robots with two sgc8c
locks. The lower intensity of the positive signals
in the neuroblastoma cell line may be caused by
the lower level of surface HLA-A/B/C expressed
on these cells, and fluorescence intensities may
be affected in general by expression levels of both
aptamer keys and antibody payload targets.

We further examined the performance of the
logic-gating mechanism in three ways. First, we
tested the ability of the robot to selectively bind to
a single cell type (NKLPTK7+/+) in a mixed pop-
ulation of two cell types (NKLPTK7+/+ andRamos).
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will bind to any cell expressing the HLA-A/B/C antigen (top). They remain inactive
in the presence of key– cells (middle) but activate upon engaging key+ cells
(bottom). (B) Truth table for nanorobot activation. The aptamer-encoded locks
function as an ANDgate responding tomolecular inputs (keys) expressed by cells.
Color match indicates lock-and-key match. Aptamer-antigen activation state
serves as input; output is manifested as nanorobot conformation. (C) Eight
different nanorobot versions (10 to 100 fmol, loaded with anti–HLA-A/B/C anti-
body fragments at a molar excess of 20) were tested with six different cell types
expressing various combinations of antigen keys by incubating for 5 hours. Each

histogram displays the count of cells versus fluorescence due to anti–HLA-A/B/C
labeling. (D) NKL cells (50,000 per sample, with transiently induced expression of
PTK7 (NKLPTK7+/+), Ramos cells (100,000 per sample), fluorescein isothiocyanate
(FITC)–labeled antibody to human CD20 (0.1 mg/ml), and permanently locked
robots loaded with allophycocyanin–labeled antibody to human HLA-A/B/C Fab´
were incubated at room temperature for 5 hours. No labeling is observed, as
locked robots remain inactive. (E) Unlocked robots react with both cell pop-
ulations. (F) sgc8c-gated robots react only with the cell population expressing the
PTK7 key. (G) Forward- versus side-scatter dot plot of 4:1 mixture of healthy
humanwhole-blood leukocytes andNKL cells. Nanorobots loaded with anti-CD33
Fab´ payload and gated with 41t locks selectively label NKL cells. Off-target
binding occurred in 0.6% of sampled cells.
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•  The	  robot	  can	  recognize	  
and	  condi>onally	  deliver	  
cargo	  to	  cell	  types	  
depending	  on	  their	  cell	  
surface	  proteins	  (keys)	  

Douglas,	  Bachelet	  and	  Church,	  Science	  (2012),	  335,	  831.	  	  
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Summary	  

•  DNA	  origami	  	  can	  be	  used	  to	  create	  any	  3-‐D	  shape	  of	  one’s	  choice.	  

•  The	  staple	  strands	  are	  also	  regiospecific	  markers	  for	  func>onality.	  

•  The	  extreme	  simplicity	  of	  this	  procedure	  has	  ushered	  a	  new	  era	  in	  nano-‐
architecture.	  

•  The	  researcher	  can	  now	  concentrate	  his	  crea>ve	  facul>es	  in	  deciding	  ‘what’	  to	  
build	  rather	  than	  ‘how’	  to	  build	  it.	  

•  Highly	  complex	  and	  responsive	  structures	  can	  be	  built	  based	  upon	  Origami	  
guided	  construc>on	  and	  dynamic	  nucleic	  acid	  chemistry.	  
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of double-helical DNA domains that initially have no
sequence identity, followed by working out a suitable
strand routing scheme. The latter defines which frag-
ments of which strand are supposed to base pair with

which fragment of which other strand. The strand routing
scheme thus also defines the topology of connectivity of
all double-helical DNA domains in the desired object.
Third, sequences for all strands in the system are derived

2 Nanobiotechnology

COBIOT-1153; NO. OF PAGES 7

Please cite this article in press as: Linko V, Dietz H. The enabled state of DNA nanotechnology, Curr Opin Biotechnol (2013), http://dx.doi.org/10.1016/j.copbio.2013.02.001

Figure 1

Current Opinion in Biotechnology

Single-Layer
3D DNA Origami

DNA
Origami 

Multilayer
3D DNA Origami

3D DNA
Crystals

Curvature, Twist,
3D Meshing

2D DNA
Crystals 

Complex
Topology 

1991 1997 1998

2004

2006

1993

2009

2D + 3D
Tile ‘Lego’

2009

20092009 2009

2009

2012

2009

2011 2013

2012

2012

1990 1995 2000 2005 2010 Year

10,000

20,000

30,000

40,000

Cumulative
citations

5,000

15,000

25,000

35,000

I II

VI

III

IV V

Double-Crossover Tile

Illustration of the design space expansion and the growth of interest in structural DNA nanotechnology. From bottom row to top row, left to right: the
double-crossover (DX) tile [4], objects with complex connectivity such as that of a cube [5] or that of Borromean rings [7], first two-dimensional crystals
that form from DNA tiles [11]; objects that fold on long template strands: single-stranded DNA origami [8] and scaffolded DNA origami [15]; first three-
dimensional crystals that form from DNA tensegrity triangles [14]; 3D container-like objects formed from single-layer DNA origami [16–18]; 3D
multilayer DNA origami objects with DNA double-helices in honeycomb [19], square [20], hexagonal and hybrid [21!] lattice packing; DNA origami
objects with curvature and twist [24], objects with curved contours with parallel helices [25] or 3D (multilayer) meshing [26!!]; complex single-layer [22!]
and multilayer [23!!] objects that form from a subset of ‘Lego’-like single-stranded DNA tiles. Bottom panel: histogram describes the cumulative
citations received by a set of 1838 articles that deal with structural DNA nanotechnology. Data were compiled from Thomson Reuters ISI Web of
Science using the search string ‘TS=(""DNA nanotechnology"") OR TS=(""DNA self-assembly"") OR TS=(""DNA nanostruct*"") OR TS=(""Folding DNA"") OR
TS=(""DNA assembly"") OR TS=(""Self-assembly of DNA"") OR TS=(""DNA that folds"") OR TS=(""DNA tiles"") OR AU=(""Winfree E"") OR AU=(""Rothemund
PWK"") OR AU=(""Seeman NC"") OR AU=(""Gothelf KV"") OR AU=(""LaBean TH"") OR TS=(""DNA nanotub*"") OR AU=(""Sleiman H"") OR AU=(""Douglas SM"") OR
AU=(""Mertig M"") OR AU=(""Simmel FC"") OR AU=(""Turberfield AJ"") OR TS=(""DNA origami"")’. The search string yields a total of 1899 articles, from which
dominant false positives were omitted. In addition, the search string does not produce a comprehensive list of articles, thus the data does only indicate
a trend. The cube and 2D DNA crystals were adapted with permission from Ref. [2]; Copyright (2003) Nature Publishing Group. The Borromean ring
was adapted with permission from Ref. [7]; Copyright (1997) Nature Publishing Group. The octahedron was adapted with permission from Ref. [8];
Copyright (2004) Nature Publishing Group. The 3D DNA crystal image was adapted with permission from http://seemanlab4.chem.nyu.edu/; an artistic
rendering by David Goodsell. The tetrahedron was adapted with permission from Ref. [16]; Copyright (2009) American Chemical The box with
switchable lid was adapted with permission from Ref. [18]; Copyright (2009) Nature Publishing Group. The box-shaped 3D origami was adapted from
Ref. [17]. The multilayer 3D DNA origami in square lattice was adapted with permission from Ref. [20]; Copyright (2009) American Chemical Society.
The multilayer 3D DNA origami in hexagonal lattice was adapted with permission from Ref. [21!]; Copyright (2012) American Chemical Society. The
nanoflask was adapted with permission from Ref. [25]; Copyright (2011) The American Association for the Advancement of Science. The sphere was
adapted with permission from Ref. [26!!]; Copyright (2013) The American Association for the Advancement of Science. 2D ‘Lego’ tiles were adapted
with permission from Ref. [22!]; Copyright (2012) Nature Publishing Group. The 3D ‘Lego’ tile was adapted with permission from Ref. [23!!]; Copyright
(2012) The American Association for the Advancement of Science.
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Summary	  
•  The	  explosive	  growth	  of	  DNA	  nanotechnology	  in	  the	  past	  

few	  decades	  

Linko	  and	  Dietz.	  Curr.	  Opin.	  In	  Biotech.	  (2013),	  24,	  1.	  	  
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Current	  limita>ons	  and	  future	  prospects	  

•  Proof	  of	  concept	  studies	  with	  DNA	  nanotechnology	  have	  been	  successful	  but	  
large	  scale	  applica>ons	  hinge	  on	  a	  simple	  limita>on:	  the	  scale	  of	  DNA	  
oligonucleo>de	  synthesis.	  

•  The	  current	  cost	  of	  DNA	  synthesis	  is	  about	  $0.1	  ber	  pase	  for	  oligonucleo>de	  
synthesis	  on	  a	  25nm	  scale.	  

•  The	  overall	  material	  cost	  for	  preparing	  ~10nmole	  of	  a	  DNA	  origami	  structure	  
then	  comes	  out	  to	  about	  $700.	  

•  The	  price	  for	  DNA	  synthesis	  has	  to	  come	  down	  by	  several	  orders	  of	  magnitude	  
to	  enable	  industrial	  scale	  produc>on.	  

•  Ul>mately,	  innova>ons	  in	  basic	  synthe>c	  methods	  and	  nucleic	  acid	  chemistry	  
will	  play	  a	  crucial	  role	  in	  driving	  prices	  down.	  

•  The	  DNA	  nanorobot	  men`oned	  earlier	  has	  been	  tested	  in	  a	  live	  animal	  and	  is	  
slated	  for	  human	  clinical	  trials.	  	  

Pinheiro	  et.al.,	  Nature	  Nanotechnology	  (2011),	  6,	  763.	  
Amir	  et.al.,	  Nature	  Nanotechnology	  (2014),	  9,	  353.	  	  
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Conclusion	  

•  Structural	  DNA	  nanotechnology	  is	  currently	  the	  most	  robust	  method	  to	  produce	  
precisely	  controlled	  nanoscale	  assemblies.	  

•  In	  a	  sense,	  DNA	  is	  now	  a	  topological	  synthon	  in	  the	  nanoscale	  just	  the	  way	  atoms	  are	  
the	  building	  blocks	  for	  small	  molecules.	  

•  The	  technical	  aspect	  of	  methodologies	  is	  rela>vely	  simple	  and	  today,	  guided	  by	  well	  
designed	  soewares,	  many	  new	  researchers	  are	  entering	  this	  highly	  interdisciplinary	  
field.	  Many	  exci>ng	  advances	  are	  expected	  in	  the	  coming	  decades.	  

	  
•  Large	  scale	  applica>ons	  will	  depend	  on	  fundamental	  advances	  in	  nucleic	  acid	  

synthesis	  methodologies	  to	  make	  the	  technology	  commercially	  viable.	  

“It	  is	  all	  chemistry	  of	  one	  sort	  or	  another,	  just	  moving	  atoms	  around,	  
whether	  they	  are	  in	  large	  groups,	  small	  groups,	  whatever—it	  is	  just	  
chemistry.”	  
	  –	  Ned	  Seeman	  

Paul	  Weiss,	  ACSNano	  (2008),	  6,	  1089.	  
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