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ABSTRACT: An essential motif for the assembly of
biological materials such as actin at the scale of hundreds
of nanometers and beyond is a network of one-dimensional
ﬁbers with well-deﬁned geometry. Here, we demonstrate
the programmed organization of DNA ﬁlaments into
micron-scale architectures where component ﬁlaments are
oriented at preprogrammed angles. We assemble L-, T-, and
Y-shaped DNA origami junctions that nucleate two or three
micron length DNA nanotubes at high yields. The angles
between the nanotubes mirror the angles between the
templates on the junctions, demonstrating that nanoscale
structures can control precisely how micron-scale architectures form. The ability to precisely program ﬁlament orientation could allow the assembly of complex ﬁlament
architectures in two and three dimensions, including circuit structures, bundles, and extended materials.
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diﬀerent ﬁlament architectures. Tubulin, for example, can be
organized into cilia, ﬂagella, the spindle, or tracks for cargo
transport by molecular motors.24−26 Because the same
monomers are used throughout the assembled structures,
relatively few species are required to assemble structures across
multiple length scales. Further, the ﬂexibility aﬀorded by this
form of organization means that diﬀerent structures can be
formed at diﬀerent locations in the cell and can be dynamically
reorganized over time without the need to resynthesize most of
the structural components.
The ability to nucleate the ﬁlaments of the cytoskeleton in
speciﬁc orientations is critical to the formation of higher-order
architectures. Proteins such as actin-related protein 2/3 (ARP
2/3) and larger complexes such as a microtubule organizing
center27,28 can direct the nucleation of new ﬁlaments at speciﬁc
orientations to one another or with respect to existing
ﬁlaments. The resulting junctions, in which semiﬂexible or
rigid ﬁlaments are connected at a well-deﬁned angle, form many
of the primitives for building the cytoskeleton’s large-scale
networks or assembled machines.
The ability to design such a dynamic material for organizing
biomolecules at the micron scale could make it possible to
systematically engineer structures for sensing, transport, and
chemical control and to create lightweight materials with
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eveloping bottom-up fabrication strategies for threedimensional nanostructures with spatial and orientational control is a central goal of nanotechnology. At
the nanometer scale, addressable assembly, where each
molecular component, generally a heteropolymer, is used
exactly once in the ﬁnal structure, is a rational design strategy
for protein folding or DNA assembly. A variety of such
methods exist for controlling the angstrom to nanometer-scale
structure of assemblies made from proteins, DNA, RNA, and
other heteropolymers1−10 as well structures in which multiple
biomolecular components are assembled hierarchically into
extended structures.11−14 The ability to control the arrangement of matter at these small length scales is critical for
controlling functions such as chemical reactivity15,16 or
transport.17,18
However, at larger length scales, this design strategy becomes
impractical because too many diﬀerent molecular species are
required. Biology suggests how other types of self-assembly
processes can address the functional challenges at the micron to
millimeter scales. One central organizational motif is the
assembly of a single molecular component, a monomer, into
many diﬀerent types of micron-scale structures and architectures. Examples of these processes include the organization of
the cytoskeleton, biomineralization, and extracellular matrix.19−23 Organization of the components of these structures
can occur through the use of molecular agents or physical or
chemical forces. Within the cytoskeleton, for example,
monomers are organized by associating proteins into many
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Figure 1. Schematics of DNA tiles, nanotubes, seeds, and nanotube architectures. (a) DAE-E DNA tiles consist of ﬁve DNA strands shown in
ﬁve diﬀerent colors. Tiles assemble via hybridization of four sticky ends. Two types of tiles with diﬀerent core and sticky end sequences form a
lattice that cyclizes into a DNA nanotube. (b) Structures of the long DNA origami seed consisting of a scaﬀold (gray) and 72 staple strands
(orange) and short DNA origami seed consisting of 24 staple strands. The adapter tiles (yellow) form a facet onto which nanotube tiles can
attach. DNA hairpins were presented on the seed exterior to prevent the structure from assembling inside out. Unfolded regions of the M13
scaﬀold are not shown. (c) Schematic of a seeded DNA nanotube. (d) Design of L, T, and Y seed junctions. (e) Schematic of DNA nanotubes
growing from the junctions in (d).

study assembles with high yield, and the process requires no
puriﬁcation of assembled components.
The nucleation complexes we assemble are DNA origami
structures consisting of (1) motifs that act as nucleation sites,
or seeds, for DNA tile nanotube growth and (2) structural
components that rigidly organize these nucleation sites at
speciﬁc angles with respect to one another. The ability to
control the structure and orientation of nucleation sites allows
us to systematically study how both the structure and
organization of nucleation sites aﬀect the nucleation process.
We ﬁnd that changes to the crossover structure of the
nucleation site or the sequence of the folded structure have
little eﬀect on the high yields of nanotube nucleation, and when
nucleation sites are rigidly oriented with respect to one another,
the presence of multiple nucleation sites on the same origami
scaﬀold has little eﬀect on the chance of a nanotube nucleating
from each site. The modular organization of nucleation sites, in
combination with the control over nanoscale structure aﬀorded
by the DNA origami design method, thus means that the
methods explored here could be extended to form large
numbers of junctions, bundles, or other ordered architectures.
Further, the assembly of DNA nanotube architectures using
ﬁlament organizing centers and end-to-end joining of DNA
nanotubes43,45 might together be used to assemble extended
materials and networks with well-deﬁned geometries.
Previous work showed that DAE-E DNA tiles composed of
ﬁve short DNA strands self-assemble into a lattice that cyclizes
to form nanotubes (Figure 1a and Supplementary Figure 1).
These DNA nanotubes have a precise nanoscale structure that
does not appear to have visible warping or twist, even over
many microns.37,43 We have previously shown that a DNA
origami seed folded from about 3000 bp of the M13
bacteriophage genome and 96 scaﬀold strands that presents a
facet folded by a set of adapter strands can serve as a template

heterogeneous, adaptive mechanical properties. Various biomolecules have been assembled into nanoﬁbers and nanotubes
that range in length from hundreds of nanometers to hundreds
of microns.29−33 Recent advances in structural17,34 and
dynamic35,36 DNA nanotechnology suggest the possibility
that DNA nanostructures and control circuitry might be
combined to engineer dynamic ﬁlament architectures like those
within the cytoskeleton. Speciﬁcally, a wide variety of DNA
nanotubes with various circumferences, stiﬀnesses, and
assembly mechanisms have been synthesized from small
monomer components;37−41 physical properties of nanotubes
such as diﬀusion and growth rates have been measured,42−45
and the nucleation of these and related structures may be
triggered using a single strand or template.41,42,46,47 Furthermore, it is possible to control the activity of nanotube
monomers or other components using strand displacement
cascades or other circuitry.35 In each of these cases, molecules
other than monomers control and determine when and where
nanotubes are assembled. However, such control mechanisms
only assemble single monomers; they cannot be used to create
higher-order two- or three-dimensional architectures.
Here, we show how simple DNA monomers, DAE-E double
crossover tiles that form DNA nanotubes37 (Figure 1a and
Supplementary Figure 1), can serve as the substrates for the
formation of a variety of micron-scale superstructures
containing a precise number of ﬁlaments rigidly oriented at
designed angles to one another. The same set of simple
monomers can form several diﬀerent structures with a single
nucleating complex that serves as a nucleation template and
organizer for the component nanotubes directing which
structure is assembled. The arrangement of the nucleation
sites on the template dictate the resulting arrangement of the
ﬁlaments that grow from it. Each of the architectures that we
B
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Figure 2. Nanotubes grow from one or more “model” seed motifs folded on a single M13 scaﬀold. (a) Fluorescence micrographs of nanotubes
(labeled with Cy3) grown from model seed A (labeled with ATTO647N). Scale bar is 5 μm. (b) Schematic of three model seeds marked A, B,
and C on a single M13 scaﬀold showing nanotubes growing from them. (c) Presenting multiple assembled model seeds on a single scaﬀold
can produce multi-armed nanotube assemblies. Diﬀerent model seeds (folded from diﬀerent scaﬀold regions, Supplementary Figure 3) can
have diﬀerent nucleation yields. (d) Nanotubes grow reliably from model seeds when the seeds are at diﬀerent seed concentrations (tiles at 40
nM). Error bars here and elsewhere represent one standard deviation.

short seed had attached nanotubes. In addition, 78.4 ± 1.3 and
78.1 ± 2.1% of nanotubes were attached to seeds in the two
respective mixtures. These almost identical yield values suggest
that short seeds have an almost identical propensity to nucleate
nanotubes as the original long seeds.
Next, to test whether multiple nanotubes would grow from
multiple nucleation sites presented on a single scaﬀold, we
designed a structure containing three short seed motifs, which
we termed model seeds, separated by regions of approximately
1100 bp of unfolded scaﬀold (Supplementary Figure 3;
schematic shown in Figure 2b). The model seeds all have the
same crossover structure formed by the staples as the short
seed, but each structure is formed from a distinct set of staples,
adapter strands, and scaﬀold regions (see Supplementary Note
2). To determine whether the model seeds could each nucleate
nanotubes and could do so whether or not other nucleation
sites were presented on the same scaﬀold, we grew nanotubes
using scaﬀolds where each individual model seed and
combinations of two and three model seeds were assembled.
Each experiment used the same concentrations of tiles (40 nM)
and scaﬀold (40 pM). During this experiment, we also tested
how well nanotube seeds nucleated nanotubes when they were
annealed separately from the tiles and then added to a mixture
of tiles that had been annealed from 90 to 40 °C; this change
allowed us to assemble and if needed purify seeds before
assembly. The seeds were heated to 40 °C and then added to
the tiles once the tile mixture had also reached 40 °C. The
mixture was then cooled to 32 °C and incubated for 15 h to
allow nanotubes to grow.
Fluorescence microscopy images showed that nanotubes
grew from all the model seeds with reasonable yield, whether
the seeds were folded alone on a scaﬀold or in combination
(Figure 2a and Supplementary Figure 8), but the inclusion of
multiple templates on the same scaﬀold lowered the yield of

for the nucleation of DNA nanotubes42 (Figure 1b,c). Our goal
was to utilize this DNA origami−nanotube system to develop a
self-assembly process for self-assembling hierarchical nanotube
architectures by building seeds that present multiple templates
for nanotube growth with well-deﬁned angles between them
(Figure 1d,e).

RESULTS AND DISCUSSION
In order to build an origami structure using a standard 7−8 kb
scaﬀold strand that presents multiple nucleating facets, we ﬁrst
developed a motif that could nucleate nanotube growth but that
uses signiﬁcantly less than 3000 bp of scaﬀold used by the long
seed. Our goal was that several such small motifs along with
rigid components that would orient the position of these motifs
could be incorporated within a single 7−8 kb origami design.
To develop this motif, we modiﬁed the DNA origami seed by
removing the staples for the two-thirds of the origami opposite
the origami−nanotube facet so that only 1020 bases of the
scaﬀold were folded (Figure 1b and Supplementary Figure 2).
To test how well the short seed motif served as a template
for nucleating nanotubes, we compared the fraction of
nanotubes that grew from the long and short seeds under
identical assembly conditions. We annealed mixtures containing
40 pM M13 scaﬀold with 16 nM of DNA staples for either the
short or long seed, 40 nM of each of the strands for the DAE-E
tiles, and 4 nM of adapter strands in standard buﬀer (see
Materials and Methods) from 90 to 32 °C to assemble the seed
structure and tiles. The mixture was then incubated for at least
15 h at 32 °C to allow nanotubes to nucleate and grow.
Fluorescence microscopy images of aliquots in which nanotubes and seeds were labeled with two diﬀerent dyes
(Supplementary Figure 7) indicated that nanotubes grew
from almost all of the long and short seeds: 97.8 ± 0.8% of
long seeds had attached nanotubes, whereas 98.4 ± 0.4% of the
C
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Figure 3. Structural characterization of DNA origami seed junctions that nucleate DNA nanotube architectures. (a) TEM images of the L
(left), T (center), and Y junctions (right). Scale bars are 50 nm. (b) Folding yields of the three junctions determined from AFM images (N =
236, 505, 305, for L, T, and Y, respectively) (see Supplementary Figures 10−12). (c) Distribution of angles between the arms of the seed
junctions. Black dashed lines show the mean values of each of the distributions. (i) Distribution of angles between the arms of the L seed
junction (N = 160); (ii) distributions of the three angles between the three arms of the T seed junction (N = 116); and (iii) distributions of
the three angles between the three arms of the Y seed junction (N = 117).

increased, but not enough to explain the decreased yield
observed when templates were presented in combination on
the same scaﬀold.
Alternatively, the low yields observed may have to do with
the ﬂexible nature of the scaﬀold. Nanotubes nucleated from
the model seeds can rotate so that they overlap on micrographs.
If two nanotubes overlapped (or were joined at their sides),
such structures might appear to have only two nanotubes
growing from three model seeds. Another possibility is that the
ﬂexible scaﬀold allows the templates to interact with each other
such that they cannot bind tiles and nucleate nanotubes.
In order to build structures where nanotubes are oriented
with respect to one another at speciﬁc angles, we designed
three DNA origami structures that presented multiple sites for
nucleating nanotubes: an L, T, and Y (Figure 1d). The T
junction was composed of an original seed motif with
nucleating sites at each edge and a shorter seed motif, which
consisted of three rows of staples, longer than the two rows of
staples used for the short seed and shorter than the six rows of
staples in the original seed motif. The L and Y junctions were
composed of only the shorter seed motifs. These lengths
ensured that most of the scaﬀold was folded as part of the
structures. To arrange the seed motifs into rigid multidomain
structures, we used double-stranded DNA struts whose lengths
dictate the angles between seed arms. This approach was
inspired by early work7,14 in which struts were used to connect
honeycomb lattice components. Because the components
connected in our structures are hollow cylinders, it was
important to choose the locations where struts are placed
carefully, as CanDo simulations48 of the folded structures
indicated that struts could deform the overall structure. To
ensure that the structure was rigid and entirely folded, we also
introduced new crossover points and removed crossover points

growth from each individual template when compared with
yields when only one template was present (Figure 2c). The
fraction of individual model seeds that grew nanotubes were 96
± 2, 91 ± 1, and 88 ± 1% for the three seed structures. If the
probability that a given seed would nucleate a nanotube was
independent of whether the other seeds were present and
nanotubes grew from them, we would expect 77 ± 3% of
structures to nucleate three nanotubes. However, in experiments in which all seeds were assembled simultaneously, just 14
± 3% of structures observed presented three growing
nanotubes.
We considered several potential explanations for the low
yields observed. Such decreases in yield could occur if the
templates interacted with one another, so that some template
sites were unavailable for growth some or all of the time.
Depletion eﬀects that caused tiles to attach to an already
growing nanotube rather than a bare template could also be
responsible, although, as we will describe, depletion does not
seem to occur in other experiments when multiple nucleation is
present in a small area. Finally, the inclusion of multiple
templates on the same scaﬀold increases the template
concentration. This increase in concentration may decrease
yields of growth from each template because a larger number of
templates more quickly deplete tiles, and as there is a small
nucleation barrier to growth from each template, the rate of
initiating nanotube growth from a template decreases with
decreasing tile concentration.42 Together, these eﬀects could
limit the amount of time during which a nanotube is able to
grow readily from a given nucleation site. To test the extent to
which yields would decrease with increasing template
concentration, we grew nanotubes from a single model seed
at scaﬀold concentrations of 40, 80, and 120 pM (Figure 2d).
There was a slight decrease in yield as template concentration
D
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Figure 4. Seed-junction-templated DNA nanotube architectures. (a) Expected nanotube architecture structure and clockwise from top left,
atomic force, transmission electron, and ﬂuorescence micrographs of assembled architectures. AFM and TEM scale bars are 250 nm;
ﬂuorescence micrograph scale bar is 1 μm. The AFM images show mica-surface-mediated opening of nanotubes.37 (b) Nanotube architecture
yields. Error bars are one standard deviation (N = 777, 586, and 566 for the L, T, and Y, respectively). (c) Schematic of three model seeds on
a single M13 scaﬀold and distributions of the smallest, median, and largest angles measured between the nanotubes grown from the seeds.
Black dashed lines show distribution means. (d) Distributions of the smallest, median, and largest angles between the nanotubes within L, T
and Y nanotube architectures. Black dashed lines show distribution means. (i) L junction (N = 313). (ii) T junction (N = 105). (iii) Y junction
(N = 384). The inset graphs show the angle distributions from Figure 3c for the respective seed junction.

to account for the addition of the struts. In addition to the strut
connections, DNA helices on adjacent seeds connected by the
struts were also attached by 10 bp of single-stranded scaﬀold
that connect the seeds at the bases of their respective cylinders,
forming a vertex between the seed motifs (Supplementary
Figures 4−6).
To self-assemble the seed junctions with high yields, we
developed an annealing protocol for the L structure based on
previous methods developed by Sobszak et al.,49 in which the
majority of the folding time was spent at the temperature where
the greatest amount of folding was observed during a slow,
initial anneal (Supplementary Figure 9 and Supplementary
Note 3). We used this protocol to fold each of the seed
junctions (see Materials and Methods).
Transmission electron microscopy (TEM) images showed
that each of the seed junctions formed as designed (Figure 3a).
Atomic force microscopy (AFM) images showed that 63 ± 4,
61 ± 3, and 75 ± 4% of the L, T, and Y junctions, respectively,

were well-folded (Figure 3b and Supplementary Figures 10−
12). In AFM images, the short regions of the L and Y junctions
were 34 ± 1 and 34 ± 1 nm, respectively, and the length of the
short seed leg in the T junction was 29 ± 1 nm, close to the
predicted lengths (assuming each base pair of double-stranded
DNA contributed 0.33 nm to the total length) of 32 nm for the
short seed. The long axis of the T junction was 69 ± 1 nm,
which also corresponds well with the predicted length of 66
nm.
To determine whether the angles between the junction arms
matched the designed angles, we used TEM images because
they provided better resolution than AFM images (Supplementary Figures 13−18 and Supplementary Notes 5 and 6).
The L junction angle is designed to be 90° and was measured as
92 ± 22° (N = 160, Figure 3c). The large standard deviation
may reﬂects the inclusion of some outliers with very large
angles that likely did not form correctly.
E
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nucleation rates for the three seed motifs of 80 ± 4, 85 ± 4, and
78 ± 4%. Taken together, these results suggest that the changes
made to the crossover structure and staple sequences of the
nucleation sites had negligible eﬀects on nucleation yields.
The seed junctions were designed to present nucleation sites
at well-deﬁned angles with the idea that the angle between the
nanotubes that grow at the nucleation sites should mirror the
angle between the nucleation sites. To characterize the
eﬀectiveness of this mechanism for controlling nanotube
orientation, we measured the angles between the nanotubes
within assembled architectures and compared them to the
angles measured between the arms of the seed junctions that
nucleated the architectures. To understand what angles
between nanotubes that would be observed if no rigid junction
controlled the relative orientations of the nanotubes, we ﬁrst
measured the angles between nanotubes within an architecture
where the nucleation sites were connected only by a ﬂexible
single-stranded scaﬀold. We grew nanotube architectures from
the three model seeds as well as a modiﬁed Y junction in which
only the staples for the short seed motifs (but not the
connecting struts) were included. For the architectures
assembled by three model seeds, the smallest, median, and
largest angles were 70 ± 19, 107 ± 25, and 183 ± 35° (Figure
4c). The angles between the nanotubes in architectures
assembled by the modiﬁed Y junction were virtually identical:
the smallest, median, and largest angles were 72 ± 19, 109 ±
23, and 173 ± 33°, respectively. These angles were similar to
those that would be observed between three vectors emanating
from the origin placed at random orientations (Supplementary
Note 9).
In contrast, nanotubes grown from rigid seed junctions
displayed a clear preference for angular orientations that
reﬂected the angles at which their growth templates were
presented (Figure 4d). The average angle between the
nanotube arms of the L architecture was 91 ± 27°, virtually
identical to the angles between the arms of the L seed structure.
When considering only angles between 60 and 120°, the
average angle between nanotube arms becomes 87 ± 15°. In
both of these cases, the standard deviation of the angles for the
architectures is similar to the standard deviations found in the
analogous distributions of the L junction arms in TEM
micrographs (22 and 13°, respectively), suggesting that not
only is the average angle between nanotubes controlled by the
seed junction, but the standard deviations, or variations about
this angle for the nanotube architecture, are largely controlled
by the variations in the angles of the nanotube seed junction, as
well. This observation suggests that the nucleation template
rigidly and speciﬁcally aligns the nanotube with the facet on the
junction without any distortion or bending of the seed
structure, and that the variations in angles that are observed
between nanotubes are largely the variations in the angles
between the arms of the seed junction. It is further interesting
to note that the fraction of “outlier” architectures, with angles
between the nanotubes outside of the 60−120° range we
considered, is similar to the fraction of L junctions with
structures positioned outside this angle. These “outliers” may
be structures in which the strut was malformed or unfolded
(see Supplementary Figure 14).
The mean angles between the nanotubes grown from the T
and Y seeds were likewise very similar to the mean angles
between the arms of the T and Y junctions. The average of the
largest angle between nanotubes in the T structure was 183 ±
17°, with the smaller and larger of the two remaining angles

The T junction was designed to have two 90° angles and one
180° angle, whereas the Y junction was designed to have three
identical 120° angles. To characterize how close the sizes of the
three angles between arms of the T and Y junctions were to the
designed angle sizes, we compared the sizes of the smallest,
median, and largest angles of the junctions. The smallest,
median, and largest angles between the arms of the T junction
were 79 ± 9, 102 ± 10, and 180 ± 12° and between the arms of
the Y junction were 99 ± 12, 119 ± 10, and 142 ± 16° (Figure
3c).
Previous work that used struts to control the orientation of
two origami lattice plates reported standard deviations on the
order of 5°, about three times smaller than what we observed.
However, twice as many struts were incorporated between the
plates of those structures than between the arms of the seed
junctions, and the struts were no more than 50 bp, about half
the length of the struts within the seed junctions. Shorter struts
presumably result in a smaller degree of thermal ﬂuctuations.7
The range of angles observed here is thus qualitatively
consistent with other work and could also potentially be
improved by increasing the number of struts.
To form nanotube architectures using origami seed junctions,
we ﬁrst annealed each of the origami junctions and added them
without puriﬁcation to a tile solution (see Materials and
Methods). We characterized the resulting nanotube architectures using atomic force, ﬂuorescence, and transmission
electron microscopy (Figure 4a and Supplementary Figures
19−28). The percentages of L, T, and Y nanotube architectures
that displayed the expected number of nanotube arms were 37
± 2, 29 ± 3, and 45 ± 3%, respectively. In each case, nanotube
nucleation yields signiﬁcantly exceeded the nucleation yield of
nanotube architectures grown from the three model seeds.
Least-squares analysis of the number of structures presenting
diﬀerent number of arms suggested that 59 ± 2% of the
nucleation sites on the L junctions, 65 ± 1% of the nucleation
sites on the T junctions, and 77 ± 1% of the nucleation sites on
the Y templates grew nanotubes (Supplementary Note 8).
These yields are signiﬁcantly lower than the nanotube
nucleation yields from the individual long and short seeds,
presumably at least in part because, in many structures, all of
the templates were not well formed. The least-squares analysis
also suggested that the nanotube arms of the T and Y nucleated
with probabilities that were nearly independent of one another,
but that whether one nanotube arm of the L nucleates may be
slightly dependent on whether the other nanotube arm
nucleates (Supplementary Figure 29). Overall, however, the
growth of each of the nanotubes from the arms of the seed
junction appears to occur independently of the other arms.
Thus, rigidly orienting seeds so that they cannot interact
appears to enable nucleation of the various nanotube arms to
proceed essentially independently of one another.
Our least-squares analysis assumed that the probabilities of
nucleation at each site on a seed junction were the same. We
tested this assumption by growing nanotubes from Y junctions
where only one or combinations of the three sets of seed staple
strands were present so that only some of the templates could
assemble. The yields of nanotubes grown from each of the
three arms of the Y junction presented one at a time were 81 ±
2, 88 ± 1, and 84 ± 3%, conﬁrming this assumption. The
percentages of two armed structures that grew two nanotubes
were nearly indistinguishable from each other ranging from 65
± 4 to 70 ± 3%. Pooling yield data from these experiments with
the growth of the full Y structure produced a least-squares ﬁt of
F
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measuring 79 ± 9 and 98 ± 12°, respectively. The average sizes
of the smallest, median, and largest angles between the
nanotubes grown from the Y junction were 92 ± 17, 117 ±
13, and 151 ± 22°, respectively. Just as there tended to be two
smaller and one slightly larger angle between the arms of the Y
junction, there were also two smaller and one slightly larger
angle between the nanotubes in the Y-junction-nucleated
nanotube architecture. Together, these results show how the
nanoscale origami seeds can precisely control the structure of
the micron-scale nanotube architectures grown from them.
A potential advantage of assembling architectures by
nucleating nanotubes rather than assembling existing nanotubes
is that control exerted over the assembly process should also
provide some control over nanotube length because nanotubes
begin growing at approximately the same time and can increase
in length through monomer addition at similar rates.42,50 In
contrast, nanotubes nucleated heterogeneously would be
expected to have lengths that are exponentially distributed,
which leads to high polydispersity. The average length of
nanotubes nucleated from the L, T, and Y junctions were 1.13
± 0.30, 1.04 ± 0.27, and 1.14 ± 0.30 μm, respectively
(Supplementary Figure 30). The nanotube length distributions
were each peaked and fairly symmetric about the mean length
with slight positive skews (Supplementary Figure 30),
consistent with assembly through nucleation at the seed and
growth at a relatively constant rate through monomer
addition42,51 rather than through repeated nanotube nucleation
and joining.43 Such a mechanism for the assembly of nanotubes
within architectures is consistent with the assembly of dynamic
structures that can grow in response to the addition of new
monomers over time or begin growing as the nucleation sites
are assembled.34,52
Qualitative evaluation of ﬂuorescence micrographs of
nanotube architectures suggested that nanotubes nucleated
from the same seed junction had similar lengths. In order to
quantify this similarity, we measured the length of each
nanotube nucleated from the same seed junction. The
coeﬃcient of variation of nanotube lengths within individual
L, T, and Y junctions was 22, 22, and 23%, respectively,
whereas the coeﬃcient of variation between all nanotube
lengths was 26% for each seed junction, suggesting that
nanotubes within a single architecture may be slightly more
similar than the population as a whole.

the assembly of bundles similar to the axoneme structure of
microtubules53 or other nanotube architectures. Nanotubes
with diﬀerent sequences or radii42 could also be assembled into
heterogeneous structures, and the assembly process could be
extended to allow for stepwise or hierarchical assembly to
produce structures with more than one junction to create
extended materials. Combined with the array of site-speciﬁc
modiﬁcation methods available for DNA nanotubes and seed
junctions,54,55 such an ability to control material structure
across the nanometer to micron size scales is of fundamental
interest for diverse problems such as plasmonic device design,56
biomaterials synthesis,57,58 and membrane design.59,60
The nucleation of DNA nanotubes from origami templates
could also be used as a means for readout of the template
structure. The average angle between the nanotubes that grow
from the architectures we have synthesized is the same as the
average angle between the templates on the origami structure,
so imaging the angle between nanotubes could be used to
deduce the angles of nucleation templates added to other
origami nanostructures. Further, because nanotube dynamics
can be readily tracked in free solution,51 such a method could
allow nanoscale motion or ﬂuctuations of DNA nanostructures
to be measured over time using standard ﬂuorescence
microscopy techniques.
Finally, recent developments have shown how DNA
nanotube assembly and disassembly can be triggered by strand
displacement methods.35 DNA nanostructures may be
fragmented by extensional ﬂows45,61,62 and could serve as
tracks for DNA-based molecular motors63 that modify their
structure.63 Such behaviors can be precisely programmed and
observed in situ using methods such as time-lapse ﬂuorescence
microscopy or high-speed AFM. The advances described here
mean that these mechanisms could be used to assemble or alter
the structure of not only one-dimensional ﬁlaments but also
DNA nanotube architectures. The ability to program complex
dynamic responses to a diverse array of chemical and physical
inputs suggests a way in which, as the cytoskeleton vividly
illustrates, simple chemical primitives may be organized into a
diverse array of micron-scale assemblies, materials, and
machines.

MATERIALS AND METHODS
Design and Self-Assembly of DNA Origami Seeds and Seed
Junctions. Sequences for DNA origami structures were designed
using Cadnano 2.8 Integrated DNA Technologies, Inc. (IDT)
synthesized all DNA strands used in this study except the M13mp18
scaﬀold strand, which was purchased from Bayou Biolabs. To form the
origami seed junctions, we annealed solutions of 10 nM M13 scaﬀold
strand containing 100 nM of each DNA staple strand in 40 mM Trisacetate and 1 mM EDTA buﬀer containing 12.5 mM magnesium
acetate (TAE Mg2+ buﬀer). The solution was heated to 65 °C for 15
min and then immediately dropped to 47 °C for 48 h, after which the
temperature was decreased by 1 °C per minute until the thermocycler
reached room temperature. The annealing schedule was developed
using methods from Sobczak et al.49 applied to the L junction (see
Supplementary Note 3).
Self-Assembly of DNA Nanotubes. The DNA nanotube tile and
adapter strands were PAGE puriﬁed by IDT, while Cy3 and
ATTO647N ﬂuorophore strands were HPLC puriﬁed. Stock solution
concentrations of DNA tile and adapter strands were determined using
260 nm absorbance measurements and extinction coeﬃcients provided
by IDT. Staple strands were not puriﬁed after synthesis and were used
as stock solutions at concentrations speciﬁed by IDT (Supplementary
Note 1). To grow nanotube architectures, we ﬁrst annealed the
origami seed junctions as described above except that 100 nM of each

CONCLUSIONS
In this paper, we have developed a method to build selfassembled, micron-scale DNA nanotube architectures in which
the number of nanotubes within the architecture and the angle
between them are precisely controlled. To do so, we developed
a simple modular DNA nanostructure motif that nucleates a
DNA nanotube with high yield. Such multiple motifs can be
folded from diﬀerent portions of a single DNA scaﬀold, either
connected by ﬂexible linkers or arranged at well-deﬁned angles
with respect to one another. The resulting seed junctions can
nucleate nanotubes at each of the seed motifs at high yields,
forming nanotube architectures where the valence and relative
orientations of the component nanotube are precisely
controlled by the nucleation template.
Seed junction domains may be assembled as modules and
arranged into rigid geometries using a set of programmable
struts, suggesting a straightforward route to assembling a
combinatorial variety of two- or three-dimensional branched
architectures. Other DNA origami techniques suggest routes to
G
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adapter strand was also included in the assembly mixture. Next, a
mixture containing 40 nM DNA tiles, 4 nM adapter strands, and TAE
Mg2+ (standard) buﬀer was annealed from 90 to 45 °C at 1 °C per
minute, held at 45 °C for 1 h, and then annealed from 45 to 32 °C at
0.1 °C per minute. Additional adapter strands were included in the
nanotube assembly mixture as we previously found that the presence
of additional adapters improved yields of nanotube nucleation from
seeds potentially due to attachment of additional adapters to empty
adapter binding sites.64 Once the tile mixture reached 40 °C,
preannealed origami seed junctions were heated to 40 °C and then
added to the mixture at a ﬁnal concentration of 40 pM of scaﬀold.
Samples were incubated at 32 °C for at least 15 h to allow nanotubes
to nucleate and grow. For ﬂuorescence microscopy experiments, 0.6
nM of ATTO647N attachment strands and 35 nM of ATTO647Nlabeled DNA strands were added to the mixture in order to track seeds
and seed junctions (Supplementary Figure 7).
AFM Imaging. Imaging was preformed on a Dimension Icon
(Bruker) using Scanasyst mode and sharp nitride lever tip (SNL-10 C,
Bruker) cantilevers. Images were ﬂattened based upon a linear ﬁt using
Nanoscope Analysis software. To image seed junctions, 2 μL of an
annealed solution containing 10 nM seed junctions was added to
freshly cleaved mica surfaces mounted on a puck with a Teﬂon sheet.
To image DNA nanotube architectures, 20 μL of annealed samples at
0.08 nM was added to the mica surfaces after incubation with 2 μL of 4
μM guard strands that prevent further nanotube growth by
deactivating free tiles and nanotube facets42 (Supplementary Note
10). All samples were incubated on the mica surface for 30 s before
being washed once with approximately 100 μL of standard buﬀer.
Imaging was performed in solution. The length of the seed was taken
to be the width measured at half of the maximum height of the AFM
height section proﬁle.
Fluorescence Microscopy. Fluorescence microscopy experiments
were performed after the assembly mixtures for nanotube architectures
were annealed and then incubated for at least 15 h. To prevent growth
of nanotubes after they were cooled from the incubation temperature
of 32 °C to room temperature, we added 5 μL of 4 μM guard strands,
which bound to tiles and prevented further interaction, to 50 μL of 40
nM of nanotube architecture solution and then incubated for 1 min42
(Supplementary Note 10). Six microliters of the assembly mixture was
pipetted onto a coverslip, placed onto a slide, and the edges of the
coverslip were sealed with wax. The samples were imaged on an
inverted microscope (Olympus IX71) using a 60×/1.45 NA oil
immersion objective, and images were taken using the Cy3 and
ATTO647N ﬁlters and then overlaid to produce two-color images.
Images were captured on a cooled CCD camera (iXON3, Andor).
Transmission Electron Microscopy and Grid Preparation.
Before imaging, carbon-coated Cu400 TEM grids were glow
discharged for 30 s. The discharged grids were then treated with 0.5
M magnesium acetate for 2 min. Then, either 10 μL of 1 nM annealed
seeds or 10 μL of a nanotube architecture solution with 80 pM of seed
junctions was adsorbed for 10 or 25 min, respectively. The grids were
then stained for 30 s with 10 μL of 2% uranyl formate solution
containing 25 mM of sodium hydroxide (Supplementary Note 4).
After each step, excess liquid was removed using the torn edge of a
piece of ﬁlter paper. The grids were air-dried. Imaging was performed
on a FEI Tecnai 12 operated at 100 kV.
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