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Self-assembling DNA nanotubes to connect
molecular landmarks
Abdul M. Mohammed1, Petr Šulc2, John Zenk1 and Rebecca Schulman1,3*
Within cells, nanostructures are often organized using local
assembly rules that produce long-range order1,2. Because these
rules can take into account the cell’s current structure and
state, they can enable complexes, organelles or cytoskeletal structures to assemble around existing cellular components to form
architectures3–6. Although many methods for self-assembling
biomolecular nanostructures have been developed7–11, few can
be programmed to assemble structures whose form depends
on the identity and organization of structures already present
in the environment. Here, we demonstrate that DNA nanotubes
can grow to connect pairs of molecular landmarks with different separation distances and relative orientations. DNA tile
nanotubes nucleate at these landmarks and grow while their
free ends diffuse. The nanotubes can then join end to end to
form stable connections, with unconnected nanotubes selectively melted away. Connections form between landmark
pairs separated by 1–10 µm in more than 75% of cases and
can span a surface or three dimensions. This point-to-point
assembly process illustrates how self-assembly kinetics can
be designed to produce structures with a desired physical property rather than a speciﬁc shape.
In vivo, proteins and protein complexes often have precisely
deﬁned atomic structures. Larger assemblies, cells and tissues,
while organized, can vary in shape, size or how their components
are arranged without loss of function. For example, the arrangement
of microtubules within the metaphase mitotic spindle varies from
cell to cell, but microtubules consistently connect kinetochores
to microtubule organizing centres12–14. Structure emerges as a consequence of assembly rules that govern both the interactions
between the components that make up the ﬁnal structure and the
interactions between those components and their surroundings.
To investigate how to design such self-assembly processes,
we considered the problem of self-assembling one-dimensional
nanostructures that begin and end at molecular landmarks whose
separation distance and orientation may vary (Fig. 1a). We proposed
that connections between these landmarks could be formed using
coupled polymer growth and rotational diffusion. Polymers could
nucleate from the two landmarks and grow via monomer
addition at their free ends, which would diffuse through solution
during growth. When these ends meet, they could join, forming a
connection (Fig. 1b). In our system, DNA nanotubes15 form the
connections and DNA origami16 nanostructures that can template
nanotube growth17 act as the molecular landmarks, or seeds,
termed A and B (Fig. 1c).
We tested point-to-point assembly using an assay in which connections formed between A and B seeds attached at random
locations on a glass surface (Supplementary Section 2.3).
Although point-to-point assembly should be able to form threedimensional connections, this assay produced connections within

a single image plane, making it possible to visualize the assembly
process using ﬂuorescence microscopy. Previous studies suggested
that at 32 °C and 40 nM of tiles, nanotubes would grow efﬁciently
from seeds but rarely nucleate homogeneously17. Under these conditions we conﬁrmed that nanotubes grew from A or B seeds
attached to the surface (Supplementary Fig. 9). We next studied
how nanotubes grew and formed connections when both types of
seed were present on the surface. Nanotube interconnects formed
between many A and B seeds (Fig. 2a and Supplementary
Fig. 46). No visible kinks in connected structures, which conceivably
may have been created by joining18,19, were observed.
To verify that nanotube connections assembled via the designed
process of nucleation from seeds, growth and joining, we captured
time-lapse ﬂuorescence microscopy movies of ﬁve nanotube connection processes (Supplementary Section 6.5). Nanotubes grew
from both seed types and usually increased in length gradually, consistent with growth by monomer addition. Connections formed
soon after their ends were observed near one another
(Supplementary Movie 1) and were stable for at least 10 h. In one
movie, a free nanotube joined a seeded nanotube, resulting in a
sudden, large increase in the seeded nanotube’s length
(Supplementary Fig. 50).
To measure yields, we characterized how often connections formed
between isolated pairs of A and B seeds. A pair was deemed isolated if
A and B were separated by interlandmark distance d and no other B
seed was within distance 1.5d of seed A and vice versa (Supplementary
Fig. 12). Because the ends of longer nanotubes must explore more
volume to ﬁnd one another than the ends of shorter ones, yields
should decrease with interlandmark distance. Longer ends also
explore space more slowly because rotational and translational
diffusion rates slow with polymer length20.
After 10, 20, 30 and 40 h, more than 80% of connections with
interlandmark distances below a threshold formed, but yields were
poor at longer distances. This threshold increased from 1 µm at
10 h to 5 µm at 40 h (Fig. 2c and Supplementary Section 3.1). A
total of 87.5% of connected nanotubes after 30 h were direct, that
is, they had contour lengths less than 1.5 times the interlandmark
distance, but a few had contour lengths as large as 3.75 times this
distance (Fig. 2d and Supplementary Fig. 14). Connections failed
to form primarily because the growing nanotubes were not yet
long enough to reach one another: for example, after 30 h, 88% of
the unconnected pairs had nanotubes too short to reach one
another (Fig. 2e). Diffusion was therefore generally fast enough
with respect to growth to allow nanotube ends to connect soon
after they were able to.
To form longer connections, we allowed point-to-point assembly
to proceed over 70 h. We replenished the tiles in the surrounding
solution twice using buffer exchange to ensure monomer depletion
did not affect nanotube growth rates (Supplementary Section 3.1).
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Figure 1 | Scheme for assembling interconnects between ﬁxed molecular landmarks and the DNA nanostructures used within the assembly process.
a, The goal of point-to-point assembly is to reliably build polymer connections between molecular landmarks whose relative orientations and separation
distances can vary. Here, we considered molecular landmarks with sizes on the order of nanometres that are separated by from 1 to 10 µm. b, In
point-to-point assembly, polymers nucleate at the molecular landmarks and grow from their free ends via monomer addition. Polymer ends diffuse during
growth and if they meet, join to form a stable connection. c, DNA tile nanotubes serve as polymer connectors and DNA nanotube seeds (A and B) serve as
molecular landmarks to be connected. A and B seeds are DNA origami nanostructures with different ‘adapter tiles’ that template nanotube growth at
opposite ends. DNA tiles hybridize to seeds and nanotubes via complementary single-stranded DNA ‘sticky ends’ (see Supplementary Section 1 for
sequences and details).
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Figure 2 | DNA nanotubes connecting molecular landmarks. a, Multicolour ﬂuorescence images showing DNA nanotubes connecting two nanotube seeds
(A and B). DNA nanotubes are labelled with Cy3 dye (green), seed A with ATTO647N dye (red) and seed B with ATTO488 dye (blue). Scale bars, 5 µm.
b, Time-lapse multicolour ﬂuorescence microscopy conﬁrms DNA nanotube connections form via the process in Fig. 1b. Six still frames over 5 h are shown.
Nanotube connection takes place at ∼3.5 h. Scale bar, 5 µm. c, Interconnection yields as a function of inter-seed distance for different assembly times. Error
bars are generated via bootstrapping and indicate one standard deviation. N = 75, 190, 178, 163 and 157 for 10, 20, 30, 40 and 70 h, respectively. During the
70 h process, two iterations of buffer exchange replace depleted monomers. d, Scatter plot relating inter-seed distance and the lengths of successful
nanotube connections after 30 h of assembly time. Points closer to the blue diagonal line are ‘straighter’ connections, while those further away are much
longer than the distance between seeds. Insets: images of nanotube connections corresponding to the respective green dots. Scale bar, 5 µm. e, Scatter plot
comparing the sum of the lengths of the unconnected nanotubes that grew from the two landmarks with inter-landmark distance after 30 h of assembly
time. Points below the blue dashed line show nanotube pairs not long enough to reach one another. Insets: images of unsuccessful nanotube connections
corresponding to the respective red dots. Scale bars, 5 µm.
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Figure 3 | Model calibrated using measured nanotube growth rates, and rotational and translational diffusion constants that reproduces the connection
yields from experiment. a, Increases in length over time of ﬁve randomly selected seeded nanotubes (shown in dotted lines) as determined from
ﬂuorescence micrographs. The black trend line is the average nanotube length calculated from 35 nanotubes. Two-dimensional projection of nanotube length
was used as an estimate for nanotube length. Insets: an example DNA nanotube (red dotted line) at different points during growth. Scale bars, 2 µm.
b, Measured rotational diffusion coefﬁcients Dr (red) of individual seeded nanotubes as a function of nanotube length (Supplementary Section 3.4). Blue line:
ﬁt of an equation relating Dr of a rod-shaped particle as a function of rod length. Dashed green lines indicate 95% asymptotic conﬁdence intervals. Insets:
example frames from one microscopy movie used to measure Dr; rotation was measured about the seed. Scale bars, 5 µm. c, Measured translational
diffusion coefﬁcients (red) of individual seeded nanotubes in two-dimensional conﬁnement as a function of nanotube length (Supplementary Section 3.5).
Blue line: ﬁt of an equation relating DT of a rod-shaped particle as a function of rod length. Dashed green lines indicate 95% asymptotic conﬁdence intervals.
Insets: selected frames from an example movie used to measure DT of a seeded DNA nanotube moving in two-dimensional conﬁnement. Scale bars, 5 µm.
d, Schematic of a coarse-grained molecular dynamics model of point-to-point assembly. Nanotubes are represented as chains of beads with mean distance
between adjacent beads corresponding to 0.143 µm of nanotube. The interaction energy between neighbouring beads depends on their distance apart
(r̂(i i+1) ) and orientations (given in terms of angles θ and ψ) and is parameterized to reproduce the measured persistence length of 8.7 ± 0.5 µm. The chains
grow by adding new beads at rate kgrowth. The nanotubes are considered joined if the interaction energy Ejoin , which depends on the distance and mutual
orientation of the last two beads of the respective chains, is below the threshold Ecut. Dr and DT , whose ﬁts are shown in Fig. 3b,c, were used to ﬁt the
timescales of the dynamics in the model. For details see Supplementary Section 4. e, Interconnection yields as a function of time predicted by simulation (d)
for a persistence length, diffusion rates and joining rates close to those measured experimentally; varying parameters can signiﬁcantly change the predicted
yields (Supplementary Section 4.3). Error bars represent one standard deviation, generated via bootstrapping. f, Scatter plot relating the lengths of nanotube
connections found in simulation and the distance between seeds after 30 simulated hours of assembly using the same parameters as in e. Blue dashed line:
shortest possible connector length for each connection distance.

Nanotube connections between pairs as far as 10 µm apart formed
with >70% yield (Fig. 2c). Only a few nanotubes in isolated pairs
were too short to make a connection (11%, n = 2) (Supplementary
Fig. 49). However, 39% (n = 7) had one nanotube that could not
rotate freely, possibly because multiple biotin–neutravidin bonds
could form between the seed and the surface, limiting rotation, or
because the polyethylene glycol on the passivated surface and the
seed’s excess scaffold entangled, and 22% (n = 4) were partially
stuck to the surface. There was no visible reason for the failed
connection of the remaining 28% (n = 5).
To better understand point-to-point assembly, we built a coarsegrained model of the process that combines established methods for
simulating DNA tile nanotube growth17,21,22 and worm-like chain
polymer dynamics (Supplementary Section 4). Nanotubes are modelled as chains of beads separated by springs23. Growth occurs
through stochastic addition of beads to the chain, while joining is

allowed when chain ends are sufﬁciently close and the bending
energy based on the orientation of the joining beads is below a speciﬁed
threshold (Fig. 3d and Supplementary Section 4.1).
We calibrated the model to reproduce the nanotube growth and
diffusion rates in our experiments. Time-lapse ﬂuorescence
microscopy following individual nanotubes (Fig. 3a) showed that
nanotubes grew at a constant rate (0.11 ± 0.01 µm h–1) over 24 h.
This rate is consistent with a measured forward rate constant21
of tile hybridization of 6 × 105 M−1 s−1 and an energy17 of DNA
tile attachment of −10.9 kcal mol−1 at 32 °C. A joining rate of
2.9 ± 1.7 × 106 M−1 s−1 was measured by observing the rate at which
seeded nanotubes joined in bulk (Supplementary Section 3.7). To
measure the length-dependent nanotube rotational diffusion rate,
we tracked nanotube angular motion parallel to the x–y plane
(Fig. 3b and Supplementary Section 3.4). We similarly measured
the length-dependent translational diffusion rate by following
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Figure 4 | Assembly of DNA nanotube interconnects in three dimensions and selective melting of unconnected nanotubes. a, Left: perspective
representation of DNA nanotube interconnects between type A seeds attached to the top glass surface and type B seeds attached to the bottom glass
surface. Right: three-dimensional confocal micrograph showing multiple nanotube connections (green, Cy3 dye) spanning the two parallel glass surfaces
connecting A seeds (red, ATTO647N dye) and B seeds (blue, ATTO488 dye). The two glass surfaces shown are separated by 3.5 µm. b, Left: perspective
representation of DNA nanotube interconnects between type A seeds attached to a glass surface and type B seeds attached to a bead. Right: three-colour
ﬂuorescence image showing multiple nanotube connections (green, Cy3 dye) between seeds (blue, ATTO488 dye) on a 3 µm bead and seeds
(red, ATTO647N dye) on the glass surface. Scale bar, 5 µm. c, Multicolour ﬂuorescence micrographs of the same structures over 10 h showing preferential
melting of unconnected DNA nanotubes after removal of free monomers. Arrows point to connected nanotubes and dotted line segments indicate lengths of
unconnected nanotubes. Scale bars, 5 µm. d, Percentages of connected nanotubes that break within 15 h after free monomers are removed (top) and
proportion of unconnected nanotubes that melt completely in the same environment (bottom). e, Decreases in length of individual unconnected nanotubes
over time after free monomers are removed, as determined by ﬂuorescence microscopy.

nanotubes as they freely diffused in two-dimensional conﬁnement
(Fig. 3c and Supplementary Section 3.5). Analysis of similar movies
showed nanotubes have a persistence length of 8.7 ± 0.5 µm
(Supplementary Section 3.6), in agreement with previous measurements under different conditions as well as theoretical estimates15,24.
We used this model to understand how different physical parameters control the outcome of point-to-point assembly. For a
timescale and joining threshold energies that correspond reasonably
with measured diffusion rates, joining rates and nanotube persistence
length, the model predicted yields and nanotube contour lengths
similar to those observed experimentally (Fig. 3e,f). Slower growth
and longer assembly times improve connection yields, particularly
at larger interlandmark distances (Supplementary Figs 34 and 35),
but the inﬂuence of other factors was more complex. For example,
altering the threshold energy at which joining can occur can dramatically affect connection yields, suggesting that the molecular details of
end joining are key to the success of the process (Supplementary Figs
33 and 34). Flexible polymers (with persistence lengths an order of
magnitude smaller than interlandmark distance) did not connect as
reliably and the connections that formed were usually much longer
than the interlandmark distance and took a long time to grow
(Supplementary Fig. 36). Rigid polymers (with persistence lengths
an order of magnitude or more larger than interlandmark distance)
also formed connections poorly, because once they grow even slightly
longer than the interlandmark distance, the bending required for the
ends to meet and join is strongly disfavoured (Supplementary Figs 37
and 38). Polymers with persistence lengths comparable to the length
scales of the interlandmark distances, like DNA nanotubes connecting over several micrometres, connected best (Supplementary
Fig. 35). Qualitative arguments based on geometry relating the probability distributions of polymer end locations to connection yields
also support these trends (Supplementary Section 5.2).
The most consistent difference between simulations and experiment was that short connections formed at 100% yields in simulations but not in experiments (Figs 2c and 3e). We hypothesized
that the inability of some nanotubes to diffuse freely might make
the connection of some pairs difﬁcult or impossible. We
4

characterized the rotational motion of 70 nanotubes in the x–y
plane over 24 h and found the motion of 90% of nanotubes to be
restricted (Supplementary Section 3.2), with 50% of nanotubes
exploring less than 70% of the available angles. We incorporated
this effect into simulations by restricting the rotation of the ﬁrst
bead of each chain only through the angular range accessible by a
randomly chosen nanotube whose motion we measured. These
simulations predicted yields at shorter distances similar to those
observed experimentally (80–90%), but yields for longer interlandmark distances were largely unaffected by rotational restriction
(Supplementary Section 4.5). These results reﬂect the disparate
effects of restricted diffusion. Restricted rotational diffusion often
makes connection more difﬁcult, but some types of restriction can
actually enhance the probability of connection by orienting nanotube ends towards one another (Supplementary Section 5.3). At
longer interlandmark distances these effects can largely balance.
However, a small fraction of nanotubes may be oriented away
from each other in a way that makes connection very difﬁcult,
and this effect is particularly apparent at short interlandmark distances, where nanotubes would otherwise virtually always
form connections.
To conﬁrm that point-to-point assembly can create three-dimensional connections between landmarks on different surfaces, we
attached A seeds to one passivated glass slide and B seeds to
another and assembled the slides into a ﬂuid chamber ﬁlled with
tiles. Three-dimensional confocal ﬂuorescence micrographs
showed nanotube connections (Fig. 4a, Supplementary Fig. 51
and Supplementary Movie 2). To explore point-to-point assembly
in a heterogeneous environment, we attached B seeds to 3-µmdiameter polystyrene beads and deposited the beads into glass
dishes where A seeds were attached at random locations across
the surface. Connections formed reliably between the A and B
seeds (Fig. 4b, Supplementary Fig. 52 and Supplementary Movie 3).
Every monomer in a DNA nanotube connector is attached to
four other monomers by four sticky end bonds. In contrast, unconnected nanotubes have at least one free end where monomers are
connected to just two neighbours (Supplementary Section 3.8).
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The ﬁrst steps in the melting of connected nanotubes should
therefore be detachments of monomers by four sticky end bonds,
whereas unconnected nanotubes could begin melting by detachments of monomers by just two bonds. There could thus be an
energy barrier to the melting of connected nanotubes, which
would make it possible to disassemble unconnected nanotubes
without affecting connected ones. After assembling nanotube connections, we removed the free tiles from solution using buffer
exchange so that nanotubes could melt. After 15 h, 100% (n = 28)
of the unconnected nanotubes we tracked melted away, while 95%
of connected nanotubes remained intact (Fig. 4c–e and
Supplementary Movie 4). The rates of connected and unconnected
nanotube melting measured at different temperatures are consistent
with the existence of an energy barrier to the melting of connected
nanotubes (Supplementary Section 3.8).
Point-to-point assembly demonstrates how nanostructures can
be self-assembled so that their shape and position are coordinated
both by the assembling molecules and different existing nanostructures and their locations. The use of DNA and the origami technique means that different sets of connectors and landmarks
made from different sequences or multivalent landmark sites
could be used to form more complex patterns. Such systems could
also be controlled by DNA-based circuits25,26. Functionalization of
connectors with metals27,28, lipids29 and other molecules could
also make it possible to use this technique to build circuits or channels that connect pre-existing terminals. More generally, point-topoint assembly demonstrates that self-assembly processes can be
designed to stop when an assembly attains a particular function
or property, rather than when a predeﬁned target structure has
formed. Non-functional structures can also be removed while functional structures remain intact. Such a function-driven approach
could be a route to self-assembling complex devices reliably in a
range of environments.
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