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Synthesis of crystals with a programmable

kinetic barrier to nucleation
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A central goal of chemistry is to fabricate supramolecular struc-
tures of defined function and composition. In biology, control of
supramolecular synthesis is often achieved through precise control
over nucleation and growth processes: A seed molecule initiates
growth of a structure, but this growth is kinetically inhibited in the
seed’s absence. Here we show how such control can be systemat-
ically designed into self-assembling structures made of DNA tiles.
These structures, "'zig-zag ribbons,” are designed to have a fixed
width but can grow arbitrarily long. Under slightly supersaturated
conditions, theory predicts that elongation is always favorable but
that nucleation rates decrease exponentially with increasing
width. We confirm experimentally that although ribbons of dif-
ferent widths have similar thermodynamics, nucleation rates de-
crease for wider ribbons. It is therefore possible to program the
nucleation rate by choosing a ribbon width. The presence of a seed
molecule, a stabilized version of the presumed critical nucleus,
removes the kinetic barrier to nucleation of a ribbon. Thus, we
demonstrate the ability to grow supramolecular structures from
rationally designed seeds, while suppressing spurious nucleation.
Control over DNA tile nucleation allows for proper initiation of
algorithmic crystal growth, which could lead to the high-yield
synthesis of micrometer-scale structures with complex pro-
grammed features. More generally, this work shows how a self-
assembly subroutine can be initiated.
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Biology demonstrates how self-assembly can create sophisti-
cated organization on the molecular scale. The fundamental
challenge in engineering a self-assembled object is that its
molecular components must themselves contain the information
needed to guide self-assembly.

Controlling the nucleation of a self-assembled object is the
first step in controlling the self-assembly process, as exemplified
by the formation of actin networks (1, 2), the growth of
microtubules on the centrosome (3), and the assembly of bac-
terial flagella (4). These systems avoid the difficulty of control-
ling homogeneous (unseeded) nucleation by relying on hetero-
geneous (seeded) nucleation: Growth is rare except in the
presence of a seed molecule, from which it proceeds with little
or no kinetic barrier. Here we demonstrate a general strategy for
designing self-assembled molecular structures whose nucleation
is controlled by a seed. We use programmable DNA tiles to
create a series of seeded “zig-zag ribbons” that have increasing
kinetic barriers to homogeneous nucleation.

DNA tiles (5, 6) are a general-purpose nanoscale construction
material. A DNA tile consists of multiple, interwoven strands
that form double helices connected by “crossover points” (Fig.
la). Tiles bind to each other when their single-stranded
(“sticky”) ends hybridize (Fig. 1) and can assemble into ex-
tended structures, including one- and two-dimensional crystals
(7-10). Tile interactions are programmed by design of tile sticky
ends: Complementary sticky ends hybridize, whereas non-
complementary sticky ends are unlikely to interact. Under
slightly supersaturated conditions, where the attachment of a tile
to a crystal by two or more sticky ends is favorable but attach-
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ment by just one sticky end is unfavorable, in principle it is
possible to program complex assembly processes (11).

We have constructed sets of DNA tiles that form ribbons of
particular widths. Ribbon assembly proceeds in two phases:
nucleation and growth. Under slightly supersaturated condi-
tions, homogeneous nucleation requires both favorable and
unfavorable tile attachments. In contrast, growth requires only
favorable monomer tile addition reactions and proceeds quickly
at both ends of a ribbon along a zig-zag path (Fig. 1 ¢ and d).
Design of nucleation and growth pathways is possible because,
under slightly supersaturated conditions, attachment by two (or
more) sticky end bonds is favorable, whereas attachment by a
single bond is unfavorable. This makes it possible to design the
height of the barrier to homogeneous nucleation: The number of
unfavorable attachments required for nucleation is the width of
a ribbon (in tiles) minus 1. Theoretically, increasing the number
of required unfavorable reactions can exponentially reduce the
rate of nucleation (12).

In this article, we describe the design and synthesis of ribbons
that are three, four, five, and six tiles wide, which are denoted
773-776. Each ribbon forms as designed and has a significant
kinetic barrier to homogeneous nucleation. Measurements of
ribbon growth show that nucleation rates are lower for wider
ribbons under slightly supersaturated conditions. We then syn-
thesize a seed molecule for ZZ4 ribbons and show that the
kinetic barrier to nucleation is greatly reduced in its presence.

Results and Discussion

Tile and Ribbon Structure. Tiles were designed and characterized
according to established protocols [see supporting information
(SI) Appendix S1]. To verify that the tiles assembled into ribbons,
the component strands of each ribbon were mixed together at
100 nM (per strand) and annealed from 90° to 20°C over 20 h in
a PCR machine. Atomic force microscopy (AFM) of each sample
predominantly showed the desired structures (Fig. 2). Most
ribbons were micrometers (hundreds of tile layers) long, sug-
gesting that the formation of new ribbons (nucleation) was much
slower than the growth of existing ribbons. To establish that
annealing is necessary to produce long ribbons, we mixed
preformed ZZ4 tiles at room temperature, at which nucleation
is presumed to be fast, and let them sit for 20 h. Few ribbons
longer than 10 tile layers were observed (see SI Appendix S2).

Homogeneous Nucleation Rates. We used 260-nm spectroscopy to
measure the rate and temperature dependence of zig-zag ribbon
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