BIOCOMPUTATION

DNA LATTICES: A METHOD FOR
MOLECULAR-SCALE PATTERNING
AND COMPUTATION
DNA lattice research can provide unprecedented capabilities for molecular-scale
computation and programmable pattern formation. The field has applications to many
other emerging technologies in molecular nanotechnology. This article outlines some of the
steps being taken to develop these applications.

T

here have been some notable successes recently in constructing individual molecular components and
manipulating molecules with probing devices, but there are few methods for constructing complex devices out of large numbers
of these molecular components. We need methods to help hold, shape, and assemble molecular
components into complex machines and systems. Success will require new theoretical understanding of nanoscale processes and new software infrastructure for simulating and designing
molecular nanostructures.
This article outlines the recent development—
both theoretical and experimental—of self-assembled DNA nanostructures, which is the most
advanced and versatile system known for programmable construction on the nanoscale. Recent developments in this ﬁeld provide methods
for bottom-up construction of highly patterned
systems at the molecular scale. The methodology of DNA self-assembly begins with the artiﬁcial synthesis of single-strand DNA molecules
that self-assemble into macromolecular building
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blocks called DNA tiles. These tiles have sticky
ends that match the sticky ends of other DNA
tiles, facilitating further assembly into large
structures known as DNA tiling lattices. You can
make the DNA tiling assemblies form any computable two- or three-dimensional pattern, however complex, with the appropriate choice of the
tile’s component DNA.
Recent experimental results indicate that this
technique is scalable. Molecular imaging devices—such as atomic force microscopes and
transmission electron microscopes—have demonstrated and visualized self-assembled two-dimensional DNA tiling lattices composed of hundreds
of thousands of tiles. For the ﬁrst time, our recent
experiments have demonstrated the execution of
computations through DNA tiling assemblies.
These assemblies have several important potential applications because they let us build scaffolding on which to position molecular electronics and robotics components with precision and
speciﬁcity. The programmability will let this scaffolding have the patterning required for fabricating complex devices made of these components.
Nanotechnology potential
Several potentially revolutionary technologies
will likely result from the emerging ﬁeld of molecular nanotechnology. These applications will
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span the medical, biological, computer, and material sciences. For example, prior breakthroughs
in molecular nanotechnology have included the
discovery of the family of carbon molecules
known as the fullerenes, which include carbon nanotubes that have unprecedented strength in addition to electrical and switching properties. These
breakthroughs also include the discovery of organic molecules (with electrical transport and
switching properties) that will become the molecular components built into more complex molecular nanostructures, such as molecular machines.
The most critical technical barrier currently
confronting molecular nanotechnology is the
development of assembly methods for constructing complex devices out of molecular components. In the macroscopic world, we use a
wide variety of manufacturing technologies and
infrastructures for assembling and patterning
various components into complex structures and
machines. Unfortunately, none of the essential
technology exists yet on the molecular scale. Part
of the difﬁculty is that there is not yet a complete
theoretical understanding of processes at the
molecular scale. The most crucial problem to
overcome is the lack of an established repertoire
of experimentally demonstrated assembly methods for effectively and reliably constructing complex devices out of molecular components.
Nevertheless, the task does not seem to be impossible. In the process of cell evolution, nature
developed patterned assembly techniques at the
molecular scale hundreds of millions of years
ago. Cell growth is an example of unmediated
biochemical processes in biology that provide
strong evidence of how biochemical processes
can create nanostructures of surprising complexity. However, these nanostructures need to
be programmable and easily modiﬁable to be of
use to us.
Known patterning methods
You can categorize the known patterning
methods used for manufacture at the microscale
as either top-down or bottom-up. Top-down
methods for patterning use a macroscopic device
to pattern at some smaller scale, such as the microscale or nanoscale. Top-down methods for
patterning objects date to at least the early 19th
century. For example, Joseph Marie Jacquard in
France used Holorith cards to control the mechanical weaving of tapestry patterns.
Lithographic methods, which also date back to
the 19th century, use optically active chemical
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etching to form patterns. This top-down method
became crucial for developing other manufacturing technologies in the 20th century. Starting in
the mid 20th century, for example, manufacturers used lithography for fabricating circuits and
microcircuits. Lithography was the most successful microminiaturization technique developed by
this point. However, because of wavelength resolution limits, it is unlikely that lithography will
ever scale much below a few nanometers.
Another top-down approach to assembling
nanoscale objects uses a macroscale instrument
that can move and probe at molecular-size scales,
such as a scanning probe microscope. Major obstacles to using such instruments to construct complex devices at the molecular scale include the
sequential nature of the technology and its controllability and scalability. Although scanning
probe microscopes can make use of a small number of simultaneous probes, that number is
dwarfed by the vast number of molecules that
need to be manipulated.
Bottom-up approaches rely on patterning by
self-assembly, which is the spontaneous self-ordering of substructures into superstructures driven by the selective afﬁnity of the substructures.
Bottom-up methods all use some form of selfassembly for patterning. Although self-assembly
methods are well known and have long been
used by chemists (for the self-assembly of lipid
or polymer layers, for example), they typically
result in structures that have limited complexity
and are not readily programmable.
Protein engineering is a bottom-up approach
that offers great promise for molecular devices,
but it is developing slowly, and we do not yet fully
understand the folding rules for protein assembly. When you attempt to engineer proteins, you
are limited by the degree of predictability of the
resulting protein conformations. Another bottom-up approach is to reprogram biological cells
that operate on the nanoscale. However, the machinery available in biological cells is exceptionally
difﬁcult to predict and control, and we are only
now beginning to understand the complexity of
its control systems. Finally, the DNA self-assembly approach entails the spontaneous self-assembly of DNA strands into nanostructures driven by
selective hybridization among DNA strands.
DNA tiles and tiling lattices
Single-strand DNA is a polymer that consists
of a sequence of four types of bases grouped into
two disjoint pairs—known as Watson-Crick com-
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plementary pairs—that can bind together through
hydrogen bonding in an operation known as hybridization. DNA enjoys a unique advantage for a
nanostructure construction material because two
single strands of DNA can be designed and constructed by the experimental scientist to be selectively sticky and bind together to form doubly stranded DNA (see Figure 1). Hybridization
is much more likely to occur if the DNA base
sequences are complementary—that is, if the
component bases are Watson-Crick pairs—and
the temperature and salinity are set appropriately. The resulting doubly stranded DNA is relatively rigid and forms the well-known doublehelix geometry.
Nadrian Seeman ﬁrst pioneered DNA structure nanofabrication in the 1980s by assembling a
multitude of DNA nanostructures (such as rings,
cubes, and octahedrons) using DNA branched
junctions.1 However, these early DNA nanostructures weren’t very rigid. To increase the rigidity of DNA nanostructures, Seeman used a DNA
nanostructure found in nature and known as a

DNA crossover (also called a branched Holiday
junction). A DNA crossover consists of two doubly stranded DNA, each having a single strand
that crosses over to the other (see Figure 2). Pairs
of crossovers, known as double crossovers, provide a
significant increase in the rigidity of a DNA
nanostructure. Certain crossovers (also known as
antiparallel crossovers) cause a reversal in the direction of strand propagation following the exchange of the strand to a new helix.
DNA tiles are quite rigid and stable DNA
nanostructures that are formed from multiple
DNA antiparallel crossovers. DNA tiles typically
have a roughly rectangular geometry. These tiles
come in multiple varieties that differ from one another in the geometry of strand exchange and the
topology of the strand paths through the tile. The
ﬁrst DNA tiles developed2,3 are known as doublecrossover tiles and composed of two DNA double
helices with two crossovers. Recently, researchers
have developed some novel DNA tiles known as
triple-crossover tiles3 that are composed of three
DNA double helices with four crossovers. These
triple-crossover tiles have properties that can facilitate one- and two-dimensional tiling assemblies and computations.
Each DNA tile can be designed and constructed by the experimenter to match the ends
of certain other DNA tiles, a process that can facilitate the assembly into tiling lattices. In particular, each tile contains several short sections of
unpaired, single-strand DNA that extends from
the ends of the tile. Both double- and triplecrossover tiles are useful for doing tiling assemblies. The double-crossover tiles provide up to
four pads for encoding associations with neighboring tiles, whereas the triple-crossover tiles
provide up to six pads that are designed to function as binding domains with other DNA tiles.
In particular, the tile pads complement—or
“stick” to—the pads of other chosen DNA tiles,
as Figure 3 shows. Individual tiles interact by
binding with other specific tiles through hybridization of their pads to self-assemble into de-
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Figure 1. Hybridization of sticky single-strand DNA
segments. If the sticky single-strand segments that
hybridize abut doubly stranded segments of DNA,
you can use an enzymic reaction known as ligation
to concatenate these segments.

Figure 2. (a) A triple-crossover tile and (b) a triple-crossover tile that has two extra stem-loops that
project into (black) and out of (green) the plane of the page.
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Figure 3. The
binding of
DNA tile
pad pairs.
The two tiles
interact by
hybridization
at their
adjacent pads
to form a
two-tile
assembly.

sired superstructures. Using pads with complementary base sequences lets you control the
neighbor relations of tiles in the ﬁnal assembly.
Recent research by Eric Winfree and Nadrian
Seeman has demonstrated the self-assembly of
two-dimensional periodic lattices consisting of
hundreds of thousands of double-crossover tiles,4
which is strong evidence of this approach’s scalability. In addition, Thom LaBean and I, in collaboration with Nadrian Seeman, have constructed DNA triple-crossover molecules from
which we have also produced tiling lattices.3,5 We
observed both classes of lattices through atomic
force microscopy (a mechanical scanning process
that provides images of molecular structures on a
two-dimensional plate) as well as through transmission electron microscopy (see Figure 4).
Distinguishing surface features can be designed into individual tiles by slightly modifying
the DNA strands composing the tiles. These
modified DNA strands form short loops that
protrude above the tile. To enhance deﬁnition,
you can also affix metallic balls to these DNA

loops using known methods for affixing gold
balls to DNA. You can program surface features—such as two-dimensional banding patterns—into these DNA lattices by using DNA
tiles that assemble into regular repetitive patterns. You can observe these topographical features on the DNA tiling lattices with atomic
force and transmission electron microscopy
imaging devices. Other literature provides a
more detailed survey of current work in selfassembled DNA nanostructures.6
Constructing DNA lattices
You can use the assembly process described
earlier to perform computations by building up
superstructures from the starting units so that
the assembly process itself performs the actual
computation. The most general method for twodimensional molecular pattern formation is to
use a small set of DNA tiles that self-assemble
predictably. We call this unmediated algorithmic
self-assembly.

5

6
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Figure 4. (a) and (b) Atomic force microscopy images of DNA lattices with triple-crossover tiles that measure 3 to 4
microns on a side. (c) A transmission electron microscopy image of a platinum rotary-shadowed triple-crossover lattice.
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A body of theoretical work that dates back to
the 1960s indicates the power of this tiling approach for patterning. Wang tilings, for example,
are a class of tiling problems where you are given
a ﬁnite set of unit-size square tiles, each of whose
sides are labeled with symbols over a ﬁnite alphabet (the pads). Additional restrictions might include the initial placement of a subset of these tiles
and the dimensions of the region where tiles must
be placed. The problem is to place the tiles—chosen with replacement—to completely ﬁll the
given region so that each pair of abutting tiles has
identical symbols on their contacting sides.
The class of patterns generated by Wang tilings
includes all computations. Berger7 gave the details of a construction where tiles result in tiling
lattices that can simulate any given Turing machine computation. Eric Winfree2,8 proved this
result in the context of DNA tiling lattices. Using only a few component tiles, Winfree showed
that unmediated algorithmic self-assembly of
DNA tiling lattices is theoretically capable of creating arbitrarily complex structures. This method
has the advantage of being very general: It requires no input DNA strand encoding a pattern.
Instead, the choice of the DNA tile set generates
the two-dimensional pattern.
An interesting example being considered by
Winfree for a possible unmediated algorithmic
self-assembly in two dimensions is a tiling pattern that counts in binary. Winfree recently observed that the resulting two-dimensional pattern is nearly identical to the pattern for a
demultiplexing RAM circuit. This pattern could
potentially serve as a template for arranging
molecular electronics components such as molecular wires9 and molecular diodes10 into a desired demultiplexing circuit.

perature so that the strands composing the tiles
disassociate into single strands of DNA. Input
and output can occur in parallel for multiple distinct tiling assemblies.
Prior work

Leonard Adleman’s seminal paper11 describes
the ﬁrst experiment demonstrating the use of recombinant DNA techniques for solving a small
combinatorial search problem (known as the
Hamiltonian path problem). Adleman used a
simple form of self-assembly computation. His
algorithm does not blindly generate all possible
sequences of vertices. Instead, the DNA sequences and the use of DNA complementary
binding guides the self-assembly processes so
that the algorithm only generates valid paths.
This work spawned further work in DNA computation,12 but much of the subsequent work in
DNA computation required many tedious laboratory operations.
The use of DNA tiling lattices for doing computation avoids having to do these tedious lab operations. You only need to design DNA tiles with
the appropriate pads to specify individual steps
of the computation. Using pads with complementary base sequences lets you control the
neighbor relations of tiles in the ﬁnal assembly.
Thus the only large-scale superstructures formed
during assembly are those that encode valid mappings of input to output. Rather than implementing a DNA computing algorithm using a sequence of multiple laboratory procedures, the
approach essentially uses only four: mixing the
input DNA strands to form the DNA tiles, allowing the tiles to self-assemble into superstructures, doing ligation of the strands that have been
colocalized, and then performing a single separation to identify the correct output.

Computation

In addition to forming complex patterns, you
can also use DNA tilings to perform massively
parallel computations with inputs and outputs
encoded by DNA strands. In this methodology
for computation, you provide input by sets of
single-strand DNA (known as input strands) that
serve as nucleation sites for tiling assemblies. You
create output by concatenating to each input
strand an additional output strand of DNA. This
concatenation is accomplished through an enzymic reaction known as ligation. These output
strands are formed and colocalized within the
tiling assembly and wind through all the tiles of
a tiling assembly. After formation, the output
strands can then be released by raising the tem-
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Massive parallel computation

The massive parallelism inherent in DNAbased computers has driven thinking in the ﬁeld.
Because DNA molecules are compact, the degree of parallelism can be up to 1016 or possibly
1018. In computation by self-assembly, parallelism reveals itself in many ways. DNA self-assembly can be executed in massively parallel
fashion with concurrent assemblies that might
execute computations independently. As Figure
5 shows, in global parallelism, each superstructure
can contain information representing a different
calculation. In local parallelism, growth on each
individual superstructure can occur at many locations simultaneously.
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A tiling assembly’s depth is the maximum
number of self-assembly reactions experienced
by any substructure—that is, the depth of the
graph of pad binding events—and a superstructure’s is the number of tiles it contains. The advantage of tiling assemblies of small depth and
size is that, because of local parallelism, their formation is more likely to be error-free. I developed DNA self-assembly methods of linear size
and small depth to solve several fundamental
problems (such as arithmetic on n-bit numbers
and sorting) that form the basis for the design of
many parallel algorithms.13 Some of these designs (for integer addition, for example) required
only a single layer of tiles to be assembled within
a nanostructure known as an assembly frame,
which requires only the simplest form of linear
self-assembly.
Eric Winfree and his collaborators proposed a
special class of DNA tiles known as string tiles that
also result in one-dimensional computational
tiling lattices.14 By allowing contiguous strings
of DNA to trace through individual tiles and the
entire assembly multiple times, you can perform
surprisingly sophisticated calculations with these
one-layer linear tiling assemblies. The triplecrossover tiles recently developed are particularly
useful as string tiles.

Global and local parallelism by linear assembly

Figure 5. Global and local parallelism in the
formation of DNA tiling assemblies.

related to computing the carry sequence in integer arithmetic.6
Future research
You can view that cumulative XOR computation15 as the ﬁrst demonstration of unmediated
algorithmic self-assembly in one dimension.
However, research has not yet demonstrated unmediated algorithmic self-assembly in two dimensions for complex patterns beyond the
banded patterns described earlier. Nevertheless,
numerous examples of unmediated biochemical
processes in biology (cell growth, for example)
provide strong evidence that unmediated biochemical processes could create nanostructures
of surprising complexity.
Optimizing assembly techniques

Arithmetic and Boolean computation

Recent research describes string tile systems
that compute binary number addition (where
the binary numbers are encoded by strands of
DNA) by using the selective composition of adjacent tiles in the assembly to communicate the
carry-bits.5,15 Tile systems can also be used for
computation of bit-wise logical operations on
Boolean vectors encoded by strands of DNA.
For computations on speciﬁc input, these procedures use the scaffold strands mentioned earlier. Otherwise, the input tiles will randomly assemble and generate a molecular look-up table
in which each reporter strand encodes the input
and output of a random calculation. A sufﬁcient
number of DNA tile molecules provides full
coverage of all possible n-bit input strings. Such
look-up tables can be useful as input for further
computations. They represent a unique library
of sequences storing useful prior computations.
Some recent experiments have, for the first
time, demonstrated computation through molecular assembly of triple-crossover DNA tiles.15
The computation is similar to that described for
integer addition but actually solves a simpler
computational task (known as cumulative XOR)
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Further progress will require an improved understanding and control of the physical phenomena that determine lattice growth. Experiments must be conducted to evaluate the speed
and error rates of the various types of self-assembly reactions. We must develop improved
methods to minimize errors in self-assembly.
Defect errors can occur in DNA lattice formation and in solutions containing many distinct
DNA tile types that compete during the lattice
formation process.
Temperature optimization (including temperature cycling) and salinity should provide for decreased defect rates in lattice formation. Novel
DNA tiles must be developed with properties
that facilitate minimizing errors in their self-assembly and improve their being visualized with
imaging devices such as the atomic force microscope. Initiating the process using a small number of tiles to form a nucleation basis for the subsequent larger assembly might enhance the
formation of defect-free DNA lattices.
Computer simulation and design

To develop a more fundamental understanding of the self-assembly process, we need im-
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Figure 6. A directed nucleation assembly
technique. The red area indicates an input
pattern strand of DNA. It encodes a twodimensional pattern in modified row major order
(each odd row traversing alternately left to right
and each even row traversing right to left).
Specific DNA tiles self-assemble around each
segment of this DNA input pattern strand, then
the tiles self-assemble into a two-dimensional
tiling lattice with a pattern determined by the
pattern strand. We executed a small instance of
this method where up to 10 triple-crossover tiles
assembled around a preformed scaffold DNA
strand.

proved software simulation tools to model the
kinetics of self-assembly. We can deﬁne tiling assemblies so that, theoretically, we produce only a
unique, correct tiling pattern with no errors,
which means that all pads of each tile match
their neighbors perfectly. However, self-assembly is intrinsically a probabilistic process.
Winfree developed a stochastic software simulation of DNA lattice formation. His computer
simulations show that you can achieve low error
rates in certain computational DNA lattices in
the special case of very low tile concentrations
and near the melting temperature (where the
DNA structures tend to disassociate). Because
of his assumption about low tile concentrations,
his simulation used a simpliﬁcation of the chemical rate equations, which allowed only the insertion of single DNA tiles into a growing DNA
assembly. We can enhance this software by incorporating more sophisticated models of DNA
lattice formation. For example, we can allow the
assembly of groups of multiple DNA tiles that
are partially assembled.
There is also an acute need for more sophisticated modeling of DNA lattices’ kinodynamic
properties. Simulating large DNA lattices containing hundreds of DNA tile nanostructures is
computationally challenging if we use conventional molecular dynamics simulation software.
Developing DNA molecular dynamic simulation
software that employs semiempirical models for
DNA dynamic simulation at the base-pair level
can help avoid this difﬁculty.
DNA chains bend, twist, and stretch in response to base sequence and to speciﬁc interac-
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tions with the chemical environment. It is possible to extract a DNA model with local energy
components, where the coefﬁcients in the model
come from empirical results of known DNA Xray crystallographic literature. We can refine
these models to incorporate base-sequence-dependant variations in these parameters as well as
in crossover junctions. The resulting simulation
software might be reliable enough to provide
helpful insight on the dynamics of large DNA
lattices and efficient enough so simulations of
very large DNA lattices would be feasible.
We need improved software for designing
novel DNA tiles and tiling assemblies. Current
software uses algorithms that provide for the desired binding of DNA strands that form duplex
DNA in the DNA tiles and minimize undesired
binding interactions between DNA strands.
This software can be improved by incorporating
algorithms that also provide for the DNA tile
geometry’s design, perhaps using the semi-empirical models for DNA dynamic simulation
mentioned earlier.
Sequential step-wise assembly

Unmediated algorithmic self-assembly of
complex patterns requires delicate control of
physical phenomena to minimize assembly errors. An alternative approach is the step-wise assembly of a smaller number of DNA tiles under
external control through sequential application
of different reagents and tiles.13 This approach
results in a serial sequencing of tile assembly
events (that might occur in parallel to form distinct layers of tiles) and might provide increased
reliability and reusability during fabrication of
DNA nanotechnology structures.
Directed nucleation assembly

We recently developed another method for assembling complex patterns. In this method, we
synthesize an input DNA strand that encodes the
required pattern and then the speciﬁed tiles assemble around blocks of this input DNA strand,
forming the required one- or two-dimensional
pattern of tiles. This method uses artiﬁcially synthesized DNA strands that specify the pattern and
around which two-dimensional DNA tiles assemble into the speciﬁed pattern. As Figure 6 shows,
this method generates the permanent features of
the two-dimensional pattern for each case.
Shape-change-induced assembly

A vast body of practical engineering developed
to construct microelectro-mechanical systems
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(MEMS) from silicon substrates might be
brought to bear and leveraged to develop techniques for the multistep assembly of three-dimensional DNA nanostructures from two-dimensional DNA lattices. These devices are
initially fabricated within a two-dimensional domain using optical lithography. Subsequent
phases of fabrication use additional electron beam
lithography (which uses a directed stream of electrons to form a pattern), chemical release
processes, or simple environmentally dependent
shape changes (electrostatic- or temperaturebased) to assemble the resulting MEMS devices
in three dimensions. For example, you can assemble a box-shaped device with an open top by
fabricating the bottom square and also the four
sides adjoining the bottom square and then force
the sides upward, locking these sides together
with simple mechanical latches. These processing steps are of course not feasible for DNA lattice assembly, but related techniques might apply.
Similarly, some research has suggested that it
might be possible to assemble three-dimensional
DNA lattices from portions of two-dimensional
DNA lattices.1 In this method, complex assemblies
of three-dimensional DNA nanostructures constructed from two-dimensional DNA lattices
might be created using a multistep approach. A
three-dimensional assembly might begin with the
assembly of two-dimensional DNA lattices followed by folding these two-dimensional assemblies
into a three-dimensional DNA nanostructure.
In this process, we would proceed in a manner similar to assembly processes used in constructing MEMS. Using restriction enzymes
(which can cut the lattices at speciﬁed locations)
is analogous in DNA lattices to using electron
beam lithography and chemical release processes
to construct MEMS. Environmental changes can
induce shape changes. Also, some researchers
have developed nanomechanical transduction
devices constructed of DNA based on selective
use of DNA hybridization.16,17 You can selectively control these devices by adding or releasing controller strands of DNA. We can adapt either of these techniques to manipulate the shape
of DNA lattices and control their ﬂexibility. We
can use various DNA reactions such as hybridization and ligation in place of the mechanical latches used in the MEMS ﬁeld to secure the
MEMS devices.
Stateful DNA lattices

DNA lattices with shape-change programmability of the sort described earlier also might offer
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a mechanism to do DNA computation on lattices
whose elements—the tiles—hold state. That is,
the DNA assemblies might be able to simulate a
parallel computing model known as cellular automata, which consists of arrays of ﬁnite-state automata, each of which holds state. The transitions
of these automata and communication of values
to their neighbors might be done by conformal
geometry changes, again using programmability.
There are numerous examples of one-dimensional cellular automata that can do computations
for which tiling assemblies would have required a
further dimension (for example, integer multiplication in one dimension instead of two).
Applications
Ultimately, the signiﬁcance of patterned DNA
nanostructures lies not in their existence but in
their application as scaffolds for positioning
other materials. We know that a large variety of
other molecules (including RNA, proteins, and
other organic and metallic molecules) can selectively bind directly to short strands of DNA or
indirectly to DNA with appropriately designed
attachment chemistry.
It is feasible to bind such molecules to speciﬁc
sites on DNA tiles within the DNA lattices.
These sites might be short stem loops that we
can design to protrude above a DNA tile. This
technique provides for a highly ﬂexible nanostructure construction methodology. By selectively attaching various other types of molecules
to the lattices’ tiles, we can use these lattices as
superstructures for placing nanocomponents
composed of a wide variety of other materials.
DNA lattices can potentially also juxtapose distinct molecules and they might be capable of orienting these molecules.
The ability to form programmable patterned
nanostructured DNA lattices will likely create
many opportunities for applied research in
nanoscale science and engineering. These include their application as scaffolds and superstructures for molecular electronics, molecular
optical transduction and memory components,
protein alignment for crystallography studies,
receptor protein alignment, carbon nanotube
arrangement, and nanorobotics.
Templating with DNA lattices

As Figure 7 shows, it might be possible to use
gold-sulfur affinity chemistry for binding gold
nanospheres to a DNA lattice. A segment of
DNA containing sulfur can be incorporated into
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Figure 7. Binding gold nanospheres to a DNA lattice and fusing these into a molecular wire by metal deposition.

the end of the stem loop protruding from a
DNA lattice at ﬁxed sites. Alternatively, you can
make thiolated segments of DNA react directly
with gold nanospheres to yield single-strand
DNA-labeled gold that can hybridize to its complementary strand displayed on the lattice on
protruding stem loops. As Figure 7 shows, the
ﬁnal step in the production of long continuous
wires involves fusing the immobilized gold
nanospheres in the presence of the appropriate
chemistry.
Alternatively, the Reed-Tour molecular electronics components such as molecular wires9 and
molecular diodes10 have ends containing sulfur
that have an affinity to gold. This means they
can be self-assembled between the gold balls attached to the DNA lattices. We can also adapt
other methods for our purposes of targeting and
immobilization molecules, such as proteins, metals, and single-wall carbon. For example, we can
adapt various surface chemistry methods used
for labeling cells and cell sorting for attachment
chemistry to DNA lattices.
Aligning proteins

Aligning proteins for crystallography studies has been a principal objective at New York
University.1 Determining protein structure is
crucial for many medical and biological applications (such as drug design). You can determine the structure of crystallizable proteins by
known computation methods using the diffraction patterns resulting from X-ray crystallography studies. However, a considerable percentage of all proteins cannot be crystallized,
which means we do not currently know their
structure. Seeman’s idea for determining the
structure of otherwise noncrystalline proteins
is to create periodic three-dimensional DNA
lattices that will capture protein molecules and
align them into regular lattices that are applicable to X-ray crystallography. Another possible application of Seeman’s idea is the scaffolding of nanoelectronic systems in three
dimensions.

40

T

he ﬁeld of DNA lattices is an emerging technology that can provide unprecedented capabilities in the areas
of molecular-scale computation and
programmable pattern formation. There remain
many open research issues that we are currently
pursuing. For example, to what extent can we,
in practice, scale the parallelism of DNA selfassembly computations? Potentially, DNA selfassembling assemblies and computations can
scale up to 1016 or possibly 1018 molecules.
However, there may be critical barriers that we
must overcome. Defect errors, self-assembly kinetics, and other processes might limit this scale.
We do not yet know what optimal parameter
settings (such as time, solution concentrations,
and so forth) provide the best avenue to scale the
size of assemblies to extremely large numbers of
molecules.
Various error-resilient techniques might be
crucial here. We are conducting experiments to
evaluate the speed and error rates of the various
types of self-assembly reactions and are investigating and comparing error control by free versus step-wise assembly. Self-assembly might be
restricted so that certain assembly reactions can
proceed only after others have been completed
(serial self-assembly). Alternatively, self-assembly reactions might be limited by no such restrictions (free self-assembly). It is not yet known
if free self-assembly is faster and more robust
than serial self-assembly or if it is less errorprone. We are making careful experimental
studies of these two possible methods for selfassembly, in particular to determine which
method produce the fewest errors. Also, we are
investigating various mechanisms for error repair in DNA tiling computations.
We are also asking to what degree we can, in
practice, scale the complexity of computations
using DNA self-assembly. To date, the computations we have demonstrated via DNA self-assembly have been Boolean operations executed
in one dimension. Earlier in this article, I cited
theoretical results establishing the potential
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power of tiling assembles to construct arbitrarily
complex assemblies in two and three dimensions.
Extending this work to two and three dimensions provides many further opportunities.
Moreover, we can have multiple distinct DNA
self-assembly computations occurring simultaneously and asynchronously, and these may potentially interact with each other.
In addition to the scaling issues I discussed
earlier, the ﬁeld of DNA lattices applies to many
other emerging technologies in molecular nanotechnology. It is essential that we aggressively
develop these applications by combining the exciting recent advances in DNA lattices with advances in molecular electronics, peptide, protein,
RNA, and carbon nanotube engineering. Doing
so will require a collaborative interdisciplinary
research approach that spans many disciplines.
We expect that in the next decade, researchers
will succeed in attaching various classes of molecules (these may include organic, electronically
active molecules, peptides, proteins, RNA, and
carbon nanotubes) to DNA arrays, and a significant portion of the application work I discussed
above will come to pass.
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