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rate. For the enzymes E and E′, the exponential
growth rate was 0.92 and 1.05 hour–1, respectively.

Exponential growth can be continued inde-
finitely in a serial transfer experiment in which a
portion of a completed reaction mixture is trans-
ferred to a new reaction vessel that contains a fresh
supply of substrates. Six successive reactions were
carried out in this fashion, each 5 hours in duration
and transferring 4% of the material from one reac-
tionmixture to the next. The first mixture contained
0.1 mM E and 0.1 mM E′, but all subsequent
mixtures contained only those enzymes that were
carried over in the transfer. Exponential growthwas
maintained throughout 30 hours total of incubation,
with an overall amplification of greater than 108-
fold for each of the two enzymes (Fig. 2B).

It is possible to construct variants of the cross-
replicating RNA enzymes that differ in the re-

gions ofWatson-Crick pairing between the cross-
catalytic partners without markedly affecting
replication efficiency. These regions are located
at the 5′ and 3′ ends of the enzyme (Fig. 1B).
Four nucleotide positions at both the 5′ and 3′
ends were varied, adopting the rule that each
region contains one G•C and three A•U pairs so
that there would be no substantial differences in
base-pairing stability. Of the 32 possible pairs of
complementary sequences for each region, 12
were chosen as a set of designated pairings (Fig.
1C). Each pairing was associated with a partic-
ular sequence within the catalytic core of both
members of a cross-replicating pair. Twelve pairs
of cross-replicating enzymes were synthesized,
as well as the 48 substrates (12 each of A, A′, B,
and B′) necessary to support their exponential
amplification. Each replicator was individually

tested and demonstrated varying levels of
catalytic activity and varying rates of exponential
growth (fig. S1). The pair shown in Fig. 1B (now
designated E1 and E1′) had the fastest rate of
exponential growth, achieving about 20-fold ampli-
fication after 5 hours. The various cross-replicating
enzymes shown in Fig. 1C had the following
rank order of replication efficiency: E1, E10, E5,
E4, E6, E3, E12, E7, E9, E8, E2, E11. The top five
replicators all achieved more than 10-fold ampli-
fication after 5 hours, and all except E11 achieved
at least fivefold amplification after 5 hours.

A serial-transfer experiment was initiated with a
0.1 mM concentration each of E1 to E4 and E1′ to
E4′ and a 5.0 mM concentration of each of the 16
corresponding substrates. Sixteen successive
transfers were carried out over 70 hours, transferring
5% of the material from one reaction mixture to the
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Fig. 1. Cross-replicating RNA enzymes. (A) The enzyme E′ (gray) catalyzes
ligation of substrates A and B (black) to form the enzyme E, whereas E
catalyzes ligation of A′ and B′ to form E′. The two enzymes dissociate to provide
copies that can catalyze another reaction. (B) Sequence and secondary
structure of the complex formed between the enzyme and its two substrates (E′,
A, and B are shown; E, A′, and B′ are the reciprocal). The curved arrow indicates

the site of ligation. Solid boxes indicate critical wobble pairs that provide
enhanced catalytic activity. Dashed boxes indicate paired regions and catalytic
nucleotides that were altered to construct various cross replicators. (C) Var-
iable portion of 12 different E enzymes. The corresponding E′ enzymes have a
complementary sequence in the paired region and the same sequence of
catalytic nucleotides (alterations relative to the E1 enzyme are highlighted).
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If the DNA helix were a simple helix, with continous rather than
discrete strands and symmetric placement of the strands around a
helix, then it would be possible to introduce a crossover along the
tangent line between two parallel helices whenever a pair of strands
from different helices crossed through the tangent line at the same
point. If two helices were properly aligned, it would seem that this
opportunity would happen at a sequence of points spaced successively
one turn apart along the helices. However, the combination of the non-
integral number of bases per turn and the existence of a major/minor
groove mean that the backbone of the DNA strands cannot always be
positioned exactly at the tangent point between two adjacent helices.
The twist of two backbones at the position of closest approach to
this tangent line could be off by roughly 34 degrees (in each helix)
and can introduce undesired strain into the structure. Just keeping
track of the point of closest approach is difficult to do by hand—
humans don’t naturally think in terms of a double helix, made worse
by the fact that it is asymmetric. (The sign of the error in twist is
determined by the right-handed nature of DNA, and it is easy to flip
in mental manipulations.) The use of a regular array of crossovers
makes the problem somewhat better—the configuration of twists can
be determined for one crossover and understood at other locations
by using the symmetries of the crossover lattice. Edges and seams
of DNA origami present departures from the regular lattice and the
twist at such locations is best kept track of by software.

Right now the program that I use to design DNA origami is
written in Matlab and is quite clunky. It takes, as input (1) a hand-
generated representation of a geometrical model, as in Fig. 2a (2)
hand-generated positions of any seams in the structure (3) a hand-
generated folding path that runs through the model and respects the
seams, as in Fig. 2b and (4) a sequence for the scaffold. Using one of
a couple different (but equally low-level representations) the model,
seam positions, and folding path are input as lists of helix lengths in
units of turns or bases. The folding path requires an additional list
of orientations specifying its direction of travel to the left or right
of adjacent seams. The design program applies the scaffold sequence
to the model, using the folding path as a guide, and generates the
appropriate set of helper strands. Similar to Latex, the program is
run several times to make various refinements to the design, for
example to change the position of crossovers by a single base to
minimize twist strain, or to join or to break helper strands. Like
the geometrical model and folding path, these perturbations to the
structure are decided by the user and specified in excruciating detail.

Thus there are several opportunities to further automate the de-
sign software. Users should be able to specify a shape and the
software should be able to generate the best-fit geometrical model
that approximates the shape within a single turn of DNA. Further,
a generalization of some raster-fill algorithm should be used to
generate the folding path and seam positions, to route the scaffold
strand appropriately around voids in the specified shape. Because
the folding path is not unique and different folding paths may have
bearing on the mechanical properties of the final structure through
the placement of seams, the raster-fill algorithm should probably
take some user preferences concerning the placement of seams and
routing around voids. The adjustment of crossover positions to relieve
strain should be similarly automatic and similarly subject to some
user preference. On the edges of a shape some twist strain may be
acceptable in order to better approximate a desired curve; within a
shape, strain along seams is probably unacceptable and optimization
will be preferred. Similarly, the merging of helper strands into longer
sequences, or rearrangement of helper strands to bridge seams, should
be automated. Users should be able to specify one of several patterns
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Fig. 6. A cartoon depicts folding of DNA origami as temperature changes
from 90 C to 20 C.

of merges that can be applied; intervention should only be required
where seams or edges generate unusual boundary conditions. And the
design program should have a WYSIWYG interface that can render
the design as a line drawing (Fig. 2c), a two-dimensional drawing of
helices (Fig.2d) or full 3D model of the structure. 3D modelling tools
for nanocanonical DNA structures (like DNA origami) exist [26] but
none have ever been integrated into a DNA design package.

All of the above modifications seem implementable, and seem to
contain little in the way of fundamental algorithms development. The
creation of an appropriate raster-fill technique seems interesting and
would seem to require a bit of topological thinking to route the strand
around voids. Still, some simple and clever hack may be able to
generate satisfactory folding paths for a majority of cases.

Much more interesting is the generalization of DNA origami
to three dimensions. There are several simple three dimensional
generalizations of DNA origami as described here. That is, there are
several distinct geometrical contexts (that occur in 2D DNA origami)
where one might add joints to two dimensional origami and which
force the folding path into the third dimension. Further, in each
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generate the folding path and seam positions, to route the scaffold
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the folding path is not unique and different folding paths may have
bearing on the mechanical properties of the final structure through
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routing around voids. The adjustment of crossover positions to relieve
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of merges that can be applied; intervention should only be required
where seams or edges generate unusual boundary conditions. And the
design program should have a WYSIWYG interface that can render
the design as a line drawing (Fig. 2c), a two-dimensional drawing of
helices (Fig.2d) or full 3D model of the structure. 3D modelling tools
for nanocanonical DNA structures (like DNA origami) exist [26] but
none have ever been integrated into a DNA design package.

All of the above modifications seem implementable, and seem to
contain little in the way of fundamental algorithms development. The
creation of an appropriate raster-fill technique seems interesting and
would seem to require a bit of topological thinking to route the strand
around voids. Still, some simple and clever hack may be able to
generate satisfactory folding paths for a majority of cases.

Much more interesting is the generalization of DNA origami
to three dimensions. There are several simple three dimensional
generalizations of DNA origami as described here. That is, there are
several distinct geometrical contexts (that occur in 2D DNA origami)
where one might add joints to two dimensional origami and which
force the folding path into the third dimension. Further, in each

Design of DNA origami
Paul W.K. Rothemund

Computer Science and Computation and Neural Systems
California Institute of Technology, Pasadena, CA 91125

pwkr@dna.caltech.edu

Abstract— The generation of arbitrary patterns and shapes at very
small scales is at the heart of our effort to miniaturize circuits and
is fundamental to the development of nanotechnology. Here I review
a recently developed method for folding long single strands of DNA
into arbitrary two-dimensional shapes using a raster fill technique –
‘scaffolded DNA origami’. Shapes up to 100 nanometers in diameter
can be approximated with a resolution of 6 nanometers and decorated
with patterns of roughly 200 binary pixels at the same resolution.
Experimentally verified by the creation of a dozen shapes and patterns,
the method is easy, high yield, and lends itself well to automated design
and manufacture. So far, CAD tools for scaffolded DNA origami are
simple, require hand-design of the folding path, and are restricted to two
dimensional designs. If the method gains wide acceptance, better CAD
tools will be required.

I. INTRODUCTION

Top-down methods for patterning at the nanoscale have been
very successful. Methods range from photolithography, which allows
routine patterning at the 90-nanometer scale, to more exotic methods
like electron beam lithography, dip-pen lithography [1], atomic force
microscopy (AFM) [2] and scanning tunnelling microscopy (STM)
[3], [4] that allow patterning at length scales from 20 nm down to
0.1 nm. Top-down methods, however, have several drawbacks. To
reach finer length scales, it appears that photolithography will require
fabrication equipment of steeply increasing cost. The remaining
techniques are serial; they require that patterns be created by drawing
one line or one pixel at a time. Except for dip-pen lithography
and AFM, top-down methods require ultra-high vacuum, ultra-clean
conditions, or cryogenic temperatures.

Self-assembly, the spontaneous organization of matter by attractive
forces, has been put forth as an inexpensive, parallel method for the
synthesis of nanostructures that does not require expensive equipment
and extreme conditions [5]. At the molecular scale many different
classes of molecules have been advanced as the basic units of self-
assembly, from relatively small organic molecules like porphyrins [6]
or short peptides [7] to proteins [8] or whole viral particles [9]. Much
progress has been made in these systems but the resulting structures
are relatively simple and generally periodic in nature.

The problem is that to create complex structures using self-
assembly, one must be able to program complex attractive interactions
into the basic units: the interactions between the basic units must be
highly specific and the geometry between units, once bonded, must be
well-defined. An important difficulty is that of creating many different
types of ‘specific glue’. I give an example without defining any formal
notions of components or what it means for them to stick together. If
components of type A, B, C and D are to stick together into a linear
structure ABCD then three specific attractive interactions—glues—
must be built into the components, one for each of the pairwise
interactions AB, BC and CD. By specific I mean that there is no
cross-interaction between the specific glues—no pairs AC form, for
example. For most classes of molecules, creating more than a few
types of components and a few types of specific glue is a difficult
research project. Creating components with complex geometry, for

example squares with four edges, each capable of carrying a specific
glue, is beyond our reach for most classes of molecules; for proteins it
may take a decade or more before we can engineer such components.

DNA, however, is readily engineered to create complex com-
ponents for self-assembly. The use of DNA for this purpose is
encompassed by the field of ‘DNA nanotechnology’ [10], [11]
which uses the exquisite molecular recognition of Watson-Crick
binding to program the self-assembly of complex structures. DNA
nanotechnologists rely on the principle that, to first order, a DNA
sequence composed of the ‘A’, ‘G’, ’C’, ’T’ binds most strongly
to its perfect complement. For example ‘5-ACCGGGTTTT-3’ binds
most strongly to ‘3-TGGCCCAAAA-5’, somewhat less strongly to a
sequence with a Hamming distance of 1 from the perfect complement
‘3-TGGCCCAAAC-5’, even less strongly to a sequence of Hamming
distance 2, such as ‘3-TGGCACAAAC-5’, etc.1 The ordering of
binding strengths is only approximately governed by Hamming dis-
tance and actually depends on the sequences in question [12]; much
progress can be made with this approximation, however. Further,
while the energy of binding decreases roughly linearly with Hamming
distance, the tendency of two strands to bind, as measured by the
equilibrium constant, changes exponentially—making it possible to
design many different DNA glues of extraordinary specificity.

A second major principle, upon which DNA nanotechnologists
rely, is that DNA has many rigid, well-characterized forms that are
not a linear double helix. Of particular interest are branched forms of
DNA, wherein three or more double helices intersect at a common
vertex, as in Fig. 1a. This is accomplished by giving each of three
different DNA sequences partially complementary sequences. The
first half of strand 1 complements the last half of strand 2, the first
half of strand 2 complements the last half of strand 3 and the first half
of strand 3 complements the last half of strand 1. Fig. 1d and e show
an important example, a ‘double-crossover molecule’ the first rigid,
engineered DNA structure [13]. In this molecule 5 strands are used
to create a structure in which two double helices are held in a rigid
parallel arrangement. Note how some strands (2,3 and 4) participate
in both helices—they wind along one helix, then switch to another
through a structure called a ‘crossover’ (small black triangles). It is
the crossovers that hold the helices together.

Over the last 15 years, such techniques have been used to create a
diverse set of arbitrary DNA shapes and patterns (Fig. 2 reproduces
some of them). Shapes include a cube [14], a truncated octahedron
[15], and an octahedron [16]. The most complex pattern demonstrated
to date is a 4x4 array of 16 addressable pixels [17]. All these designs
represent milestones in the creation of DNA nanostructures; each
took significant effort to design and synthesize (on the order of 1-
2 years). A question becomes, how may the lessons learned from

1DNA sequences have an orientation denoted here by the addition of a ‘5’
and a ‘3’ label to its ends. Thus a sequence is not equivalent to its reverse.
Further, strands in a double helix are anti-parallel and thus the complement
of a DNA seqence has its ‘5’ and ‘3’ ends reversed.
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TTAACTAAAATATATTTGAAAAAGTTTTCTCGCGTTCTTTGTCTTGCGATTGGATTTGCATCAGCATTTACATATAGTTATATAACCCAACCTAAGCCGGA CTACCCTCTCCGGCATTAATTTATCAGCTAGAACGGTTGAATATCATATTGATGGTGATTTGACTGTCTCCGGCCTTTCTCACCCTTTTGAATCTTTACCTACACATTACTCAGGCATTGCATTTAAAATATATGAGGGTTCTAAAAATTTTTATCCTTGCGTTGAAATAAAGGCTTCTCCCGCAAA

C T T T T T C T A G T A A T T A T G A T T C C G G T G T T T A T T C T T A T T T A A C G C C T T A T T T A T C A C A C G G T C G G T A T T T C A A A C C A T T A A A T T T A G G T C A G A A G A T G A A A A G T A T T A C A G G G T C A T A A T G T T T T T G G T A C A A C C G A T T T A G C T T T A T G C T C T G A G G C T T T A T T G C T T A A T T T T G C T A A T T C T T T G C C T T G C C T G T A T G A T T T A T T G G A T G T T A A T G C T A C T A C T A T T A G T A G A A T T G A T G C C A C C T T T T C A G C T C G C G C C C C A A A T G A A A A T A T A G C T A A A C A G G T T

GCTGAACATGTTGTTTATTGTCGTCGTCTGGACAGAATTACTTTACCTTTTGTCGGTACTTTATATTCTCTTATTACTGGCTCGAAAATGCCTCTGCCTAAATTACATGTTGGCGTTGTTAAATATGGCGATTCTCAATTAAGCCCTACTGTTGAGCGTTGGCTTTATACTGGTAAGAATTTGTATAACGCATATGATACTAAACAGG ATTGACCATTTGCGAAATGTATCTAATGGTCAAACTAAATCTACTCGTTCGCAGAATTGGGAATCAACTGTTATATGGAA

T G G G C G C G G T A A T G A T T C C T A C G A T G A A A A T A A A A A C G G C T T G C T T G T T C T C G A T G A G T G C G G T A C T T G G T T T A A T A C C C G T T C T T G G A A T G A T A A G G A A A G A C A G C C G A T T A T T G A T T G G T T T C T A C A T G C T C G T A A A T T A G G A T G G G A T A T T A T T T T T C T T G T T C A G G A C T T A T C T A T T G T T G A T A A A C A G G C G C G T T C T G C A T T A T G A A A C T T C C A G A C A C C G T A C T T T A G T T G C A T A T T T A A A A C A T G T T G A G C T A C A G C A T T A T A T T C A G C A A T T A A G C T C T A

TACCGGATAAGCCTTCTATATCTGATTTGCTTGCTAT AGCCATCCGCAAAAATGACCTCTTATCAAAAGGAGCAATTAAAGGTACTCTCTAATCCTGACCTGTTGGAGTTTGCTTCCGGTCTGGTTCGCTTTGAAGCTCGAATTAAAACGCGATATTTGAAGTCTTTCGGGCTTCCTCTTAATCTTTTTGATGCAATCCGCTTTGCTTCTGACTATAATAGTCAGGGTAAAGACCTGATTTTTGATTTATGGTCATTCTCGTTTTCTGAACTGTTTAAAGCATTTGAG

G T C G G G A G G T T C G C T A A A A C G C C T C G C G T T C T T A G A A G G G G A T T C A A T G A A T A T T T A T G A C G A T T C C G C A G T A T T G G A C G C T A T C C A G T C T A A A C A T T T T A C T A T T A C C C C C T C T G G C A A A A C T T C T T T T G C A A A A G C C T C T C G C T A T T T T G G T T T T T A T C G T C G T C T G G T A A A C G A G G G T T A T G A T A G T G T T G C T C T T A C T A T G C C T C G T A A T T C C T T T T G G C G T T A T G T A T C T G C A T T A G T T G A A T G T G G T A T T C C T A A A T C T C A A C T G A T G A A T C T T T C T A C C T G

TTTGGATTGGGATAAATAATATGGCTGTTTATTTTGTAACTGGCAAATTAGGCTCTGGAAAGACGCTCGTTAGCGTTGGTAAGATTCAGGATAAAATTGTAGCTGGGTGCAAAATAGCAACTAATCTTGATTTAAGGCTTCAAAACCTCCCGCAA TAATAATGTTGTTCCGTTAGTTCGTTTTATTAACGTAGATTTTTCTTCCCAACGTCCTGACTGGTATAATGAGCCAGTTCTTAAAATCGCATAAGGTAATTCACAATGATTAAAGTTGAAATTAAACCATCTC

G G T T A T C T C T C T G A T A T T A G C G C T C A A T T A C C C T C T G A C T T T G T T C A G G G T G T T C A G T T A A T T C T C C C G T C T A A T G C G C T T C C C T G T T T T T A T G T T A T T C T C T C T G T A A A G G C T G C T A T T T T C A T T T T T G A C G T T A A A C A A A A A A T C G T T T C T T A A A G C C C A A T T T A C T A C T C G T T C T G G T G T T T C T C G T C A G G G C A A G C C T T A T T C A C T G A A T G A G C A G C T T T G T T A C G T T G A T T T G G G T A A T G A A T A T C C G G T T C T T G T C A A G A T T A C T C T T G A T G A A G G T C A G C C

TTAAAAAGGGCTTCGGTAAGATAGCTATTGCTATTTCATTGTTTCTTGCTCTTATTATTGGGCTTAACTCAATTCTTGTG AGCCTATGCGCCTGGTCTGTACACCGTTCATCTGTCCTCTTTCAAAGTTGGTCAGTTCGGTTCCCTTATGATTGACCGTCTGCGCCTCGTTCCGGCTAAGTAACATGGAGCAGGTCGCGGATTTCGACACAATTTATCAGGCGATGATACAAATCTCCGTTGTACTTTGTTTCGCGCTTGGTATAATCGCTGGGGGTCAAAGATGAGT

A G T T C T T T T G G G T A T T C C G T T A T T A T T G C G T T T C C T C G G T T T C C T T C T G G T A A C T T T G T T C G G C T A T C T G C T T A C T T T T C G T T T T A G T G T A T T C T T T T G C C T C T T T C G T T T T A G G T T G G T G C C T T C G T A G T G G C A T T A C G T A T T T T A C C C G T T T A A T G G A A A C T T C C T C A T G A A A A A G T C T T T A G T C C T C A A A G C C T C T G T A G C C G T T G C T A C C C T C G T T C C G A T G C T G T C T T T C G C T G C T G A G G G T G A C G A T C C C G C A A A A G C G G C C T T T A A C T C C C T G C A A G C C T C

GGCTCAAGTCGGTGACGGTGATAATTCACCTTTAATGAATAATTTCCGTCAATATTTACCTTCCCTCCCTCAATCGGTTGAATGTCGCCCTTTTGTCTTTGGCGCTGGTAAACCATATGAATTTTCTATTGATTGTGACAAAATAAACTTATTCCGTGGTGTCTTTGCGTTTCTTTTATATGTTGCCACCTTTATGTATGTATTTTCTACGTTTGCTAACATACTGCGTAATAAGGAGTCTTAATCATGCC AGCGACCGAATATATCGGTTATGCGTGGGCGATGGTT

G G C T C T G A G G G A G G C G G T T C C G G T G G T G G C T C T G G T T C C G G T G A T T T T G A T T A T G A A A A G A T G G C A A A C G C T A A T A A G G G G G C T A T G A C C G A A A A T G C C G A T G A A A A C G C G C T A C A G T C T G A C G C T A A A G G C A A A C T T G A T T C T G T C G C T A C T G A T T A C G G T G C T G C T A T C G A T G G T T T C A T T G G T G A C G T T T C C G G C C T T G C T A A T G G T A A T G G T G C T A C T G G T G A T T T T G C T G G C T C T A A T T C C C A A A T G T T G T C A T T G T C G G C G C A A C T A T C G G T A T C A A G C T G T

GTGGTTCTGGTGGCGGCTCTGAGGGTGGTGGCTCTGAGGGTGGCGGTTCTGAGGGTGGC TTAAGAAATTCACCTCGAAAGCAAGCTGATAAACCGATACAATTAAAGGCTCCTTTTGGAGCCTTTTTTTTGGAGATTTTCAACGTGAAAAAATTATTATTCGCAATTCCTTTAGTTGTTCCTTTCTATTCTCACTCCGCTGAAACTGTTGAAAGTTGTTTAGCAAAATCCCATACAGAAAATTCATTTACTAACGTCTGGAAAGACGACAAAACTTTAGATCGTTACG

T C A A G G C C A A T C G T C T G A C C T G C C T C A A C C T C C T G T C A A T G C T G G C G G C G G C T C T G G T G C T A A C T A T G A G G G C T G T C T G T G G A A T G C T A C A G G C G T T G T A G T T T G T A C T G G T G A C G A A A C T C A G T G T T A C G G T A C A T G G G T T C C T A T T G G G C T T G C T A T C C C T G A A A A T G A G G G T G G T G G C T C T G A G G G T G G C G G T T C T G A G G G T G G C G G T T C T G A G G G T G G C G G T A C T A A A C C T C C T G A G T A C G G T G A T A C A C C T A T T C C G G G C T A T A C T T A T A T C A A C C C T C T C G A

CGGCACTTATCCGCCTGGTACTGAGCAAAACCCCGCTAATCCTAATCCTTCTCTTGAGGAGTCTCAGCCTCTTAATACTTTCATGTTTCAGAATAATAGGTTCCGAAATAGGCAGGGGGCATTAACTGTTTATACGGGCACTGTTACTCAAGGCACTGACCCCGTTAAAACTTATTACCAGTACACTCCTGTATCATCAAAAGCCATGTATGACGCTTACTGGAACGGTAAATTCAGAGACTGCGCTTTCCATTCTGGCTTTAATGAGGATTTATTTGTTTGTGAATA

AACATCACTTGCCTGA TTCTTTGATTAGTAAT ACCGTTGTAGCAATAC GCAAATTA CGAGTAAAAGAGTCTGTCCATCAC GAGGCCAC CTGAGAAGTGTTTTTATAATCAGT CCAGAATC GTCTATCAAGACAGGAACGGTACG GAAAAACC ACGTGGACTCCAACGTCAAAGGGC ATTAAAGA TCCAGTTTGGAACAAGAGTCCACT AGTGTTGT AAAGAATAGCCCGAGATAGGGTTG ATAAATCA GTTCCGAAATCGGCAAAATCCCTT ATCCTGTTTGATGGTG

G T A G A A G A A C T C A A A C T A T C G G C C T T G C T G G T A A T A T C C A G A A C A A T A T T A C C G C C A G C C A T T G C A A C A G G A A A A A C G C T C A T G G A A A T A C C T T T C C A G T C G G G A A A C C T G T C G T G C C A G C T G C A T T A A T G A A T C G G C C A A C G C G C G G G G A G A G G C G G T T T G C G T A T T G G G C G C C A G G G T G G T T T T T C T T T T C A C C A G T G A G A C G G G C A A C A G C T G A T T G C C C T T C A C C G C C T G G C C C T G A G A G A G T T G C A G C A A G C G G T C C A C G C T G G T T T G C C C C A G C A G G C G A A A

AAGGGACATTCTGGCC AGTAATAA ACACGACC CACCAGTC GGCAGATT TTTACATT ATGGATTA CGCTCAATCGTCTGAA CGCTCACTGCCCGCTACATTTTGA TTGCGTTG CACATTAA AGCTAACT GGGTGCCTAATGAGTG AAAGCCTG TAAAGTGT ATACGAGCCGGAAGCA CACACAAC CACAATTC GAAATTGTTATCCGCT TCCTGTGT TAGCTGTT TTCGTAATCATGGTCA AGCTCGAA GGGTACCG ACTCTAGAGGATCCCC GCATGCCTGCAGGTCG

A A C A G A G A T A G A A C C C T T C T G A C C T G A A A G C G T A A G A A T A C G T G G C A C A G A C A A T A T T T T T G A A T G G C T A T T A G T C T T T A A T G C G C G A A C T G A T A G C C C T A A A A C A T C G C C A T T A A A A A T A C C G A A C G A A C C A C C A G C A G A A G A T A A A A C A G A G G T G A G G C G G T C A G T A T T A A C A C C G C C T G C A A C A G C C A G C T G G C G A A A G G G G G A T G T G C T G C A A G G C G A T T A A G T T G G G T A A C G C C A G G G T T T T C C C A G T C A C G A C G T T G T A A A A C G A C G G C C A G T G C C A A G C T T

CCGTCAATAGATAATA GATTAGAG AACTAATA GCACTAAC CTTTAGGA TAAAATAT AGGTTATC TGAAAGGAATTGAGGA TTGGCAAATCAACAGT CTGGTCAG ATCAATAT AACCCTCA AAATATCA CACCTTGCTGAACCTC TAAAGCAT GAAAAATC AGAGCCAGCAGCAAAT TCTTCGCTATTACGTGCCACGCTG TGCGGGCC GCGATCGG TGGGAAGG CAGGCTGCGCAACTGT TCGCCATT AGCGCCAT GCCGGAAACCAGGCAA CGGCACCGCTTCTGGT

C A T T T G A G G A T T T A G A A G T A T T A G A C T T T A C A A A C A A T T C G A C A A C T C G T A T T A A A T C C T T T G C C C G A A C G T T A T T A A T T T T A A A A G T T T G A G T A A C A T T A T C A T T T T G C G G A A C A A A G A A A C G A G C G A G T A A C A A C C C G T C G G A T T C T C C G T G G G A A C A A A C G G C G G A T T G A C C G T A A T G G G A T A G G T C A C G T T G G T G T A G A T G G G C G C A T C G T A A C C G T G C A T C T G C C A G T T T G A G G G G A C G A C G A C A G T A T C G G C C T C A G G A A G A T C G C A C T C C A G C C A G C T T T C

GAACCTACCATATCAA AAGGGTTA AATAATGG TACTTCTG TTGGATTA CTGATTGT ATATAATC TGATGGCAATTCATCA ATTCCTGATTATCAGA ATCATCAT GCGGAATT CAACATTAAATGTCACCAGAAGGA GCTTTCAT TGTAGCCA GGCCTTCC AAAATAATTCGCGTCT AATAGGAACGCCATCA TTTTAACC AGCTCATT AAATTTTTGTTAAATC TGTTAAAATTCGCATT TAATATTT GTAAACGT AGCAAATATTTAAATT ACAGGAAGATTGTATA

A A T T A T T T G C A C G T A A A A C A G A A A T A A A G A A A T T G C G T A G A T T T T C A G G T T T A A C G T C A G A T G A A T A T A C A G T A A C A G T A C C T T T T A C A T C G G G A G A A A C A A T A A C G G A T T C G C C T G A T T G C T T T G A A T A C C A A G T T A C A A A A T C G C G C A G A G G C G A A T T A T T C A T T T C A A T T A C C T G A G C A A A A G A A G A T G A T G A A A C A A A C A T C A A G A A A A C A A A A T T G A A C G G T A A T C G T A A A A C T A G C A T G T C A A T C A T A T G T A C C C C G G T T G A T A A T C A G A A A A G C C C C A A A A

GACTACCTTTTTAACC GTCTGAGA AATCATAG TTTATCAA ATAGTGAA AAGAGTCA ACGCTGAG GATAGCTTAGATTAAG TCCTTGAAAACATAGC CCTTAGAA TAATTTTC AATCGTCGCTATTAAT CTTCTGTA TAACCTTG TGAGTGAA AATATATG AAACAGTACATAAATC TTACCTTTTTTAATGG CATTTGAA AACAATTT ACAAGAGAATCGATAATTACATTT TGGAGCAA TGAGAGTC TCATTGCC TACAAAGGCTATCAGG CTATTTTTGAGAGATC

T C C G G C T T A G G T T G G G T T A T A T A A C T A T A T G T A A A T G C T G A T G C A A A T C C A A T C G C A A G A C A A A G A A C G C G A G A A A A C T T T T T C A A A T A T A T T T T A G T T A A T T T G C G G G A G A A G C C T T T A T T T C A A C G C A A G G A T A A A A A T T T T T A G A A C C C T C A T A T A T T T T A A A T G C A A T G C C T G A G T A A T G T G T A G G T A A A G A T T C A A A A G G G T G A G A A A G G C C G G A G A C A G T C A A A T C A C C A T C A A T A T G A T A T T C A A C C G T T C T A G C T G A T A A A T T A A T G C C G G A G A G G G T A G

TAATTACTAGAAAAAG CGGAATCA ATAAACAC AAATAAGA AAGGCGTT TGATAAAT CGACCGTG TAATGGTTTGAAATAC CCTAAATT CCTGTAATACTTTTCATCTTCTGA CCAAAAACATTATGAC CGGTTGTA AGCTAAAT GAGCATAA AAGCCTCA GCAAAATTAAGCAATA GCAAGGCAAAGAATTA TCATACAG CCAATAAA GTAGTAGCATTAACAT TACTAATA ATCAATTC AAGGTGGC GAGCTGAA TTTTCATTTGGGGCGC AACCTGTTTAGCTATA

C C T G T T T A G T A T C A T A T G C G T T A T A C A A A T T C T T A C C A G T A T A A A G C C A A C G C T C A A C A G T A G G G C T T A A T T G A G A A T C G C C A T A T T T A A C A A C G C C A A C A T G T A A T T T A G G C A G A G G C A T T T T C G A G C C A G T A A T A A G A G A A T A T A A A G T A C C G A C A A A A G G T A A A G T A A T T C T G T C C A G A C G A C G A C A A T A A A C A A C A T G T T C A G C T T C C A T A T A A C A G T T G A T T C C C A A T T C T G C G A A C G A G T A G A T T T A G T T T G A C C A T T A G A T A C A T T T C G C A A A T G G T C A A T

ATCATTACCGCGCCCA TATTTTCATCGTAGGA GCCGTTTT ACAAGCAA CATCGAGA ACCGCACT GGGTATTAAACCAAGT CCAAGAAC TTATCATT AATCGGCTGTCTTTCC GTAGAAACCAATCAAT ACGAGCAT CCTAATTT TATCCCAT AAAAATAA ATAAGTCCTGAACAAG TGTTTATCAACAATAG AACGCGCC TAATGCAG GTGTCTGGAAGTTTCA AAAGTACG ATGCAACT TTTTAAAT TCAACATG AATATAATGCTGTAGC TAGAGCTTAATTGCTG

A T A G C A A G C A A A T C A G A T A T A G A A G G C T T A T C C G G T A C T C A A A T G C T T T A A A C A G T T C A G A A A A C G A G A A T G A C C A T A A A T C A A A A A T C A G G T C T T T A C C C T G A C T A T T A T A G T C A G A A G C A A A G C G G A T T G C A T C A A A A A G A T T A A G A G G A A G C C C G A A A G A C T T C A A A T A T C G C G T T T T A A T T C G A G C T T C A A A G C G A A C C A G A C C G G A A G C A A A C T C C A A C A G G T C A G G A T T A G A G A G T A C C T T T A A T T G C T C C T T T T G A T A A G A G G T C A T T T T T G C G G A T G G C T

TAGCGAACCTCCCGAC AGGCGTTT ATTGAATCCCCTTCTAAGAACGCG AAATATTC ATCGTCAT CGTCCAATACTGCGGA CTGGATAG TGTTTAGA GGGGGTAATAGTAAAA AAGAAGTTTTGCCAGA TTTTGCAA CGAGAGGC CAAAATAG ATAAAAAC CGTTTACCAGACGACG ACACTATCATAACCCT TAAGAGCA AGGCATAG GCCAAAAGGAATTACG TACATAAC AATGCAGA ATTCAACT AATACCAC TCAGTTGAGATTTAGG CAGGTAGAAAGATTCA

T T G C G G G A G G T T T T G A A G C C T T A A A T C A A G A T T A G T T G C T A T T T T G C A C C C A G C T A C A A T T T T A T C C T G A A T C T T A C C A A C G C T A A C G A G C G T C T T T C C A G A G C C T A A T T T G C C A G T T A C A A A A T A A A C A G C C A T A T T A T T T A T C C C A A T C C A A A G A G A T G G T T T A A T T T C A A C T T T A A T C A T T G T G A A T T A C C T T A T G C G A T T T T A A G A A C T G G C T C A T T A T A C C A G T C A G G A C G T T G G G A A G A A A A A T C T A C G T T A A T A A A A C G A A C T A A C G G A A C A A C A T T A T T A

TATCAGAGAGATAACC AGCGCTAA GGTAATTG CTGAACAAAGTCAGAG TGAACACC GAATTAAC AGCGCATTAGACGGGA AACAGGGA AACATAAA CCTTTACAGAGAGAAT AAAATGAAAATAGCAG TAACGTCA TTTTTGTT GTAAATTGGGCTTTAAGAAACGAT AACGAGTA TGACGAGAAACACCAG GCTTGCCC TGAATAAG AAAGCTGCTCATTCAG AACGTAAC CCCAAATC ATTCATTA AACCGGAT GAGTAATCTTGACAAG GGCTGACCTTCATCAA

C A C A A G A A T T G A G T T A A G C C C A A T A A T A A G A G C A A G A A A C A A T G A A A T A G C A A T A G C T A T C T T A C C G A A G C C C T T T T T A A A C T C A T C T T T G A C C C C C A G C G A T T A T A C C A A G C G C G A A A C A A A G T A C A A C G G A G A T T T G T A T C A T C G C C T G A T A A A T T G T G T C G A A A T C C G C G A C C T G C T C C A T G T T A C T T A G C C G G A A C G A G G C G C A G A C G G T C A A T C A T A A G G G A A C C G A A C T G A C C A A C T T T G A A A G A G G A C A G A T G A A C G G T G T A C A G A C C A G G C G C A T A G G C T

AATACCCAAAAGAACT AATAACGG AACGCAAT AGAAGGAAACCGAGGA AAGTTACC GCCGAACA GAAAAGTAAGCAGATA ACTAAAAC AAGAATAC AAAACGAAAGAGGCAA ACGAAGGCACCAACCT ATGCCACT AATACGTA TCCATTAAACGGGTAA AGGAAGTT TTTTCATG TTGAGGACTAAAGACT CAGAGGCT AACGGCTA TCGGAACGAGGGTAGC AGACAGCA GCAGCGAA CACCCTCA GGGATCGT TAAAGGCCGCTTTTGC GAGGCTTGCAGGGAGT

G G C A T G A T T A A G A C T C C T T A T T A C G C A G T A T G T T A G C A A A C G T A G A A A A T A C A T A C A T A A A G G T G G C A A C A T A T A A A A G A A A C G C A A A G A C A C C A C G G A A T A A G T T T A T T T T G T C A C A A T C A A T A G A A A A T T C A T A T G G T T T A C C A G C G C C A A A G A C A A A A G G G C G A C A T T C A A C C G A T T G A G G G A G G G A A G G T A A A T A T T G A C G G A A A T T A T T C A T T A A A G G T G A A T T A T C A C C G T C A C C G A C T T G A G C C A A C C A T C G C C C A C G C A T A A C C G A T A T A T T C G G T C G C T

CGCCTCCCTCAGAGCC ACCGGAAC GAGCCACC AAAATCACCGGAACCA TCATAATC CCATCTTT CCCTTATTAGCGTTTG TCATAGCC ATTTTCGG GCGCGTTTTCATCGGC TTAGCGTCAGACTGTA GTTTGCCT AGAATCAA CGTAATCAGTAGCGAC AGCAGCAC CCATCGAT AACGTCACCAATGAAA AGGCCGGA CATTAGCA CCAGTAGCACCATTAC CAAAATCA AGAGCCAG CGACAATGACAACATTTGGGAATT AGTTGCGC ACAGCTTGATACCGAT

G C C A C C C T C A G A A C C G C C A C C C T C A G A G C C A C C A C C C T C A G A G C C G C C A C C A G A A C C A C C G T A A C G A T C T A A A G T T T T G T C G T C T T T C C A G A C G T T A G T A A A T G A A T T T T C T G T A T G G G A T T T T G C T A A A C A A C T T T C A A C A G T T T C A G C G G A G T G A G A A T A G A A A G G A A C A A C T A A A G G A A T T G C G A A T A A T A A T T T T T T C A C G T T G A A A A T C T C C A A A A A A A A G G C T C C A A A A G G A G C C T T T A A T T G T A T C G G T T T A T C A G C T T G C T T T C G A G G T G A A T T T C T T A A
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PXAFM046 PXAFM047 PXAFM048

PXAFM049

PXAFM050 PXAFM051 PXAFM052 PXAFM053PXAFM054 PXAFM055 PXAFM056 PXAFM057 PXAFM058 PXAFM059 PXAFM060 PXAFM061 PXAFM062 PXAFM063
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DNA Origami Design with Sticky-ends�

Anneal� Heat�

GTTTCTTTGTTCCGCAAAATGATAATGTTACTCAAACTTTTAAAATTAATAACGTTCGGGCAAAGGATTTAATACGAGTTGTCGAATTGTTTGTAAAGTCTAATACTTCTAAATCCTCAAAT TTGTTCCCACGGAGAATCCGACGGGTTGTTACTCGCTC
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ATTTTGTTTTCTTGATGTTTGTTTCATCATCTTCTTTTGCTCAGGTAATTGAAATGAATAATTCGCCTCTGCGCGATTTTGTAACTTGGTATTCAAAGCAATCAGGCGAATCCGTTATTGTTTCTC
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PXAFM117 PXAFM118 PXAFM119 PXAFM120 PXAFM121 PXAFM122 PXAFM123 PXAFM124 PXAFM125

PXAFM126

PXAFM127 PXAFM128 PXAFM129 PXAFM130 PXAFM131 PXAFM132 PXAFM133 PXAFM134

PXAFM135 PXAFM136 PXAFM137 PXAFM138 PXAFM139 PXAFM140 PXAFM141 PXAFM142 PXAFM143PXAFM144 PXAFM145 PXAFM146 PXAFM147 PXAFM148 PXAFM149 PXAFM150 PXAFM151 PXAFM152

PXAFM153 PXAFM154 PXAFM155 PXAFM156 PXAFM157 PXAFM158 PXAFM159 PXAFM160 PXAFM161PXAFM162 PXAFM163 PXAFM164 PXAFM165 PXAFM166 PXAFM167 PXAFM168 PXAFM169 PXAFM170

PXAFM171 PXAFM172 PXAFM173 PXAFM174 PXAFM175 PXAFM176 PXAFM177 PXAFM178 PXAFM179PXAFM180 PXAFM181 PXAFM182 PXAFM183 PXAFM184 PXAFM185 PXAFM186 PXAFM187 PXAFM188

PXAFM189 PXAFM190 PXAFM191 PXAFM192 PXAFM193 PXAFM194 PXAFM195 PXAFM196 PXAFM197PXAFM198 PXAFM199 PXAFM200 PXAFM201 PXAFM202 PXAFM203 PXAFM204 PXAFM205

PXAFM206 PXAFM207 PXAFM208 PXAFM209 PXAFM210 PXAFM211 PXAFM212 PXAFM213 PXAFM214 PXAFM215 PXAFM216
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Labelling	  with	  le6er	  “T”
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Replica'on	  cycles	  -‐	  cool/UV/heat	  -‐repeat
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Number	  of	  Dimers	  Doubles	  each	  cycle!
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Cycle N� Cycle N�
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Here’s	  500X	  mul'plica'on	  of	  seed



AFM	  Images	  of	  1024	  
replica'on

mostly single tiles

mostly dimer tiles



Replication by Transfer Experiment�

! Use$the$self)replicated$sample$(ra2o:$1:32)$a9er$four$cycles$
! Allow$approximately$14)fold$amplifica2on$before$transferring$~6%$of$the$mixture$to$$
$$$$$a$new$reac2on$tube$that$contained$a$fresh$supply$of$monomers.$$�

Total amplification: 7,462,477�
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Total Amplification 7.5 million Xiaojin 
 He

       Replication by Serial Dilution         
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       Gel analysis shows same growth as counting Origami       

Monomer 
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band
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no origin of life yet 





Schematic Evolution

Original Species

Mutations with 	

inheritable traits ~ equal growth

Environment Changes -   advantage to one species 	

      growth rate higher -          species takes over

Environment Changes - Fire - need theory of Plasmas - advantage to one species 



Red - Green Origami Evolution

Original Species

Environment Changes - Red Light - advantage to one species 

Environment Changes -   advantage to one species 	


 Selection - higher growth rate - Green takes over

II

I I I I
I I

Red Dye

Mutations with 	

inheritable traits

~ equal growth

Green Dye Red Dye



jQ ⇠ Q̇
4⇡r2

T = T0 + �T/r
1µW 100nm ! 10C

1µm

1C

Laser	  Hea'ng	  of	  IR	  Dyes

Local	  hea'ng

100nm	  



Seed	  
HH

FG	  
H-2 
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SG	  
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C 0 1 8 6 1 8 6

H H

H  H  
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I  I  

I I

I  I  

IIHH

H H

H  H  

I I

I  I  

H H

H  H

H  H  I I  I  H

H H I I

785	  nm	  Laser	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  685	  nm	  Laser	  	  	  	  	  	  	  



Cycle 2                                                 Cycle 4

u~ 4 C: Laser 785 nm for 20 min	  
u~ 4 C: Laser 785 nm + UV for 1 h	  
uAfter each 2 cycles	  
1) add monomer H to keep 	  

HH: H-FG: H-SG= 1: 7: 7	  
2) Add Monomer I to keep	  

(2*HH+ H): (2*II+ I) = 1: 1

H  H  

I  I  



HH with Green

HH with Red

II with Red

no light

II with Green

II

HH
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Replica'on	  rate	  
	  1.2	  vs	  1.95



Cycle 2                                            Cycle 4                                           Cycle 6�
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     (ii)                                                                      

785 nm                       685 nm�

Cycle 2                                                               Cycle 6�

Cycle 2                                                               Cycle 6�

Can	  reverse	  selec'on	  by	  switching	  lights

Grow	  in	  green	  1	  step	  then	  switch	  to	  red



How about growing it outside?



Roof Top  -   Washington Sq Park

Sun from here 

Dirt from here 



The Chaikin-Roof DNA Origami Solar Replicator 

After a cold night, rays from the 
sunrise hit the sample 

 for about 2 hours 

26° 
#

Andrew Bergman

Roof Top DNA Origami Solar Replicator



As the sun continues to rise, rays 
are blocked from hitting the sample 

and now serve to heat the dirt 

26° 
#

Why Dirt? 
Ambient temperature 

32-36F –> 0-2C 
 

Dirt Temperature 
32-96F -> 0-35C 

  



Original Dimer:Mono Ratio – 1:30 

After One Sunny Day: 
 

Control Sample on roof  (in Al Foil) 
 Dimers Remain Same Concentration 

 
Sunny Sample 

Dimers Doubled 



DNA as a functional material

Now much DNA is there?

2 km

2 km

2 km

Enough to fill a cube 	

2 kilometers on a side

Enough to build 200 cities the size of New York



Summary
•Dynamic Clustering when flux in (ρ+) >  flux out 
!

•DNA is a great structural material 
      - specific, controllable, reversible, or permanent bonds 
  
• 1st ? Artificial Self-replicating system with: 
      - design flexibility 

- autonomous offspring 
- no enzymes 
- exponential growth (great way to make zillions of nanodevices) 
!
- uses only temperature and light mimicking daily cycles 
- replicates information and structure 
- 1: 7,500,000 and growing 
!

• Next: 
-evolution 
-without nucleic acids

Keck Foundation 
NYU NSF MRSEC

Basic Energy Science


