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2.1 (Icons.) Dramatis personæ. Approximate relative sizes of some of the actors in our story.
T2 phage is a virus that infects bacteria, for example, Escherichia coli. Much of this book will be
occupied with phenomena relevant at length scales from the protozoan down to the DNA helix.
[Adapted from Kornberg, 1989.]
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Living Systems exhibit 
extraordinary capabilities . . . 

BUILD

ADAPT

HEAL

REPRODUCE

made possible by
Molecular Manufacturing

Biopolymer Machines

10 nanometers
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Understand how to build with atomic precision on 
increasing length scales (to 100 nm and beyond)

Synthetic Biology of Parts: Goals

Understand how to build sophisticated
 molecular devices that rival those from Nature

Construct and deploy useful said devices
e.g. tools for biophysics, diagnostics, therapeutics

communication, computing, energy, etc.
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We have several good reasons for wanting to build such
structures. First, we are aiming to fabricate macroscopic pieces
of matter made of designed molecules joined together in a struc-
ture that is controlled with nanoscopic precision. This proce-
dure could result in materials having novel properties or novel
combinations of properties. For example, materials with de-
signed optical properties, such as photonic crystals, could be
made by constructing precisely defined arrays with specific re-

peat distances [see “Photonic Crystals: Semiconductors of Light,”
by Eli Yablonovitch; Scientific American, December 2001].

Another goal is to use DNA as scaffolding to hold other
molecules in arrays, including those that do not form a regular
crystalline structure on their own. In this way, one could make
crystals for use in crystallography experiments by making DNA
cages that contain large biological molecules such as proteins
within them [see right illustration on next page]. Such cages
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SELF-ASSEMBLY of DNA structures is enabled by the strong propensity of DNA strands
with complementary base sequences to cohere to one another and form a double helix.
So-called sticky ends (a), short strands of unpaired DNA extending from one end of a
DNA molecule, join specific units together. A second key building block is branched DNA
(b), in which three or more helices are joined at a branch point. In naturally occurring
branched DNA, the branch point can move around (c) because the base sequences on
the four arms are symmetrical. Artificial branched DNA that lacks that symmetry has a
fixed branch point (d). Copies of branched DNA with complementary sticky ends (e)
self-assemble into a lattice structure.
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DNA is a nanoscale
structure, consisting 
of a double backbone of
phosphate and sugar
molecules between which
complementary pairs of
bases (A and T; C and G)
are connected by weak
bonds (left). DNA’s most
common conformation is
B-DNA (center), which
twists in a right-handed
double helix about two
nanometers in diameter.
One full turn of the helix is
about 3.5 nanometers, or
10 to 10.5 base pairs
long. In special
circumstances DNA can
form a left-handed double
helix called Z-DNA (right). 
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We have several good reasons for wanting to build such
structures. First, we are aiming to fabricate macroscopic pieces
of matter made of designed molecules joined together in a struc-
ture that is controlled with nanoscopic precision. This proce-
dure could result in materials having novel properties or novel
combinations of properties. For example, materials with de-
signed optical properties, such as photonic crystals, could be
made by constructing precisely defined arrays with specific re-

peat distances [see “Photonic Crystals: Semiconductors of Light,”
by Eli Yablonovitch; Scientific American, December 2001].

Another goal is to use DNA as scaffolding to hold other
molecules in arrays, including those that do not form a regular
crystalline structure on their own. In this way, one could make
crystals for use in crystallography experiments by making DNA
cages that contain large biological molecules such as proteins
within them [see right illustration on next page]. Such cages
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additional molecules are attached on the outside of the DNA’s
backbone (the sides of the DNA ladder). Medical researchers
hoping to use nucleic acids (DNA and RNA) for therapy have
made many such variants. DNA is extremely well suited to mak-
ing such derivatives because every nucleotide along the helix has
sites where molecules can be attached. 

Finally, as we will see below, DNA can be induced to form
structures different from the standard double helix. We can
build nanomechanical devices whose parts move—such as clos-
ing tweezers or a rotating shaft—when there is a transition from
one DNA structure to another. One drawback is that DNA ob-

jects must be constructed in an aqueous solution. It is no prob-
lem, however, to dry the resulting structures (on mica, for in-
stance) as we do to make microscopic images of our results.

Stick Models
THE FIRST STEP in any new scientific research program is to
establish the basic feasibility of the project. In 1991 Junghuei
Chen, now at the University of Delaware, and I did this by build-
ing a DNA molecule shaped like a cube formed from sticks [see
illustration below]. Each edge of the cube is a stretch of dou-
ble-helical DNA; each corner is a three-arm junction. Each cor-
ner is connected to three other corners; it is said that the cube’s
connectivity is three. Genetic engineers had made many linear
DNA constructs, but this was the first DNA molecule with con-
nectivity greater than two. The cube self-assembles from pieces
of DNA designed to adhere to one another, but the ends of each
piece do not join up. Ligases can connect these free ends, result-
ing in six closed loops, one for each face of the cube. Because of
the helical nature of DNA, each of these loops is twisted around
the loops that flank it, so the cube cannot come apart, even if all
the bonds joining the base pairs together were somehow broken.

Yuwen Zhang, now at Baxter Healthcare, and I built an-
other shape called a truncated octahedron, which is similar to
but more complicated than a cube [see illustration on page 64].
Although three-arm junctions would have sufficed to make in-

dividual truncated octahedra, instead we built them using four-
arm junctions. We intended that the extra arm sticking out at
each corner could be used to connect truncated octahedra to-
gether in a larger structure, but in the end we did not continue
in this direction. We had created only a very tiny quantity of
truncated octahedra—enough to characterize their structure but
too few to attempt to join them together—and even that minute
sample had taken us to the limits of what we could do without
overhauling our procedures (for example, by robotizing repeti-
tive steps). Instead we turned to simpler components.

Another reason for changing direction was that along the

way we realized that the stick polyhedra we had built were not
rigid. DNA is a stiff molecule: a stretch of DNA that is two or
three turns long (the lengths we use for the polyhedra edges) can
wiggle around its helix’s axis no more than a piece of cooked
spaghetti two or three millimeters long can wiggle around its
central axis. That inflexibility ensured that the edges of our stick
figures were rigid, but we learned that the angles at each corner
were quite variable. The polyhedra we had built were rather
like structures made of toothpicks stuck into blobs of marsh-
mallow at the corners. Such structures might have uses, but
building a regular lattice is not one of them. It is much easier
to self-assemble an orderly, crystallike piece of matter from
bricklike components than from marshmallows.

To solve this problem, my group examined another branched
motif found in biological recombination systems, the DNA dou-
ble-crossover (DX) molecule. The DX molecule consists of two
double helices aligned side by side, with strands crossing be-
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THE POLYHEDRA we had built were rather like structures made of 
toothpicks stuck into BLOBS OF MARSHMALLOW at the corners.

Base pairs

STICK CUBE ( far right) made out of six
loops of DNA demonstrated that 
three-dimensional structures can be
built. The backbone of each DNA strand
is depicted as colored spheres (a
different color for each strand) and 
the bases as white spheres. Each edge
of the cube comprises 20 nucleotide
pairs, or about two complete turns of
the double helix. Each corner is a 
three-arm junction. Simplified
schematic (near right) depicts how 
the DNA strands are connected but
omits the helical twists.

DNA backbone
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Shawn Douglas

100 nm

Rothemund PW Nature 
440, 297–302, 2006.
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“Monolith” Shawn Douglas

“Genie Bottle” Franziska Graf
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“Square Nut” Shawn Douglas “Railed Bridge” Tim Liedl

Thursday, March 3, 2011



“Slotted Cross” Björn Högberg “Stacked Cross” Hendrik Dietz
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Wireframe Icosahedron:
DNA-nanotube struts
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Wireframe Icosahedron:
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3D Wireframe Icosahedron
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Liedl T, Högberg B, Tytell J, 
Ingber DE, Shih WM. Self-
assembly of 3D prestressed 
tensegrity structures from DNA. 
Nature Nanotechnology 5, 520–
524, 2010.
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Potential for
mechanical actuation

High porosity and surface area
for delivery of morphogens
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100 nm

Guest molecules on a DNA ring Chenxiang Lin
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Molecular robots guided by prescriptive landscapes

K.Lund, A. J. Manzo, N. Dabby, N. Michelotti, A. Johnson-Buck, J. Nangreave, Steven Taylor, R. Pei, M. N. Stojanovic*, N. G. Walter*,
E. Winfree*, H. Yan*, Molecular Robots Guided by Prescriptive Landscapes, Nature 465, 206-210 (2010).

50nm 
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Growth of design complexity in 
DNA nanotechnology

C
om
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ity
 (n

t)

Time1980 1990 2000 2005 201019951985
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100
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10000

DNA 4-arm junctions
(Seeman, 1982)

doubles every 3 yearsErik Winfree

conceptual
advances
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DNA synthesis as
a rate-limiting factor

Thursday, March 3, 2011



Decrease cost of gene-length DNA synthesis

How do we sustain exponential growth in 
DNA-nanostructure design complexity?

Decrease cost of mass DNA synthesis

Employ templated, hierarchical, active self-assembly

Abstraction and software support
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A mature Synthetic Biology
and DNA Nanotechnology

HEALTHCARE
Diagnostics (imaging, sensing)

Enhanced-delivery, smart therapeutics
Regenerative medicine

Implants and prosthetics

ENERGY/ENVIRONMENT
Low-cost photovoltaics and fuel cells

Low-cost, efficient lighting
Efficient carbon sequestration

Environmental remediation

COMPUTATION
High-density memory

Plasmonic circuits and switches
Low-loss optical waveguides

Quantum computers

MATERIALS
Insulation, packaging, coatings
Membranes, filters, catalysts

Superlenses and cloaking devices
Embedded sensors
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Conclusions

Precise control over
self-assembly of

3D DNA nanostructures
will be useful.

We can self-assemble
arbitrary 3D-origami
DNA nanostructures.
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