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What can we do with 
DNA?

• Using its physical-chemical properties (size, shape, charge 
etc)

• Using its biological properties (sequence specificity, 
biomolecular interaction)

• How to manipulate DNA - or how to use DNA to 
manipulate other things



What can we do with 
DNA?

• Biotechnology uses: (not today’s lecture)

• Genetic Engineering, PCR, plasmid technology

• Bionanotechnology uses: (What we want to learn from)

• DNA Structures 

• Molecular probes (molecular beacons)

• Nanoelectronics

• DNA lithography

• DNA biochips



DNA Structures

• Principle: 

• Sticky ends for 
cohesion (base pair 
matching)

• Ligase enzyme assisted 
ligation (fixing the 
strand)

Cohesion

Ligase 



Sticky ends

• Hybridization based 
device

• Simple idea: (from 
Nature, 406, pp. 605-608)

• Set Strand

• Unset Strand

MOTIF 

SET STRAND

Eight 
additional 

bases
"toehold"

UNSET STRAND



PX-JX2 device

other by 1808 [26]. The PX–JX2 device uses two set strands
to establish the state of the device, either in the PX con-
formation or the rotated JX2 conformation. The machine
cycle of this device is shown in Figure 2a.

The robustness and effectiveness of this device were
established by gel electrophoresis, but themost convincing
evidence for its operation derived from AFM data. A series
of DNA trapezoids, formed from three edge-sharing DNA
triangles [27], are connected by the device (Figure 2b). In
the PX state, the trapezoids are all parallel to each other,
whereas in the JX2 state, successive trapezoids have
opposite orientation. Consequently, the two states are
readily differentiated by observation in the atomic force
microscope. Figure 2c illustrates AFM images of these
arrays in each state, showing clearly that the device is
able to effect these conversions.

The strength of hybridization-based DNA nano-
machines is that devices that respond to different DNA
signals can be designed easily just by changing the
sequence in the region to which the set strands bind. An
example of this approach is described in Box 1.

There have been a many devices based on the Yurke
et al. [23] strategy. Prominent among them are walking
devices [28,29], wherein a walker ‘nanorobot’ takes steps
on a ‘sidewalk’ (Figure 3a). Walking devices afford motion
between two different molecular species, enabling their
relative spatial arrangement to be altered. Ultimately,
they will be used to move other molecular species as
cargoes and to intertwine polymers in braided configur-
ations. The steps of this walking device were followed by
crosslinking aliquots of the system with psoralen [28], but

FRET has also been used for this purpose [29]. Tian and
Mao have used this same approach to make DNA-based
gears [30]: they demonstrate, using non-denaturing gel
electrophoresis, that removal and addition of strands to two
linked circular molecules leads to their mutual rotation.

An exciting combination of 2D DNA crystals and
hybridization-based nanodevices has been developed by
Hao Yan and colleagues [31]. They have inserted a nano-
device into a DNA parallelogram array [6] so that the
dimensions of the crystalline repeat can be changed by
operating the device (Figure 3b). A stem–loop in one of the
parallelogram edges is stabilized by a removable strand
that serves as the complement only to its base. When that
strand is removed and replaced by a strand that is
complementary to the entire stem–loop, the length of
the edge is increased. Figure 3b illustrates this notion
schematically; in addition, elegant AFM images that
demonstrate the functioning of the system are shown. It
is worth noting that this is a purely translational motion.

Non-Watson–Crick base-paired motifs
The double helix is the most prominent of the unbranched
DNA structures, but it is not the only one. The G-quartet
motif [32] has been used by several investigators as a
component of a DNA-based device. The simplest of these
devices, from the laboratories of Weihong Tan [33] and
Jean-LouisMergny [34] are simple shape-shifting systems
wherein a single-stranded G-quartet structure is elimi-
nated by the addition of a molecule complementary to the
strand; G-quartet-based devices are based on the notion
that G-quartet-containing molecules are less stable than

PXPXPX

A B

C D

A B

C D

A B

D C

A B

D C

PX JX2

(3)

(1)

(4)

(2)

JX2 JX2

JX2

PX

JX2

200 x 200 nm

200 x 200 nm

(c)(a) (b)

Figure 2. The PX–JX2 device and its applications. (a) The machine cycle of the PX–JX2 device. The structure of the PX DNAmotif (left), wherein two double helices exchange
strands of the same polarity at every possible position [51], is shown. The conformation of the motif is established by two set strands – shown in green for the PX state and
pink for the JX2 state. The set strands (green) are removed from the PX molecule by the addition of biotinylated (black dots) unset strands, which can then be removed with
magnetic streptavidin beads (1). The resulting naked frame (top; for clarity, the strands of the naked frame are shown in red and blue) can be bound by set strands (pink) to
convert the device to the JX2 state (2). Note that, because the JX2 conformation lacks two of the crossovers present in the PX state, the lower region of the JX2 molecule
(labeled D and C) is rotated by a half-turn. Steps (3) and (4) restore the PX state. (b) A system to demonstrate the motion of the PX–JX2 device. The device connects DNA
trapezoids (three fused DNA triangles). When the system is in the PX state, all trapezoids point in the same direction, but they point in opposite directions in the JX2 state.
(c) AFM images of the molecules in (b). The PX and the JX2 strings show the images expected from the schematics in (b). Part (c) reproduced, with permission, from Ref. [26]
(www.nature.com).
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relative spatial arrangement to be altered. Ultimately,
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crosslinking aliquots of the system with psoralen [28], but

FRET has also been used for this purpose [29]. Tian and
Mao have used this same approach to make DNA-based
gears [30]: they demonstrate, using non-denaturing gel
electrophoresis, that removal and addition of strands to two
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schematically; in addition, elegant AFM images that
demonstrate the functioning of the system are shown. It
is worth noting that this is a purely translational motion.
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Molecular probes / beacons

• Probe is normally in the 
hairpin configuration - 
i.e. fluorescence is 
quenched

• When hybridized the 
quencher and 
fluorophore are 
separated restoring 
fluorescence

h!

h!
'

h!

h!
'

fluorophore

quencher



FRET systems

• How do you  know your 
beacon is not dead?

• Forster / fluorescence 
resonance energy 
transfer

• Emission of donor = 
absorption of acceptor

• Distance between donor 
and acceptor is critical

h! donor acceptor

h!
'

resonance

h!
h!

'resonance

Analyte Strand

Testing strand 1 Testing strand 2



DNA stress gauge

• IHF - a protein bends a 
DNA molecule.

• Connecting a sticky end 
FRET system one can 
estimate the bending 
force of IHF

need to open it by addition of an unset strand. Never-
theless, it is does not appear impossible to use cyclic
systems to control nucleic acid nanodevices in a manner
similar to that used by Michael Elowitz and Stanislas
Leibler to control the color of cells [50].

Concluding remarks
The devices described here represent a remarkable tool-
box for controlling the structural states of nucleic acid
objects, and even of arrays. I suspect that the importance
of the sequence selectivity (associated, so far, only with the
Yurke et al. [23] control method) is the key to future
progress of this field. It will come to the fore even more
than it has already when numerous robust devices are
incorporated into fixed positions in periodic arrays and
other structures, not only as done by Yan et al. [31], but
also in systems in which the devices do not modify the
basic structure of the arrangement. Likewise, the exten-
sion of the Dittmer and Simmel [49] approach to complete
autonomy will enable structural manifestations of logical
circuits, produced perhaps by the techniques of DNA-
based computation (see, for example, Ref. [12]). The tool-
box will no doubt continue to grow. However, what is now
required is for the DNA-nanodevices community to
interact with other communities, ranging from materials
science and nanoelectronics to biochemistry, genomics
and molecular therapy. The value of these devices and
approaches will be maximized when these diverse com-
munities can help to establish goals for their use.
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An autonomous device

• Long RNA substrate (S) 
binds to device (FRET 
signal disappears)

• Enzyme cleaves RNA - 
shorter strands 
dissociate

• Device closes (FRET 
appears)

• DNA ‘brakes’ can be 
applied
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similar to that used by Michael Elowitz and Stanislas
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Yurke et al. [23] control method) is the key to future
progress of this field. It will come to the fore even more
than it has already when numerous robust devices are
incorporated into fixed positions in periodic arrays and
other structures, not only as done by Yan et al. [31], but
also in systems in which the devices do not modify the
basic structure of the arrangement. Likewise, the exten-
sion of the Dittmer and Simmel [49] approach to complete
autonomy will enable structural manifestations of logical
circuits, produced perhaps by the techniques of DNA-
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Organizing DNA

• Polydimethyl siloxane 
(PDMS) stamp is made

• DNA is “combed” using 
the stamp

• DNA sticks to glass as 
PDMS is hydrophobic

• Guan and Lee, 2005, 
PNAS 102, 51, pp 
18321-18325

(Wayne, NJ) DVL9800 digital video camera. After peeling, the
stamp surface was dry under the naked eye, and the DNA
solution remained on the glass coverslip. To transfer the formed
nanostrands onto a solid surface, the stamp with nanostrands
was brought in contact with the surface for 1 min without
external pressure and then peeled away. To make more complex

patterns, a second contact printing was performed on the already
printed array.

Fluorescence Imaging. The stamp with nanostrands was placed on
a glass coverslip with the nanostrands in contact with the
coverslip. The coverslip was mounted and imaged under an
inverted Nikon TMS epifluorescence microscope equipped with
a !100!1.3-numerical aperture oil immersion objective lens.

SEM Imaging. The stamp with DNA nanostrands was sputter-
coated with 20-nm-thick Pt!Pd and imaged at 1 kV accelerating
voltage in a Hitachi (Tokyo) S-4300 SEM.

AFM Imaging. AFM images of DNA nanostrands on freshly
cleaved mica were obtained on a MultiMode microscope with a
Nanoscope IIIa controller (Digital Instruments, Santa Barbara,
CA) in tapping mode operated in air.

Results
Fig. 2A shows stretched DNA molecules on a flat PDMS stamp
generated at a low peeling speed. The molecules are well aligned
but randomly distributed with different lengths. In contrast,
highly ordered arrays of DNA strands were obtained on the
PDMS stamps with microwells as shown in Fig. 2 B–D. Depend-
ing on the peeling speed, either short (Fig. 2 B and C) or long
(Fig. 2D) strands can be obtained at low and high speed,
respectively and repeatedly. Fig. 2 B and C show two different
arrays of short strands connecting two vertically and diagonally
adjacent microwells, respectively. In each picture, the bright
strands of the same length and orientation are precisely posi-
tioned between adjacent microwells that are vaguely visible.
Such arrays covering an area of several millimeters were ob-
tained repeatedly with scattered defects such as misoriented
DNA strands and strands with either one or both ends not in the
microwells. An array of long and parallel DNA strands on the
stamp is shown in Fig. 2D. The strands were up to several
hundred micrometers long and cover an area up to 1 ! 1 mm2.
Two compounded fluorescence images showing long nanos-

Fig. 1. Schematic of generating and transferring DNA nanostrand arrays.

Fig. 2. Fluorescence micrographs of (A) DNA molecules combed on a flat PDMS stamp, (B) vertically and (C) diagonally aligned DNA strands on the PDMS stamps
with microwells, and (D) long DNA strands on the PDMS stamp with microwells. SEM images of (E) an array of long DNA strands and (F) a ‘‘thorn’’-like structure
over microwells of a PDMS stamp. The portions of DNA strands on the top surface of the stamp are not visible because of their small thickness. [Scale bar, 10 !m
(A–D).]
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Ordered nanostrands(Wayne, NJ) DVL9800 digital video camera. After peeling, the
stamp surface was dry under the naked eye, and the DNA
solution remained on the glass coverslip. To transfer the formed
nanostrands onto a solid surface, the stamp with nanostrands
was brought in contact with the surface for 1 min without
external pressure and then peeled away. To make more complex

patterns, a second contact printing was performed on the already
printed array.

Fluorescence Imaging. The stamp with nanostrands was placed on
a glass coverslip with the nanostrands in contact with the
coverslip. The coverslip was mounted and imaged under an
inverted Nikon TMS epifluorescence microscope equipped with
a !100!1.3-numerical aperture oil immersion objective lens.

SEM Imaging. The stamp with DNA nanostrands was sputter-
coated with 20-nm-thick Pt!Pd and imaged at 1 kV accelerating
voltage in a Hitachi (Tokyo) S-4300 SEM.

AFM Imaging. AFM images of DNA nanostrands on freshly
cleaved mica were obtained on a MultiMode microscope with a
Nanoscope IIIa controller (Digital Instruments, Santa Barbara,
CA) in tapping mode operated in air.

Results
Fig. 2A shows stretched DNA molecules on a flat PDMS stamp
generated at a low peeling speed. The molecules are well aligned
but randomly distributed with different lengths. In contrast,
highly ordered arrays of DNA strands were obtained on the
PDMS stamps with microwells as shown in Fig. 2 B–D. Depend-
ing on the peeling speed, either short (Fig. 2 B and C) or long
(Fig. 2D) strands can be obtained at low and high speed,
respectively and repeatedly. Fig. 2 B and C show two different
arrays of short strands connecting two vertically and diagonally
adjacent microwells, respectively. In each picture, the bright
strands of the same length and orientation are precisely posi-
tioned between adjacent microwells that are vaguely visible.
Such arrays covering an area of several millimeters were ob-
tained repeatedly with scattered defects such as misoriented
DNA strands and strands with either one or both ends not in the
microwells. An array of long and parallel DNA strands on the
stamp is shown in Fig. 2D. The strands were up to several
hundred micrometers long and cover an area up to 1 ! 1 mm2.
Two compounded fluorescence images showing long nanos-

Fig. 1. Schematic of generating and transferring DNA nanostrand arrays.

Fig. 2. Fluorescence micrographs of (A) DNA molecules combed on a flat PDMS stamp, (B) vertically and (C) diagonally aligned DNA strands on the PDMS stamps
with microwells, and (D) long DNA strands on the PDMS stamp with microwells. SEM images of (E) an array of long DNA strands and (F) a ‘‘thorn’’-like structure
over microwells of a PDMS stamp. The portions of DNA strands on the top surface of the stamp are not visible because of their small thickness. [Scale bar, 10 !m
(A–D).]
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More complex structures

• Depending on the length 
of the DNA strands, 
DNA grids can be 
created

• What do you think this 
enables?

• What are its limitations?

trands over a large area are shown in supporting information,
which is published on the PNAS web site. Many long strands have
multiple ‘‘thorn’’-like structures extending aside from the
‘‘stems’’ as shown in Fig. 2D. SEM images (Fig. 2 E and F) further
display that the long DNA nanostrands and the ‘‘thorns’’ are
suspended over the microwells.

Fig. 3 shows AFM images of the DNA nanostrands on a mica
surface. The height of the short nanostrands on the mica is

fairly uniform along the length of individual strands. For
example, the heights of the nanostrand marked as ‘‘a’’ in Fig.
3A at its upper, center, and lower positions are 0.97, 1.22, and
1.27 nm, respectively. However, the heights among different
nanostrands vary considerably. Measurements on 10 nanos-
trands at their centers in Fig. 3A gave an average height of 1.48
nm (!0.73 nm) and a range from 0.88 to 3.31 nm. The heights
of the stretched single DNA molecules that were printed on
mica from a f lat PDMS stamp are typically "0.4 nm (9). Thus
the nanostrands shown in this work are likely composed of a
bundle of stretched DNA molecules with different numbers of
strands. Fig. 3B shows similar AFM measurements of long
DNA nanostrands. Measurements on 33 nanostrands gave an
average height of 1.19 nm (!0.52 nm) and a range from 0.58
to 2.80 nm. A ‘‘thorn’’ extending aside from a long DNA
nanostrand is shown in Fig. 3C.

Fig. 4A demonstrates an array of discrete nanostrand
‘‘crosses.’’ These were prepared by printing the vertically
aligned short DNA nanostrands on a glass slide twice in a
perpendicular fashion by using the stamp with microwells 5 !m
in diameter, 8 !m in center-to-center distance, and 1.9 !m in
depth. Fig. 4B shows a crossbar structure prepared by double
printing the long nanostrands produced by using a 50 !g!ml
DNA solution.

Discussion
To generate a highly ordered DNA nanostrand array covering
a large area, it is important to preload DNA molecules in every
microwell by pressing the stamp against the glass coverslip
before peeling it off. Otherwise, significantly fewer DNA
molecules remain on the stamp. Separating the stamp and the
glass coverslip from one end leads to the receding of the DNA
solution toward the opposite end due to the dewetting of the
aqueous solution from hydrophobic surface of the PDMS
stamp. We hypothesize that formation of the short DNA
nanostrands follows a molecular combing-based process as
shown in Fig. 5. The microwells not only act as starting and
ending points of the combing of individual nanostrands but
also facilitate assembly of originally separated DNA molecules
into bundled strands. The formation of long nanostrands is
believed to follow a similar process, but the combing of a
nanostrand on the top surface of the stamp does not stop due

Fig. 4. Fluorescence micrographs of arrays of short (A) and long (B) DNA
nanostrands prepared by double printing. (Scale bar, 10 !m.)

Fig. 3. Tapping-mode AFM height images and section profiles of short DNA nanostrands (A), long DNA nanostrands (B), and a long DNA nanostrand with a
‘‘thorn’’ on the mica surface (C). [Scale bars, 10 !m (A and B) and 2 !m (C).]
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DNA lithography

• Create a master template

• Hybridize with (thiolated) 
complements

• Transfer complements to 
(gold) surface

• Repeat TEMPLATE

COPY



DNA templated fabrication

• Now we know how to 
control position of DNA

• DNA is negatively 
charged

• Use DNA as a template 
to lay down metal 
nanowires!
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Affymetrix GeneChip®

• 3’ end of nucleotide is 
protected by a U/V labile 
cap

• Attach nucleotide 
through 5’ end

• Deprotect using U/V

• Repeat

U/V
U/V U/V U/V
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