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instructions. A similar scheme was used to roll two DNA ‘gears’ 
against each other55. Th e Sherman and Seeman walker56 uses a 
diff erent stepping mechanism: the front foot steps forward then the 
back foot catches up (the front foot always remains ahead of the back 
foot). Both walkers could step indefi nitely along a track composed 
of a repeating sequence of anchorages provided that the free foot is 
never off ered a choice of anchorages. For the Shin and Pierce device, 
which walks along a repeating sequence of four anchorages, this 
could be achieved by ensuring that the free foot can only bind to an 
anchorage adjacent to the bound foot (the sequence of anchorages 
could be reduced to three if the number of control strands were 
increased to twelve). For the inchworm mechanism of the Sherman 
and Seeman walker, the feet are sometimes bound to non-adjacent 
sites: continuous operation requires either a sequence of more than 
four anchorages or the constraint that the feet cannot swing past each 
other on the track. If the latter condition were met, an inchworm 
device with distinguishable feet could walk on a repeating sequence 
of only two anchorages, although if it did manage to reverse, it 
would not correct itself. Extended tracks for DNA walkers might 
be made from DNA nanotubes, which are straight structures with 
persistence lengths of many micrometres57–60, or from arrays built 
on periodic61–63 or non-periodic64 DNA templates.

Th e walking devices described in this section are not true 
molecular motors because they cannot complete a cycle of motion 
without external intervention. Lack of autonomy brings the 
advantage of increased controllability: the device can be stopped 
at a desired location or reversed simply by changing the order in 

which instruction strands are added. However, the construction of a 
free-running DNA motor that does not require external intervention 
would be a signifi cant accomplishment.

MOLECULAR MOTORS

Th e ambition to use DNA to construct autonomous motors that 
step along linear tracks is inspired by biological motors like myosin, 
kinesin and dynein that use free energy from hydrolysis of ATP to 
drive directional movement. Biological motors are astonishingly 
competent: they can be very fast, moving loads at speeds of up to 
60 µm s–1 (ref. 65), and processive, travelling distances of up to 1 µm 
before dissociating from their tracks66,49.

A chemically driven molecular motor is a catalyst for the reaction 
of the fuel from which it obtains energy. Biological motors couple 
conformational changes, including track binding and unbinding 
and rotation amplifi ed by lever arms, to the binding and hydrolysis 
of ATP and release of ADP67. Th ree diff erent sources of energy for 
synthetic DNA motors have been explored: hydrolysis of the DNA 
backbone and of ATP (both of which involve making and breaking 
covalent bonds), and DNA hybridization.

MOTORS POWERED BY DNA AND RNA HYDROLYSIS
The free energy released on hydrolysis of the phosphodiester 
backbone of a DNA or RNA fuel can drive an autonomous device 
that catalyses the reaction. RNA hydrolysis can be catalysed 
by a limited set of DNA sequences including the ‘10-23’ DNA 
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Figure 3 DNA nanomachines that execute directional stepwise movement along linear tracks. a, The Shin and Pierce walker54 has two distinct feet and steps along a track 
that displays a sequence of four distinct single-stranded anchorages (the fi rst three are shown). Each step is driven by sequential addition of two control strands, one that lifts 
the back foot from the track and one that binds it to a new anchorage ahead of the stationary foot. The single step shown here requires two instruction strands. A total of eight 
instruction strands are required for extended operation of the motor. b, Autonomous movement can be driven by enzymatic hydrolysis of the DNA71 or RNA70 backbone. Binding 
of the cargo (dark green) to an anchorage (light green) enables an enzyme to cleave the anchorage (the cleavage site is indicated by a black triangle). A short fragment of the 
anchorage is released, leaving the cargo with a single-stranded toehold that can bind to the intact anchorage ahead of it; the cargo can then step forward by a branch 
migration reaction. Destruction of the track in the wake of the cargo imposes directionality. c, A cargo can be passed autonomously from one anchorage to the next by 
a repeated cycle of enzymatic ligation and hydrolysis76. The cargo consists of two short fragments of DNA (shaded in grey). It is passed along a track with four distinct 
double-stranded anchorages. In the top panel the cargo is covalently attached to anchorage A. Anchorage B ahead of it has a sticky end that is complementary to the free end of 
the cargo. DNA ligase joins the two anchorages covalently with the cargo bridging the gap between them (middle panel). This creates a sequence of bases that is recognized by 
a restriction enzyme, which cleaves the cargo from A, leaving it covalently attached to B (bottom panel), and so on. Cleavage sites are represented by black triangles.
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DNA nanomachines
We are learning to build synthetic molecular machinery from DNA. This research is inspired by 

biological systems in which individual molecules act, singly and in concert, as specialized machines: 

our ambition is to create new technologies to perform tasks that are currently beyond our reach. 

DNA nanomachines are made by self-assembly, using techniques that rely on the sequence-specifi c 

interactions that bind complementary oligonucleotides together in a double helix. They can be 

activated by interactions with specifi c signalling molecules or by changes in their environment. Devices 

that change state in response to an external trigger might be used for molecular sensing, intelligent 

drug delivery or programmable chemical synthesis. Biological molecular motors that carry cargoes 

within cells have inspired the construction of rudimentary DNA walkers that run along self-assembled 

tracks. It has even proved possible to create DNA motors that move autonomously, obtaining energy 

by catalysing the reaction of DNA or RNA fuels.
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Th e remarkable specifi city of the interactions between complementary 
nucleotides makes DNA a useful construction material: interactions 
between short strands of DNA can be controlled with confi dence 
through design of their base sequences (Box 1). Th e construction of 
branched junctions between double helices1 makes it possible to create 
complex three-dimensional objects2–5, such as the tetrahedron5 shown 
in Fig. 1, by self-assembly. One way to exploit this extraordinarily 
precise architectural control is to use self-assembled DNA templates to 
position functional molecules: examples include molecular electronic 
circuits6,7, near-fi eld optical devices8 and enzyme networks9. 

It is an obvious extension of this research to convert static 
DNA structures into machines. DNA is not the natural choice of 
material to build active structures with because it lacks the structural 
and catalytic versatility of proteins and RNA (for both DNA and 
RNA, Watson–Crick base pairing is the strongest interaction 
determining inter- and intramolecular interactions, but RNA has 
a much richer repertoire of weaker non-covalent interactions 
that can stabilize complex structures10). If we could cope with 
the interactions required for a three-dimensional fold we would 
design more competent machines made, as in nature, from RNA 
and proteins11,12. We make nanomachines from DNA because 
the simplicity of its structure and interactions allows us to control 
its assembly.

In this review we concentrate on research that is leading towards 
the development of synthetic molecular motors. We start by showing 
how DNA nanostructures can be made to switch between two states 
in response to molecular or environmental signals; we describe how 
a device can be moved along a track by operating molecular switches 
in the correct sequence; we fi nish with an account of the current state 

of development of autonomous molecular motors that are inspired by 
the natural protein motors myosin and kinesin. Closely related work 
on DNA sensors and DNA-templated chemistry is described briefl y 
in Boxes 2 and 3.

MOLECULAR SWITCHES

Th e simplest active DNA nanostructures are switches or actuators 
that can be driven between two conformations. Motion is induced 
by changes in temperature or ionic conditions, or by the binding 
of a signalling molecule, oft en a DNA strand.

CONFORMATION CHANGES INDUCED BY CHANGES IN ENVIRONMENT
Rotary motion can be produced by changing the twist of DNA. 
Double-stranded DNA with the sequence (CG)n can be fl ipped 
from the usual right-handed helix (B-DNA) to a left -handed 
conformation (Z-DNA). Th is transition is favoured by high 
salt concentrations and low temperatures13. One of the earliest 
nanomechanical DNA devices14 used this transition to change 
the angle between two rigid DNA tiles connected by a (CG)10 
stem. Each tile carried a reporter fl uorophore. Förster resonant 
energy transfer (FRET) between fl uorophores allows sensitive 
measurement of their separation on a nanometre length scale: 
the effi  ciency of energy transfer, mediated by a dipole–dipole 
interaction, scales as the inverse sixth power of their separation15. 
When the B–Z transition was induced by an increase in ionic 
strength, FRET measurements showed an increase in the 
separation between the fl uorophores consistent with the expected 
relative rotation of the tiles by ~3.5 turns.

Yang and co-workers converted changes in the twist of DNA 
into linear motion16. Th eir device consisted of a closed loop of 
double-stranded DNA attached to opposite arms of a four-arm 
Holliday junction (Box 1)17. A Holliday junction can migrate 
(isomerize) by breaking identical base pairs in one pair of opposite 
arms and remaking them in the other pair. A change in the 
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DNA-based multienzyme catalysts 
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Figure 3 | Assembly of enzyme cascades or cofactor–enzyme cascades on hexagon-like DNA scaffolds, their imaging and their functional
characterization. a, Assembly of the GOx and HRP enzymes on the two-hexagon (I) and four-hexagon (II) strips. b, (I) AFM image and cross-sectional
analysis of the GOx/HRP enzymes assembled on the two-hexagon strip. (II) AFM image and cross-sectional analysis of the GOx/HRP enzymes assembled
on the four-hexagon strip. (III,IV) Confocal microscopy images of the FAM–HRP/TAMRA–GOx enzymes assembled on the two- and four-hexagon DNA
scaffolds, respectively. Images represent the overlay of the fluorescence of the two fluorophores; lex ¼ 488 nm. Image III shows a red strip implying effective
FRET, whereas image IV appears green, indicating inefficient FRET. c, Time-dependent absorbance changes as a result of the oxidation of ABTS2- by the
GOx–HRP cascade in the presence of (I) the two-hexagon scaffold, (II) the four-hexagon scaffold, (III) in the absence of any DNA, and (IV) in the presence
of foreign calf thymus DNA. d, Assembly of the NADþ/GDH system on the two-hexagon scaffold using different lengths of tethers linking the NADþ

cofactor to the scaffold. e, Time-dependent absorbance changes as a result of the cofactor-mediated oxidation of glucose by (I) the 90-base (12) chain
tethered NADþ cofactor/GDH associated with the two-hexagon DNA scaffold, (II) the 60-base (11) chain tethered NADþ cofactor/GDH associated with the
two-hexagon DNA scaffold, (III) the 40-base (10) chain tethered NADþ cofactor/GDH associated with the two-hexagon DNA scaffold, (IV) the 20-base
(9) chain tethered NADþ cofactor/GDH associated with the two-hexagon DNA scaffold, (V) the 10-base (7) chain tethered NADþ cofactor/GDH
associated with the two-hexagon DNA scaffold, (VI,VII) the long-chain (12) and short-chain (7) tethered NADþ cofactor/GDH systems in the presence of
the foreign calf thymus DNA, respectively, (VIII,IX) the long-chain (12) and short-chain (7) tethered NADþ cofactor/GDH systems in the absence of DNA
scaffold, respectively.
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Enzyme cascades activated on topologically
programmed DNA scaffolds
Ofer I. Wilner, Yossi Weizmann, Ron Gill, Oleg Lioubashevski, Ronit Freeman and Itamar Willner*

The ability of DNA to self-assemble into one-, two- and
three-dimensional nanostructures1–14, combined with the pre-
cision that is now possible when positioning nanoparticles15–19

or proteins20–24 on DNA scaffolds, provide a promising
approach for the self-organization of composite nanostruc-
tures25–27. Predicting and controlling the functions that
emerge in self-organized biomolecular nanostructures is a
major challenge in systems biology, and although a number of
innovative examples have been reported28–30, the emergent
properties of systems in which enzymes are coupled together
have not been fully explored. Here, we report the self-assembly
of a DNA scaffold made of DNA strips that include ‘hinges’ to
which biomolecules can be tethered. We attach either two
enzymes or a cofactor–enzyme pair to the scaffold, and show
that enzyme cascades or cofactor-mediated biocatalysis can
proceed effectively; similar processes are not observed in diffu-
sion-controlled homogeneous mixtures of the same com-
ponents. Furthermore, because the relative position of the
two enzymes or the cofactor–enzyme pair is determined by
the topology of the DNA scaffold, it is possible to control the
reactivity of the system through the design of the individual
DNA strips. This method could lead to the self-organization
of complex multi-enzyme cascades.

The self-assembled DNA nanostructures consist of a set of
single-stranded nucleic acids of pre-designed sequence composition
that show partial complementarities to form ‘hexagon-like’ hybrid-
izations that lead to the formation of the strips. Figure 1a depicts the
schematic self-organization of the strips by the interaction of two
nucleic acids, 1 and 2, which have partial base complementarity.
Each of the single-stranded nucleic acids includes 70 bases, and
the formation of the strips includes, in each ‘hexagon’, 60 bases
and a free apendant nucleic acid composed of 10 bases linked to
the hexagons. These tethers are able to act as hinges for the associ-
ation of the biomolecules with the DNA scaffold. Figure 1b shows
the schematic self-assembly of strips consisting of four hexagon con-
struction units. Four single-stranded nucleic acids, 3, 4, 5 and 6,
were used; 3 and 6 consisted of 100 bases each, and 4 and 5
consisted of 90 bases each. The partial, pre-designed, complemen-
tary features of these nucleic acids leads to the formation of four-
hexagon strips, while confining the single-stranded tethers to the
edge hexagons composed of 3 and 6. It should be noted that the
term ‘hexagon’ is used mainly for clarification of the self-assembly
principle. The edges include flexible single-stranded domains, so
the hexagon structures are, certainly, structurally distorted, but,
due to hybridization, they have circularly shaped configurations.
Figure 1c shows the atomic force microscopy (AFM) images of
the resulting DNA strips consisting of the two nucleic acids
1 and 2. The surface (mica) is coated with single and bundled
nanostructures of DNA strips having lengths of tens of micrometres
(Fig. 1c, image I). Among the bundles, single hexagon strips can also

be detected. Figure 1c, image II, shows an AFM image of a single
two-hexagon strip, and image III presents the cross-sectional analy-
sis of the strip. The height of the DNA strip corresponds to !2 nm
and the width !25 nm. This height is consistent with the reported
values for duplex DNA structures on surfaces27 (for the discussion
on the width parameter, see below). Figure 1d shows AFM images
of the strips resulting from the self-assembly of the four nucleic
acids 3 to 6. Bundles and single strips are also observed (Fig. 1d,
image IV). Images V and VI in Fig. 1d depict a single four-
hexagon strip and the cross-sectional analysis of the strip, respect-
ively. The width of the single strip corresponds to !45 nm. This
value should be compared with the width of the two-hexagon
strips of Fig. 1c, image II, measured as !25 nm. Taking into
account the tip dimensions, these values translate to width values
of !13 nm for the two-hexagon strips and !33 nm for the four-
hexagon strips. These values are in full agreement with the estimated
geometric widths of the strips (see Supplementary Fig. S1). The for-
mation of the DNA strips was further supported by scanning elec-
tron microscopy (SEM) analyses (see Supplementary Fig. S2).

The formation of these self-organized DNA strips, and the possi-
bility of controlling physicochemical properties of chemical com-
ponents attached to the DNA scaffolds, were demonstrated by
fluorescence resonance energy transfer (FRET) experiments.
The dyes 5-carboxyfluorescein N-succinimidyl ester (FAM) and
5-carboxy-tetramethylrhodamine N-succinimidyl ester (TAMRA)
were used to functionalize the nucleic acids 7 and 8, which are
complementary to the free nucleic acid tethers at the edges of the
two-hexagon (nucleic acids 1 and 2) and four-hexagon strips
(nucleic acids 3 and 6).

We found by fluorescence measurements in solution and confo-
cal fluorescence microscopy analyses on surfaces that FRET between
the FAM and TAMRA dyes occurred, and that the efficiency of the
FRET was controlled by the distance separating the dyes (see
Supplementary Figs S3 and S4).

The resulting two-hexagon and four-hexagon nanostructures
were, then, used as scaffolds for the self-assembly of two concate-
nated enzymes, glucose oxidase (GOx) and horseradish peroxidase
(HRP), and for the activation of a biocatalytic cascade on the DNA
systems. The HRP was functionalized with nucleic acid 7, which is
complementary to the free tethers of 1 and 3 in the two- and four-
hexagon structures, respectively (Fig. 2). Similarly, GOx was modi-
fied with nucleic acid 8, which is complementary to the free tethers
of 2 and 6 in the two- and four-hexagon structures, respectively. The
7-modified HRP and 8-functionalized GOx were, then, caused to
interact with the DNA scaffolds to yield the protein–DNA supramo-
lecular structures (Fig. 3a, structures I and II). The AFM images of
the two-protein–DNA hybrids, formed on the two- and four-
hexagon DNA scaffolds, and their cross-sectional analyses are
shown in Fig. 3b, images I and II, respectively. The heights of the
resulting strips are !3.5 nm, consistent with the build-up of

Institute of Chemistry and The Center for Nanoscience and Nanotechnology, The Hebrew University of Jerusalem, Jerusalem 91904, Israel.
*e-mail: willnea@vms.huji.ac.il

LETTERS
PUBLISHED ONLINE: 29 MARCH 2009 | DOI: 10.1038/NNANO.2009.50

NATURE NANOTECHNOLOGY | VOL 4 | APRIL 2009 | www.nature.com/naturenanotechnology 249

Enzyme cascades activated on topologically
programmed DNA scaffolds
Ofer I. Wilner, Yossi Weizmann, Ron Gill, Oleg Lioubashevski, Ronit Freeman and Itamar Willner*

The ability of DNA to self-assemble into one-, two- and
three-dimensional nanostructures1–14, combined with the pre-
cision that is now possible when positioning nanoparticles15–19

or proteins20–24 on DNA scaffolds, provide a promising
approach for the self-organization of composite nanostruc-
tures25–27. Predicting and controlling the functions that
emerge in self-organized biomolecular nanostructures is a
major challenge in systems biology, and although a number of
innovative examples have been reported28–30, the emergent
properties of systems in which enzymes are coupled together
have not been fully explored. Here, we report the self-assembly
of a DNA scaffold made of DNA strips that include ‘hinges’ to
which biomolecules can be tethered. We attach either two
enzymes or a cofactor–enzyme pair to the scaffold, and show
that enzyme cascades or cofactor-mediated biocatalysis can
proceed effectively; similar processes are not observed in diffu-
sion-controlled homogeneous mixtures of the same com-
ponents. Furthermore, because the relative position of the
two enzymes or the cofactor–enzyme pair is determined by
the topology of the DNA scaffold, it is possible to control the
reactivity of the system through the design of the individual
DNA strips. This method could lead to the self-organization
of complex multi-enzyme cascades.

The self-assembled DNA nanostructures consist of a set of
single-stranded nucleic acids of pre-designed sequence composition
that show partial complementarities to form ‘hexagon-like’ hybrid-
izations that lead to the formation of the strips. Figure 1a depicts the
schematic self-organization of the strips by the interaction of two
nucleic acids, 1 and 2, which have partial base complementarity.
Each of the single-stranded nucleic acids includes 70 bases, and
the formation of the strips includes, in each ‘hexagon’, 60 bases
and a free apendant nucleic acid composed of 10 bases linked to
the hexagons. These tethers are able to act as hinges for the associ-
ation of the biomolecules with the DNA scaffold. Figure 1b shows
the schematic self-assembly of strips consisting of four hexagon con-
struction units. Four single-stranded nucleic acids, 3, 4, 5 and 6,
were used; 3 and 6 consisted of 100 bases each, and 4 and 5
consisted of 90 bases each. The partial, pre-designed, complemen-
tary features of these nucleic acids leads to the formation of four-
hexagon strips, while confining the single-stranded tethers to the
edge hexagons composed of 3 and 6. It should be noted that the
term ‘hexagon’ is used mainly for clarification of the self-assembly
principle. The edges include flexible single-stranded domains, so
the hexagon structures are, certainly, structurally distorted, but,
due to hybridization, they have circularly shaped configurations.
Figure 1c shows the atomic force microscopy (AFM) images of
the resulting DNA strips consisting of the two nucleic acids
1 and 2. The surface (mica) is coated with single and bundled
nanostructures of DNA strips having lengths of tens of micrometres
(Fig. 1c, image I). Among the bundles, single hexagon strips can also

be detected. Figure 1c, image II, shows an AFM image of a single
two-hexagon strip, and image III presents the cross-sectional analy-
sis of the strip. The height of the DNA strip corresponds to !2 nm
and the width !25 nm. This height is consistent with the reported
values for duplex DNA structures on surfaces27 (for the discussion
on the width parameter, see below). Figure 1d shows AFM images
of the strips resulting from the self-assembly of the four nucleic
acids 3 to 6. Bundles and single strips are also observed (Fig. 1d,
image IV). Images V and VI in Fig. 1d depict a single four-
hexagon strip and the cross-sectional analysis of the strip, respect-
ively. The width of the single strip corresponds to !45 nm. This
value should be compared with the width of the two-hexagon
strips of Fig. 1c, image II, measured as !25 nm. Taking into
account the tip dimensions, these values translate to width values
of !13 nm for the two-hexagon strips and !33 nm for the four-
hexagon strips. These values are in full agreement with the estimated
geometric widths of the strips (see Supplementary Fig. S1). The for-
mation of the DNA strips was further supported by scanning elec-
tron microscopy (SEM) analyses (see Supplementary Fig. S2).

The formation of these self-organized DNA strips, and the possi-
bility of controlling physicochemical properties of chemical com-
ponents attached to the DNA scaffolds, were demonstrated by
fluorescence resonance energy transfer (FRET) experiments.
The dyes 5-carboxyfluorescein N-succinimidyl ester (FAM) and
5-carboxy-tetramethylrhodamine N-succinimidyl ester (TAMRA)
were used to functionalize the nucleic acids 7 and 8, which are
complementary to the free nucleic acid tethers at the edges of the
two-hexagon (nucleic acids 1 and 2) and four-hexagon strips
(nucleic acids 3 and 6).

We found by fluorescence measurements in solution and confo-
cal fluorescence microscopy analyses on surfaces that FRET between
the FAM and TAMRA dyes occurred, and that the efficiency of the
FRET was controlled by the distance separating the dyes (see
Supplementary Figs S3 and S4).

The resulting two-hexagon and four-hexagon nanostructures
were, then, used as scaffolds for the self-assembly of two concate-
nated enzymes, glucose oxidase (GOx) and horseradish peroxidase
(HRP), and for the activation of a biocatalytic cascade on the DNA
systems. The HRP was functionalized with nucleic acid 7, which is
complementary to the free tethers of 1 and 3 in the two- and four-
hexagon structures, respectively (Fig. 2). Similarly, GOx was modi-
fied with nucleic acid 8, which is complementary to the free tethers
of 2 and 6 in the two- and four-hexagon structures, respectively. The
7-modified HRP and 8-functionalized GOx were, then, caused to
interact with the DNA scaffolds to yield the protein–DNA supramo-
lecular structures (Fig. 3a, structures I and II). The AFM images of
the two-protein–DNA hybrids, formed on the two- and four-
hexagon DNA scaffolds, and their cross-sectional analyses are
shown in Fig. 3b, images I and II, respectively. The heights of the
resulting strips are !3.5 nm, consistent with the build-up of

Institute of Chemistry and The Center for Nanoscience and Nanotechnology, The Hebrew University of Jerusalem, Jerusalem 91904, Israel.
*e-mail: willnea@vms.huji.ac.il

LETTERS
PUBLISHED ONLINE: 29 MARCH 2009 | DOI: 10.1038/NNANO.2009.50

NATURE NANOTECHNOLOGY | VOL 4 | APRIL 2009 | www.nature.com/naturenanotechnology 249

ABTS2-=

I

II

ABTS

ABTS

H2OH2O2
H2O2

H2O2
H2O2

H2O2

H2OO2

H2O2

O2
Glucose

Glucose

Gluconic
acid

Gluconic
acid

GOx

GOx

HRP

HRP

ABTS2-

ABTS2-

N

S
N

N
S

N

S

O

O
O

S

O

O
O

I

II

III
IV

0

0.02

0.04

0.06

0.08

0 100 200 300
Time (s)

A
bs

or
ba

nc
e

7 m

38.5 m

470 nm 

110 nm 

I

II

III

IV

120100806040200

4
3.5

3
2.5

2
1.5

1
0.5

0

x (nm)

z (
nm

)

350250150500

3.5
3

2.5
2

1.5
1

0.5
0

x (nm)

z (
nm

)

Time (s)

A
bs

or
ba

nc
e

−0.05

−0.04

−0.03

−0.02

−0.01

0

0 50 100 150 200 250 300
I

II

III

V-IX

IV

MB+ =

II

I

Glucose

Gluconic
acid

GDH

GDH

MBH

NAD+

NAD+

MB+

NADH

S

N

NN

Figure 3 | Assembly of enzyme cascades or cofactor–enzyme cascades on hexagon-like DNA scaffolds, their imaging and their functional
characterization. a, Assembly of the GOx and HRP enzymes on the two-hexagon (I) and four-hexagon (II) strips. b, (I) AFM image and cross-sectional
analysis of the GOx/HRP enzymes assembled on the two-hexagon strip. (II) AFM image and cross-sectional analysis of the GOx/HRP enzymes assembled
on the four-hexagon strip. (III,IV) Confocal microscopy images of the FAM–HRP/TAMRA–GOx enzymes assembled on the two- and four-hexagon DNA
scaffolds, respectively. Images represent the overlay of the fluorescence of the two fluorophores; lex ¼ 488 nm. Image III shows a red strip implying effective
FRET, whereas image IV appears green, indicating inefficient FRET. c, Time-dependent absorbance changes as a result of the oxidation of ABTS2- by the
GOx–HRP cascade in the presence of (I) the two-hexagon scaffold, (II) the four-hexagon scaffold, (III) in the absence of any DNA, and (IV) in the presence
of foreign calf thymus DNA. d, Assembly of the NADþ/GDH system on the two-hexagon scaffold using different lengths of tethers linking the NADþ

cofactor to the scaffold. e, Time-dependent absorbance changes as a result of the cofactor-mediated oxidation of glucose by (I) the 90-base (12) chain
tethered NADþ cofactor/GDH associated with the two-hexagon DNA scaffold, (II) the 60-base (11) chain tethered NADþ cofactor/GDH associated with the
two-hexagon DNA scaffold, (III) the 40-base (10) chain tethered NADþ cofactor/GDH associated with the two-hexagon DNA scaffold, (IV) the 20-base
(9) chain tethered NADþ cofactor/GDH associated with the two-hexagon DNA scaffold, (V) the 10-base (7) chain tethered NADþ cofactor/GDH
associated with the two-hexagon DNA scaffold, (VI,VII) the long-chain (12) and short-chain (7) tethered NADþ cofactor/GDH systems in the presence of
the foreign calf thymus DNA, respectively, (VIII,IX) the long-chain (12) and short-chain (7) tethered NADþ cofactor/GDH systems in the absence of DNA
scaffold, respectively.
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Time-dependent absorbance changes 
as a result of the oxidation of ABTS2- by 
the GOx–HRP cascade in the presence 
of (I) the two-hexagon scaffold, (II) the 
four-hexagon scaffold, (III) in the 
absence of any DNA, and (IV) in the 
presence of foreign calf thymus DNA 
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DNA and micro-nano(electronics) 

prepared with Raluca Tiron, 
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