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The design of nucleic acid machines has attracted increasing
interest in the last few years.[1] DNA-based scissors,[2]

motors,[3] walkers,[4] and transporters[5] have been developed.
The possible use of DNA-based machines for sensing pur-
poses has recently become an emerging research area. In
this context, the term “DNA machine” aims to describe a
DNA system that performs a mechanical operation, such as
scission or replication, where the mechanical function is
triggered by a fuel substrate and the mechanical operation
yields a waste product. The mechanical opening of a func-
tional hairpin DNA, as a result of hybridization with a
target DNA and its reorganization into a DNAzyme struc-
ture, represents a simple sensing system that duplicates ma-
chinery functions.[6] Similarly, the nucleic acid-induced open-
ing of a redox-tethered DNA hairpin structure associated
with an electrode, as a result of hybridization[7] or the pro-
tein-induced organization of a redox-tethered aptamer
linked to an electrode,[8] represents electrochemical sensor
configurations that mimic machine functions. The strength
of machine-based DNA sensors relies, however, on the pos-
sibility that the mechanical operation of the DNA machine
continuously generates a reporter product as a result of the
sensing event, thus amplifying the recognition event. The in-
formation stored in DNA sequences, and the availability of
polymerization or scission biocatalysts (polymerases, endo-
nucleases, and nicking enzymes), allows the design of bio-
molecular machines for the amplification of biosensing
events. Recently, the autonomous replication of DNA/Fok I
cutter units and the generation of a fluorescent waste prod-
uct was used as a machine that amplifies DNA analysis.[9]

Similarly, the triggering of the autonomous polymerization,
nicking, and strand displacement of a peroxidase-mimicking
DNAzyme as a result of a DNA recognition event was em-
ployed to amplify DNA analysis.[10]

The nucleic acid-induced aggregation of Au nanoparti-
cles (NPs) was extensively used as an optical label for DNA
analysis. The transition from red individual Au NPs to a
blue color, which originated from interparticle plasmon cou-

pling of aggregated Au NPs, was used to image DNA hy-
bridization and analysis.[11–13] Also, other sensor systems
were based on the aggregation or deaggregation of Au
NPs.[14,15] Here, we report on an autonomous DNA-based
machine that amplifies the DNA biorecognition event by
the generation of a nucleic acid product that induces aggre-
gation of Au NPs. The optical features of the Au NP aggre-
gates allow the colorimetric imaging of the machine func-
tions and the optical readout of the biosensing event. Be-
sides the important demonstration of the machine-induced
amplified detection of DNA with visual imaging, the system
reveals an approach for the “sensing” of NP aggregates that
include a controlled number of Au NPs in aggregated clus-
ters. Such aggregates may be building blocks for assembling
nanodevices.

Figure 1 shows the concept for the operation of the
DNA machine. A nucleic acid 1 is used as a “track” on
which the machine operates. The track includes two impor-
tant regions: region I hybridizes with the primer 2, thus
leading to the replication of the track in the presence of
polymerase/deoxyribonucleotide triphosphates (dNTPs),
and region II upon replication yields a domain that binds
the nicking enzyme Nb. BbvC I. This nicking enzyme cuts
the replicated strand at a predefined sequence and yields a
new replication site. The subsequent replication results in
strand displacement and the autonomous formation of 3 as
the machine<s product. The ends of the displaced strand 3
are complementary to the 4- and 5-functionalized Au NPs
and, thus, the release of 3 induces aggregation and alters the
optical properties of the system. The 4- and 5-modified Au
NPs (13 nm) were prepared by citrate reduction of HAuCl4
and further functionalization with the respective thiolated
oligonucleotides. The loading of 4 or 5 on the NPs was de-
termined spectroscopically, and corresponded to about 150
molecules per particle.

Figure 2A shows the time-dependent spectral changes of
the system upon interaction of 1 with 2 and triggering of the
machine functions, while analyzing product 3 through the
aggregation of the 4- and 5-functionalized Au NPs by prod-
uct 3. The absorbance of the individual Au NPs at 525 nm
decreases, while a broad red-shifted band is intensified, con-
sistent with the aggregation of the Au NPs.[16] Control ex-
periments verified that all of the components are essential
to induce the aggregation process, and exclusion of either 2,
polymerase, dNTPs, or the nicking enzyme prohibits this
process. The results depicted in Figure 2A show that the
spectral changes in the system are intensified as the time in-
terval for the operation of the machine is prolonged. This
finding is consistent with the fact that at longer time inter-
vals of operating the machine the content of 3 increases,
thus enhancing the aggregation process. Figure 2B shows
the spectral changes occurring in machine-activated systems
where the assemblies include different concentrations
(1=10�6 to 1=10�9m) of the template 1, a constant concen-
tration of 2 (1=10�6m), and a fixed time interval for the op-
eration of the machine (120 min). As the concentration of
the template increases, the spectral features that correspond
to aggregated Au NPs are intensified, consistent with the
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fact that elevated amounts of the NP bridging units 3 are
synthesized.

Further support for the notion that the operation of the
DNA machine results in the aggregation of the Au NPs is
obtained from microscopy experiments. Figures 3A and B
show transmission electron microscopy (TEM) images of
the clusters of the Au NP aggregates generated by the DNA
machine after time intervals corresponding to 30 and
120 min, respectively. For comparison, Figure 3C depicts the
control system, where the track nucleic acid is reacted with
a nonhybridizing nucleic acid 2a (that substitutes 2, and is
noncomplementary to region I of 1) in the presence of

dNTPs/polymerase/nicking
enzyme. While only individu-
al Au NPs are observed in
the control system, clusters
of dimers and aggregated
NPs consisting of four to
eight NPs are observed after
operating the machine for 30
and 120 min, respectively.
That is, the extent of the ag-
gregation is controlled by the
time intervals used to oper-
ate the DNA machine, and
as the operation time is pro-
longed, the degree of NP ag-
gregation increases.

The aggregation of the
NPs by the polymerase-
dNTPs/Nb. BbvC I-activated
synthesis of 3 on the tem-
plate can be used as a colori-
metric assay for the ampli-
fied analysis of a target
DNA, and this is exemplified
here with the detection of
single-stranded M13 phage
DNA (Figure 4). Towards
this goal, a hairpin nucleic
acid structure 6 was de-
signed. It includes in its
single-stranded loop a se-
quence complementary to a
domain in the single-strand-
ed M13 phage DNA, and
one part of the stem struc-
ture is complementary to the
primer domain of the ma-
chine template (region I).
The hybridization of the hair-
pin 6 with single-stranded
M13 phage DNA results in
its opening, and the subse-
quent hybridization of the
opened stem with the ma-
chine track. The association
of the opened hairpin to 1
triggers the operation of the

machine, the synthesis of 3 as the nucleic acid product, and
the resulting aggregation of the Au NPs. Notably, the design
of the hairpin structure 6 requires only very basic con-
straints when the stem includes seven base pairs, to maintain
the hairpin in the closed configuration in the absence of the
analyte and to include in the loop domain a 15-base se-
quence, which ensures the hairpin opening and induces the
desired specificity towards the analyte.

Figure 5A depicts the spectral changes caused by the
machine-induced aggregation of the NPs upon analyzing dif-
ferent concentrations of M13 phage DNA (1=10�12 to
1=10�9m). In these experiments, a constant concentration of

Figure 1. A DNA machine that stimulates the aggregation of nanoparticles.
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the template was used, and the machine was activated for a
fixed time interval of 120 min. As before, the activation of
the machine induces the aggregation of the Au NPs, which
is evident by the decrease in the plasmon absorbance of the
individual Au NPs and the increase in the red-shifted ab-
sorbance originating from the coupled interparticle plas-
mons. As the concentration of M13 phage is increased, the
yield of 3 increases and the aggregation of the NPs is en-
hanced. Control experiments indicated that the system is
specific. The substitution of the M13 phage DNA with for-
eign calf thymus DNA did not activate the machine and no
noticeable aggregation of the Au NPs was observed. Also,
the hairpin structure 6 is sufficiently stable in its closed
form to prevent the self-activation of the machine. These re-
sults clearly indicate that the specific hybridization of the
target DNA with the hairpin structure is essential to trigger
the machine functions and to induce the aggregation of the
NPs. The calibration curve for the analysis of M13 phage
DNA is depicted in Figure 5B. The method enables the
analysis of M13 phage DNA with a sensitivity limit that cor-
responds to 1=10�12m.

In conclusion, the present study has demonstrated the
use of a DNA machine to stimulate the aggregation of Au
NPs. The process allows the optical readout of DNA sensing
with a sensitivity limit corresponding to 1=10�12m. Besides
the use of the system for DNA biosensing, the controlled
aggregation of particles by DNA-based machines could be
employed for the future assembly of NP-based devices.

Experimental Section

Materials: The following oligonucleotides were obtained
from Sigma Genosys (Rehovot, Israel):

1: 5’-GCGCGAACCGTATATCTATCCTACGCTCCTCAGCCCA CAC GAT
CCT-3’

2: 5’-AGGATCGTGTGG-3’
2a: 5’-TCAGTATTGCAC-3’
4: 5’-SH-(CH2)6-GCGCGAACCGTATA-3’
5: 5’-TCTATCCTACGCT-(CH2)6-SH-3’
6: 5’-CCACACGCAAAAAGATTAAGAGAGGATCGTGTGG-3’

Single-stranded calf thymus
DNA, HAuCl4, and sodium cit-
rate were purchased from
Sigma Aldrich (Rehovot, Israel).
New England Biolabs (Ipswich,
USA) provided Nb. BbvC I, a
dNTP mix stock solution, and
NEBuffer 2, while Klenow exo
minus and M13mp18(+) phage
DNA were bought from Amer-
sham Biosciences (Piscataway,
USA).

Preparation of DNA-modi-
fied gold nanoparticles: Au NPs
with an average diameter of
13 nm were prepared by the
citrate capping method and

Figure 2. A) Absorbance changes observed upon activation of the
DNA machine depicted in Figure 1 and its operation for different time
intervals: a) 0, b) 30, c) 60, d) 90, and e) 120 min. Experiments were
performed in the presence of polymerase (0.15 UmL�1), dNTPs
(0.6 mm), nicking enzyme (0.3 UmL�1), 1 (1:10�6

m), 2 (1:10�6
m),

and 4- and 5-functionalized Au NPs (1.5:10�9
m). B) Absorbance

spectra observed upon aggregation of the Au NPs as a result of trig-
gering the DNA machine depicted in Figure 1 in the presence of dif-
ferent concentrations of 1, and using a constant time interval of
120 min for operating the machine: a) 0, b) 1:10�6, c) 1:10�7,
d) 1:10�8, and e) 1:10�9

m. All experiments were performed in a
buffer solution (pH 7.9) in the presence of 2 (1:10�6

m), polymerase
(0.15 UmL�1), dNTPs (0.6 mm), nicking enzyme (0.3 UmL�1), and
4- and 5-functionalized Au NPs (1.5:10�9

m).

Figure 3. A) TEM images of Au NP aggregates generated by triggering the DNA machine by 2 (1:10�6
m)

according to Figure 1 and operating the machine for 30 min under the conditions outlined in Figure 2A.
B) Operation of the machine for 120 min under the conditions outlined in Figure 2A. C) Control experi-
ment where the track 1 was reacted with a foreign, nonhybridizing nucleic acid (2a) that was allowed to
react under the same conditions as given in (A).
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modified with thiolated DNA according to published proto-
cols.[17,18] Briefly, Au NPs were prepared by boiling an aqueous
solution of HAuCl4 (1 mm, 100 mL) under rapid stirring and
adding a solution of sodium citrate (38 mm, 10 mL). After a fur-
ther 10 min of boiling, the solution was allowed to cool to room
temperature and filtered through a 0.8-mm membrane. This aque-
ous Au NP solution (5 mL) and the thiolated DNA 4 or 5 (final
concentration 5 mm, optical density (OD) about 3.5 each) were
incubated together for 16 h under constant stirring. The respec-
tive solutions were slowly brought up to final salt concentrations
of 0.1m NaCl and 10 mm phosphate buffer (pH 7) and allowed
to stand for 40 h. Centrifugation was performed for 40 min at
14000 rpm to remove excess reagents. The respective precipi-

tate of Au NPs was washed
with buffer solution consisting
of 0.1m NaCl and 10 mm phos-
phate buffer (pH 7), recentri-
fuged, and finally dispersed in
a solution comprising 0.3m
NaCl and 10 mm phosphate
buffer (pH 7) to yield stock sol-
utions of the DNA-modified Au
NPs (1.5:10�8

m).
Operation of the machine:

Systems consisting of 1 mm
each of 1 and 2 were incubated
in the presence of dNTPs
(0.6 mm), Klenow exo minus
(0.15 UmL�1), Nb. BbvC I
(0.3 UmL�1), and 4- and
5-modified Au NPs (1.5:
10�9

m) at 37 8C under constant
shaking (total volume 100 mL in
1:NEBuffer 2, i.e., 50 mm

NaCl, 10 mm Tris-HCl, 10 mm

MgCl2, 1 mm dithiothreitol,
pH 7.9) for the specified time
interval. For time-dependence
measurements, the incubation
was performed in a cuvette,
which was kept at 37 8C, regu-
larly vortexed with a pipette,
and measured at the relevant
times. For detection of the M13
phage DNA, 2 was substituted
by 6 (1:10�9

m) and different
concentrations of M13 DNA
were added to the systems. To
calibrate the DNA detection
sensor systems, the absorb-
ance ratio values at l=525
and 700 nm (A525/A700) were
taken as readout signals.

TEM images were obtained
by drying a 10-mL drop of the
machine solution on a 3-mm
copper TEM grid, which was
placed in a Tecnai F20 G2 mi-
croscope (FEI, Hillsboro, USA).
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Figure 4. Analysis of single-stranded (ss) M13 phage DNA by the activation of the polymerization/nicking
machine, and readout of the machine operation through the aggregation of the Au NPs.
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Figure 5. A) Absorbance spectra observed upon analyzing different
concentrations of single-stranded M13 phage DNA by the DNA-
induced aggregation of Au NPs according to Figure 4. Concentration
of single-stranded M13 phage DNA: a) 0, b) 1:10�12, and
c) 1:10�9

m. The systems included 1 (1:10�9
m), 6 (1:10�9

m), 4-
and 5-functionalized Au NPs (1.5:10�9

m each), polymerase
(0.15 UmL�1), dNTPs (0.6 mm), and nicking enzyme (0.3 UmL�1). The
DNA machines were allowed to operate for a time interval of
120 min. B) Calibration curve corresponding to the spectral changes
of the systems analyzing different concentrations of M13 phage DNA
through the aggregation of Au NPs by the DNA machine.
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