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Abstract: We introduce the concept and operation of a bind-
ing-induced DNA nanomachine that can be activated by
proteins and nucleic acids. This new type of nanomachine
harnesses specific target binding to trigger assembly of separate
DNA components that are otherwise unable to spontaneously
assemble. Three-dimensional DNA tracks of high density are
constructed on gold nanoparticles functionalized with hun-
dreds of single-stranded oligonucleotides and tens of an affinity
ligand. A DNA swing arm, free in solution, is linked to
a second affinity ligand. Binding of a target molecule to the two
ligands brings the swing arm to AuNP and initiates autono-
mous, stepwise movement of the swing arm around the AuNP
surface. The movement of the swing arm, powered by
enzymatic cleavage of conjugated oligonucleotides, cleaves
hundreds of oligonucleotides in response to a single binding
event. We demonstrate three nanomachines that are specifically
activated by streptavidin, platelet-derived growth factor, and
the Smallpox gene. Substituting the ligands enables the nano-
machine to respond to other molecules. The new nanomachines
have several unique and advantageous features over DNA
nanomachines that rely on DNA self-assembly.

Biological or synthetic molecular machines, assembled with
molecular components, perform quasi-mechanical move-
ments in response to specific external stimuli.[1] The exquisite
specificity, predictability, and diversity of DNA hybridization
has inspired the use of DNA to construct various nano-
machines, including DNA walkers,[2] DNA tweezers,[3] DNA
motors,[4] DNA robots,[5] and DNA switches.[6] These DNA
nanomachines are constructed on the basis of DNA self-
assembly,[7] usually activated by nucleic acids. The few non-
nucleic acid nanomachines require conformation changes of
the functional DNA upon molecular interactions.[8] There are
very few protein-activated nanomachines.[9]

We report here a new type of DNA nanomachine that is
activated by protein binding. Distinct from existing DNA
nanomachines that are formed by DNA self-assembly, the
new nanomachine is constructed with and activated by

binding-induced DNA assembly.[10] The binding of a single
target molecule with two ligand molecules triggers the
assembly of separate DNA components that are otherwise
unable to spontaneously assemble. Taking advantage of the
high DNA loading capacity of gold nanoparticles (AuNPs),
we constructed a binding-induced nanomachine to possess
high density, three-dimensional DNA tracks, representing an
advance over the existing one- or two-dimensional DNA
nanomachines. Specific target binding triggers autonomous,
stepwise movement of a swing arm along the AuNP surface,
generating hundreds of oligonucleotides in response to
a single binding event. The nanomachine is applicable to
any molecules capable of binding simultaneously to two
ligands.

We designed the binding-induced DNA nanomachine to
consist of a DNA-functionalized AuNP and a swing arm
(Scheme 1; Supporting Information, Figure S1a). The surface
of a single AuNP is conjugated to hundreds of single-stranded
anchorages and tens of an affinity ligand L1 (determination of
anchorage loading on AuNPs is described in the Supporting
Information). Each anchorage is composed of a short
sequence C1 that is attached onto the AuNP by a DNA
spacer S1. On the free end of C1, we conjugated a fluorescent
tag (FAM), to enable real-time monitoring of the nano-
machine operation. Fluorescence is quenched because of the
extremely high efficiency of fluorescence quenching by
AuNPs.[11] The swing arm is composed of a sequence C1*
complementary to C1, and a polythymine spacer S2 serving as
a flexible linker between C1* and a second ligand L2. Varying
the number of thymines (S2) enables us to create a desired
arm length between C1* and L2 (Supporting Information,
Table S1).

We designed C1 and C1* to contain only 7 complementary
nucleotides so that their hybrid is unstable at ambient
temperature. We also designed a DNA blocker, complemen-
tary to one segment of C1* and another segment of S2, to
further minimize any target-independent spontaneous
hybridization between C1 and C1* (Supporting Information,
Figure S1 a). Therefore, when there is no interaction between
the swing arm and the AuNP, the nanomachine is inactive.
However, binding of the target molecule (such as a protein) to
both ligands L1 and L2 activates the operation of the
nanomachine in the following manner. The binding of L1
and L2 to the same target molecule places the swing arm onto
the AuNP surface. Consequently, the complementary sequen-
ces C1 and C1* are brought into close proximity, allowing for
intramolecular binding-induced assembly. The intramolecular
interaction dramatically increases the local effective concen-
trations of C1 and C1*, enabling the C1:C1* hybrid to have
a higher stability than that of the hybrid between the blocker
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and the swing arm, and driving the formation of a stable
hybrid between C1 and C1* by displacing the blocker from
the swing arm. The hybridization forms a complete recog-
nition sequence of a nicking endonuclease (NEase; (Support-
ing Information, Figure S1 b). The NEase-catalyzed cleavage
of C1 from the C1*:C1 hybrid liberates C1*, making it
available for hybridization with another C1 on the same
AuNP. Thus, the enzymatic cleavage drives the swing arm to
move autonomously along the AuNP surface until all
cleavages are complete and the nanomachine stops.

The NEase-catalyzed cleavage of C1 releases the fluo-
rescently-labeled oligonucleotide (Foligo) from the AuNP.
The free Foligos in solution are not quenched by AuNP and
become fluorescent. As the swing arm moves around the
AuNP and cleaves off C1, the nanomachine generates
increasing fluorescence. Therefore, we are able to monitor
the nanomachine operation in real-time by detecting the
fluorescence of the released Foligos.

In principle, altering the ligand molecules enables the
nanomachine to be specifically responsive to any target
molecules (for example, proteins and nucleic acids) that can
be bound simultaneously by two ligand molecules. We
describe here three examples of nanomachines that are
activated by biotin binding to streptavidin, aptamer binding to

platelet-derived growth factor (PDGF), and hybridization to
the Smallpox gene.

To test the feasibility of our method, we first constructed
a DNA nanomachine that is triggered by binding of two biotin
molecules to a streptavidin molecule. One biotin molecule,
serving as ligand L1, is attached to the AuNP. The second
biotin, serving as ligand L2, is conjugated to the swing arm
(Figure 1a). In the absence of streptavidin, the swing arm and

the AuNP exist separately in the solution, and the nano-
machine is non-operational. Upon the addition of 100 pM
streptavidin to the solution, binding of streptavidin to two
biotin molecules (L1 and L2) brings the swing arm into close
proximity with the anchorage on the AuNP, activating the
nanomachine. Enzymatic cleavage of anchorage from AuNPs
gives rise to fluorescence (Figure 1 b). The progress curve
reveals that the nanomachine operates in three phases. Once
activated, the nanomachine generates Foligo at an initial
linear rate for about 25 min (phase 1). Streptavidin binding
positions the swing arm in close proximity to anchorages on
the AuNP. The enzymatic cleavage follows steady-state
kinetics. After a large fraction of anchorages is cleaved off
from the AuNP, fewer anchorages with C1 are available for

Scheme 1. Binding-induced DNA nanomachine. a) Binding to a target
brings the swing arm onto the AuNP surface, inducing the hybrid-
ization between C1* on the swing arm and C1 on the anchorage.
b) The C1*:C1 hybrid has a nicking endonuclease recognition site. The
nicking endonuclease cleaves C1 from the hybrid, leaving single-
stranded C1* available. The swing arm moves along the AuNP surface,
bringing C1* to hybridize with C1 on the next anchorage. c) The
iterative operation continues: movement of the swing arm along the
AuNP surface, formation of the C1*:C1 hybrid, and enzymatic cleavage
of C1 from the hybrid. The cleaved oligonucleotide is fluorescent
(Foligo) and is detected. Thus, fluorescence generation serves as
a surrogate for monitoring the nanomachine operation. The entire
event is initiated by binding of a single target molecule to the two
ligands (L1 and L2)

Figure 1. a) Binding of streptavidin to two biotin molecules brings the
swing arm to AuNP and leads to enzymatic cleavage of anchorage
from AuNP. b) Typical progress curve indicating three phases of the
nanomachine operation. c) Number of Foligo generated from a single
streptavidin molecule. d) Comparison of anchorage cleavage induced
by 100 pm streptavidin and 100 pm control oligonucleotide.
e) Response of the nanomachine to various concentrations of strepta-
vidin.
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hybridization to C1* and the nanomachine operation
becomes slower (phase 2). Finally, when no C1 on anchorages
is accessible by C1* of the swing arm, the operation of
nanomachine completes and the fluorescence plateaus
(phase 3).

We then tested the efficiency of the nanomachine by
monitoring the number of the NEase-cleaved Foligos, orig-
inating from a single streptavidin binding, and the subsequent
operation of the nanomachine. To ensure that only a single
streptavidin molecule is available to bind onto an AuNP, we
used a limiting amount of streptavidin and an excess of AuNP.
We prepared three solutions containing 200 pm AuNP and
100 pm, 60 pm, or 25 pm streptavidin. Thus, in all three cases,
only a single streptavidin molecule could be present on each
activated nanomachine. This is supported by TEM and UV/
Vis analyses, showing no AuNP aggregation (Supporting
Information, Figure S2). The progress curves (Supporting
Information, Figure S3) show the time-dependent increases
of the overall fluorescence intensity. These results are
expected from the operation of the nanomachines. The
overall fluorescence intensity is proportional to the total
concentration of streptavidin (25, 60, and 100 pm) because
a higher concentration of streptavidin in the solution activates
more nanomachines, and therefore cleaves off more Foligos.
By calibrating the fluorescence intensity against a standard of
fluorescent oligo, and knowing the concentrations of strepta-
vidin and AuNP, we have determined the number of Foligos
generated from a single nanomachine (activated by a single
binding event). The number of Foligos cleaved off from each
nanomachine follows a similar profile (Figure 1 c). These
results suggest that individual nanomachines operate sim-
ilarly in response to a single binding event. This is under-
standable because under the conditions of limiting streptavi-
din concentration, each streptavidin molecule activates
a nanomachine by uniting the swing arm and the AuNP, and
each activated nanomachine operates independently. Each
nanomachine converts a single streptavidin binding event into
the cleavage of ~ 375 Foligos from a single AuNP (Figure 1c).
We used 20 nm AuNP and conjugated an average of ~ 410
anchorages (containing Foligos) onto each AuNP. These
results indicate that ~ 91% of the total Foligos on the AuNP
were cleaved off in response to a single binding event,
suggesting that our nanomachine is highly efficient.

We compared the performances of three nanomachines
that were constructed to have varying lengths of swing arms
(40, 60, or 80 n.t.). Similar progress curves from the operation
of these three nanomachines (Supporting Information, Fig-
ure S4) indicate that these swing arms provide sufficient
spatial distance to reach most anchorages on the AuNP.
Estimations of the overall size of the loop after the binding-
induced formation of the C1*:C1 hybrid support these results
(Supporting Information, Figure S1 b).

We reasoned that the enzymatic cleavage within the
nanomachine occurs at a fast rate because of the binding-
induced formation of intramolecular hybridization between
C1* and C1. To prove it, we compared the anchorage cleavage
from the nanomachine that is triggered by 100 pm streptavidin
(Supporting Information, Figure S5 a) with the anchorage
cleavage from the spontaneous hybridization to 100 pm

control oligonucleotide (Supporting Information, Fig-
ure S5b). The initial rate of streptavidin-induced nanoma-
chine cleavage is 1.11 nm¢1 min¢1, which is significantly larger
than that of the DNA-induced cleavage (0.38 nm¢1 min¢1;
Figure 1d). The higher cleavage rate enables the nanoma-
chine operation to be completed within a short time.
Furthermore, in response to a single streptavidin binding,
each active nanomachine entity operates with a similar initial
rate that is independent of streptavidin concentration (Fig-
ure 1c).

The nanomachine can be modulated by varying several
parameters. We observed that the number of Foligos gen-
erated from a single binding event is proportional to the
number of anchorages loaded onto each AuNP (Supporting
Information, Figure S6). Thus, altering the anchorage loading
amount can manipulate the nanomachine to release desirable
oligonucleotides in response to a single molecule binding.
Furthermore, we are able to use blockers to reduce target-
independent hybridization between C1 and C1* and tune the
initial rate of the nanomachine. Increasing the blocker length
reduces the initial rate (Supporting Information, Figure S7).
Because nucleotides have varying binding affinity to the
AuNP surface (A>C�G>T),[11] varying the spacer S1
sequence can alter the interaction of the anchorage with
AuNP, thereby impacting hybridization of C1* with C1 and
the initial rate of the operation (Supporting Information,
Figure S8).

Having observed that each active nanomachine operates
with a similar progress profile, we reasoned that the total free
Foligo in solution is the sum of Foligo cleaved from individual
nanomachines and therefore is proportional to the streptavi-
din concentration. To test this, we measured progress curves
resulting from various concentrations of streptavidin (Fig-
ure 1e). As expected, the overall fluorescence is proportional
to the concentration of streptavidin. The fluorescence inten-
sity at three representative time points is linearly related to
the concentration of streptavidin (Supporting Information,
Figure S9). The initial rate is also proportional to the
streptavidin concentration (Supporting Information, Fig-
ure S10). The nanomachine is able to differentiate 0.5 pm
streptavidin from the blank. Therefore the nanomachine
can be used for sensitive detection of biomolecules, which is
conducted in homogeneous solutions, without the need for
separation.

We further demonstrate that a simple alteration of affinity
ligands enables the nanomachine to be responsive to any
other biomolecules that can bind simultaneously to two
ligands. As an example, we first used aptamers as affinity
ligands to construct a nanomachine specifically responding to
PDGF-BB. Because PDGF-BB is a homodimer, containing
two identical B chains, we use one aptamer to act as both
ligands L1 and L2. The binding of PDGF-BB to both
aptamers, one on the AuNP and the second on the swing
arm, turns on the nanomachine operation, initiating autono-
mous and iterative cleavage of the anchorage (Figure 2a). A
linear relationship was obtained between PDGF-BB concen-
tration and fluorescence of the cleaved Foligo (Figure 2 b).
PDGF-BB at 5 pm resulted in a fluorescence increase
significantly different from background. The nanomachine

..Angewandte
Communications

14328 www.angewandte.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 14326 –14330

http://www.angewandte.org


for PDGF-BB showed lower Foligo generation efficiency
than the streptavidin-responsive nanomachine. This is mainly
because of the lower binding affinity of PDGF-aptamers
compared to streptavidin-biotin binding. We further exam-
ined the specificity of the nanomachine by measuring its
response to five other proteins (human serum albumin
(HSA), human immunoglobulin (IgG), lysozyme, prothrom-
bin, and thrombin). These five proteins at 10 nm concentra-
tion did not generate fluorescence distinguishable from the
blank, whereas 1 nm PDGF-BB resulted in a large fluores-
cence increase (Figure 2c). These results suggest that our
nanomachine is specifically responsive to the target. The high
specificity of the nanomachine largely arises from its distinct
feature that activation of the nanomachine necessitates the
simultaneous binding of two ligand molecules to the same
target molecule. Similar progress curves were obtained when
PDGF-BB was present in the cell lysate, further proving the
specificity of the nanomachine (Supporting Information,
Figure S11).

We further demonstrated the use of DNA probes as
affinity ligands to construct a nanomachine specifically
responding to a DNA target. We used two DNA probes
that enable sandwich hybridization with the Smallpox gene.
The Smallpox detection sequence is from the Variola major
virus strain Bangladesh-1975. [13] We conjugated one of these
probes to the AuNP and incorporated the other probe into the
swing arm. The hybridization of a target sequence with two
DNA probes brings the swing arm onto the AuNP surface,
thereby activating the nanomachine and initiating the gen-
eration of Foligos (Figure 3a). The nanomachine operates as
expected with a linear relationship between target concen-
tration and fluorescence intensity (Figure 3b). The nano-
machine is able to differentiate the fully matched target from
a variant of single-mismatch (Figure 3c). The construction of
the nanomachine specifically responsive to a DNA target

further demonstrates the applicability of nanomachines to
various biomolecules.

Distinct from other DNA nanomachines that all rely on
DNA self-assembly, the new nanomachines have several
advantageous features: i) the binding-induced DNA nano-
machines harness specific target binding to trigger assembly
of separate DNA components that are otherwise unable to
spontaneously assemble. This strategy provides the opportu-
nity to initiate a nanomachine by any target molecule that
binds simultaneously to two ligands. (ii) This nanomachine
achieves high density, three-dimensional DNA tracks on
AuNPs. Other DNA nanomachines are mostly one- or two-
dimensional. (iii) The operation of the nanomachine, powered
by enzymatic cleavage of conjugated oligonucleotides, cleaves
hundreds of oligonucleotides in response to a single binding
event, enhancing the sensitivity. The concept and strategy
have potential to further expand the dynamic DNA nano-
technology to proteins for diverse applications, such as
regulating cell functions, delivering therapeutic drugs, and
enhancing molecular imaging.
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Figure 2. a) Schematic of the nanomachine responsive to PDGF-BB.
b) Progress curves of the nanomachine in response to various concen-
trations of PDGF-BB. Inset: concentration-dependent fluorescence.
(c) Specific response of the nanomachine to the target molecule.

Figure 3. a) Schematic of the nanomachine responsive to the Smallpox
gene. b) Progress curves of the nanomachine in response to various
concentrations of the Smallpox gene. Inset: concentration-dependent
fluorescence. (c) Differentiation of the fully matched target from
a single-mismatch.
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