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Target-activated DNA nanomachines for the ATP
detection based on the SERS of plasmonic
coupling from gold nanoparticle aggregation†

Yanfang Cui,a Haiwang Wang,b Su Liu, c Yu Wang *a and Jiadong Huang a,d

The self-assembly of plasmonic nanoparticles provides a powerful approach to generate surface-

enhanced Raman scattering (SERS), which promotes the actual applications in chemical and biomolecular

analyses. Herein, we developed a facile SERS sensing strategy for an ATP assay with a 3-D DNA nano-

machine that walks by the Exo III cleavage, leading to the formation of AuNP aggregates, which resulted

in the enhancement of the electromagnetic field. Depending on the target-activated Exo III cleavage, the

3-D nanomachine can walk along the 3-D track on the surface of AuNPs and generate self-assembled

hot-spots to enhance the SERS signal of a Raman dye, allowing a homogenous assay of the ATP concen-

tration with high sensitivity and reproducibility. Under optimized experimental conditions, the biosensor

detected ATP with a widened dynamic range from 1 pM to 1 × 105 pM with a limit of detection of up to

0.29 pM. Hence, the novel strategy provides a useful and practical platform for the SERS assay of ATP with

high sensitivity and repeatability. Besides, this platform shows great potential for applications in high-

throughput assays for drug screening and clinical diagnostics.

1. Introduction

Surface-enhanced Raman scattering (SERS), as we know, is a
phenomenon relevant to a high enhancement factor (as high
as 1014) of the Raman signals of targets on the surface of
metallic nanostructures.1–5 In addition, Au and Ag nano-
particles usually act as SERS-active substrates because of their
surface plasmons,6,7 in which all the conduction electrons are
in the oscillating mode. However, we often choose gold nano-
particles (AuNPs) as the SERS-active substrate for biosensors
on account of their biocompatibility and stability.8–11

Furthermore, SERS can also provide considerable structural
information at the molecular level with high sensitivity com-
pared with fluorescence.12,13 Recently, some kinds of well-
behaved biosensors have been reported based on SERS.14–16

Basically, the principle for the SERS is dependent on the
local electric field enhancement (“hot-spots”) by a dimer of
metallic nanoparticles.17,18 So, it is the key step to reduce the
space between two metallic nanoparticles to produce “hot-
spots” and enhance the signal of Raman reporters modified
on the surface of the substrate.19 A major challenge in this
step is to precisely control the aggregation of the metallic
nanoparticles to produce “hot-spots” along a designated
path.20 The rational construction of a self-assembled DNA
based on the Watson–Crick base pairing provides a powerful
strategy to meet this challenge. Lim et al. utilized the dsDNA
self-assembly to monitor the space between Au nanoparticles
to demonstrate how the SERS signals correlate with the inter-
particle spacing.21 This indicated that we can obtain strong
Raman signals of the dye modified on the surface of metallic
nanoparticles via removing the protection of DNA linked to
AuNPs by the Au–S bonds and lead to aggregation.

In addition, depending on the specific programmable,
facile synthesis and fine biocompatibility, some one- and two-
dimensional DNA machines were constructed based on DNA
molecules.22,23 However, most of these DNA machines moved
randomly on a micrometer space, which cannot be precisely
controlled. It is urgent to construct a 3-D DNA molecule
machine to confine the movement of DNA machines to a 3-D
track with a nanometer precision. Therefore, Li et al. supplied
a 3-D DNA walker built from DNA-functionalized gold nano-
particles and achieved the detection of the target via fluo-
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rescence.24 Le et al. designed a DNA-functionalized AuNP
nanomachine to detect proteins or nucleic acids based on
binding-induced targets.25 These strategies involve the enzy-
matic cleavage reaction to drive the nucleic acid strand to
move autonomously along the AuNP surface until all the clea-
vages are complete and the nanomachine stops. Furthermore,
aptamers are a class of nucleic acids, which are separated via
the in vitro systematic evolution of ligands by exponential
enrichment (SELEX).26 Aptamers possess properties such as
high chemical stability that are satisfactory and can be chemi-
cally synthesized in an inexpensive and reproducible way.27

Upon binding of small molecules with their aptamers, the
target can induce a specific event that activates nanomachines
used in biosensors. In addition, aptamers generally have
higher affinity for their target molecules than the partly comp-
lementary DNA, so we can use the target to start the reaction.28

Based on the above-mentioned principles, we construct a
biosensor based on target-induced DNA nanomachines for the
highly sensitive detection of biomolecules using the package
of aptamer-based lock design with the SERS technology. As
demonstrated, we chose adenosine triphosphate (ATP), which
is a major source of energy and plays a key role in cellular
metabolism, synthesis and biochemical pathways, as a target
biomolecule to confirm the feasibility of our design.29 As illus-
trated in Scheme 1, our DNA nanomachine is constructed with
AuNPs modified with a Raman dye and three types of nucleic
acid strands on the surface. First, the 5′ terminus of the DNA
walker strand (DWS) was fixed on the surface of AuNPs by an
Au–S bond, and its 3′ terminus was locked by an anti-ATP
aptamer (Apt) via the partial hybridization of DNA. It is a key
step in the hybridization process to enhance the signal-to-
background ratio and the sensitivity of detection. Second, the
DNA track strand (DTs) was also immobilized on the surface of

AuNPs by an Au–S bond at the 5′ terminus and was designed
to have a partial complementary sequence with DWs. Third,
exonuclease III (Exo III) could specifically cleave the DTs in the
3′ to 5′ direction after the formation of a duplex between DWs
and DTs because the recessed 3′ termini of DTs was designed
earlier.30,31 Lastly, DWs were able to walk along the 3-D track
by Exo III cleaving the DTs at each step. As a result, AuNPs lose
the protection of the DNA on the surface after cleavage by Exo
III and aggregate with each other under the condition of high
salt concentration. The aggregation of AuNPs will provide
“hot-spots” to enhance the intensity of SERS of the Raman dye
on the surface of the AuNPs. Therefore, we can establish a
quantitative relationship between the intensity of SERS and
the concentration of the input target.

2. Materials and methods
2.1. Materials and reagents

The oligonucleotides used in this work were HPLC-purified
and synthesized by Sangon Biotechnology Co. Ltd (Shanghai,
China). The sequences of the synthesized oligonucleotides are
given in Table 1.

Phosphine hydrochloride was purchased from Aladdin
(Shanghai, China). Chloroauric acid (HAuCl4·4H2O) and triso-
dium citrate were acquired from Shanghai Reagent Company
(Shanghai, China). Phosphate buffer (PB, 100 mM, pH = 7.4)
and phosphate-buffered saline (PBS, contains PB, 10 mM,
NaCl, 2 M, pH = 7.4) were purchased from Aladdin (Shanghai,
China). Exonuclease III (Exo III), Shrimp Alkaline Phosphatase
(SAP), ATP, ADP, GTP, CTP and UTP were purchased from New
England Biolabs (Ipswich, MA, USA). The Raman-active dye of
4-nitrothiophenol (4-NTP) was purchased from Sigma Aldrich

Scheme 1 Schematic of the DNA nanomachine for the SERS assay of the ATP-based on target-activated plasmonic coupling. *Shows the phos-
phorothioate modification of last three bases.
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Corporation (St Louis, MO, USA). All other reagents were of
analytical reagent grade and were used directly without further
purification. Ultrapure water used in all experiments was
obtained from a Millipore filtration system.

2.2. Apparatus

Absorption spectra were recorded using a UV2600 UV-vis
spectrophotometer (Shimadzu international trading Co. Ltd,
Japan) at room temperature. Transmission electron
microscopy (TEM) measurements were recorded using a
JEM-3010 transmission electron microscope. The samples for
TEM characterization were prepared by adding a drop of AuNP
solution onto a carbon-coated copper grid and drying it at
room temperature. Dynamic light scattering (DLS) analysis was
performed using a Malvern Zetasizer 3000 HS particle size ana-
lyzer (Malvern Instruments, UK). SERS spectra were recorded
using a Raman spectrometer (Horiba HR Evolution 800) at a
laser wavelength of 633 nm.

2.3. Preparation of the DNA nanomachines with AuNP-
modified DNA

Gold nanoparticles were prepared via the citrate reduction of
HAuCl4 according to a documented protocol.32 Briefly, 3 mL
1% (w/w) sodium citrate was quickly added to 200 mL boiling
solution of 0.01% (w/w) HAuCl4 and kept boiling for 20 min
after the solution changed from blank to wine red, ensuring
complete reduction. Then, it was slowly cooled to room temp-
erature after the removal of a heat source. The size of the
obtained gold nanoparticles is about 20 nm and the concen-
tration is about 0.3 nM based on the extinction coefficient of
2.8 × 109 M−1 cm−1 at 528 nm. The products were stored at
4 °C before use.

Then, 40 μM thiolated DWs were first hybridized with equal
amounts of Apt via an annealing process in a buffer solution
containing 1× PBS (200 mM NaCl, pH 7.4) at 95 °C for 5 min,
followed by slow cooling to room temperature, forming a
duplex structure.

Detection probe- and Raman-active dye-modified gold
nanoparticles were prepared according to a previously reported
protocol.24,33 Briefly, the AuNP solution (1 mL) was centrifuged
at 12 000 rpm for 15 min and redispersed in ultrapure water
(300 μL). Two aliquots of the dye solution (50 μM, 12 μL) and
mixed nucleic acid solution (150 μL solution containing
2.5 μM mixed solution of DWs and Apt and 50 μM DTs) were
added into the above concentrated AuNP solution under mag-

netic stirring. After reaction for 24 h at 4 °C, the mixture was
added slowly to a 50 μL phosphate buffer (PB, 100 mM, pH
7.4) and 27 μL PB saline (PBS, 10 mM, pH 7.4, 2 M NaCl) for
another 48 h under 4 °C. Finally, the mixture solution was
slowly added to 62 μL PBS with 0.3 M NaCl and kept at 4 °C for
further 24 h. The unmodified Raman-active dye and nucleic
acid were removed via centrifugation at 12 000 rpm for 15 min.
Then, the sediment was re-suspended in 1 mL ultrapure water.
This step was repeated three times to completely remove
excess Raman-active dye and nucleic acid. Subsequently, the
AuNP modified with Raman-active dye and nucleic acid probe
was re-dispersed in 300 μL ultrapure water and stored at 4 °C
until use. The final concentration of the modified AuNP solu-
tion is ∼1 nM, not considering the loss of AuNPs during the
preparation process.

2.4 Activity detection of ATP-based SERS by AuNP
aggregation

The detection of ATP includes two continuous steps. First,
10 μL modified AuNP solution was added into the reaction
system (20 μL) containing different concentrations of ATP, 5 U
Exo III, and 2 μL 10× NEB buffer 2 and incubated at 37 °C for
60 min. Then, the reaction solution was immediately subjected
to SERS measurements on a silicon wafer using a confocal
Raman system equipped with a 633 nm He–Ne laser.

2.5 Detection of ATP in biological samples

The serum samples were obtained by the centrifugation of
whole blood after coagulation.34 Then, we added different con-
centrations of ATP (0, 10 pM, 100 pM, and 1 nM) into the
human serum samples and measured without any further pro-
cedure involved except for dilution with a buffer solution
(1 : 10 dilution of serum with buffer). The clinical serum
samples used herein were obtained from the University of
Jinan Hospital under the prior approval from serum donors.
All experiments were performed in accordance with the
Guidelines “Standard Operating Procedures of Hospital” and
approved by the ethics committee at the “University of Jinan
Hospital”. Informed consents were obtained from human par-
ticipants of this study.

3. Results and discussion
3.1 Principle of the design for the ATP concentration assay

Scheme 1 illustrates the working strategy of the designed DNA
nanomachine. The DNA nanomachine was constructed with
AuNPs modified with the Raman dye and three kinds of
nucleic acid strands on the surface. First, the 5′ terminus of
the DNA walker strand (DWs) and DNA track strand (DTs) were
fixed on the surface of AuNPs by an Au–S bond, and the 3′ ter-
minus of DWs is locked with an anti-ATP aptamer (Apt) via the
partial hybridization of DNA. This is a key step in the hybridiz-
ation process to enhance the signal-to-background ratio and
the sensitivity of detection. In addition, the three bases at the
3′ terminus of DWs and Apt were subjected to phosphorothio-

Table 1 Synthesized oligonucleotides used in the experimentsa

Name DNA sequences (from 5′ to 3′)

DWs SH-TTTT TTTT TTTT TTTT TTTT TTTT ACCT
TCCT TTTTTT CCCC AG*G*T*

DTs SH-TTTTACCTGGGG
Apt ACCTGGGGGAGTATTGCGGAGGAAG*G*T*
Apt control ACCTGGCCATTATACGGCCAGGAAG*G*T*

a The asterisk show the phosphorothioate modification of the bases.
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ate modification avoiding the digestion of exonuclease III
(Exo III) in the reaction solution. In the absence of ATP, there
was insignificant SERS signal for the dispersive nanomachine
because of the very finite electromagnetic enhancement of
individual AuNPs. In the presence of ATP, the target ATP will
combine with its aptamer with high specificity, inducing the
DWs released from the duplex structure to initiate the nano-
machine. The liberated DWs will hybridize with DTs at the
3′ terminus forming the blunt end, which could be digested
with Exo III from 3′ to 5′ of the DTs of duplex until DWs were
released again (enlarged in the schematic in dotted box).
Subsequently, the DWs were able to walk along the 3-D track
by Exo III cleaving the DTs at each step. As a result, the AuNPs
will lose the protection of the DNA on the surface after Exo III
cleaved and aggregate with each other under the condition of
high salt environment. The aggregation of the AuNPs yielded
uniformly distributed “hot-spots”, which significantly
enhanced the SERS signal of the Raman dye due to the
extremely powerful electromagnetic field. In general, the
aggregation of plasmonic nanoparticles is induced by a target-
activated nanomachine with Exo III assistance, producing
controllable self-assembled “hot-spots” with uniform distri-
bution, narrow electromagnetic field, and equivalent
interparticle spacing. Hence, the designed DNA nanomachine
might provide a rapid and facile tool for a highly sensitive
and specific SERS assay of the ATP with perfect reproducibility.

3.2 Feasibility of the design for the ATP concentration assay

In order to enhance the signal-to-noise ratio and eliminate the
interference of the background fluorescence of our design, we
selected a non-fluorescent Raman dye, namely 4-NTP, as an
SERS reporter. The feasibility of our biosensor was validated
under different control conditions for the SERS measurement.
As shown in Fig. 1, there was an obvious difference in the
SERS signal intensity between the positive and other negative
conditions. The distinct SERS signal with a characteristic peak
at 1327 cm−1 of the Raman dye was obtained in the positive
control experiment (curve a), testifying that ATP triggered the
DNA nanomachine upon cleavage by Exo III and generated
self-assembled hot-spots to enhance the signal intensity. In
contrast, in the blank control (curve d), there was no SERS
signal observed, indicating that AuNPs modified with DNA
were well dispersed and no hot-spots were generated.
Similarly, in the other negative control, where the AuNP-modi-
fied DNA was incubated only with the target ATP (curve b), no
SERS signal was produced either. This suggested that the coor-
dinate interaction of the enzyme is necessary to drive the DNA
nanomachine and induce the aggregation of AuNPs. In the
end, there were no distinct SERS signals after we used non-
aptamers (Apt control) of ATP as blocking nucleic acids of
DWs, demonstrating that ATP cannot bind with the blocking
nucleic acid. All above information uncover the designed strat-
egy with the potential of being a facile, fast, and low-priced
assay method for the highly sensitive SERS detection of ATP
concentration.

3.3 Characterization of the design for the ATP concentration
assay

As this biosensor was based on the aggregation of AuNPs to
enhance the SERS signal of the Raman dye, UV-vis absorption
and DLS analyses were performed to further testify the mecha-
nism of the biosensor. Fig. 2A describes the special absorption
spectral responses of the naked and modified AuNPs. As
shown in Fig. 2A, the synthetic naked AuNPs (curve a) and
modified AuNPs (curve b) were well dispersed in an aqueous
solution with a single absorption peak at 524 nm and 529 nm,
respectively. It suggested that the DNA and Raman substrates
were successfully modified on the surface of AuNPs by an Au–S
bond. Fig. 2B depicts the UV-vis absorption spectra of this
strategy with and without the target ATP. We easily found that
there was only a strong absorption peak at 530 nm for the
blank sample (curve a); however, there was an apparent
decline in the absorption intensity at 530 nm accompanied by
a new peak at ∼700 nm for the positive solution (curve b).
Moreover, an obviously red-to-purple color change was
observed with naked eyes, indicating the formation of AuNP
aggregates because of the target-activated DNA nanomachine
with the Exo III cleavage on AuNPs.

In addition, we also confirmed our design with DLS
measurements and the results are depicted in Fig. 2C. As
shown in Fig. 2C, the average hydrodynamic diameter of modi-
fied AuNPs with DNA and Raman dye was ∼31.71 nm for the
blank sample. In comparison, the average diameter of the
positive sample reached ∼532.06 nm, indicating the formation
of AuNP aggregates, resulting from the target ATP triggering
the DNA nanomachine. Beyond that, the design was further
validated using TEM to test the morphology of AuNPs in the
absence (left) and presence (right) of ATP, and the results are
shown in Fig. S1.† Without ATP in the reaction solution, the
modified AuNPs with nucleic acids and Raman dye could be

Fig. 1 SERS spectra of control experiments in the ATP concentration
assay: the positive sample (curve a), the blank sample (curve d), AuNPs
modified with DNA incubated with ATP (curve b) or with Exo III (curve c).
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homogenously dispersed in the reaction solution, and there was
no apparent aggregation between the AuNPs. After addition into
the reaction solution, ATP can specifically recognize its aptamer,
which locked the DWs. Then, the DWs will hybridize with DTs at
the 3′ terminus forming the blunt end, which could be digested
with Exo III from 3′ to 5′ of DTs of the duplex. After multiple
cycles, the DTs modified on the AuNPs will be digested comple-
tely by Exo III. Subsequently, there were no adequate nucleic
acids on the surface of the AuNPs, and they will form the aggre-
gation because of the high salt concentration in the reaction
solution. The smaller distance between adjacent AuNPs will form
effective plasmonic coupling that created a strong electromag-
netic field within the interparticle gap. All the given data provide
powerful evidence that this designed biosensor could be promis-
ingly used for the ATP concentration assay.

3.4 Optimization of experimental conditions

To achieve the optimal analytical performance of the bio-
sensor, some key experimental conditions including reaction
time and the concentration of modified AuNPs were investi-
gated. Fig. 3 shows the influence of the reaction time on the
signal-to-noise ratio by probing the SERS signal towards 10 nM
of ATP (the red curve) and the blank sample (the black curve). As
shown in Fig. 3A, the Raman peak intensity at 1327 cm−1

increased with the increase in the reaction time, and then
reached equilibrium after 60 minutes as compared with the posi-
tive sample. Therefore, 60 min was chosen as the optimum reac-

tion time in the following assay. Furthermore, in order to
enhance the signal-to-noise ratio of the biosensor, the concen-
tration of modified AuNPs in the reaction solution was investi-
gated, and the result is shown in Fig. 3B. The best signal-to-noise
ratio was obtained when the concentration of the modified
AuNPs was 0.25 nM. Therefore, 0.25 nM was chosen as the
optimal concentration of modified AuNPs in the following assay.

3.5 Specificity of the biosensor

The specificity of the biosensor is a crucial factor for its poten-
tial applications in real biological samples. Therefore, in order
to testify the specificity of our design for the ATP detection,
the experiment was performed using four similar molecules,
namely, ADP, GTP, CTP and UTP. Fig. 4 depicts the SERS
signal intensity at 1327 cm−1 of the biosensor in response to
different targets. It was shown that the SERS signal intensity at
1327 cm−1 was only due to the presence of ATP, while no
obvious SERS signal intensity appeared in other non-target
interfering molecules, demonstrating the high selectivity of
the strategy for the ATP assay.

3.6 Analytical performance of the DNA nanomachine
biosensor for the ATP assay

Under standard procedures and optimized conditions, the
analytical performance of the DNA nanomachine biosensor
was investigated by the assay of ATP with different concen-
trations. As shown in Fig. 5, the SERS intensities increased

Fig. 2 (A) UV absorption spectra of naked AuNPs (a) and AuNPs modified with DNA and Raman dye (b). (B) The UV absorption spectral of modified
AuNPs incubated with Exo III in the absence (a) and presence (b) of ATP. (C) Diameter distribution of the modified AuNPs incubated with Exo III in
the absence (a) and presence (b) of ATP.
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with the increase in the ATP concentration from 0 to 105 pM. A
linear dependence between the SERS peak intensity and the
ATP concentrations was obtained in the range from 1 to 105

pM. The limit of detection (LOD) was calculated to be 0.288

pM according to the 3σ rule, which was better than those of
previous assays of ATP, and the detailed comparison is shown
in Table 2. In addition, the relative standard deviations (RSD)
were 2.5%, 1.9%, 2.2%, and 2.3% in four repetitive assays of
0.01, 0.1, 1, and 10 nM of ATP, indicating excellent reproduci-
bility of the DNA nanomachine biosensor because of the
target-activated self-assembly of AuNPs. Besides, our concept
provided the advantages of fast, low-cost, and facile detection
with only one-step operation. Therefore, our DNA nanoma-
chine biosensor can offer a facile and universal platform for a
highly sensitive and specific assay of the ATP concentration.

3.7 Real sample analysis

To demonstrate the applicability of the sensing concept for the
ATP detection, we applied the biosensor in a complicated bio-
logical environment. We directly detected the concentration of
ATP in human serum samples. The chemical composition of
the serum is similar to that of the plasma except without ATP.
Different concentrations of ATP (0, 10 pM, 100 pM and 1 nM)
were added into the serum, and the samples were detected

Fig. 4 Specificity evaluation of the biosensor for the ATP concentration
assay.

Fig. 5 (A) Plot of SERS spectra in response to ATP at different concentrations. (B) Plot of SERS signal intensities at 1327 cm−1 versus ATP concen-
tration (the error bars are standard deviations across four repeating tests).

Fig. 3 (A) Effect of the reaction time on the intensity at 1327 cm−1. (B) Effect of the concentration of modified AuNPs on the intensity at 1327 cm−1.
The results for both plots were obtained using 10 nM target ATP.
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using the biosensor. Fig. 6 shows the clinical results of our
system in the reaction solution (black bar) and in the serum
sample (red bar). The results demonstrated that the data
gained in the human serum were in accordance with those
obtained in the buffer, indicating the feasibility of this strategy
for real samples with good reliability and accuracy. The
specific data of the ATP detection in the serum samples are
given in Table 3. The results also demonstrate that the concen-
tration of ATP in a biological environment was in agreement
with our sensing method, indicating that the strategy can be
applied for the assay of ATP in real samples.

4. Conclusions

In summary, we have developed a facile SERS sensing strategy
for an ATP assay with a 3-D DNA nanomachine that walks by

the Exo III cleavage leading to the formation of AuNP aggre-
gates, which brought the enhancement of the electromagnetic
field. Depending on the target activation and Exo III cleavage,
the 3-D nanomachine can walk along the 3-D track on the
surface of AuNPs and generate self-assembled hot-spots to
enhance the SERS signal of a Raman dye, allowing a hom-
ogenous assay of the ATP concentration with high sensitivity
and reproducibility. There are two highlights about this strat-
egy, which are as follows: first, we used the anti-ATP aptamer
to lock the 3′ terminal of DWs, enhancing the specificity of the
biosensor. Second, the novel strategy of the 3-D nanomachine
is aided by Exo III, which not only drives the nanomachine
moving step by step to offer the SERS signal but also detects
ATP with a widened dynamic range from 1 pM to 1 × 105 pM
and noteworthy sensitivity, with a limit of detection up to 0.29
pM. Hence, the novel strategy provides a useful and practical
platform for the SERS assay of ATP with high sensitivity and
repeatability. Besides, this platform also shows great potential
to be used in high-throughput assays for drug screening and
clinical diagnostics.
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