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Abstract The authors describe an electrochemical strategy
for highly sensitive determination of ATP that involves (a)
aptamer-based target recognition, (b) enzyme-free dendritic
DNA nanoassembly amplification with multiplex binding of
the biotin-strepavidin system, and (c) enzyme-amplified dif-
ferential pulse voltammetric readout. In the presence of ATP,
binding of ATP to the aptamer releases trigger DNA from the
double-stranded complex between ATP aptamer and trigger
DNA. The single-stranded thiolated capture probe,
chemisorbed on the gold electrode surface, captures the re-
leased trigger DNAvia hybridization. The toehold of the trig-
ger DNA is recombined with one end of the first substrate
DNA (1) which is on its other end biotinylated and blocked,
with loops, by a counterstrand. The latter is removed by a
complementary single-stranded helper (1) exposing two toe-
holds and two identical complimentary sequences for a second
biotinylated substrate DNA (2). The latter, which is double-
stranded except for the toehold, binds to one of these two sites.
It is then stripped from its counter strand by another single-
stranded helper DNA 2, exposing a toehold to bind another

substrate DNA 1. On this substrate, another cycle with
dentrimeric bransching can start.

Substrate 1 with its two binding sites for substrate 2 initi-
ates the assembly of dendritic DNA on the surface of the gold
electrode, which finally possesses numerous biotins at the
terminal ends of both of the associated substrate DNAs.
Subsequent multiplex binding of streptavidinylated alkaline
phosphatase and enzyme-amplified electrochemical readout
leads to a highly sensitive electrochemical ATP aptasensor.
If operated in the DPV mode, the current as measured at a
typical working potential of 0.25 V (vs. Ag/AgCl) increases
linearly over the 10 nM to 10 μM logarithmic ATP concen-
tration range, and the detection limit is 5.8 nM (at an S/N ratio
of 3). The assay is highly specific and reproducible. It was
successfully applied to the detection of ATP in spiked human
serum samples.
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Introduction

Adenosine triphosphate (ATP) is a multifunctional nucleoside
that acts as the ‘molecular currency’ of intracellular energy
transfer in all living cells [1]. It plays a critical role in the
regulation of cellular metabolism and biochemical pathways
in cell physiology [2, 3]. It has also been used as an indicator
for cell viability and cell injury [4, 5]. In addition, the level of
ATP is connected with many diseases such as hypoxia, hypo-
glycemia, ischemia, Parkinson’s disease, and some malignant
tumors [6, 7]. Therefore, sensitive and reliable detection of
ATP is of great importance in biochemical study as well as
clinic diagnosis. Up to now, various techniques have been
used for the detection of ATP, such as ultra performance liquid
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chromatography [8], fluorescence [9, 10], electrochemistry
[11] and electrochemiluminescence [12]. Among these tech-
niques, electrochemical biosensors have attracted great inter-
est, due to their combined advantages of miniaturization ca-
pability, low cost, sensitivity and high stability.

Nowadays, new designs of ATP detection have emerged
based on the advancement of analytical technologies
employing aptamers [13, 14]. Aptamers are single-stranded
DNA or RNA oligonucleotides, which are synthesized by
systematic evolution of ligands by exponential enrichment
(SELEX) technology [15, 16]. Aptamers can fold into special
structures and possess high recognition ability to specific tar-
gets ranging from metal ions, small molecule, proteins and
even whole viruses or cells [17]. An ATP aptamer can recog-
nize and bind with ATP to form G-quadruplex structure with
high affinity and selectivity [18], and is facile to integrate with
electrochemical biosensing strategies for ATP detection [11,
19]. Aiming at obtaining higher sensitivity of aptamer based
biosensors for ATP detection, many nucleic acid amplification
strategies are employed to amplify the ATP recognition event
and enhance signal readout, such as exonuclease III-assisted
signal amplification [4, 19, 20], nicking endonuclease-
induced target recycling [17] and rolling circle amplification
[21]. These enzyme-assisted nucleic acid amplification strate-
gies have enhanced the sensitivity of ATP aptasensors. But the
disadvantages of enzymatic nucleic acid amplification, such
as complex operation, specific reaction conditions and the
reaction time dependent enzyme activity, compromise the
simplicity and practicability of the designed aptasensors.

DNA nanoassembly is an enzyme-free process that when
initiated with a DNA chain hybridization event, leads to ki-
netically controlled assembly of DNA nanostructures.
Hybridization chain reaction (HCR) is a typical and well-
known strategy of DNA nanoassembly, which is triggered
by a target or initiator sequence and leads to the polymeriza-
tion of oligonucleotides into a long linear nicked dsDNAmol-
ecule [22]. As such, HCR has been incorporated into biosens-
ing strategies as an efficient enzyme-free signal amplification
approach [23, 24]. However, the traditional HCR only pro-
vides linear detection signal amplification. Nonlinear HCR
has demonstrated a dendritic DNA nanoassembly strategy
[25–28]. This approach leads to chain-branched DNA by suc-
cessive assembly of double-stranded DNA substrates.
Moreover, this amplification strategy has exponential growth
kinetics and well-controlled system leakage, which shows ex-
cellent amplification ability. Compared with traditional hair-
pin probes that utilize DNA nanoassembly strategies,
this hairpin-free system has few secondary structures,
making the whole reaction faster, which is rather suit-
able for biosensors.

Herein, an electrochemical aptasensor was established for
the detection of ATP by combining aptamer-based target rec-
ognition, enzyme-free dendritic DNA nanoassembly on

sensor surface with multiplex binding of the biotin-
strepavidin system and enzyme-amplified electrochemical
readout. The target induced dendritic DNA nanoassembly sig-
nificantly amplified the ATP recognition event and facilitated
subsequent multiplex binding of streptavidin-alkaline phos-
phatase and enzyme-amplified electrochemical readout. This
aptasensor demonstrates excellent analytical performance
towards ATP, and can be applied to the determination of
ATP in real samples. Therefore, this biosensing strategy
has great potential in ATP detection for medical re-
search and early clinical diagnosis.

Materials and methods

Reagents

Adenosine triphosphate (ATP), cytosine triphosphate (CTP),
guanosine triphosphate (GTP) and uridine triphosphate (UTP)
were purchased from Sangon Inc. (Shanghai, China,
http://www.sangon.com). 6-Mercapto-1-hexanol (MCH),
streptavidin-alkaline phosphatase (ST-AP), α-naphthyl phos-
phate (α-NP), bovine serum albumin (BSA) and salmon
sperm DNA were purchased from Sigma-Aldrich (St. Louis,
MO, USA, http://www.sigmaaldrich.com). DL500 DNA
Marker and agarose were purchased from Takara (Dalian,
China, http://www.takara.com). GoldView was purchased
from SBS Genetech (Beijing, China, http://www.sbsbio.com).
All other reagents were of analytical grade, and Millipore-Q
water (≥18 MΩ .cm) was used in all experiments.
Hybridization buffer (pH 7.4) contained 30 mM Sodium
Citrate and 300 mM NaCl. Tris–HCl buffer as washing buffer
(pH 7.4) contained 20 mM Tris, 0.10 M NaCl, 5.0 mMMgCl2
and 0.05% Tween-20. Diethanolamine (DEA) buffer
(pH 9.6) contained 0.1 M DEA, 1 M MgCl2 and 100
mM KCl. Piranha solution contained 98% H2SO4 and
30% H2O2 (3:1 by volume). Caution: Piranha solutions
are extremely aggressive. The use of safety goggles and
a hood is strongly recommended.

DNA oligonucleotides were designed and optimized ac-
cording to the literatures [24, 25]. All oligonucleotides were
synthesized and purified by Sangon Inc. (Shanghai, China,
http://www.sangon.com). The base sequences are listed in
Table S1 (Supporting information). All oligonucleotides
were dissolved in tris-ethylenediaminetetraacetic acid (TE)
buffer (pH 8.0, 10 mM Tris-HCl, 1 mM ethylene diamine
tetraacetic acid) and stored at −20 °C, which were diluted in
hybridization buffer prior to use.

Apparatus

All electrochemical measurements were performed on a CHI
660D electrochemical workstation (Shanghai Chenhua
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Instruments Co., Ltd., China, http://www.chinstruments.com)
with a conventional three electrode system composed of
platinum wire as auxiliary, Ag/AgCl/saturated KCl
electrode as reference, and a 3 mm-diameter gold electrode
as working electrode. The gel electrophoresis was imaged on a
Bio-Rad ChemDoc XRS (Bio-Rad Laboratories, USA,
http://www.bio-rad.com).

Preparation of probes

The complex of ATP aptamer (10 μM) and trigger DNA
(10 μM) were obtained by heating mixtures of ATP aptamer
and trigger DNA to 95 °C for 5 min and cooling to room
temperature slowly. Substrate 1 and Substrate 2 were prepared
separately by heating mixtures of corresponding A strand
(1 μM) and B strand (1.5 μM) to 95 °C for 5 min and cooling
to room temperature slowly, respectively. Then the probes
were stored at 4 °C for further use.

Preparation of electrochemical biosensor

The bare gold electrode was polished with 0.05 mm alumina
slurries and ultrasonically treated in ultrapure water for a few
minutes, followed by soaking inpiranha solution for 10 min to
eliminate other substances. Then, the pretreated electrode was
rinsed with ultrapure water and allowed to dry at room tem-
perature. 10 μL of 200 nM thiolated capture probe was
dropped on to the pretreated gold electrode surface and incu-
bated overnight at 4 °C. After washing with washing buffer,
the electrode was treated with 1 mM MCH for 1 h to obtain
well-aligned DNA monolayer and occupy the left bare sites,
and further immersed in salmon sperm DNA and 1% BSA for
30 min respectively to avoid nonspecific adsorption of DNA
and enzyme on the electrode surface. The electrochemical
biosensor was rinsed with the washing buffer and used for
following operation.

ATP detection protocol

The annealed Substrate 1 and Substrate 2 were first mixed
with the corresponding helpers (2 μM) separately and incu-
bated for 30 min. Excess single stranded B strands in the two
substrate solutions were removed by forming byproducts with
the helpers, obtaining solution 1 and solution 2, respectively.
10 μL various concentrations of ATP were mixed with 10 μL
ATP aptamer-trigger DNA complex at room temperature for
1 h to release the trigger DNA from the complex. Then 1 μL
upper mixture, 3 μL solution 1, and 6 μL solution 2 were
mixed, giving final concentrations of about 0.1 μM
Substrate 1, 0.2 μM Helper 1, 0.2 μM Substrate 2, and
0.4 μMHelper 2 in the reaction solution. Then, 10 μL freshly
resulted reaction mixture was dropped on the above prepared
electrodes and incubated at 37 °C for 1 h. Following rinsed by

DEA buffer solution, the aptasensor reacted with 10 μL of
1.25 μg. mL−1 ST-AP at 37 °C for 30 min, and washed thor-
oughly with DEA buffer. The differential pulse voltammetry
(DPV)measurement was performed in DEA buffer containing
0.75 mg.mL−1 of α-NP substrate with modulation time of
0.05 s, interval time of 0.017 s, step potential of 5 mV, mod-
ulation amplitude of 70 mV and potential scan from 0.0 to
+0.6 V.

Native polyacrylamide gel electrophoresis (PAGE)

A 8% PAGE analysis of the dendritic DNA nanoassembly
process was carried out in 1 × TBE buffer (90 mM Tris–
HCl, 90 mM boric acid, 2 mM EDTA, pH 7.9) at 120 V for
about 40 min. The gel was photographed by Bio-Rad digital
imaging system.

Results and discussion

Principle of the electrochemical assay

The basic principle of the ATP electrochemical aptasensor is
shown in Scheme 1. The probes and their functions were listed
in Table S2. In the presence of ATP, trigger DNA is released
from the complex of ATP aptamer-trigger DNA through
the target recognition of ATP. Then one terminal of
trigger DNA hybridized with specifically designed cap-
ture DNA, and the other terminal will trigger the den-
dritic DNA nanoassembly process.

The dendritic DNA nanoassembly system employs two
double-stranded substrates (Substrate 1 and Substrate 2) and
two single-stranded helpers (Helper 1 and Helper 2). Two
substrates both possess protruding toehold domain (i and i,)
and bulge loop domain (ii and ii,) by annealing two partially
complementary single-stranded DNA (A and B) together, and
the longer strands were biotin labeled, named Substrate 1-A
and Substrate 2-A, respectively. The short strands were named
Substrate 1-B and Substrate 2-B. Complementarity relation-
ships between different domains of Substrate 1, Substrate 2,
Helper 1 and Helper 2 were carefully exploited. Substrate 1
possesses two identical sequences, which are complementary
to the toehold domain on substrate 2, and vice versa. The
helper strands are designed to be complementary to specific
regions on the B strands of corresponding substrates. In the
absence of ATP, all the possible binding sites of these se-
quences are hidden.

When ATP is introduced, the trigger DNA is released and it
binds with the exposed toehold of Substrate 1, displaces part
of the 1-A strand from the 1-B strand and opens the first loop
(ii). The opened loop exposes the displaced part of the 1-B
strand as a new toehold. Helper 1 then invades the newly
exposed toehold (iii), displaces the 1-B strand from the 1-A
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strand, and releases Byproduct 1, subsequently opening the
second loop. Now the 1-A strand exposes two identical se-
quences, which simultaneously hybridizes with toeholds of
two Substrates 2. Soon after Helper 2 helps to dissociate
Byproduct 2, two single-stranded regions consisting of the
same sequences as the trigger DNA are exposed and can enter
a new round of reactions. These two target sequences are
capable of initiating more rounds of similar reactions,
resulting in dendritic growth of the DNA nanostructure on
the electrode surface. The finally assembled DNA den-
drimer carries numerous terminal biotin molecules. The
ST-AP links to the biotin and AP catalyzes the irrevers-
ible conversion of substrate α-NP to an electroactive
product for generating amplified electrochemical signal
readout for quantitative detection of ATP.

Characterization of electrode surface modification

In order to validate the designed dendritic DNA nanoassembly
strategy, several reaction products were characterized by aga-
rose gel electrophoresis. As shown in Fig. 1a, In the presence
of ATP, new bands with much lower mobility appeared and
the band representing Substrate 1 disappeared (lane 1), indi-
cating the assembly of Substrate 1 into products with higher
molecular weights and the formation of dendritic DNA nano-
structure. On the contrary, in the absence of ATP, assembly
products with high molecular weight were almost invisible
(lane 2), showing a very good nonreacting stability between
substrates and helpers. These results indicated the feasibility

of the designed target-induced dendritic DNA nanoassembly
strategy directly.

Electrochemical impedance spectroscopy (EIS) measure-
ments were adopted to characterize the established electro-
chemical biosensor. The EIS curves were obtained in 0.4 M
KCl containing 0.5 mM Fe(CN)6

3−/4- and the semicircle diam-
eter was equal to electron-transfer resistance (Ret) (Fig. 1b). In
0.4 M KCl containing 0.5 mM Fe(CN)6

3−/4-, bare electrode
exhibited an almost straight line (curve a), reflecting the out-
standing electrochemical conductivity. When the thiolated cap-
ture DNA was selfassembled onto the bare electrode via Au-
thiol binding, the Ret increased (curve b). This is attributed to
the negatively charged phosphate backbone of the oligonucle-
otides immobilized on the gold electrode, which prevented the
negative charged redox probe [Fe(CN)6]3−/4− from reaching the
gold electrode and inhibited interfacial charge transfer.
Furthermore, after MCH and BSA were immobilized on the
electrode surface, the Ret substantially increased (curve c),
which was attributed to biomacromolecules obstructing elec-
tron transfer. Then, in the absence of ATP, with the amplifica-
tion system introduced, the Ret slightly increased (curve d).
Finally, with the participation of ATP and amplification system,
the Ret increased significantly (curve e). The increase of Ret
was ascribed to the fact that the dendritic DNA nanoassembly
was successfully initiated and a large amount of DNA nano-
structures were formed on the electrode surface.

To further characterize the feasibility of the combination of
dendritic DNA nanoassembly amplification with electro-
chemical biosensor for ATP detection, DPV measurements
were performed. As shown in Fig. 1c, in the presence of

Scheme 1 Schematic
representation of ATP
electrochemical detection based
on aptamer-based target recogni-
tion and dendritic DNA
nanoassembly amplification. (i)
Toehold domain on A strand of
Substrate 1; (i,) Toehold domain
on A strand of Substrate 2; (ii)
Bulge loop domain on A strand of
Substrate 1; (ii,) Bulge loop do-
main on A strand of Substrate 2;
(iii) Newly exposed toehold do-
main on B strand of Substrate 1;
(iii,) Newly exposed toehold do-
main on B strand of Substrate 2
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ATP with the dendritic DNA nanoassembly system, a dramat-
ically high DPV signal was obtained, which corresponded to
the formed dendritic DNA possessing terminal-end biotin.
The ST-AP linked to the biotin and produced enzymatic elec-
trochemical DPV signal readout (curve c). On the contrary, in
the absence of ATP, only a negligible DPV signal was ob-
served (curve a), confirming the good stability and negligible
cross-reactivity between substrates and helpers. And in the
traditional sandwich assay, with ATP and Substrate 1 intro-
duced, a higher DPV signal than that of blank was produced,
but much smaller than that gained by the dendritic DNA
nanoassembly amplification (curve c). The results shown here
clearly demonstrate the remarkable signal amplification per-
formance of the designed target-induced dendritic DNA
nanoassembly and the feasibility of the electrochemical bio-
sensing platform for sensitive detection of ATP.

Optimization of method

The following parameters were optimized: (a) toehold number
of the substrates; (b) concentration of Substrate 1; (c) reaction

time. Respective data and figures are given in the supporting
information. From Fig. S1, we found the following experi-
mental conditions to give best results: (a) a toehold number
for substrates of 6; (b) a Substrate 1 concentration of 100 nM;
(c) a reaction time of 60 min.

Analytical performance of ATP detection

To evaluate the analytical performance of the established elec-
trochemical aptasensor, DPV was exploited to characterize
aptasensor. The DPV responses of the aptasensor to different
concentrations of ATP were obtained under optimal condi-
tions. As shown in Fig. 2a, The DPV peak current increased
with the increase of ATP concentration. The calibration plots
showed a good linear relationship between the peak currents
and the logarithm of ATP concentrations in the range from
10 nM to 10 μM (Fig. 2b), the resulting linear equation was
ip (A) = 7.04 E−7 log CATP (μM) + 1.81 E−6 with a correlation
coefficient of 0.9968. Based on the 3σ rule, the limits of de-
tection (LODs) for target ATP was estimated to be 5.8 nM. To
further highlight the merits of the designed aptasensor, the

Fig. 1 a The PAGE results of dendritic DNA nanoassembly. Lanes 1:
dendritic DNA nanoassembly system with target ATP; Lane 2: dendritic
DNA nanoassembly system without target ATP; Lane 3: Byproduct 2;
Lane 4: Byproduct 1; Lane 5: Substrate 2; Lane 6: Substrate 1; Lane 7:
500 bp DNA ladder marker. b EIS in 5 mM [Fe(CN)6]

3−/4- containing
1MKCl at bare electrode (a), capture DNAmodified electrode (b), MCH

and BSA immobilized on the electrode surface (c), dendritic DNA
nanoassembly system without target ATP (d), and with target ATP (e). c
Typical DPV curves of the sensor responding to blank control (a),
traditional sandwich assay, with ATP and Substrate 1 introduced (b),
dendritic DNA nanoassembly system with target ATP (c)

Fig. 2 aDPVresponses to 0, 10, 50, 100, 500, 1000 and 10,000 nMof target ATP (from a to g) using dendritic DNA nanoassembly amplification, b The
calibration curve of the designed strategy for target ATP detection. The error bars represent the standard deviations calculated from three different spots
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sensitivity of the current assay is compared with previously
reported assays for ATP detection (Table 1). Such a detection
limit is comparable to the other electrochemical ATP assays
[4, 17]. This strategy also has a comparable sensitivity with
the nanomaterial-based or the enzyme-assisted signal amplifi-
cation approaches [5, 21, 29]. Nanomaterials and enzyme-
assisted approaches are widely used as effective amplification
techniques for the detection of ATP for their strong catalytic
abilities, but they are time-consuming, and have the issues of
high nonspecific binding. The current enzyme-free strategy
not only has wide linear range and low limit of detection,
but also has controllable and stable reaction with low back-
ground. Therefore, this enzyme-free dendritic DNA
nanoassembly strategy can be applied for detection of ATP
with high sensitivity.

Specificity and reproducibility of this sensor

The specificity of the aptasensor was investigated by detecting
three ATP analogues: GTP, CTP and UTP. The concentrations
of ATP, GTP, CTP and UTPwere 1 μM, respectively, and they
were analyzed under the same experimental conditions. As
shown in Fig. 3, the DPV currents of three ATP analogues
all similar to that of the blank. However, ATP caused an ob-
vious increase of DPV signal. It indicated the biosensor had
good specificity to ATP. Such high selectivity can be ascribed

to the high specificity of the ATP binding aptamer to ATP and
sequence-specific discrimination of the target induced dendrit-
ic DNA nanoassembly. It is known that factors of ionic
strength, temperature and pH play important roles in the den-
dritic DNA nanoassembly, especially the ionic strength (salt
concentration) that high ionic strength may enhance probe-
target binding but also compromise specificity in the mean-
while. Therefore, according to the literatures [30, 31], a suit-
able hybridization buffer was chosen and a satisfied signal-to-
noise ratio was obtained (Fig. S1). In addition, for further
evaluating the reproducibility of the aptasensor, five elec-
trodes were prepared for the detection of 1 μM ATP under
the same condition. The relative standard deviation (RSD) of
five replicates measurements was 5.6%, which showed the
biosensor had good reproducibility for ATP detection.

Detection of ATP in complex samples

The sensor was used for the detection of ATP in human serum
samples. With a standard addition method, the ATP levels in
three human serum samples were detected to be 0.93 μM,
0.99 μM and 0.97 μM, respectively, which was similar to
the result obtained with the reported method [32]. After these
serum samples were spiked with 1 μMATP (1 μL of 200 μM
ATP added into 200 μL human serum sample), as shown in
Table 2, the recoveries for three detections were 96%, 105%

Table 1 Figures of merit for this assay and other nanomaterial-based and enzyme-assisted methods for determination of ATP

Analytical techniquea Amplification strategyb Linear range (mol.L−1) Detection limit (mol.L−1) Reference

ECL QDs 8 × 10−9 - 2× 10−6 7.6 × 10−9 [5]

Fluorescence RCA - 1 × 10−6 [21]

Colorimetric NEase 5× 10−8 - 1× 10−5 2.5 × 10−8 [29]

Electrochemical Exo III 1× 10−9 - 2 × 10−8 1 × 10−9 [4]

Electrochemical NEase 1× 10−8 - 1× 10−6 3.4 × 10−9 [17]

Electrochemical Dendritic DNA nanoassembly 1× 10−8 - 1× 10−5 5.8 × 10−9 This work

ATP bioluminescence assay Kit - 1× 10−11 - 1× 10−6 1× 10−11 -

a ECL, Electrochemiluminescence
bQDs, Quantum dots; RCA, Rolling circle amplification; NEase, nicking endonuclease; Exo III, Exonuclease III

Fig. 3 a DPV curves and b DPV peak currents respectively corresponding to 1 μM of ATP (a), GTP (b), CTP (c), UTP (d), and blank (e)
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and 98%, respectively, indicating acceptable accuracy. These
good results owned to the diluted serum samples and several
washing and separation steps to remove the interfering sub-
stances. It demonstrated that this method can be used for quan-
tification of ATP in complex biological fluids.

Conclusion

This work has demonstrated a sensitive and specific electro-
chemical biosensor for ATP detection based on specific target
recognition of aptamer, enzyme-free dendritic DNA
nanoassembly in situ and multiplex binding of the biotin-
strepavidin system with enzymatic electrochemical readout.
However, this dendritic DNA nanoassembly amplification
system needs several kinds of DNAs with well defined base
sequences, which requires skills. On the other hand, nowmost
commercial ATP assay kits can realize multiple sample test in
1 h, so the measurement time of this work should be further
shortened. Although the biosensor has a certain defect, it
shows high sensitivity for the detection of ATP with the dy-
namic linear range from 10 nM to 10 μM and the detection
limit down to 5.8 nM. In addition, the designed aptasensor
possesses the advantages of excellent specificity, acceptable
reproducibility, and is applicable for handy in analysis of ATP
in human serum samples. Moreover, this electrochemical ATP
biosensor can be conveniently applied for the detection of
many other molecules by changing the corresponding aptamer
sequences. Therefore, the method provides an innovative plat-
form for the detection of ATP and many other molecules.
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