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� The developed biosensor is based on
dual-functional polymerase-driven
concurrent strategy termed Endo IV-
fueled feedback amplification.

� The G-quadriplex/NMM is used for
establishing cost-effective label free
biosensor platform.
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We have developed a novel amplification strategy termed Endo IV-assisted feedback amplification (EFA)
taking advantages of rolling circular amplification (RCA) and Endo IV-assisted signal amplification (ESA)
biosensing platform for detecting of adenosine triphosphate (ATP). Two kinds of specially programmed
DNA complexes were employed into EFA system, one composed of a split aptamer fragment and a cir-
cular template, and the other composed of AP probe and the same circular template. Hence, ATP as a
target induced the self-assembly of spilt aptamer fragments and initiated RCA reaction generating a
linear DNA, which consists of hybridization elements with Complex II and formation elements of G-
quadruplex. More importantly, the addition of endonuclease IV can cut the Complex II into two parts, and
one of which can be trimming by phi29 DNA polymerase initiating the new round of RCA reaction
producing more RCA products. Thus significantly enhanced fluorescent signal can be measured for ATP as
expected, and our proposed strategy exhibits improved performances toward ATP ultrasensitive detec-
tion with a limit of detection (LOD) as low as 0.09 nM. Additionally, our developed biosensor demon-
strates high selectivity and the superiority of simplicity towards ATP. Above these significant aspects, our
proximity binding-induced RCA reaction-based fluorescent assay and Endo IV-fueled feedback signal
amplification strategy presents an optimal detection performance towards ATP for potential application
in related research and clinical diagnosis.
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1. Introduction

Aptamers represent artificial DNA or RNA oligonucleotides-
based biorecognition elements originated from an in vivo selec-
tion technique termed systematic evolution of ligands by expo-
nential enrichment (SELEX) [1,2]. Typically, aptamers can bind
against a wide variety of targets from small organics to large pro-
teins and even cells with controllable high specificity and affinity.
Therefore, aptamers are widely used as highly promising pools for
biosensors (i.e., aptasensors), molecular devices and therapeutic
agents due to their chemically stability, easy availability with high
reproducibility, which offer the possibility of overcoming the lim-
itations of antibodies [3,4]. Actually, several aptamers can be split
into two moieties that retain biorecognition activity accompanied
with target-induced assembly such as aptamer for adenosine
triphosphate (ATP). The presence of target ATP can drive the
equilibrium toward the formation of two halves of a single aptamer
to be a complex with high affinity [5,6]. In this work, the aptamer
split into two segments as a recognition element based on prox-
imity binding displayed exceptionally high affinity and specificity
toward target ATP.

ATP is considered to be the significant energy source powers
related with regulating diverse biological pathway and playing
crucial roles inmediating extracellular signaling in living organisms
[7]. The level of ATP in human is directly related to diverse
important diseases such as Parkinson's disease, malignant tumors
and Alzheimer's diseases [8,9]. Considering the significant biolog-
ical functions of ATP as an indicator in the human body, various
strategies have been reported for the detection of ATP such as mass
spectrometry, high performance liquid chromatography [10,11]. In
order to overcome the shortcoming of time-consuming, poor
repeatability and low sensitivity in wide application, the estab-
lishment of biosensor platform for high sensitive detection of ATP is
of essential significance. Among the biosensing technologies,
fluorescence methods are generally recognized as the perfect
candidates for widespread application due to the advantages of
rapidness, accuracy, high efficiency and sensitivity compared with
electrochemical and colorimetric methods [12e16]. Recently,
fluorescence-based biosensor with free-labeled assay featuring
more precise and cost-efficient than dually-labeled fluorescence
probe, using a fluorophore like N-methyl mesoporphyrin IX (NMM)
and Thioflavin T (ThT) characterized by a promounced structural
selectivity for G-quadruplexes. It displays weakly fluorescent by
themselves, but exhibits an attractive fluorescence signal
enhancement upon binding to DNA G-quadruplexes [17,18].

In addition, the advances in molecular programming have
yielded several DNA circuits namely as isothermal amplification
technologies for amplifying and improving the detection sensi-
tivity, such as the strand displacement amplification (SDA) [19,20],
the loop-mediated isothermal amplification (LAMP) [21,22], rolling
circular amplification (RCA) [23,24], and so on. Satisfactorily, RCA
reaction can achieve an approximately linear amplification of three
to four orders of magnitude, owing to the excellent continuous
synthesis characteristics of DNA polymerase [25e27]. Particularly,
the DNA polymerases like phi29 DNA polymerase play an impor-
tant role in improving the high replication performance of RCA
reaction, elongating a short DNA primer around a DNA circular
template round by round and generating a long single-stranded
DNA (ssDNA) with tandem sequence repeats. It's worth noting
that phi29 DNA polymerase still exhibits a special function of the
processive 3‘-50 exonuclease activity, which featuring a marked
preference for correction of mismatched base versus a correctly
paired 30 terminus [28,29]. In previous reports, a signal amplifica-
tion strategy termed DNAzyme feedback amplification (DFA) that
takes advantage of RCA reaction and an RNA-cleaving DNAzyme
has been developed. RCA reactionwas initiated by target to produce
enzyme-cleaved elements that converting more probes into trig-
gering the new round of RCA reaction [30,31].

Herein, we have developed a fluorescence-based biosensor
strategy that takes advantage of RCA reaction and Endo IV-assisted
feedback amplification (EFA) through a cross-feedback mechanism
for ultrasensitive detection of ATP. In our proposed strategy, there
are several aspects discussing in greater detail below. Firstly, target
ATP can bring the corresponding two spilt segments of the aptamer
into close proximity, enabling a simultaneous binding. Therefore,
the increase of DNA elements local concentrations favors the hy-
bridization of the separate DNA probe (S1 and S2), which are
otherwise unable to hybridize spontaneously. Meanwhile, it also
allows one portion of S2 to hybridize with the circular template
based on the principle of proximity binding above. Secondly, the
special structure formed by the linked-affinity ligands of the target,
resulting the 3’ terminus of the pre-primer mismatched exposed
and digested by phi29 DNA polymerase. Then the trimming re-
actions suspend until the remaining part can be totally converted
into a mature RCA primer, triggering the primary RCA reaction and
producing primary RCA product. Subsequently, the addition of the
Complex II containing an apurinic/apyrimidinic (AP site) can bind
with the primary RCA product. At the same time, RCA products
contain G-rich sequences, forming G-quadruplex. When the NMM
is bound to G-quadruplex, the strong interaction between the
activated G-quadruplex and NMM generating a significant fluo-
rescence signal enhancement compared with the NMM itself.
Thirdly, the primary RCA product as a very long ssDNA consists of
tandem repeated DNA segments binding with the Complex II
forming duplex DNA containing the AP sites, which is nicked by
Endo IV-catalyzed cyclic cleavage reaction with the unique supe-
riority of high efficiency and straightforward operation. Subse-
quently, two sections of the Complex II fell off the RCA products,
and then more mature primers were generated through the trim-
ming reaction by phi29 DNA polymerase and fed back into the new
round of RCA reaction. Therefore, the Complex II played a signifi-
cant role in achieving the EFA system and improving the detection
sensitivity, enabling ultrasensitive detection of ATP with a limit of
detection (LOD) as low as 0.09 nM. In terms of these aspects above,
our proximity binding-induced RCA reaction-based fluorescent
assay and Endo IV-assisted feedback signal amplification strategy
may establish a robust and efficient biosensor platform for ultra-
sensitive detection of ATP.

2. Experimental section

2.1. Materials and reagents

All sequences of which oligonucleotides listed in Table 1 were
HPLC-purified and synthesized by Sangon Biotechnology Co. Ltd.
(Shanghai, China). ATP, GTP, CTP, UTP, endonucleaseⅣ (EndoⅣ), T4
DNA ligase, 10� T4 DNA ligase reaction buffer (50mM Tris-HCl,
10mM MgCl2, 10mM DTT, 1mM ATP, pH 7.5), E.coli exonuclease I
(Exo I), E.coli exonuclease III (Exo III), phi29 DNA polymerse,
10� phi29 DNA polymerse reaction buffer (50mM Tris-HCl, 10mM
MgCl2, 10mM (NH4)2SO4, 4mM DTT, pH 7.5), deoxynucleotide
(dNTP) solution mix were purchased from New England Biolabs
(Ipswich, MA, USA). N-methylmorpholine (NMM) was purchased
from Frontier&Scientific (Philadelphia, United States). The stock
solution of NMM (24M) was prepared in dimethyl sulfoxide
(DMSO), stored in darkness at �20 �C. The concentration of NMM
wasmeasured by UVevis spectrometer (Shimadzu UV-2600, Japan)
and found to be l¼ 379 nm, assuming an extinction coefficient of
1.45� 105M�1 cm�1. The agarose and DNAmarker (DL15000) were
purchased from Takara Biotechnology Co. Ltd. (Dalian, China).



Table 1
DNA oligonucleotides sequence used in this work.

Oligonucleotide name Sequence (50 to 3‘)

S1 CACACGAATTCATCTGTTTTTTACCTGGGGGAGTAT-Inverted dT
S2 TGCGGAGGAAGGTTTTTTTGGGTATTTTTTTTTTTTACTTTCCTAGC
S3 CACACGAATTCATCTGTTTTTTTTTTTTACTCTTCCTAGCTXACATGGC-Inverted dT
padlock probe P-ATTCGTGTGTAGCTTACATGGCTTTTCCCAACCCGCCCT

ACCCTTTTTAGCTTACATGGCTTTTCCCAACCCGCCCTACCCCAGATGA
ligation probe CACACGAATTCATCTG
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Other chemicals were of analytical grade and were used without
further purification. Ultrapure water obtained from a Millipore
filtration system was used throughout.

The DNA sequences highlighted in underline in S1 and S2 rep-
resented two split aptamer of ATP. The 30 inverted dT modification
in both S1 and S3 can inhibit the digestion of the 3‘-50 exonuclease
activity of phi29 DNA polymerase. The P in the linear padlock probe
denotes a 50 phosphate modification. The X highlighted in red is the
tetrahydrofuran abasic site mimic (AP site).
2.2. Apparatus

Gel electrophoresis was conducted using DYCZ-24DN electro-
phoresis cell (LIUYI, Beijing, China) and Bio-Rad Gel imaging system
(Bio-Rad, USA). Absorbance spectrum was obtained by UVevis
spectrometer (Shimadzu UV-2600, Japan). Fluorescence spectra
were recorded using an Agilent Cary Eclipse spectrofluorometer
(Hitachi, Japan) with excitation at 399 nm. The slit was set to be
10 nm for both the excitation and the emission.
2.3. Preparation of circular template

The circular template I was prepared via an intramolecular
ligation in an aliquot of 60 mL reaction system containing 6 mL of
100 mM 5‘-phosphorylated linear padlock probe, 6 mL of 100 mM
ligation probe, 6 mL 10� T4 DNA ligase reaction buffer (50mM Tris-
HCl, 10mM MgCl2, 10mM DTT, 1mM ATP, pH 7.5) which were
added and incubated for initial denaturation at 95 �C for 5min,
then slowly cooled down to room temperature. After that, 3 mL of
400 U mL�1 T4 DNA ligase was added and incubated at 16 �C over-
night. The ligation reaction solution was terminated by a thermal
treatment at 65 �C for 10min to inactivate the T4 DNA ligase.
Subsequently, to digest the free and hybridized probe, 1 mL Exo I,
2 mL Exo III were added to the ligation reaction solution above fol-
lowed by incubation 2 h at 37 �C. After inactivating at 85 �C for
20min, the resultant products were stored at 4 �C for further use.
Additionally, the circular template II (100 nM) can be obtained by
diluting the circular template I (10 mM) 100 times.
2.4. Preparation of complex I and complex II

The Complex I was prepared in an aliquot of 60 mL reaction
system containing 6 mL of 100 nM circular template II, 6 mL of
100 nM S1, 12 mL 5� PBS buffer (10mM Na2HPO4, 10mM NaH2PO4,
140mM NaCl, 1mM KCl, 1mMMgCl2, 1mM CaCl2, pH¼ 7.4) which
were added and incubated for initial denaturation at 37 �C for 1 h.
The Complex II was prepared in an aliquot of 60 mL reaction system
containing 30 mL of 10 mMcircular template I, 6 mL of 50 mMS3,12 mL
5� PBS buffer (10mM Na2HPO4, 10mM NaH2PO4, 140mM NaCl,
1mM KCl, 1mMMgCl2, 1mM CaCl2, pH 7.4) which were added and
incubated for initial denaturation at 37 �C for 1 h.
2.5. ATP-induced proximity-dependent sensing fluorescence assay

The detailed procedure was as follows: 3 mL of 10 nM Complex I
prepared above, 3 mL of 5 mM Complex II and 3 mL of 10 nM S2 were
added into 30 mL of amplification reaction mixture containing 3 mL
10� phi29 DNA polymerase reaction buffer (50mM Tris-HCl,
10mM MgCl2, 10mM (NH4)2SO4, 4mM DTT, pH 7.5), 2 mL of
10mM dNTPs, 3 mL of different concentrations of ATP, 3 mL of 5 U
mL�1 Endo IV, 3 mL of 10 U mL�1 phi29 DNA polymerase, 3 mL of
2.4 mMNMM solution which were incubated at 37 �C for 90min for
ATP-induced proximity binding initiated rolling circular amplifi-
cation based label-free fluorescence assay. Ultimately, the above
reaction solution was mixed with 70 mL of ultrapure water and
scanned using Agilent Cary Eclipse spectrofluorometer. Unless
noted otherwise, all experiments for ATP measurements were
repeated three times in this research.

2.6. Gel electrophoresis

The gel electrophoresis was performed to analyze the ligation
reaction products and target-driven RCA reaction products on a 1%
agarose gel with a fluorescence stain Cyber Gold (0.5 mgmL�1) in
50mM Tris-borate running buffer (2mM EDTA, pH¼ 8.2) at 145 V
for 35min. Then the gel was visualized via fluorescence detection
using a Bio-Rad Gel imaging system after electrophoresis.

2.7. Detection of ATP in real samples

We have spiked different concentrations of ATP (0, 0.1 nM,1 nM,
10 nM, 100 nM) into the human serum samples and measured
directly with a buffer solution in place of no-pretreatment except
for dilution (1: 10 dilution ratio between serum and buffer). The
human serum samples were collected by centrifugation of whole
blood after coagulation.

3. Results and discussion

3.1. Principle of the proposed strategy for ultrasensitive ATP
detection

Scheme 1 represents working mechanism of the proposed
strategy for ultrasensitive detection of ATP, including the target
proximity binding-induced RCA reaction, phi29 DNA polymerase
trimming reaction and Endo IV-assisted feedback amplification for
fluorescent signal response. The whole system is mainly made of
two spilt aptamer of ATP namely as S1 and S2, the circular template
(CT), and the ssDNA probe namely S3 containing AP site as the
substrate of Endo IV. These DNA elements can be applied inge-
niously for the synthesis into two DNA complexes: Complex I
formed by hybridization of S1 and circular template, and Complex II
formed by hybridization of S3 and circular template. These com-
plexes above trigger the following amplification reactions orderly.
First of all, the presence of target ATP can initiate the proximity
binding process between two spilt segments of aptamer with high



Scheme 1. (A) Synthetic mechanism of circular template and complex probes. (B) Schematic diagram of the label-free fluorescent sensing of ATP based on proximity binding-
induced exonucleolytic digestion-assisted primer generation for RCA coupled with Endo IV-assisted signal amplification (ESA) and Endo IV-assisted feedback amplification (EFA).

Fig. 1. Fluorescence emission spectra responses of this biosensor obtained upon
analyzing 500 nM ATP (curve a). Curves (b to e) are for the feasibility research of the
strategy which is controlled with no ATP (curve b), no S2 (curve c), no Endo IV (curve
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specificity, inducing the increase of DNA elements local concen-
trations. Moreover, two separate DNA probes that may not have
been hybridized spontaneously can have been hybridized by
proximity binding to the target synchronously. Thus, the green
portion represents polyT spacer domains in both S1 and S2, aiming
to avoid any steric hindrance when two split aptamers binding to
the ATP target, can close to each other dynamically, and one part of
S2 can hybrid with the circular template, forming a DNA complex
structure and leaving a 30 terminal pre-primers mismatched versus
the circular template. The exposed portion (denoted in pink) was
skillfully designed, ensuring the unstable hybridization double-
stranded DNA (S2-CT) due to the very low melting temperature
(Tm~22.3 �C), which could not be the optimal substrate for phi29.
Subsequently, with the aid of phi29 DNA polymerase, the hydro-
lyzation process could be triggered against the excess base due to
the feature of 3‘-50 exonucleolytic digestion. Then, RCA reaction on
Complex I was carried out after the pre-primers were converted
into the mature RCA primer via trimming reaction by phi29. Sec-
ondly, as a result, the RCA product was obtained containing G-rich
sequence folding into a large number of G-quadruplex units, thus
generating the obvious fluorescence enhancement of the NMM
embedded in G-quadruplex. In the meantime, the 30 portion of
Complex II could bind with the resultant primary RCA product el-
ements containing repeated sequences, resulting in the formation
of the duplex DNA (Complex II/RCA product). Thirdly, due to the
formation of the duplex DNA, AP site in Complex II could be
embedded into double-stranded DNA, which could be recognized
and nicked into two fragments by Endo IV. Subsequently, the
cleavage fragments dissociated from the RCA product owing to the
very low melting temperature, then phi29 DNA polymerase trim-
med the unpaired base generating more mature primer/CT hybrids
and feeding back into the new round of RCA process. Additionally,
the free RCA product could combine with other Complex II again,
initiating new cycles of Endo IV-cleavage. Basically, the reactions
above termed Endo IV-assisted feedback amplification. Further-
more, in the EFA process, the RCA reaction could enlarge
continuously with recycles achieving the exponential signal
amplification, and accumulate more G-quadruplexes which could
be probed by NMM showing a remarkable fluorescence signal
enhancement. Ultimately, the current strategy is to provide a bio-
sensing platform by the combination of the highly efficient rolling
circular amplification reaction and the novel Endo IV-assisted
feedback amplification process for ultrasensitive detection of ATP
based on fluorescence assay.

3.2. Feasibility assay of ATP detection

After constructing the biosensor platform, the viability of pro-
posed strategy for fluorescence assay of ATP was investigated by
carrying out the fluorescence emission spectral responses to a se-
ries of control experiments. As depicted in Fig. 1, in the presence of
ATP, a significantly strong peak at approximately 610 nm could be
observed meaning that proximity binding-induced RCA reaction
coupled with Endo IV-assisted feedback amplification has been
d), non-target ADP in place of ATP (curve e).



Fig. 3. Effects of the different concentration ratio of Complex II and Complex I on the
fluorescence intensity of biosensor. F and F0 represent the fluorescence emission peak
intensity at 610 nm in the presence (the red column) and absence (the black column)
of 500 nM ATP. Error bars are standard deviations across thrice repetitive experiments.
(For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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successfully performed resulting in the NMM embedded in G-
quadruplexes with a remarkably enhanced fluorescence signal
(curve a). Contrarily, in the absence of ATP, there was a negligible
signal at 610 nm for a blank sample implying that the proximity
binding was inhibited with terminated amplification reactions
(curve b). Similarly, the fluorescence response almost approximate
to that of blank simple in the absence of S2 (curve c), suggesting
that the proximity binding-induced hybridization reaction of two
spilt aptamers was inhibited and two spilt aptamers played an
important role in our proposed strategy. Additionally, a slightly
weaker fluorescence intensity was obtained due to the absence of
Endo IV (curve d), indicating the Endo IV-assisted feedback
amplification was inhibited and the important participation of
Endo IV in the whole system. Moreover, an inappreciable fluores-
cence peak was observed because of the replacement from non-
target ADP to target ATP, demonstrating our developed method
was carried out by binding of the target and the two spilt aptamers
with affinity. These results above clearly show that this biosensor
platform providing a feasible method based on fluorescence assay
for the detection of ATP.

3.3. Gel electrophoresis characterization

Typically, the preparation of circular template and the rolling
circular amplification reaction were verified for straightforward
proof via gel electrophoresis. Fig. 2 shows the image of gel elec-
trophoresis, and lane 1 displayed the DNA marker (15000 bp). Lane
2 was on behalf of the ligase reaction that the padlock probe could
be circularized after hybridization with the ligation probe and
specifically ligated with the addition of T4 DNA ligase with a bright
band. Similarly, a bright band were obtained after adding Exo I and
Exo III with only the circular template remaining (lane 3). On the
contrary, no band appeared on the figure after the incubation of
padlock probe, ligation probe without T4 DNA ligase, illustrating
the two probes were digested by exonuclease (lane 4). It reasonably
represented that the circular template was successfully prepared
with the aid of several enzymes. As seen from lane 5, a bright band
with the large-molecule-weight product and extremely low
Fig. 2. (A) Principle of the preparation of circular template probe and RCA reaction. (B) Gel
ligation probe incubated with T4 DNA ligase; Lane 3, padlock probe and ligation probe incu
incubated with Exo I, and Exo III; Lane 5, RCA products.
mobility was appeared on the image, illustrating RCA reaction was
commendably implemented and the high efficiency of RCA
reaction.
3.4. Function analysis of complex II in EFA system

The fluorescence signal responses mainly came from NMM
embedding with G-quadruplexes in RCA products, thus the addi-
tion of circular template in Complex probes directly affected RCA
reaction efficiency and RCA product concentration. We have
investigated the different concentration ratio of Complex II and
Complex I through fluorescence assay. As shown in Fig. 3, the
(FeF0)/F0 value gradually enhanced with the increasing of the
concentration ratio of both complex probe. Considering the cost
value of the S3 composition modification and (FeF0)/F0 value ob-
tained in the concentration ratio of 1000 times may not be optimal
peak, we chose this concentration ratio (CComplex II/CComplex I¼ 500
times) in subsequent research. Therefore, it can be inferred that
electrophoresis image of RCA reaction. Lane 1, DNA marker; Lane 2, padlock probe and
bated with T4 DNA ligase, Exo I, and Exo III; Lane 4, padlock probe and ligation probe
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Complex II containing AP site is of great importance both on the
enhancement of fluorescence responses of the whole EFA system
and the continuation of multiple RCA reaction.

3.5. Optimization of experimental conditions

Several experimental conditions including the concentration of
Endo IV, phi29 DNA polymerase, NMM and the RCA reaction time
have been investigated respectively for confirming the optimum
conditions for the biosensor. As shown in Fig. 4, different fluores-
cence emission peaks were obtained, and it was found that (FeF0)/
F0 value gradually increased upon the increasing of the Endo IV
concentration. When the concentration of Endo IV got to 0.5 U mL�1,
the fluorescence emission peaks reached equilibrium, thus 0.5
U mL�1 was used as the optimal concentration of Endo IV in the
subsequent experiments. Additionally, the amount of phi29 DNA
polymerase affects the amplified efficiency of the RCA reaction. As
depicted in Fig. 4B, the maximum (FeF0)/F0 value was obtained
when the concentration of phi29 reached 1 U mL�1 as the optimum
concentration. Furthermore, fluorescence emission peaks were
produced by the specific binding between NMM and G-quad-
ruplexes so that the concentration of NMM played a vital role in the
fluorescence signal enhancement. Fig. 4C shows the maximum
(FeF0)/F0 value at a concentration of 2.4 mM. Typically, the reaction
time was extremely an influencing factor of RCA process. As shown
in Fig. 4D, the (FeF0)/F0 value increased upon an increase in the RCA
reaction time until a plateau was reached at 90min tending to be
stable. These above results were chosen as the optimal research
conditions in the following experiments.

3.6. Analytical performance of our proposed strategy for
ultrasensitive ATP detection

Under the optimum experimental conditions research above,
the analytical performance of the biosensing platform was further
Fig. 4. (A) Effect of the concentration of Endo IV on the fluorescence emission peak of the b
emission peak of the biosensor. (C) Effect of concentration of NMM on the fluorescence emis
peak of the biosensor. F and F0 represent the fluorescence emission peak intensity at 610 nm
thrice repetitive experiments.
examined by various concentrations of the target ATP using fluo-
rescence spectroscopy. As depicted in Fig. 5A, the current fluores-
cence responses linearly elevated noticeably with the increasing of
the ATP concentration in a range from 0.1 to 500 nM. Fig. 5B shows
the linear dependence between the fluorescence intensity at
610 nm and the logarithm of the ATP concentration. It's suggested
that our proposed strategy is significant dependent upon the
various concentrations of ATP with a linear correlation equation as
F ¼ 204.3 � LgCþ410.0 and a correlation coefficient of 0.9954. The
limit of detection (LOD) was estimated to be 0.09 nM in terms of
three times the standard deviation above the blank signal. Addi-
tionally, the sensitivity of our developed biosensor for the detection
of ATP was superior compared to several previous methods
(Table 2). It's depicted that the sensitivity of our developed fluo-
rescent biosensor is superior to the majority of earlier reported
methods mainly including electrochemical and colorimetric assays.
Therefore, our proposed strategy presented the advantages of high
efficiency and simplified operation for ATP quantification.
3.7. Validation assay of specificity

In order to further examine the selectivity of our proposed
strategy, we have measured several fluorescence emissions against
target ATP and different non-target molecular including GTP, CTP,
UTP as shown in Fig. 6. As expected, the developed biosensor shows
a significant current response to the target ATP (500 nM), whereas
the diverse responses of the interference molecular (with the
concentration 10-fold higher than target) are comparable to that of
the blank (in the absence of target ATP). These results above
distinctly reveal the high specificity of our proposed strategy for
ultrasensitive detection of ATP, and also demonstrate that the spilt
segments of aptamer are still valid for binding with ATP.
iosensor. (B) Effect of the concentration of phi29 DNA polymerase on the fluorescence
sion peak of the biosensor. (D) Effect of RCA reaction time on the fluorescence emission
in the presence and absence of 500 nM ATP. Error bars are standard deviations across



Fig. 5. (A) Fluorescence responses to the different concentrations of ATP (from curve a to i: 0, 0.1 nM, 0.5 nM, 1 nM, 5 nM, 10 nM, 50 nM, 100 nM, 500 nM). (B) The calibration curve
of fluorescence intensity at 610 nm for different concentrations of ATP. Error bars are standard deviations across three repetitive experiments. Inset is the plot of the fluorescence
intensity at 610 nm versus the logarithm value of ATP concentration.

Table 2
Comparison of different methods for ATP detection.

Detection methods Detection range (nM) Detection limit (nM) Reference

Electrochemical 1.0e2.0� 102 0.6 [32]
Electrochemical 1.0e1.0� 102 0.5 [33]
Colorimetric 100e5.0� 103 61.29 [34]
Colorimetric 40e4.0� 103 40 [35]
Photoelectrochemical 10e1.0� 103 3.2 [36]
Fluorescent 25e6.0� 102 8.2 [37]
Fluorescent 0.2� 106e2.2� 106 0.3� 103 [38]
Fluorescent 0.1� 105e5.0� 105 2� 103 [39]
Fluorescent 0.1e5.0� 102 0.09 This work

Fig. 6. Plot of the fluorescence intensities at 610 nm obtained upon different mole-
cules. The concentration of ATP is 500 nM. The concentration of the non-target mol-
ecules is 5 mM. Error bars are standard deviations across three repetitive experiments.

Fig. 7. Plot of fluorescence spectra responses of the developed biosensor for detection
of ATP with different concentration in buffer (black bar) and 10% human serum sam-
ples (red bar). Error bars are standard deviations across three repetitive experiments.
(For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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3.8. Determination of ATP in actual human serum samples

We have investigated the actual application of our proposed
strategy for determination of ATP in real samples. We have chosen
the ATP-free human serum samples collected by centrifugation of
whole blood after coagulation, of which the mainly composition is
similar to the plasma. Thus, we have directly scanned several
fluorescence spectra responses upon different concentration of ATP
(0, 0.1 nM,1 nM,10 nM,100 nM) as shown in Fig. 7. The fluorescence
intensity ascended with the increasing of ATP concentration sug-
gesting that the results obtained in the real samples were in good
agreement with those in buffer. The difference between two sam-
ples was negligibly smaller than 3.5%, demonstrating that our
developed biosensor applied for the detection of ATP in real sam-
ples has good accuracy and stability. Additionally, as shown in
Table 3, the comparison results between our developed method
and high performance liquid chromatography (HPLC) demon-
strated the determination results using our strategy was in good
agreement with those obtained via HPLC, and the discrepancies
between two methods were all smaller than 4.5%. Thus, the
developed biosensor may provide a useful method for ultrasensi-
tive detection of ATP in real samples for research upon fundamental
biomedicine.

4. Conclusions

In summary, we have successfully developed a rapid and cost-
effective label-free fluorescence biosensor for the ultrasensitive
detection of ATP. The proposed strategy mainly consists of prox-
imity binding-induced concurrent self-assembly of two split
aptamer fragments and cascaded RCA reaction coupled with Endo
IV-fueled feedback signal amplification. Intriguingly, phi29 DNA
polymerase as a significant fuel has driven concurrent exonuclease-
proofreading reaction and polymerase-continuous synthesis



Table 3
Application of developed biosensor for detection of ATP in actual human serum samples and comparison with HPLC method.

Real samples Spiked amount (nM) Developed method (±SD, n¼ 4) HPLC (±SD, n¼ 4)

Human serum 1 0.1 0.1044± 0.056 0.0997± 0.034
Human serum 2 1.0 1.023± 0.075 1.015± 0.046
Human serum 3 10.0 10.12± 0.237 9.896± 0.359
Human serum 4 100.0 101.8± 0.548 99.57± 0.883
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reaction. Meanwhile, this cross-feedback mechanism can turn the
autonomous transformation of molecular recognition and
isothermal amplification technology into possible. Our developed
methodology exhibits excellent analytical performance with a
limits of detection as low as 0.09 nM and can be extended to a
widespread range of biomarkers conveniently with available af-
finity ligands such as oligonucleotide, protein biomarker and even
antigen-antibody. Additionally, our proposed sensing platform has
been applied for the detection of ATP in human serum samples.
Therefore, the developed strategy may show satisfactory applica-
tions in ultrasensitive detection of ATP even other targets such as
protein (e.g. thrombin, platelet-derived growth factor (PDGF)),
other small molecule like cocaine, and possess unlimited potential
in drug treatment, disease diagnosis, food safety testing and envi-
ronmental pollution measuring.
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