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� It’s the first time that palindromic
fragment-mediated bidirectional
enzymatic repairing amplification for
ATP detection.

� Introduction of palindromic se-
quences can bypass the primers and
avoid the inherent side reaction of
the primer.

� The strategy showed excellent
detection versatility for sensitively
detecting a wide range of targets.

� This strategy shows promising po-
tential in real sample analysis.
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a b s t r a c t

A novel fluorescence sensing strategy for ultrasensitive and highly specific detection of adenosine
triphosphate (ATP) has been developed by the combination of the proximity ligation assay with bidi-
rectional enzymatic repairing amplification (BERA). The strategy relies on proximity binding-triggered
the release of palindromic tail that initiates bidirectional cyclic enzymatic repairing amplification reac-
tion with the aid of polymerase and two DNA repairing enzymes, uracil-DNA glycosylase (UDG) and
endonuclease IV (Endo IV). A fluorescence-quenched hairpin probe with a palindromic tail at the 30 end
is skillfully designed that functions as not only the recognition element, primer, and polymerization
template for BERA but also the indicator for fluorescence signal output. On the basis of the amplification
strategy, this biosensor displays excellent sensitivity and selectivity for ATP detection with an
outstanding detection limit of 0.81 pM. Through simultaneously enhancing the target response signal
value and reducing nonspecific background, this work deducted the background effect, and showed high
sensitivity and reproducibility. Moreover, our biosensor also shows promising potential in real sample
analysis. Therefore, the proximity-enabled BERA strategy indeed creates a simple and valuable fluores-
cence sensing platform for ATP identification and related disease diagnosis and biomedical research.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Adenosine triphosphate (ATP), a major energy currency of the
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cell, plays a pivotal role in the regulation of cellular metabolism and
biochemical pathways in cell physiology [1,2]. Aberrant expression
of ATP is closely related to various diseases, for instance, malignant
tumors, Alzheimer’s disease, and Parkinson’s diseases [3e5]. Plenty
of evidences demonstrate that ATP has been acknowledged as a
powerful and reliable indicator for the related diseases [6,7].
Accordingly, there is an urgent need for the development of rapid
and sensitive strategies for ATP detection. The traditional methods
for ATP identification are mainly based on high-performance liquid
chromatography [8e10], mass spectrometry [11] and biolumines-
cence [12]. Thesemethods, however, is complicated and technically
demanding. Nowadays, various novel analytical methods, including
chemiluminescence [13], electrochemiluminescence [14], surface-
enhanced Raman scattering [15], electrochemistry [16], and color-
imetry [17], have been extensively explored for ATP determination.
Although these methods enable to detect ATP with high sensitivity,
they might suffer from the shortcomings of time-consuming,
expensive instrumentation, and poor reproducibility. Therefore,
the development of more rapid, convenient, and sensitivity
methods for ATP detection is still a grand challenge.

Recently, DNA nanotechnology has gained increasing interest
because of its highly programmable nature, high precision, and
ease of preparation [18]. As a result, various DNA-assisted assays,
including the proximity ligation assay (PLA) [19e21], three-way
junction [22], and the molecular pincer assay [23], have been
designed. Among them, the proximity ligation assay, relying on the
simultaneous recognition of target molecule by a pair of proximity
probes, provides a promisingway in accurate and quick detection of
the target. Compared with conventional ATP assays, PLA-based
biosensors are simpler and faster because they take the simplicity
and variousness of DNA assembly to achieve one-step target
detection [24,25]. However, the amplified signals tend to saturate
easily, partly due to the depletion of substrates, and so this method
is more suitable for analyzing targets of low abundance [26,27].
Thereby, a novel proximity-enabled bidirectional enzymatic
repairing amplification (BERA) strategy was proposed for ultra-
sensitive and highly specific detection of the target. We designed a
proximity hybridization-triggered signal switch by using a prox-
imity complex to open a self-reportingmolecular beacon (MB) with
a palindromic tail at the 30 end [28]. This switch could be used for a
one-step fluorescence assay of different kinds of target bio-
molecules with corresponding affinity ligands. The enzymatic
repairing amplification (ERA) [29,30] reaction was further coupled
with this palindromic molecule switch by using polymerase for in
situ recycling of the proximity complex. The strategy showed
excellent detection versatility for sensitively detecting awide range
of targets such as oligonucleotides, proteins, or small molecules.

Palindromic sequence is a short inverted duplication nucleic
acid fragment located in gene untranslated operon and specific
protein binding region [31,32]. An interesting feature of palin-
dromic sequence is the complementary strands being palindromic
of each other. Such fascinating properties enable it to act as a
primer in the field of nucleic acidmolecular sensing. For instance, Li
and co-authors devised a newly palindromic fragment-
incorporated molecular beacon-based fluorescence aptasensor for
genetic analysis of cancers [33] Zeng and co-authors presented an
innovative and rationally engineered palindromic molecular
beacon-based ‘Z-scheme’ photoelectrochemical biosensing proto-
col for the selective screening of kanamycin through DNA hybrid-
ization induced conformational conversion [34]. Shen and co-
authors reported a highly sensitive and selective colorimetric
assay based on a multifunctional molecular beacon with palin-
dromic tail was proposed for the detection of target p53 gene [35].
Favorably, introduction of palindromic sequences can bypass the
primers (namely, involving only single probe), and avoid the
inherent side reaction of the primer, thus reducing the background
signal and improving the detection sensitivity. To the best of our
knowledge, regrettably, there is no study focusing on palindromic
sequence-based signal-amplified strategy for ATP assay nowadays.

Herein, we develop a novel fluorescence sensing strategy based
on proximity-enabled bidirectional enzymatic repairing amplifi-
cation (BERA) for ultrasensitive and highly specific detection of ATP.
In our assay, a fluorescence-quenched hairpin probe with a palin-
dromic tail at the 30 end (MB) is skillfully designed that functions as
not only the primer for initiating BERA but also the indicator for
fluorescence signal output. Introduction of palindromic sequences
can effectively avoid the unwished extension attributed from the
dynamic contact between the single-stranded primer with tem-
plate, thus ultrahigh specificity of our strategy can be achieved for
ATP detection. Additionally, the BERA reaction is initiated specif-
ically by target ATP-aptamer binding and performed cyclically with
the aid of polymerase and two DNA repairing enzymes, uracil-DNA
glycosylase (UDG) and endonuclease IV (Endo IV) to produce
amplified fluorescence signal [36e38]. On the basis of the combi-
nation of BERA with palindromic sequence, the nonspecific back-
ground can be suppressed. Therefore, this sensing strategy indeed
create a versatile and convenient platform for ultrasensitive and
highly specific detection of ATP and related disease analysis.
2. Experimental section

2.1. Materials and reagents

All oligonucleotides used in this research were purchased from
Sangon Biotechnology Co. Ltd. (Shanghai, China) and were purified
via HPLC. The detailed sequences of these oligonucleotides are
listed in Table 1. Bst DNA polymerase (large fragment), E. coli uracil
DNA glycosylase (UDG), endonuclease IV (Endo IV), adenosine
triphosphate (ATP), guanosine triphosphate (GTP), cytidine
triphosphate (CTP) and uridine triphosphate (UTP) were purchased
from New England Biolabs (Beijing, China). dATP, dGTP, dCTP, dUTP,
and dTTP were supplied by Takara Biotechnology Co. Ltd. (Dalian,
China). The agarose and DNA marker were purchased by Takara
Biotechnology Co. Ltd. (Dalian, China). All other chemicals were of
analytical grade and were used without further purification. All
solutions were prepared with ultrapure water that was obtained
through a Millipore Milli-Q water purification system (Billerica,
MA, USA) with an electric resistance >18 MU cm. The serum sam-
ples were collected from volunteers in compliance with all insti-
tutional and national guidelines.

The underlined bases in AP1 and AP2 are the split aptamer of
ATP. Three functional regions in MB are marked in three different
colors. Region I (purple) is the fragment complementary to the
italics bases in AP1 and AP2. Region II (blue) is the secondary
target-recognition region that can hybridize with secondary target
gene. Region III (red) is a palindromic sequence. The molecular
beacon (MB) is also chosen as signal probe by labeling with a pair of
fluorophore (FAM) and quencher (Dabcyl).
2.2. Instruments

Gel electrophoresis was conducted using DYCZ-24DN electro-
phoresis cell (LIUYI, Beijing, China) and Bio-Rad Gel imaging system
(Bio-Rad, USA). Fluorescence spectra were recorded using an Agi-
lent Cary Eclipse spectrofluorometer (Agilent, USA) with excitation
at 486 nm. The slit was set to be 5 nm for both the excitation and
the emission.



Table 1
DNA oligonucleotides sequence used in this work.

Oligonucleotide name Sequence (5’ e 3 ‘) description

AP1 ACCTGGGGGAGTATGCAAGTAGAACGAA
AP2 AGAGAGCGCCTTGCTGCGGAGGAAGGT
MB TTCGTTCTGCGCTCTCT (FAM)AGCCCTCCTTCTGTCCTTCTTCTTCCGT (Dabcyl)GAGAGCGCTC
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2.3. Analytical protocol

The detailed procedure used to detect the target ATP was as
follows: Firstly, AP1 (2.5 mL, 1 mM), AP2 (2.5 mL, 1 mM), MB (2 mL,
5 mM), Bst DNA polymerase (2 mL, 8 U mL�1), UDG (2 mL, 1 U mL�1),
Endo IV (2 mL, 1 U mL�1), 4 mL of 10 mM dNTPs (10 mM dATP, dGTP,
dCTP, dUTP each), NEBuffer 2 (4 mL, 1 � ) and equal volumes of
different concentrations of ATP (or ADP, GTP, CTP and UTP) were
mixed and incubated at 50 �C for 90 min. Subsequently, the above
mixed solution (40 mL) wasmixedwith 60 mL of ultrapurewater and
scanned using an Agilent Cary Eclipse spectrofluorometer in the
wavelength range from 500 nm to 600 nm. And the fluorescent
intensity at 519 nmwas used for quantitative analysis. Unless noted
otherwise, all experiments for ATP measurements were repeated
three times in this study.

2.4. ATP assay in human serum samples

The healthy human serum samples were collected by centrifu-
gation of whole blood after coagulation. Different concentrations of
ATP (0, 10 pM, 100 pM and 1 nM) were separately spiked into the
10% diluted human serum samples and measured directly.

2.5. HPLC analysis for ATP detection

High performance liquid chromatography (HPLC) measure-
ments were performed on an Agilent 1100 Series chromatograph
equipped with a quaternary pump, a diode array detector (DAD),
and an autosampler. An Allsphere ODS-C18 column
(4.6 mm � 250.0 mm, 5 mm) from Waters was employed at room
temperature (25 �C). The ATP standards and extracts were detected
respectively through a gradient mobile phase of water and aceto-
nitrile by a ratio of 40/60 (v/v). 1.0 mL min�1 was set as the flow
rate. 20 mL of ATP sample was injected with 259 nm detection
wavelength.

2.6. Polyacrylamide gel electrophoresis (PAGE) analysis

The 15% nondenaturating polyacrylamide gel electrophoresis
(PAGE) was used in further confirm and characterize this amplifi-
cation strategy. In the PAGE assay, the electrophoresis was per-
formed in 1� TBE buffer (50 mM Tris Borate, 2.0 mM EDTA, pH 8.2)
at 110 V for 80 min. After staining by GelRed, the gel was visualized
via fluorescence detection using a Bio-Rad Gel imaging system.

3. Results and discussion

3.1. Principle of the proposed BERA strategy for ATP assay

The working principle of the proposed fluorescence sensing
strategy for ultrasensitive detection of ATP is illustrated in Scheme
1. The reaction system consists of six elements: two split aptamer
fragment probes, AP1 and AP2, used for the recognition of target
ATP, a fluorescence-quenched hairpin probe (MB) functioned as
both the template and the primer for BERA and the indicator for
fluorescence signal output, and three nucleic acid enzymes that are
Bst DNA polymerase, uracil DNA glycosylase (UDG), and endonu-
clease IV (Endo IV), respectively. The split aptamer fragment probes
contain two parts, split aptamer domains (pink and blue) acting as
the target recognition components, and the split initiator regions
(light purple) for BERA. The hairpin probe MB is comprised of three
functional regions and two lesion incorporating sites. Region I
(purple) is a nucleic acid segment complementary to the split
initiator regions in AP1 and AP2. Region II (blue) is a specific sec-
ondary target recognition sequence that is the single stranded loop
part of MB and can hybridize with secondary target gene. Region III
(red) is a palindromic sequence that is locked in the initial state by
the stem-loop structure. It is well-known that the palindromic
sequences are able to hybridize with each other. In the presence of
target ATP, the two split aptamer fragments can co-recognize ATP to
form a stable AP1-ATP-AP2 structure, which can bring the two tail
sequences into close proximity and bind to the 50 terminus of MB
that induces the conformation switch of MB. Immediately, the
prelocked palindromic sequences within MB are released and
intermolecular hybridization occurs. Accordingly, the bidirectional
polymerization could be initiated with the aid of Bst DNA poly-
merase and four nucleotides dATP, dGTP, dCTP and dUTP, resulting
in extendedMB andMB duplex and accompanying by the release of
the AP1-ATP-AP2 structure. It is worth noting that dUTP is used to
instead of dTTP to incorporate lesions. So, four uracil (dU) nucleo-
tides are incorporated in the extension product. Meanwhile, the
four lesion sites are removed through cleaving the N-glycosidic
bond between the uracil and the sugar, releasing the uracil base and
forming the abasic sites (AP site). The AP site is then cleaved by
Endo IV, which generates two new single-stranded DNA fragments
T1 and T2. As much as AP1-ATP-AP2 structure behaviors, the
liberated T1 and T2 can bind to other MBs respectively, promoting
more rounds of bidirectional enzymatic repairing amplification
reaction, thus numerous T1 and T2 are continuously produced.
Eventually, more and more MB is opened, in which a remarkably
enhanced fluorescence signal can be obtained due to the separation
of fluorophore (FAM) from quencher (Dabcyl). Therefore, the pro-
posed proximity-enabled BERA fluorescence sensing strategy
indeed provides a rapid and versatile tool for ultrasensitive and
highly specific detection of ATP.
3.2. Viability of the strategy for ATP assay

In order to confirm the feasibility of this strategy, a series of
control experiments were investigated, and the results were
depicted in Fig. 1. When the system was incubated with ATP, a
significantly strong fluorescence signal was achieved with a emis-
sion peak at 519 nm (curve a). In contrast, it was found that a
negligible fluorescent response was observed for the blank sample,
implying a desirable signal-to-background ratio of 21.5 (curve b).
This clearly revealed that the specific recognition of target ATP and
the two split aptamer fragments can bring the two tail sequences
into close proximity and activateMB-based bidirectional enzymatic
repairing amplification. Thus numerous T1 and T2 were produced
andmore andmore MB is opened, inwhich a remarkably enhanced
fluorescence signal can be obtained. When the system was incu-
bated with ATP in the absence of Bst DNA polymerase, there was a



Scheme 1. Schematic illustration of fluorescent sensing of ATP based on proximity-enabled bidirectional enzymatic repairing amplification.

Fig. 1. Fluorescence emission spectra responses of the biosensor in the presence of
5.0 � 105 pM ATP (a), Curves b to h are for the control experiments which are per-
formed with no target ATP (b), without Bst DNA polymerase (c), without UDG (d),
without Endo IV (e), without Apt1 (f), without AP2 (g), and non-target ADP in place of
ATP (h).

Fig. 2. Polyacrylamide gel electrophoresis characterization of the proposed strategy.
Lane M, DNA marker; Lane 1, MB; Lane 2, AP1 and AP2 incubated with ATP; Lane 3,
AP1, AP2, and MB incubated with ATP; Lane 4, AP1, AP2, MB, and Bst DNA polymerase
incubated with ATP; Lane 5, AP1, AP2, MB, Endo IV, and UDG incubated with ATP; Lane
6, AP1, AP2, MB, Bst DNA polymerase, and Endo IV incubated with ATP; Lane 7, AP1,
AP2, MB, Bst DNA polymerase, and UDG incubated with ATP; Lane 8, the positive
sample; Lane 9, the blank sample.
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weak fluorescence response, which demonstrated the bidirectional
enzymatic repairing amplification reaction was initiated by Bst
DNA polymerase-assisted extension reaction (curve c). When the
systemwas incubated with ATP in the absence of UDG (curve d) or
Endo IV (curve e) respectively, there are twomoderate fluorescence
signal was obtained, manifesting a certain amount of MB was
opened due to the Bst DNA polymerase-assisted AP1-ATP-AP2
structure recycle amplification. In addition, two negligible fluo-
rescence responses similar to that of the blank sample were
observed in the absence of AP1 (curve f) or AP2 (curve g), which
signified that the ATP-mediated assembly of two split aptamer
fragments AP1 and AP2 was essential for the activation of fluo-
rescence signal. Furthermore, when target ATP was replaced by
non-target ADP, a dinky fluorescent signal was obtained,
demonstrating the significantly increased fluorescence signal was
triggered by the specific binding of target and aptamer (curve h).
On the basis of these results, it was reasonably concluded that the
proposed strategy held great potential for the quantitative assay of
ATP with high specificity.
3.3. PAGE analysis

The polyacrylamide gel electrophoresis (PAGE) analysis was
hired to directly proof of the reaction mechanism of the sensing
system, and the results were displayed in Fig. 2. It was observed
that the MB gave a bright band at Lane 1, illustrating no secondary



Fig. 3. (A) Effect of the concentration of MB on the (FeF0)/F0 value of the biosensor, F and F0 represent the fluorescence signal intensity at 519 nm of the biosensor in the presence
and absence of 5.0 � 105 pM ATP, respectively; (B) Effects of different concentrations of UDG on the fluorescence intensity at 519 nm of the biosensor in the presence (curve a) and
absence (curve b) of 5.0 � 105 pM ATP; (C) Effect of the reaction temperature on the fluorescence intensity at 519 nm of the biosensor in the presence (curve a) and absence (curve b)
of 5.0 � 105 pM ATP; (D) Effect of the reaction time on the fluorescence intensity at 519 nm of the biosensor in the presence (the red bar) and absence (the gray bar) of 5.0 � 105 pM
ATP. 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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structure in the rationally designed DNA sequence. When incu-
bated target ATP with two aptamer fragments AP1 and AP2, a new
band appeared, suggesting AP1 and AP2 containing split ATP
aptamer subunits could co-recognize ATP to form an AP1- ATP-AP2
structure (Lane 2). When incubated AP1, AP2, MB with ATP, a slim
and weak band for the hybridized AP1-ATP-AP2/MB structures was
Fig. 4. (A) Fluorescence spectra responses of the biosensor to different concentrations of A
5.0 � 104, 1.0 � 105, 5.0 � 105 pM); (B) The relationship of fluorescent signal intensities at 51
519 nm versus the logarithm value of ATP concentration. Error bars are standard deviation
observed at the top of Lane 3 in addition to those of excess MB
probes. This indicated the specific recognition of ATP and two split
aptamer fragments leads to the formation of AP1-ATP-AP2 struc-
ture that could bring the two tail sequences into close proximity
and hybrid with the hairpin probe MB. When incubated AP1, AP2,
MB, Bst DNA polymerase with ATP, we observed the brightness of
TP (from curve a to l: 0, 1, 10, 50, 1.0 � 102, 5.0 � 102, 1.0 � 103, 5.0 � 103, 1.0 � 104,
9 nm for different concentrations of ATP. Inset is the plot of the fluorescent intensity at
s across three repetitive experiments.



Table 2
Comparison of different assay methods for the detection of ATP.

Detection methods Detection range (pM) Detection limit (pM) Reference

Fluorescence 5.0 � 105e5.0 � 107 1.4 � 105 [39]
Electrochemistry 1.0 � 103e2.0 � 104 1.0 � 103 [40]
Chemiluminescence 2.0 � 103e8.0 � 104 1.4 � 103 [41]
Surface-enhanced Raman 1.2 � 101e2.0 � 103 1.2 � 101 [42]
Photoelectrochemical 1.0 � 104e1.0 � 106 3.2 � 103 [43]
Electrochemiluminescence 1.0 � 102e1.0 � 103 2.0 � 101 [44]
Fluorescence assay 1.0 � 100e5.0 � 105 0.81 This work

Fig. 5. The fluorescence responses at 519 nm obtained in response to different targets.
The concentration of ATP was 500 nM and the concentration of non-target molecules
was 500 nM. Error bars are standard deviations across three repetitive measurements.

Fig. 6. The fluorescence responses of the biosensor for ATP detection in buffer (red
bar) and serum samples (gray bar). The 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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the band at the position of MB was visibly decreased compared to
the corresponding bands of Lane 3, and a series of different mo-
lecular weight bands appeared (Lane 4), whichmay be attributed to
the intra-/intermolecular polymerization products and/or
Table 3
ATP analysis in real samples.

Spiked amount (pM) Measured (pM)

Our method HPL

1 � 101 (1.017 ± 0.026) � 101 (0.9
1 � 102 (0.986 ± 0.027) � 102 (0.9
1 � 103 (0.979 ± 0.041) � 103 (1.0
intermediates. In addition, after incubation AP1, AP2, MB, UDG,
Endo IVwith ATP, the band similar to the Lane 3was observed (Lane
5), it indicated that Bst DNA polymerase is essential for this reaction
process. When the reaction systemwithout UDG or Endo IV, bands
appeared in Lane 6 and Lane 7 are similar to Lane 4, respectively,
suggesting that the target-aptamer binding triggered BERA strategy
was implemented owing to the perfect joint action by Bst DNA
polymerase, UDG and Endo IV, lack of anyone, the work could not
be completed. When incubated AP1, AP2, MB, Bst DNA polymerase,
Endo IV, UDG with ATP, complicated and similar bands to Lane 4
could be found in Lanes 8, which was attributed to the synergistic
effect of polymerase Endo IV and UDG. In contrast, for the blank
sample, two wide bands, which are similar with Lane 1 and Lane 2,
were observed on the Lane 9. These data gave immediate evidence
that the specific binding of target and split aptamer fragments
activated palindromic fragment-mediated BERA process.

3.4. Optimization of experimental conditions

In order to achieve the optimal analytical performance, a series
of key experimental parameters including the concentration of MB,
the amounts of UDG, and the reaction temperature and time for
ERA were optimized (Fig. 3). The MB probe can not only serve as
recognition element, primer, and polymerization template for BERA
reaction but also the tracer for fluorescence signal output. So we
investigated the variance of the (FeF0)/F0 value with different
concentrations of MB, where F and F0 were the fluorescence
emission peak intensity at 519 nm in the presence and absence of
ATP, respectively. As shown in Fig. 3A, the (FeF0)/F0 value contin-
uously increased with increasing of MB concentration and reached
equilibriumwhen the concentrationwas 5 mM. So, 5 mMwas chosen
as the optimal concentration in the subsequent research. Moreover,
the amplifying efficiency of this strategy was also greatly depended
on the amounts of UDG, thus we optimized the concentration of
UDG on the basis of the fluorescence signal intensity in the pres-
ence and absence of 5.0 � 105 pM ATP. As we can see from Fig. 3B,
for the positive sample, the fluorescence intensity was gradually
intensified with increasing of the concentration of UDG and expe-
rienced almost no changewhen the concentration reached 1 U mL�1

(curve a), while there was no obvious change for the blank sample
(curve b). Thereby, 1 U mL�1 was chosen as the optimized concen-
tration in the following experiments. Furthermore, the reaction
temperature is also crucial in our assay. It was found from Fig. 3C
that the fluorescence signal intensity enhanced upon an increase of
Recovery (%) ± SD

C Our method HPLC

72 ± 0.017) � 101 101.7 ± 2.9 97.2 ± 1.7
63 ± 0.047) � 102 98.6 ± 2.7 96.3 ± 4.7
15 ± 0.028) � 103 97.9 ± 4.1 101.5 ± 2.8
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the reaction temperature and reached a plateau at 50 �C (curve a),
nevertheless, there was no obvious change for that of the blank
sample (curve b). Hence, 50 �C was chosen as the optimum reaction
temperature. Additionally, the reaction time of the sensing strategy
was optimized, and the results were shown in Fig. 3D. We observed
the fluorescence signal intensity for the positive sample increased
with the increase of the reaction time and reached the maximum
value at 90 min, however, there was no obvious change for that of
the blank sample. The highest signal-to-noise (S/N) was obtained
when the reaction timewas 90 min. Therefore, 90 minwas adopted
as the optimal reaction time in the following research.

3.5. Analytical performance of the biosensor for ATP detection

Under the optimized conditions, the analytical performance of
the present biosensor was investigated towards the detection of
ATPwith different concentrations. Fig. 4A depicted the fluorescence
signal of this biosensor in responses to different concentrations of
ATP. It was observed that the signal intensities at 519 nm increased
significantly with the increasing concentration of ATP from 0 to
5.0 � 105 pM. The plot of the fluorescence signal intensity versus
the logarithm value of ATP concentrations displayed a good linear
dependence in the range from 1 pM to 500 nM (Fig. 4B). The linear
regression equation was F ¼ 0.187 þ 156.267 � lg (CATP/pM) with a
correlation coefficient of 0.996. The detection limit was calculated
to be 0.81 pM in terms of the rule of 3 times standard deviation over
the blank response. Additionally, the analytical performance of our
biosensor in the quantitative assay of ATP was compared with that
of the previous reported methods, and the results were shown in
Table 2. It was found that the sensitivity of this strategy was su-
perior to themajority of the existingmethods for ATP assay.What is
more, our constructed fluorescence sensing strategy allowed to
rapid, simple, convenient, one-step homogenous detection of ATP
with ultrahigh specificity.

3.6. Specificity study

The specificity of the proposed strategy was evaluated by chal-
lenging the systemwith target ATP and other non-target molecules
including GTP, CTP, and UTP, and the results were shown in Fig. 5. As
expected, a remarkably strong fluorescence response was observed
in the presence of ATP, while there was no significant change in the
fluorescence intensity in the detection of 500 nM GTP, 500 nM CTP,
and 500 nM UTP in comparison with the blank test. Moreover, the
mixture containing 500 nM GTP, 500 nM CTP, 500 nM UTP, and
500 nM ATP did not lead to a significant signal change compared
with the case of solely ATP. These results manifested the excellent
specificity of the proposed fluorescence biosensor for ATP
detection.

3.7. Real sample analysis

To evaluate the applicability of our biosensor in complicated
biological environment, the quantitative assay of ATP in human
serum samples was studied. A serious of ATP standard solutions at
0, 10 pM, 100 pM, and 1 nMwere separately spiked into the human
serum samples and measured directly. As illustrated in Fig. 6, the
fluorescence signals detected in the human serum were in good
agreement with those obtained in buffer, and the discrepancies
between the two samples were extremely small. It is indicated that
the ATP assay can be carried out in complex biological matrix with
this sensing strategy. To further validate the universality of this
strategy, high performance liquid chromatography (HPLC) was also
used for the detection of the serum samples. As shown in Table 3,
the data obtained by our method had no obvious discrepancies
compared to those obtained via HPLC, and the discrepancies be-
tween the two methods were all smaller than 4.5%. In addition, the
recovery of the proposed approach was in the range of 93.8%e
104.6%. This clearly indicated that the method we proposed might
hold great promise for real sample analysis with excellent reli-
ability and accuracy. In order to further investigate the applicability
of this constructed biosensor in real samples, the quantitative assay
of ATP in HeLa cells were studied (Fig. S1). It was observed that the
fluorescence intensities gradually increased with increasing of the
numbers of HeLa cells. The above results clearly revealed our
strategy can be applied for quantitative assay of ATP in cell extracts.
4. Conclusions

In summary, we report the development of a facile and robust
fluorescence sensing strategy for ultrasensitive and highly specific
detection of ATP. This strategy relies on proximity binding-
triggered the release of palindromic sequence that initiates bidi-
rectional enzymatic repairing amplification reaction. Thus, ampli-
fied detection of target can be achieved due to the combination of
proximity ligation assay with BERA. As we know, it is the first time
that fluorescence signal amplification was realized by palindromic
fragment-mediated BERA for the detection of ATP. On the basis of
the amplification strategy, our biosensor exhibits high sensitivity
with an excellent detection limit as low as 0.81 pM, which is better
than most of the existing methods. And it offers the merits of ul-
trahigh specificity, shortened analysis time, and simplified opera-
tion. Additionally, the proposed strategy holds the potential of
being extended for the detection of other targets by redesigning the
corresponding binding molecules. Therefore, the proximity-
enabled BERA strategy indeed creates a versatile sensing platform
for the detection of ATP and related disease diagnosis and
biomedical research.
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