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Abstract: Owing to the significant roles of adenosine triphosphate (ATP) in diverse biological pro-
cesses, ATP level is used to research and evaluate the physiological processes of organisms. Aptamer-
based biosensors have been widely reported to achieve this purpose, which are superior in their
flexible biosensing mechanism, with a high sensitivity and good biocompatibility; however, the
aptamers currently used for ATP detection have a poor ability to discriminate ATP from adenosine
diphosphate (ADP) and adenosine monophosphate (AMP). Herein, an ATP-specific aptamer was
screened and applied to construct a fluorescent aptasensor for ATP by using graphene oxide (GO)
and strand displacement amplification (SDA). The fluorescence intensity of the sensor is linearly
related to the concentration of ATP within 0.1 µM to 25 µM under optimal experimental conditions,
and the detection limit is 33.85 nM. The biosensor exhibits a satisfactory specificity for ATP. Moreover,
the experimental results indicate that the biosensor can be applied to determine the ATP in human
serum. In conclusion, the screened aptamer and the biosensor have promising applications in the
determination of the real energy charge level and ATP content in a complex biological system.

Keywords: ATP; aptamer; graphene oxide; strand displacement amplification; molecular beacon;
fluorescent sensor

1. Introduction

As a high-energy compound, adenosine triphosphate (ATP) can be found in all living
cells. It can provide energy directly for the organisms and plays important roles in various
cell life activities and signal transmission [1,2]. The level of ATP reflects the energy charge
status of the cells and is closely related to cellular metabolic processes. At the same time,
ATP plays significant roles in various physiological and pathological processes, and its level
is also related to many diseases. For example, an abnormal level of ATP in the body is linked
to Parkinson’s disease and cardiovascular disease [3]. As an indicator, the measurement of
ATP plays an important role in biochemical research and clinical diagnosis [4]. Currently,
the main methods for ATP detection include bioluminescence [5], high performance liquid
chromatography [6] and capillary electrophoresis [7], etc.; however, high costs, the high
requirements for equipment and professional individuals, and a complicated pretreatment
of samples are the defects of the above methods [8].

Aptamers are oligonucleotide sequences and can be screened by the technology of
a systematic evolution of ligands with exponential enrichment (SELEX) in vitro [9]. The
aptamers and the specific target substances can interact with a high affinity and speci-
ficity [10,11]. Currently, different aptamers specific for metal ions [12], small molecules [13],
drugs [14], proteins [15] and cells [16] have been reported. The advantages of being in-
expensive and having a high stability allow for aptamers to be widely used as molecular
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recognition elements in the fields of biosensing, molecular imaging, clinical diagnosis and
other fields [17,18]. In 1993, Szostak et al. reported the RNA aptamer for ATP for the
first time [19] and the first DNA aptamer for ATP was screened in 1995 [20]. Since then,
most of the works on ATP biosensors have been carried out based on this DNA aptamer,
while the ATP aptamer has been one of the model aptamers widely used in biosensing.
In order to achieve a better application, this classic aptamer has even been modified in
different forms. Li et al. mutated and modified the DNA aptamer by cutting off specific
nucleotides on the aptamer and increasing the complexity of the aptamer structure [21].
Biniuri et al. mutated the bases of the classic ATP aptamer, predicted the binding sites of
the aptamer for ATP by a molecular dynamics simulation, and obtained a higher affinity
aptamer with the help of microscale thermophoresis [22]. Despite the great success of this
aptamer in the construction of ATP biosensors, it cannot effectively distinguish the phos-
phate groups at the 5′ position of adenosine, that is, such biosensors cannot discriminate
ATP from other adenylate derivatives, such as adenosine diphosphate (ADP), adenosine
monophosphate (AMP) and cyclic adenosine monophosphate (cAMP) [21,23]. Therefore,
the ideal aptamers with high specificity for ATP are eagerly desired to achieve an accurate
evaluation of the energy charge level in organisms.

At present, aptamers are used to construct various types of biosensors, such as flu-
orescence aptasensors, electrochemical aptasensors and colorimetric aptasensors [24–26].
Among them, the fluorescence aptasensors have a high sensitivity and the experimental
results are more intuitive [27]. Meanwhile, various types of aptasensors for ATP have
also been reported [28–30], but the limitation of the aptamer in its specificity leads to the
defection of sensors in their specificity.

High sensitivity is generally a basic requirement for biosensors. Signal amplification
technology is frequently applied to improve detection sensitivity in the design of biosensors.
Nucleic acid-based signal amplification technologies are widely used in the construction
of aptasensors because of the nucleic acid properties of the aptamers, including strand
displacement amplification (SDA) [31,32], rolling circle amplification (RCA) [33,34], hy-
bridization chain reaction (HCR) [35], exonuclease-assisted amplification [36], catalytic
hairpin self-assembly amplification (CHA) [37], etc. Among them, SDA is easy to operate
and does not require repeated heating cycles. It enables DNA to be exponentially amplified
in a short period of time. Therefore, SDA is widely used in the construction of sensors
related to nucleic acids and aptamers [38].

In this study, an aptamer specific for ATP was screened, which can effectively discrimi-
nate ATP from ADP and AMP. Then this aptamer was employed as the recognition element
in a finely designed functional chimera sequence to develop a fluorescent biosensor to de-
tect ATP by using polymerase and endonuclease-based strand displacement amplification
technology. The fluorescent biosensor showed a high performance for the target and was
employed to determine real samples.

2. Materials and Methods
2.1. Materials and Reagents

Nb.bpu10I endonuclease and Bsm DNA polymerase were obtained from Thermo
Scientific (Waltham, MA, USA). Graphene oxide (GO) was obtained from Aladdin Reagent
Co., Ltd. (Shanghai, China). Deoxyribonucleoside triphosphate (dNTP), ATP, ADP, AMP,
guanosine triphosphate (GTP), uridine triphosphate (UTP) and cytidine triphosphate (CTP)
were all purchased from Sangon Biotech Co., Ltd. (Shanghai, China). Human serum was
purchased from XinFan Bio-technology Co., Ltd. (Beijing, China). In all experimental
procedures, ultrapure water (18.2 MΩ cm) acquired from a Micropore filtration system was
employed to prepare all solutions.

In this work, all the DNA sequences were synthesized and modified by Sangon
Biotech Co., Ltd. (Shanghai, China). In the Supplementary Information, these sequences
are presented in Table S1.
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2.2. Characterization of the Aptamer

The magnetic beads-based SELEX was carried out to screen the aptamer sequences
specific for ATP and the procedure of the SELEX is described in the Supplementary Infor-
mation. The performance of the aptamer sequences was characterized. To determine the
dissociate constant (Kd) of the aptamer, the 5′FAM modified aptamer was diluted with the
binding buffer (50 mM Tris-HCl containing 5 mM KCl, 100 mM NaCl and 1 mM MgCl2,
pH 7.4) to 200 µL with an ultimate concentration of 50–500 nM. The above system was
heated at 95 ◦C for 10 min, followed by being rapidly ice-bathed for 10 min. An amount
of 1 µL of 100 mM ATP was mixed and shaken at 25 ◦C for 100 min, then 20 µL GO
was introduced. Following incubation for 40 min at 25 ◦C, the system was centrifuged at
12,000 rpm for 12 min. Finally, all the supernatants were placed in a 96-well plate and an
EnSpire® Multimode Plate Reader (PerkinElmer, Inc., Waltham, MA, USA) was used to
detect the fluorescence intensity with a 488 nm excitation wavelength and 525 nm emis-
sion wavelength. Based on the equation: y = Bmax× [free ssDNA]/(Kd+[free ssDNA]),
the Kd was evaluated through non-linear fitting using the OriginPro 2021(64bit)9.8.0.200
software. Y is the fluorescence intensity, Bmax is the maximum binding sites number, and
[free ssDNA] is the free ssDNA concentration.

The 5′FAM modified aptamer was diluted with a binding buffer to 200 µL with a final
concentration of 300 nM to assess the specificity of the aptamer for ATP. The solution was
incubated at 95 ◦C for 10 min, followed by being promptly ice-bathed for 10 min. After
that, 1 µL of 100 mM ATP, ADP or AMP were added, respectively, then mixed and reacted
at 25 ◦C for 100 min. Followed by the addition of 20 µL GO, the above system was reacted
for 40 min at 25 ◦C. Following centrifugation at 12,000 rpm for 12 min, the supernatants
were added to a 96-well plate and the EnSpire® Multimode Plate Reader was used to detect
the fluorescence intensity.

2.3. The Fluorescent Detection of ATP

The fluorescent measurement of ATP can basically be divided into three steps: an
ATP-mediated release of the functional chimera sequence from GO; polymerase and
endonuclease-catalyzed SDA; and the fluorescent signal recovery of the molecular beacon.

For the first step, a 2 µL 100 µM chimera sequence was added to the binding buffer,
incubated at 95 ◦C for 10 min, followed by being promptly ice-bathed for 10 min. Following
the introduction of 5 µL GO, the above system was reacted for 40 min at 25 ◦C with shaking.
Subsequently, the mixture containing various concentrations of ATP and the above system
was continuously incubated at 25 ◦C for 100 min with shaking. Once the ATP bound
specifically to the aptamer region of the chimera, the sequence was dissociated from the
GO and released into the solution. The supernatants were recovered as the template for
strand displacement amplification after the centrifugation for 15 min at 12,000 rpm.

For the next step, 5 µL of the above supernatants were introduced into the system
containing a 3 µM primer, 5 U Bsm DNA polymerase, 8 U Nb.bpu10I endonuclease,
250 µM dNTP and 1× Buffer R. The SDA reaction system was overall 30 µL. To obtain a
single-stranded reporter probe, the above system was incubated for 90 min at 37 ◦C to
perform SDA. To ensure the enzymes inactivation, the system was maintained at 80 ◦C for
20 min after the reaction. Polyacrylamide gel electrophoresis (PAGE) was employed for the
verification of the obtained reaction products.

For the final step, a 1 µL 100 µM molecular beacon was mixed with 25 µL of the
above strand displacement amplification products, and the mixture was diluted with the
binding buffer to 100 µL. The denaturation of the above mixture was carried out at 95 ◦C
for 5 min, then it was incubated at 25 ◦C for 90 min. The fluorescence intensity was detected
at a 488 nm excitation wavelength and 525 nm emission wavelength using the EnSpire®

Multimode Plate Reader.



Sensors 2022, 22, 2425 4 of 13

2.4. Polyacrylamide Gel Electrophoresis

The verification of the whole experimental process was carried out by performing
a 12% PAGE. The prepared polyacrylamide gel was placed in a 1× TBE buffer (89 mM
Tris, 89 mM boric acid and 2 mM EDTA·2Na, pH 8.0). Electrophoresis was performed
at the voltage of 120 V for 50 min. GelRed was applied to stain the gel following the
electrophoresis. After 45 min of staining, the gel was imaged with a UV imaging system.

2.5. Detection of ATP in Serum Samples

ATP spiked in human serum samples was employed to verify the practicability of
the constructed ATP fluorescent aptasensor. Firstly, the supernatant obtained through
the centrifugation of the human serum at 12,000 rpm for 10 min was diluted 10 times
with the binding buffer. Subsequently, ATP-spiked serum samples could be obtained by
mixing various concentrations of ATP with the pretreated serum. The ATP in human serum
samples was measured in the same way as the standard ATP.

3. Results and Discussion
3.1. Screening and Characterization of ATP-Specific Aptamer

To obtain high specific aptamers for ATP, the magnetic beads-based SELEX technology
was employed to perform the screening. Particularly, based on our previous study, for the
screening of aptamers that specifically bind to small molecule targets, the modified DNA
library-immobilized magnetic beads-based SELEX shows superiority [39]. The experimen-
tal procedure of SELEX is described in the Supplementary Information. The enrichment
and selection processes were monitored by fluorescent recovery of the sequences. The
screening reached saturation after 10 rounds of selection. To improve the specificity of the
screened aptamers, counter screening was repeatedly carried out in the later rounds of
selection by using ADP and AMP. Therefore, sequences with an affinity for both ATP, ADP
and AMP were effectively removed.

The products after the final round of screening were analyzed by high-throughput
sequencing and a candidate aptamer sequence was chosen from among the obtained
sequences (data not shown). The sequence was further optimized by truncation, and a
final sequence with the length of 32 nucleotides (see Table S1) was obtained and selected as
the optimal aptamer for ATP. The performances of the aptamer were then characterized.
According to the results of the saturation curve (Figure 1A), the dissociation constant (Kd)
was determined to be 70.61 ± 20.91 nM, which is remarkably lower than the classic ATP
aptamer, indicating a higher affinity for ATP [20]. Moreover, the specificity of the aptamer
could be evaluated through comparing the binding ability of the aptamer to ATP, ADP
and AMP, respectively. As shown in Figure 1B, the aptamer shows significant difference in
binding to different adenylates. The affinity of the aptamer for ATP was 2.4 and 4.7 folds
higher than those of the ADP and AMP, respectively. Moreover, we tested the significance
of the data using the SPSS 19.0 software—the results show that there was a significant
difference between the affinities of the screened aptamer for ATP, ADP and AMP, and the
difference was statistically significant (p < 0.001). The specific results of the descriptives
and ANOVA of the data are shown in Table S2; however, due to the similar structures of
these adenylate derivatives, it is difficult to obtain an ATP aptamer that was completely
without an affinity for ADP and AMP. Although this aptamer still shows a low affinity
for these interference compounds, the constructed biosensor can already be considered
satisfactory in specificity. As a comparison, the specificity of the commonly used classic
aptamer for ATP (Table S1) was also evaluated by using the same method. The results show
that this aptamer can hardly discriminate ATP from ADP and AMP and the affinities for
these three compounds are almost identical. Therefore, the screen aptamer was apparently
predominant and was subsequently used for the construction of the fluorescent aptasensor
for ATP.
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Figure 1. (A) The saturation curve and the dissociate constant (Kd) of the aptamer. Inset shows the
secondary structure of the obtained aptamer. (B) Specificity of the screened aptamer and the classic
adenosine triphosphate (ATP) aptamer. The Asterisk represents the individual data points (n = 3).

3.2. Design of the Fluorescent Aptasensor for ATP

Figure 2 demonstrates the mechanism of the fluorescent aptasensor for ATP. A func-
tional chimera single-stranded DNA sequence was designed, which contained three regions.
The first, an ATP aptamer region located at the 5′ end of the sequence served as the highly
specific recognition element of the sensor (the red line segment in the functional chimera
sequence). Second, an antisense sequence of the Nb.bpu10I cleavage site located in the
middle of the sequence and finally the primer binding region located at the 3′ end of the
sequence that facilitated the smooth progress of subsequent SDA and the production of a
huge number of the reporter probes.

Figure 2. Schematic illustration of the fluorescence aptasensor for ATP.

By π-π stacking, the single-stranded chimera sequence was adsorbed on GO. In the
presence of ATP, the whole sequence conformation changed due to the binding between
the ATP and the aptamer region of the sequence, which in turn led to the dissociation
of the sequence from the GO. This step achieved the conversion of the detection of ATP
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into the DNA quantitative determination. Nevertheless, the sensitivity of the detection
was limited in the absence of the effective signal amplification, because a certain amount
of the target can only release the corresponding amount of the sequence. Therefore, the
SDA reaction was subsequently introduced, which used the released sequence as the
template to amplify the DNA. After the hybridization of the chimera sequence with the
primer, DNA polymerization was carried out when Bsm DNA polymerase and dNTP were
present. Double-stranded DNA with the recognition site of the Nb.bpu10I endonuclease
was produced. The Nb.bpu10I endonuclease recognized and cleavaged the recognition site,
and then the strand could be extended from the cleavage site by the Bsm DNA polymerase.
Because of the strong strand displacement effect of the Bsm DNA polymerase, the single
strand at the downstream of the cleavage site was thus displaced from the duplex and
released to the solution as the reporter probe. After multiple cycles of SDA, a large number
of the reporter probes were produced and the detection signal was amplified. After the
SDA reaction, a molecular beacon sequence modified with 5′FAM and 3′dabcyl was added
into the system, which could be opened by the reporter probe through hybridization.
Therefore, the fluorescence signal of the FAM was recovered, which was in correlation with
the amount of the reporter probe and thus the content of ATP.

3.3. Verification of the Principle of the Aptasensor

PAGE and fluorescent spectroscopy were employed to characterize the process of
biosensing and thus verify the practicability.

The fluorescence spectra under the different conditions were firstly used to characterize
the process of the target-mediated displacement of the chimera sequence from the GO. As
shown in Figure 3A, the 5′FAM-labeled chimera sequence exhibited a strong fluorescence
intensity due to the fluorescent character of FAM; however, when the GO was added, the
fluorescence intensity reduced significantly. The fluorescence was quenched effectively due
to the adsorption of the sequence on the GO. When the ATP was added, the fluorescence
partly recovered, indicating that the ATP could bind to the sequence and dissociate it from
the GO. As the control, the ATP itself did not show any fluorescence emission, and the
fluorescence intensity of the 5′FAM-labeled sequence was not affected by the ATP.

PAGE was then used to analyze the products under the different experimental con-
ditions. As displayed in Figure 3B, when ATP was absent, the single-stranded chimera
sequence was almost adsorbed by the GO, thus, the supernatant showed no band in lane 1;
however, when ATP was added, the chimera sequence was dissociated from the GO, due
to the displacement effect caused by the specific binding of ATP to the aptamer region,
thus, a band representing the chimera sequence could be observed in lane 2. After the
further introduction of the primer and two enzymes, the SDA reaction was performed, so
that the bands representing the formed double-stranded product of polymerization and
the displaced reporter probe could be, respectively, observed in lane 3. After the addition
of the molecular beacon, the double-stranded hybridized product between the partially
complementary molecular beacon and the reporter probe could be further observed in
lane 4. These results prove the successful formation of the products in each step.

At the same time, the fluorescence spectra of the experimental group and different con-
trol groups were used to validate the principle. As depicted in Figure 3C, the SDA reaction
could not be triggered in the absence of either the ATP, primer, Bsm DNA polymerase or
Nb.bpu10I endonuclease. Therefore, the fluorescence intensities of the control groups were
all significantly lower than the experimental group. All these results verify the sensing
strategy principle and indicate the feasibility of the aptasensor.
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Figure 3. Verification of the practicability of the aptasensor. (A) Fluorescence emission spectra obtained
in different conditions. The concentrations of the FAM-sequence and ATP were 2 µM and 1 mM, respec-
tively. The amount of graphene oxide (GO) was 5 µL. (B) Polyacrylamide gel electrophoresis (PAGE)
image for verification of the results under various experimental conditions. Lane M: DL20 DNA marker;
lane 1: 2 µM chimera sequence and 5 µL GO; lane 2: 2 µM chimera sequence, 5 µL GO and 1 mM ATP;
lane 3: 2 µM chimera sequence, 5 µL GO, 1 mM ATP, 3 µM primer, 5 U Bsm DNA polymerase, 8 U
Nb.bpu10I endonuclease and 250 µM deoxyribonucleoside triphosphate (dNTP); lane 4: 2 µM chimera
sequence, 5 µL GO, 1 mM ATP, 3 µM primer, 5 U Bsm DNA polymerase, 8 U Nb.bpu10I endonuclease,
250 µM dNTP and 1 µM molecular beacon. (C) Fluorescence spectra of various experimental and con-
trol groups. The FAM-sequence concentration was 2 µM, the amount of GO was 5 µL, the concentration
of ATP was 1 mM, the concentration of primer was 3 µM, the amounts of Bsm DNA polymerase and
Nb.bpu10I endonuclease were 5 U and 8 U, respectively, the concentration of dNTP was 250 µM, and
the concentration of molecular beacon was 1 µM.

3.4. Optimization of the Experimental Conditions

Several key factors affecting the detection have been optimized to achieve the best
detection results, including the concentration of the chimera sequence and primer, the
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amount of Bsm DNA polymerase and Nb.bpu10I endonuclease, the time of the SDA, the
concentration of molecular beacon, and the incubation time of the molecular beacon with
the reporter probe. (F − F0)/F0 was employed as the index for optimization, where F and
F0 are the fluorescence intensities of the experimental group and the control group without
ATP, respectively. For all experiments, the concentration of ATP was kept constant at 1 mM.
When one experiment parameter was optimized, the obtained optimal condition was then
used for the subsequent experiments.

The chimera sequence responds to the target and serves as the template in the SDA
process, therefore, its concentration is critical to the detection. If the concentration is too
low, few sequences can be released to the supernatant after incubation with ATP to start the
subsequent SDA reaction. Too high a concentration will cause a high background signal.
Therefore, keeping the other experimental conditions unchanged, the chimera sequence
within 0.4–2.4 µM was used and the results can be seen in Figure 4A. (F− F0)/F0 continued
to rise as the growing concentration of the sequence and reached the maximum at 2 µM.
Therefore, a 2 µM chimera sequence was used for the subsequent experiments.

In the process of the SDA reaction, the primer hybridized with the chimera sequence
and under the function of the Bsm DNA polymerase, the DNA strand was extended.
The primer concentration was optimized within 1.2–3.6 µM to achieve the optimum
detection performance. (F − F0)/F0 reached the maximum in the presence of a 3 µM
primer (Figure 4B). Thereafter, the value decreased with a further increasing of the primer
concentration, indicating that the background signal was enhanced due to the high primer
concentration. Therefore, a 3 µM primer was used in the subsequent experiments.

During the SDA reaction, there was a synergistic effect between the Bsm DNA poly-
merase and the Nb.bpu10I restriction endonuclease. They also determined the SDA am-
plification efficiency, thus, they were optimized within 2–8 U and 1.6–9.6 U, respectively.
As shown in Figure 4C, the (F − F0)/F0 obtained the maximum value at 5 U Bsm DNA
polymerase and 8 U Nb.bpu10I endonuclease, respectively. Therefore, these amounts of
the enzymes were selected for the subsequent experiments.

Meanwhile, the SDA reaction time was also one of the important factors affecting
the SDA efficiency. The fluorescence intensity was measured every half an hour within
30–150 min to determine the optimal reaction time. The results can be seen in Figure 4D. As
the prolongation of the reaction time, the (F − F0)/F0 increased continuously and obtained
the maximum in 90 min. The best SDA time was determined to be 90 min.

The molecular beacon modified with the 5′FAM group and 3′dabcyl group served
as the output signal element. The hairpin structure of the molecular beacon was opened
when the reporter probe was generated, therefore the fluorescence intensity of the FAM
was recovered, due to the partially complementary sequence of the reporter probe to the
molecular beacon. The concentration of the molecular beacon was optimized between
0.5–1.5 µM. As shown in Figure 4E, the (F− F0)/F0 was maximized when the concentration
of the molecular beacon was 1 µM.

The incubation time of the molecular beacon with the reporter probe also influenced
the final signal. The fluorescence intensity was measured every 20 min from 10 min to
110 min. As shown in Figure 4F, the (F − F0)/F0 gradually rose and reached the maximum
in 90 min, and then dropped slightly. Therefore, the optimal incubation time was 90 min.

3.5. Performance of the Fluorescent Aptasensor

The performance of the fluorescent aptasensor was investigated under the optimal
detection conditions. The addition of various concentrations of ATP dissociated the chimera
sequences adsorbed on the GO surface. The SDA reaction was performed following
a hybridization with the primer. The generated reporter probe was used to open the
molecular beacon, thereby restoring the fluorescent signal. The fluorescence emission
spectra of the reaction system were recorded. The results can be seen in Figure 5A. The
fluorescence intensity increased continuously with the increasing ATP concentration within
0–1000 µM. When the ATP concentration was between 0.1 µM and 25 µM, the fluorescence



Sensors 2022, 22, 2425 9 of 13

intensity was linearly related to the ATP concentration. The results are displayed in
Figure 5B. The linear regression equation is y = 102.34x + 3188.89 (R2 = 0.9958), where
x and y are the ATP concentration (µM) and the fluorescence intensity, respectively. The
detection limit of this aptasensor was 33.85 nM (signal-to-noise ratio was 3). The method
has a wide dynamic response range and can realize the sensitive detection of ATP.

Figure 4. Optimization of the experimental conditions. (A) concentration of chimera sequence;
(B) concentration of primer; (C) the amount of Bsm DNA polymerase and Nb.bpu10I endonuclease;
(D) reaction time of strand displacement amplification (SDA); (E) concentration of molecular beacon;
and (F) incubation time of molecular beacon.
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Figure 5. (A) fluorescence emission spectra in the presence of different concentrations of ATP; (B) the
fluorescence intensity in relation to the ATP concentration. The linear relationship is shown in the inset.

To test the specificity of the aptasensor, ATP analogs such as ADP, AMP, GTP, UTP
and CTP were used as the control groups and detected under the same conditions. As
displayed in Figure 6, in the presence of ATP, the (F − F0)/F0 value was apparently higher
than the other control groups, i.e., the fluorescence aptasensor had a high specificity for
the target ATP. More importantly, because of the high specificity of the newly screened
aptamer, the aptasensor could easily distinguish the ATP from the ADP and AMP, thus, it
had the ability to evaluate the energy charge level of the organisms. The performance of
the aptasensor was compared with the commercially available ATP detection methods and
kits (Table S3). Generally, it exhibited a lower detection limit.

3.6. Detection of ATP in Serum Samples

Different concentrations of ATP were added to human serum samples for detection in
order to study the practicability of the aptasensor in actual samples. The serum samples
were diluted and then detected in the same way as the standard samples. The detection
recovery was within 98.745–104.676% and the RSD was within 1.978–2.961%, as shown in
Table 1. The results show that the serum had a negligible impact on the detection, thus the
sensor has application potential.
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Figure 6. Verification of the specificity of the sensor. ATP and its analogues were fixed at 1 mM.

Table 1. ATP detection in human serum samples.

Samples Added (µM) Detected (µM) RSD (%) Recovery (%)

1 0.1 0.102 2.961 102.047
2 2 1.975 1.978 98.745
3 20 19.898 2.576 99.494
4 25 26.169 2.958 104.676

4. Conclusions

In conclusion, through magnetic beads-based SELEX, an aptamer specific for ATP was
screened and then truncation optimized. This aptamer can discriminate ATP from ADP and
AMP. Then, a fluorescent aptamer-based biosensor for ATP was developed employing this
aptamer. The sensor converts the ATP detection to a fluorescence intensity measurement
based on the combined mechanism of a target-induced DNA dissociation from GO, the
SDA reaction and the switching of the molecular beacon. With a finely designed chimera
sequence and efficient signal amplification mechanism, highly sensitive detection can be
achieved. Particularly, the sensor has a high specificity and good performance whether in
standard solutions or in real samples. As a result, the screened aptamer and the constructed
biosensor have promising applications in the evaluation of the energy levels in organisms
and other biological and energy-related processes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/s22072425/s1, Methods: Aptamer selection; Table S1: All DNA
sequences used in this work; Table S2: The significance test of the affinities of the screened aptamer
for ATP, ADP and AMP; Table S3: The comparison of the performance between the aptasensor in this
study and the commercially available methods [20].
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