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Abstract
This paper describes an alternative method for ATP detection. Azophloxine Functionalized Graphene/Gold Nanoparticles 

Composite (AP-Gr/AuNPs) was easily synthesized with the integrated properties of high conductivity, large specific surface 
area, electroactive function, and good biocompatibility from Azophloxine-Graphene/AuNPs. An electrochemical aptasensor for 
the specific and sensitive detection of Adenosine Triphosphate (ATP, as model analyte) was developed by using azophloxine as 
an in-situ electrochemical probe based on this nanocomposite. By coupling the high binding affinity and specificity of aptamer 
towards other molecules, the AP-Gr/AuNPs based aptasensor showed a great performance for the detection of ATP with a linear 
response from 1.0×10-15 to 1.0×10-12 M, also with a low detection limit of 3.3×10-16 M. As compared with the routine luciferin-
luciferase method for ATP, this electrochemical aptasensor has a high sensitity and specifity towards ATP, which may has a good 
potential for the practical application of electrochemical aptasensors based on graphene and metal nanomaterials.

DOI: 10.29011/BBOA-112.100012

Keywords: Aptasensor; Biosensor; Graphere; Nanoparticle

Introduction 

Adenosine Triphosphate (ATP) is a complex molecule 
containing the nucleoside adenosine and a tail consisting of 
three phosphates. In living cells, ATP is a critically important 
energy source that powers many intracellular reactions, which 
includes the synthesis of macromolecules, such as DNA 
and RNA, and proteins [1]. In addition to its central role in 
cellular metabolism, ATP is now recognized as an important 
extracellular signalling agent, which binds to a large family 
of membrane proteins [2-5]. Although the luciferin-luciferase 
method has long been known as a highly sensitive and 
selective method for measuring ATP, Luciferase enzymes are 
active in their native state and lose activity upon unfolding or 
denaturation, difficult to use in vivo [6]. Therefore, there is a 
need for the straightforward direct quantitative methods for 
ATP measurement. 

An aptamer, a nucleic acid or peptide molecule, has 
been engineered through a selection process to exhibit 
exceptional binding affinity and specificity to their target or 

antigen. Because of the thermally stability, reusability and 
easy modification for their detection and immobilisation 
by introducing functional groups, aptamer-based sensors 
have been broadly used in detection of cancer cells, organic 
molecules, and a variety of proteins [7-11]. Among them, 
electrochemical aptamer-based sensors are widely employed 
due to their excellent sensitivity, rapid response, simplicity 
and low cost [12-14]. Electrochemical sensor for ATP as an 
alternative method could offer a wide range of applicability 
in physiological studies especially those performed in vivo. 
Some direct electro-chemical measurements of nucleotides 
have been reported with microelectrodes by sinusoidal 
voltammetry [6,12]. In order to enhance the sensitivity and 
specificity of the electrochemical sensor, some composite 
materials with high electrical conductivity coupled with 
aptamers with specific binding affinity towards ATP have to 
be employed to modify electrode. 

In this paper, a different detection scheme is proposed 
based on electrochemistry with modified electrode by 
Azophloxine Functionalized Graphene/Gold Nanoparticles 
Composite (AP-Gr/AuNPs). By combining the great 
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properties of the as obtained AP-Gr/AuNPs (high conductivity, 
high specific surface area, excellent biocompatibility and 
electroactive function) with aptamer (high affinity and 
specificity), a sensitive electrochemical aptasensing platform 
for the detection of Adenosine Triphosphate (ATP) has been 
developed.

Experimental Section
The general preparation and sensing procedure of 

this label-free electrochemical aptasensor are shown in 
Scheme 1. Firstly, AP-Gr was produced by the reduction of 
graphene oxide with hydrazine heated to about 60°C. Then, 
Poly (Diallyldimethyl-Ammonium Chloride) (PDDA) and 
HAuCl4 aqueous solution were slowly added into the AP-
Gr solution under vigorous stirring at room temperature 
during 10 min. After addition, NaBH4 aqueous solution was 
introduced into above solution, and then the crude reaction 
mixture was left in water bath at 98°C for 20 min to achieve 
AP-Gr/AuNPs. The glassy carbon electrode was modified by 
dropping AP-Gr/AuNPs on the GCE surface to obtain AP-
Gr/AuNPs/GCE. Then, the thiolated ATP-Binding Aptamer 
(HS-ABA) was immobilized on the surface of AP-Gr/AuNPs/
GCE by the formation of Au-S bond to achieve the sensing 
interface of HS-ABA/AP-Gr/AuNPs/GCE. The Differential 
Pulse Voltammetry (DPV) signal of AP decreased because 
the electron transfer was retarded by nucleobases. After the 
immolation of thiolated ATP-binding aptamer, the sensing 
interface was immersed into ATP solution for 20 min.  Finally, 
the label-free electrochemical aptasensor for ATP detection 
was developed. The DPV signals decreased due to the 
formation of ABA-ATP complex on the surface of electrode.   
The detection linear range is from 1.0×10-15 to 1.0×10-12 M, 
and the detection limit is as low as 3.3×10-16 M. The detection 
sensitivity was enhanced by redox electrochemical material 
of AP-Gr/AuNPs. There is no need for the sophisticated and 
expensive procedures for the labelling of aptamers.

Scheme 1: Schematic illustration of the fabrication of AP-Gr/AuNPs 
and the electrochemical sensing procedure of ATP.

Materials and Reagents
DNA oligonucleotides, Adenosine Triphosphate (ATP), 

Cytidine Triphosphate (CTP), Guanosine Triphosphate 
(GTP), Uridine Triphosphate (UTP) and the oligonucleotide 
sequences include 5’-thiolated ATP-binding aptamer (HS-
ABA): 5’-SH-(CH2)6-ACC TGG GGG AGT ATT GCG GAG 
GAA GGT-3’, Mutant ATP Binding Aptamer (MABA): 5’-
SH-(CH2)6-ATA TCA CCT GGG GGA AGG TCT GTA-3’ 
were purchased from Sangon Inc. (Shanghai, China). Graphite 
was purchased from Alfa Aesar. 6-Mercapto-L-Hexanol 
(MCH), Tris (2-Carboxyethyl) Phosphine Hydrochloride 
(TCEP), PDDA (Mw=400000-500000, 20 wt% in water) were 
obtained from Sigma Co. Azophloxine was purchased from 
Beijing Xuanwu Chemical Factory. Hydrazine solution (50 
wt%), ammonia solution (25-28 wt%), HAuCl4 were obtained 
from Beijing chemical reagent factory (Beijing, China). HS-
ABA and MABA were dissolved in Tris-HCl buffer (20 mM 
Tris-HCl, 0.10 M NaCl, 5.0 mM MgCl2·6 H2O, 40 μM TCEP, 
pH 7.4). Tris buffer solution (20 mM Tris-HCl, 0.10 M NaCl 
and 5.0 mM MgCl2·6H2O, pH 7.4) was used as electrolyte 
for electrochemical measurement of ATP. Fresh human whole 
blood was obtained from the local hospital. Water for all 
experiments was purified with the Millipore system.

Instruments 
Transmission Electron Microscopy (TEM) images were 

obtained with a JEM-1011 transmission electron microscope 
operating at 100 kV. X-Ray Photoelectron Spectroscopy 
(XPS) measurement was performed on an ESCALAB-
MKII 250 photoelectron spectrometer (VG Co.) with Al 
Kα X-ray radiation as the X-ray excitation source. UV-Vis 
absorption spectra were recorded on a U-3010 spectrometer 
(Hitachi, ltd. Tokyo Japan). Electrochemical measurements 
were conducted on CHI660C electrochemical workstation 
(Chenhua Instruments Co., Shanghai, China). A three-
electrode system was used for the experiment with the Glassy 
Carbon Electrode (3 mm in diameter) (GCE) as the working 
electrode, a Saturated Calomel Electrode (SCE) and a Pt 
wire electrode were used as reference and counter electrode, 
respectively. 

Synthesis of AP-Gr
Graphene Oxide (GO) was synthesized from natural 

graphite by Hummers’ method with some modification [15]. 
The AP-Gr was synthesized with reference to the reported 
procedure from literature [16]. Briefly, 7.4 mL of 0.50 mg/
mL aqueous azophloxine solution was mixed with 2.5 mL of 
1.0 mg/mL GO in 15 mL flask, and then 100 µL of ammonia 
solution and 10 µL of hydrazine solution were added into 
the flask. After well-mixed by vigorously stirring for a few 
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minutes, the reaction mixture was heated in a water bath 
(60°C) for 4 hours. After the stable black disperse system 
was formed, AP-Gr was collected by the filtration of disperse 
system through a Nylon membrane (0.22 μm), which can 
be re-dispersed readily in water by ultrasonication. Pure 
graphene was prepared with the same procedure as that of 
AP-Gr without the addition of azophloxine. 
Preparation of AP-Gr/AuNPs

Firstly, 125 μL PDDA (20 wt%) was added into 4.0 mL 
of 0.12 mg/mL AP-Gr. Then, 250 μL 0.010 g/mL HAuCl4 was 
added into the above solution and stirred at room temperature 
for 10 min. Finally, 200 uL 10 mM NaBH4 was added into the 
above solution and the reaction mixture was heated in a water 
bath at 98°C for 20 min. The AP-Gr/AuNPs generated in the 
reaction mixture was collected by centrifugation.
Fabrication of the Sensing Interface

GCE was polished to a mirror-like surface with 1, 0.3, 
and 0.05 μm alumina powder sequentially and then rinsed 
thoroughly with redistilled water between each polishing step, 
then washed sequentially with 1:1 nitric acid, acetone and 
redistilled water in ultrasonic bath, and then left it to dry in 
air. AP-Gr/AuNPs modified GCE (AP-Gr/AuNPs/GCE) was 
obtained by dropping 6.0 μL AP-Gr/AuNPs on the surface of 
GCE and keeping it to dry at room temperature. The sensing 
interface of HS-ABA/AP-Gr/AuNPs/GCE was obtained by 
dropping 7.0 μL of 5.0 μM HS-ABA on the surface of AP-Gr/
AuNPs/GCE, and then kept it to dry at 4°C overnight. 
Electrochemical Detection of ATP

As well known, ATP is an extracellular signalling mediator 
that occur in all living cells for biological processes and is 
essential for biomass determinations in diagnosis and therapy 
of associated disease, food quality control and environmental 
analyses [17]. Therefore, there is a great need to develop a fast and 
less sophisticated procedure for ATP detection. Differential Pulse 
Voltammetry (DPV) was employed to record the electrochemical 
signal of AP in tris buffer solution.  Firstly, HS-ABA/AP-Gr/
AuNPs/GCE was immersed into 1.0 mL 100 μM MCH for 2 hours 
to block the possible remaining active sites and then the electrode 
was rinsed with tris buffer. Then, the as-prepared sensing interfaces 
was put into ATP solution at different concentrations for 40 min. 
and the decreased signal of AP was measured by DPV in Tris buffer 
solution. For interference experiment, ATP solution was replaced 
with 1.0×10-13 M GTP, UTP, CTP solution, respectively, with the 

other procedures being the same as that for ATP detection. Another 
control experiment was also conducted by using HS-MABA, 
which severely reduced the binding activity in the presence of ATP 
by a changed aptamer sequence, instead of HS-ABA to modify the 
AP-Gr/AuNPs/GCE, followed with incubation in 1.0×10-13 M ATP 
for 40 min. After that, the DPV signal of AP was measured.

Application of the ATP Aptasensor in Serum Samples
The applicability and reliability of this electrochemical 

aptasensor was evaluated by the detection of ATP in real human 
serum. Fresh human whole blood was obtained from the local 
hospital and the sample was diluted by 100 times with tris buffer 
solution. The experimental procedures were the same as previously 
reported for the ATP detection [18]. 

Results and Discussions
Characterization of AP-Gr/AuNPs

The absorption spectra of AP, GO, AP-Gr and AP-Gr/AuNPs 
along with the calculated spectra of AP-Gr (f) and AP-Gr/AuNPs 
(h) were shown in Figure 1. The spectrum of AP (red) exhibits 
strong absorptions at 504 and 531 nm [19]. The GO suspension has 
a characteristic absorption band at 228 nm (grey), arising from the 
π-π* transition of aromatic C=C bonds, and a shoulder at ~290-300 
nm assigned to the n-π* transition of the C=O bond [20,21].  The 
absorption bands of AP-Gr (orange) display a significant broadening 
along with red-shift as compared with the spectral addition of AP 
and GO. The red-shift of absorption band to 263 nm is resulted 
from the reduction of graphene oxide. The other low intensity 
absorption band at about 553 nm has a significant red shift of 30 
nm as compared with the absorption of AP. The strong electronic 
interaction between AP and GO molecules suggests that AP were 
integrated with graphene nanosheets by inter-molecular forces and 
π-π interaction between GO and AP [22]. Since AP was introduced 
before GO was reduced to overcome the aggregation, AP would be 
expected to adsorb on the surface of GO via inter-molecular forces 
and interaction. After GO reduction, the n-π* transition is almost 
disappeared in the absorption spectrum of AP-Gr, which suggests 
that GO was reduced. After the incorporation of AuNPs into AP-
Gr, there are two obvious absorption bands centred at 261 and 523 
nm (green), which were consistent with the absorption of graphene 
and AuNPs [23,24], respectively. The comparison of absorption
spectra suggests that AuNPs could be successfully integrated into 
the surface of AP-Gr. The confirmation awaits the further evidence
which will be discussed in the following.
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Figure 1: UV-Vis spectra of azophloxine solution (red), GO 
suspension (grey), Au nanoparticles (gold), AP-Gr suspension 
(orange) and AP-Gr/AuNPs suspension (green), along with the 
calculated spectra of AP-Gr (f), and AP-Gr/AuNPs (h) by the same 
method as that from reference [25].

Figure 2A shows the TEM images of AP-Gr and AP-Gr/
AuNPs. The TEM image of AP-Gr has the flake-like shape 
of graphene with some wrinkled distortions resulted from 
the extremely thin layer AP-Gr nanosheets. The TEM image 
of AP-Gr/AuNPs nanocomposites as shown in Figure 2B, 
AuNPs were uniformly distributed on the network of AP-Gr.
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200 nm

Figures 2A-B: The TEM image of AP-Gr (A) and AP-Gr/AuNPs 
(B).

The surface chemical composition and chemical state 
of AuNPs/O-GNs were further analysed by XPS. The XPS 
spectrum of AP-Gr/AuNPs with peak fitting using the Shirley 
algorithm to construct the background are shown in Figure 
3A. The peak of Au4f originates from AuNPs, and the peak 
of C1s arises from graphene nanosheets and PDDA. The peak 
of N1s is from AP and PDDA, and S2p from AP. As shown in 
Figure 3B, the doublet of Au4f5/2 and Au4f7/2 having binding 
energies at 87.1 and 83.5 eV with peak-to-peak separation of 
3.6 eV verifies that Au nanoparticles have been formed by 
the reduction of NaBH4 [26]. The C1s XPS spectrum of AP-
Gr/AuNPs is shown in Figure 3C. It displays the presence of 
four main types of carbon bonds: C-C (284.6 eV), C-N (285.7 
eV), C-O (286.4 eV) and C-S (287.4 eV). The peak intensity 
of oxygen-containing functional groups, such as C=O (287.6 
eV), become very low, barely discernible. As compared with 
the C1s XPS spectra of GO [27,28],  it indicates the effective 
reduction of GO to graphene. 
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Figures 3A-C: The survey XPS data for AP-Gr/AuNPs (A) and 
Au(4f) (B), (C) is C1s XPS spectra of AP-Gr/AuNPs, (D) The Raman 
spectra of AP-Gr (a), GO (b), AP-Gr/AuNPs(c) and AP(d).
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The sensing interface from the modified electrode surface was characterized by cyclic voltammetry.  As shown in Figure 
4A, there was no redox peaks from the Cyclic Voltammograms (CV) of GCE (curve a) in tris buffer solution. When GCE was 
modified with AP-Gr/GCE, a pair of well-defined redox peaks clearly appeared in the investigated potential range (curve b). 
The redox peaks arose from AP. As compared with the CV of AP-Gr/GCE, the peak currents dramatically increased with the 
AP-Gr/AuNPs/GCE (curve c). With reference to the reported CV data by Guo et al. [22] the peak currents of AP-Gr/AuNPs/
GCE was relatively higher than that of AP-Gr/GCE. The efficient interfacial electron-transfer process maybe facilitated by the 
presence of AuNPs through a catalytic effect.

Electrochemical Detection of ATP
The electrochemical property of AP-Gr/AuNPs modified electrode was further investigated by DPV technique. As 

expected, AP-Gr/AuNPs modified GCE demonstrated significant DPV response as shown in Figure 4B. When further modified 
with HS-ABA, the DPV signal of HS-ABA/AP-Gr/AuNPs/GCE decreased remarkably (Figure 4B curve b). With reference to 
the binding curves reflecting the change of electron transfer resistance versus the aptamer concentrations [29],  the decreased 
DPV signal with the further modification of HS-ABA suggested that HS-ABA has been successfully assembled on the sensing 
surface of AP-Gr/AuNPs/GCE. The DPV signal further decreased (Figure 4B curve c) when the HS-ABA/AP-Gr/AuNPs/
GCE was immersed into MCH solution for 2 hours. This demonstrated  that MCH further blocked the remaining active sites 
on the sensing interface, resulted in an increased electron transfer resistance. After that, the above-prepared aptasensor was 
placed into 5.0×10-16 M ATP solution and incubated for 40 min.
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Figures 4A-B: (A) The CVs of GCE (a), AP-Gr/GCE (b), AP-Gr/AuNPs/GCE (c) in Tris buffer at a scan rate of 0.05 V s-1. (B) The DPV 
characterization of AP-Gr/AuNPs/GCE (a), HS-ABA/AP-Gr/AuNPs/GCE (b), and MCH/HS-ABA/AP-Gr/AuNPs/GCE (c), after adding 
ATP (d) in Tris buffer at a scan rate of 0.05 V s-1.
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The peak current decreased further ((Figure 4B) curve 
d), suggesting that the formed ABA-ATP complex as another 
insulating layer added more resistance for the interfacial 
charge transfer. The peak current of DPV signals was linearly 
correlated with the logarithmic concentration of ATP solution 
(Figure 5). The linear range was from 1.0×10-15 to 1.0×10-12 M 
with a correlation coefficient of 0.99.
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Figure 5: (A) DPV of MCH/HS-ABA/AP-Gr/GCE (a) and the 
relationship between current response and ATP concentration (from 
b to j: 1.0×10-16, 5.0×10-16, 1.0×10-15, 5.0×10-15, 1.0×10-14, 5.0×10-14, 
1.0×10-13, 5.0×10-13, 1.0×10-12 M). (B) The calibration curve between 
the current response and ATP concentration (logarithm) in tris buffer. 
Inset is the DPVs acquired in the real samples in the presence of 
ATP.

The standard deviation was less than 5%, calculated 
from three different measurements. The detection limit was 
3.3×10-16 M given the signal-to-noise ratio S/N=3, that is more 
sensitive or comparable with the previous electrochemical 
aptasensors for ATP detection [30-33], as listed in Table 1. 
The outstanding properties of HS-ABA/AP-Gr/AuNPs/
GCE sensor is attributed to the excellent electronic transport 
property along with the large specific surface area of graphene 
and AuNPs, as well as the high affinity and specificity of 
aptamer towards ATP.

Detection method Linear range Detection 
limit

Refer
ences

AuNPs/rGO-NH2/GCE 10 pM-100 nM 10 pM  [7]

Ru-SiNPs/Au electrode 1.0 pM-1.0 nM 0.2 pM [31]

tris(bpyRu)-β-CD/GCE 50 pM-10 nM 10 pM [32]

CdS-DNA concatamer-
based aptasensor 0.1 pM-10 nM 0.06 pM [33]

AP-Gr/AuNPs/GCE 1.0 fM-1.0 pM 0.33 fM this work

Table 1: Comparison of the analytical parameters with other 
electrochemical aptasensors for ATP detection.

Selectivity and Stability of Aptasensor
To verify the selectivity of this aptasensor, some analogues 

of ATP, such as Cytidine Triphosphate (CTP), Guanosine 
Triphosphate (GTP), and Uridine Triphosphate (UTP) were 
used in the interference experiment as control. The sensing 
electrode were immersed in 1.0×10-13 M CTP, 1.0×10-13 M GTP, 
1.0×10-13 M UTP and 1.0×10-14 M ATP for 40 min, respectively, 
and then the DPV signals were recorded. As shown in Figure 
6, only ATP can cause a significant current decrease. This 
demonstrated that the formation of ATP-HS-TBA complex 
caused ATP molecules attached on the sensing interface.

MABA (which had a change in sequence that severely 
reduced the binding activity in the presence of thrombin) 
was also used as another control experiment to assess the 
selectivity of this aptasensor. The assembly processing was 
the same other than using MABA instead of HS-ABA to form 
sensing interface. Then the sensing interface was incubated 
into 1.0×10-14 ATP for 40 min. As shown in Figure 6, MABA 
did not show obvious current decrease in the presence of 
ATP. This confirmed that ATP could not interact with MABA 
effectively. The results of these experiments demonstrated the 
good selectivity of this aptasensor.
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Figure 6: The DPV signal response upon addition of 1.0×10-13 M 
CTP, 1.0×10-13 M GTP, 1.0×10-13 M UTP and 1.0×10-14 M ATP. The 
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error bars represent the standard deviation of three measurements.

To investigate the stability of the aptasensor, the 
modified electrode with sensing interface was stored in 
ultrapure water at 4°C over 2 weeks and then brought back 
to room temperature slowly. The DPV signal of the stored 
electrode with modified sensing interface changed slightly as 
compared with the signal before the storage over 2 weeks. 
Apparently, this electrochemical aptasensor possesses good 
stability for ATP detection.

Recovery Test
The recovery test was conducted to investigate the 

possible application of this new electrochemical aptasensor in 
clinical analysis for complex systems. Human serum samples 
were used as a model complex system. The blood sample 
was diluted one hundred times by tris buffer solution. Table 2 
showed the results of three samples. The favourable recovery 
data clearly indicated this aptasensor could be used for the 
detection ATP in practical samples with great selectivity and 
sensitively.

Samples
Added 
(pM)

Found 
(pM)

Recovery% RSD%

1 0.01 0.0101 101.0 2.8

2 0.10 0.0999 99.9 3.1

3 1.00 0.9995 99.9 2.6

Table 2: The recoveries of ATP from human serum samples.

Conclusions
This work has demonstrated a new electrochemical 

aptasensor for the detection of ATP by coupling the 
electrochemical properties of graphene, and aptamer 
conjugated AuNPs, as well as the high binding affinity 
and specificity of aptamer towards other molecules. The 
aptasensor fabricated without labelling at low cost. It has 
shown very sensitive responses to ATP with the detection 
limits of 3.3×10-16 M, which were more sensitive than 
previously reported methods. The simplified strategy can be 
exploited to synthesize other electroactive metal-graphene 
materials and immobilize various aptamers for the detection 
of the corresponding targets. In conclusion, this work paves a 
promising way for the fabrication of functionalized graphene 
nanomaterial-based electrochemical aptasensor and may have 
good potentials for future practical applications.
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