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 Abstract: Electrochemical biosensors are used to detect adenosine triphosphate (ATP) 
levels, which are involved in a variety of biological processes, such as regulating cellular 
metabolism and biochemical pathways. Therefore, this research aims to develop an 
aptamer-based electrochemical biosensor with Screen Printed Carbon Electrode/gold 
nanoparticles (SPCE/AuNP) and collect data as well as information related to ATP 
detection. The modification of SPCE with AuNP increased the analyte’s binding 
sensitivity and biocompatibility. The aptamer was selected based on its excellent 
bioreceptor characteristics. Furthermore, aptamer–SH (F1) and aptamer-NH2 (F2) were 
immobilized on the SPCE/AuNP surface, which had been characterized using SEM, EIS, 
and DPV. Also, the ATP-binding aptamers were electrochemically characterized using 
the K3[Fe(CN)6] redox system and Differential Pulse Voltammetry (DPV). According to 
the optimization results using the Box-Behnken experimental design, the ideal conditions 
obtained from the factors influencing the experiment were the F1 concentration and 
incubation time of 4 μM and 24 h, respectively, as well as F1/F2/ATP incubation time of 
7.5 min. Meanwhile, for the range of 0.1 to 100 μM, the detection (LoD) and 
quantification (LoQ) limits were 7.43 and 24.78 μM, respectively. Therefore, this 
aptasensor method can be used to measure ATP levels in real samples. 

Keywords: adenosine triphosphate (ATP); aptamer; AuNP; electrochemistry; screen 
printed carbon electrode (SPCE) 

 
■ INTRODUCTION 

Adenosine triphosphate (ATP) plays an essential 
role in many biological processes, such as regulating 
cellular metabolism and biochemical pathways [1]. Most 
mitochondrial diseases arise due to disturbances in the 
process of oxidative phosphorylation. When this process 
is inhibited, the important role of mitochondria in 
producing energy in the form of ATP is disrupted, 
resulting in cellular abnormalities and cell death [2]. 

Previous research studies have shown that diabetes 
mellitus and cataracts are caused by mutations that occur 
in the respiratory complex [3-4]. The prospect that the 
development of aptasensor application diagnostic 

methods for diagnosing mitochondrial diabetes can 
strengthen previous research that has studied 
mitochondrial DNA mutation studies both in vitro and 
in silico [5-7]. 

The function of biological ATP in biochemical 
studies, clinical diagnosis, and environmental analysis 
are essential, necessitating the development of sensitive 
and specific methods for its recognition and detection. 
Various techniques, such as fluorometric methods [8-
10], high-performance liquid chromatography (HPLC) 
[11], mass spectrometry [12], chemiluminescence [13], 
and electrochemistry [14] have been used to detect ATP. 
However, electrochemical sensors attract more attention 
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due to their advantages in sensitivity, miniaturization 
ability, minimal power requirements, low cost, and high 
stability [15]. 

An electrochemical biosensor is an integrated 
receptor-transducer analytical device based on a 
biologically identifiable element in combination or in 
close contact with an electrochemical transducer [16]. 
The measurement is based on the observation of an active 
reaction that produces a measurable current, potential 
changes, or impedance resulting from a change in 
conductance, which is read using voltammetric, 
amperometric, potentiometric, or impedance methods 
[17]. 

The electrochemical biosensor developed in this 
research uses aptamer bioreceptors, also known as 
aptasensors. Furthermore, aptamers are short pieces of 
single-stranded DNA molecules that recognize specific 
target molecules. It was selected based on its 
characteristics as bioreceptors, some of which are similar 
to or even better than antibodies. Therefore, it generates 
an excellent affinity for biosensors and other applications, 
such as biomedical imaging, targeted drug delivery, and 
biomarker discovery [18]. 

Aptasensors, due to their advantages, have been 
widely used to detect ATP. For example, Mashhadizadeh 
et al. developed an electrochemical aptasensor for ATP 
with a non-enzymatic strategy using graphene oxide-
modified silver nanoparticles with a detection limit of  
5 nM [19]. Furthermore, Zheng et al. developed an 
electrochemical nanoaptasensor to monitor the 
continuous fluctuations of ATP at the subcellular level 
with a detection limit of 26 μM [20]. 

Aptamers were immobilized on the electrode 
surface for biosensor construction. Meanwhile, several 
aptasensor devices were developed using the Screen-
Printed Carbon Electrode (SPCE), which combines a 
carbon working, reference, and a support electrode in one 
simple and easy-to-use design [21-22]. SPCE is widely 
used because of its small size, ease of mass production, low 
cost, ability to improve electrochemical performance, and 
ease of modification [23-24]. 

Modifications were made using gold nanoparticles 
to increase the sensitivity and conductivity of the analyte 

signal. Also, due to the large effective surface area and 
high electrocatalytic ability, gold nanoparticles (AuNP) 
have been widely used to modify electrode surfaces [25]. 

Gold nanoparticles have a high surface area, can 
improve the stability and immobilization of 
bioreceptors, and function as electron transfer between 
the bioreceptors and the electrode surface to produce 
significant signal amplification [26]. These 
nanoparticles, which are used as signal amplification 
elements, have received much attention due to their ease 
of synthesis, unique size, shape, and optical properties, 
as well as good biocompatibility [27]. Therefore, this 
research aims to develop an aptamer-based 
electrochemical biosensor with SPCE/AuNP and collect 
data as well as information related to the detection of 
ATP. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study include aqua pro 
injection (PT Ikapharmindo Putramas), gold 
nanoparticles (AuNP) synthesized by the citrate 
reduction method at the Research Center for 
Biotechnology and Bioinformatics, Universitas 
Padjadjaran, magnesium chloride 2.0 M, sodium 
hydroxide 0.1 M, hydrochloric acid 0.1 M, potassium 
chloride 0.1 M (Merck), tris-(2 carboxyethyl) phosphine 
hydrochloride 0.5 mM (TCEP) (Sigma), phosphate-
buffered saline pH 7.0 (PBS) (Merck), K3(Fe[CN]6)  
10 mM (Sigma), ATP 100 mM, CTP 100 mM, GTP  
100 mM, UTP 100 mM (Roche Diagnostic GmbH), and 
amino-labeled oligonucleotides and thiol-labeled 
oligonucleotides (Bioneer) in the following orde’: F1: 5'-
HS-(CH2)6-ACCTGGGG’AGTAT-3' and F2: 5'-
TGCGGAGGAAGGT-(CH2)’2-NH2-3'. 

Instrumentation 

The equipment used in this study included a 
Zimmer Peacock potentiostat using PSTrace 5.8 software, 
UV-VIS Spectrophotometer (Thermo scientific), Screen 
Printed Carbon Electrode (SPCE) (GSI Technologies, 
USA), micropipette (Eppendorf), micro tube, 
micropipette tip, autoclave sterilizer (Hirayama). 
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Autoclave HVE-50), scanning electron microscope 
(Hitachi TM3000) used to characterize the morphology of 
the electrodes, as well as other general glassware available 
at the Research Center for Biotechnology and 
Bioinformatics, Universitas Padjadjaran. 

Procedure 

Preparation of solution AuNP on 0.76 mM 
A 628.53 μL of HAuCl4·3H2O 55.85 mM and 

19.371.47 μL of aqua pro injection were added into the 
Erlenmeyer flask, followed by stirring with a magnetic 
stirrer and heating until boiling. Then, 1.730 μL of 
Na3C6H5O7·2H2O 1% were added and stirred until the 
color changed to red wine. 

Modified SPCE preparation 
The modification was performed by dripping 40 μL 

of colloidal AuNP solution on the SPCE surface, then 
allowed to dry for 24 h and rinsed with demineralized 
water [28]. SPCE before and after modification was 
characterized using DPV with a 10 mM K3[Fe(CN)6] 
redox system in 0.1 M KCl at a potential range of -1 to 
+0.7 V and a scan rate of 0.008 V/s, Estep 0.004 V with Epulse 
0.025 V and tpulse 0.05 s, EIS with 10 mM K3[Fe(CN)6] 
redox system in 0.1 M KCl as well as a frequency of 0.1 to 
106 Hz at 0.01 V anodic peak current potential, followed 
by characterization using cyclic voltammetry (CV) using 
10 mM K3[Fe(CN)6] in 0.1 M KCl with a scan rate of 0.005 
V/s in a potential range of -0.6 V to +0.6 V, and SEM. 

Aptamer immobilization on SPCE/AuNP surface 
The disulfide bond reduction of the F1 fragment was 

performed by making an aliquot of 20 μL from F1 4 μM 
with 5 μL TCEP 0.5 mM, then incubated in the dark for  
1 h. Furthermore, it was self-assembled on the 
SPCE/AuNP surface by dripping 15 μL of aliquot solution 
and 12 μL of 2 M magnesium chloride for 24 h. The 
electrode was then rinsed thoroughly with a phosphate  
 

buffer solution of pH 7 [29]. The electrodes that have 
been immobilized with aptamer F1 were characterized 
using DPV with 10 mM K3[Fe(CN)6] redox system in  
0.1 M KCl at a potential range of -1 to +0.7 V, the scan 
rate of 0.008 V/s, Estep of 0.004 V with an Epulse of 0.025 V 
and a tpulse of 0.05 s. 

Monitoring of aptasensor response to ATP 
A total of 15 μL of ATP with a certain 

concentration and 15 μL of F2 4 μM were simultaneously 
dropped on the electrodes and then incubated for various 
time variations. Furthermore, the modified electrodes 
were rinsed with a PBS solution of pH 7, making them 
ready for electrochemical detection [26]. Finally, the 
electrodes were characterized using DPV with a 10 mM 
K3[Fe(CN)6] redox system in 0.1 M KCl at a potential 
range of -1 V to +0.7 V, the scan rate of 0.008 V/s, Estep 
of 0.004 V with Epulse of 0.025 V and tpulse of 0.05 s. 

Optimization of factors affecting experiments 
The factors to be optimized in the experiment 

includes aptamer F1 concentration (X1), aptamer F2 
concentration (X2), and F1/F2/ATP incubation time 
(X3). Each of these factors is designed using 3 different 
levels, namely the lowest level (-1), medium (0), and the 
highest (+1), as shown in Table 1. 

Determination of analytical parameters 
Creation of calibration curves as well as detection 
and quantification limits. ATP solutions of various 
concentrations (0, 0.1, 1, 10, 100, 500, 1000, 2000, 3000) 
μM were tested on the aptasensor. The resulting 
electrochemical response was measured using DPV with 
a 10 mM K3[Fe(CN)6] redox system in 0.1 M KCl at a 
potential range of -1 to +0.7 V and a scan rate of 0.008 V/s, 
Estep of 0.004 V with Epulse of 0.025 V and tpulse of 0.05 s. 
Furthermore, a curve is made between the concentration 
and  the  average  peak  current  difference  (ΔI)  for each  

Table 1. Factor and level of the analysis of experimental condition optimization 

Factor Unit 
Level 

-1 0 +1 
Aptamer F1 concentration (X1) μM 2 4 6 
Aptamer F1 incubation time (X2) hour 6 15 24 
F1/F2/ATP incubation time (X3) minute 2.5 5 7.5 
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resulting measurement as x and y. Hence, the resulting 
equation is y = bx + a. The detection and quantification 
limits are determined using the following equation y = yB 
+ 3SB and y = yB + 10SB, respectively. Where yB is the 
response to the blank signal, SB is the blank standard 
deviation, and b is the slope of the regression equation y 
= a + bx [30]. 
Determination of precision and accuracy. Precision 
and accuracy were determined by measuring the ATP 
solution five times using the previously described 
procedure. Also, the average difference in peak current 
(ΔI) and the standard deviation are obtained based on the 
measurement results. Where xത is the average measured 
concentration, and μ is the actual concentration. 
Meanwhile, the precision is expressed in terms of the 
coefficient of variance (KV) with the following equation 
[31]. 

SbKV 100%
x

  

Pr ecision 100% KV   
Meanwhile, accuracy is expressed in percent relative error 
(%Error) with the following equation [28]. 

x%Error 100%



 

Accuration 100% %Error   

Electrochemical aptasensor selectivity test for ATP 
On the electrochemical aptasensor that had been 

designed, the selectivity test was performed by comparing 
the ATP analyte solution to various nucleotide analogs, 
such as UTP, CTP, and GTP, each at a concentration of 
3000 M. The resulting electrochemical response was 
measured using DPV with a 10 mM K3[Fe(CN)6] redox 
system in 0.1 M KCl over a potential range of -1 to +0.7 V, 
the scan rate of 0.008 V/s, Estep of 0.004 V with Epulse of 
0.025 V and tpulse of 0.05 s. 

■ RESULTS AND DISCUSSION 

Modification and Characterization of SPCE/AuNP 
SPCE Modification with AuNP 

The metal nanoparticles exhibit unique physical and 
chemical properties, different from the bulk or atomic 
state due to the quantum size effect that produces specific 
electronic structures. AuNP is one of the most 

outstanding groups of metal nanoparticles that have 
attracted considerable interest by promoting various 
applications in biomedical fields such as biosensing, 
imaging, and drug delivery systems [32-33]. 

A UV-Vis spectrophotometer was used to identify 
the AuNP formation by observing the maximum 
wavelength value produced. Furthermore, this was 
indicated by the maximum wavelength on AuNP 
absorption at 520–530 nm [34]. The nanoparticle size 
influences the maximum wavelength shift [35]. The 
AuNP colloid used in this research has an absorption 
peak at a maximum wavelength of 522, implying that the 
size used is quite good, as shown in Fig. 1. 

Electrochemical biosensors fabricated by 
combining biological recognition elements with 
electrochemical transducers modified with AuNPs have 
become increasingly essential in biosensor research 
since AuNPs provide a stable surface for the 
immobilization of biomolecules while retaining their 
biological activity. However, this is particularly useful 
when assembling biosensors [36]. This indicates SPCE 
modification with AuNP was performed to increase the 
sensitivity. Generally, the achievable sensitivity of an 
electrochemical detection scheme depends on the 
amount of electric charge assigned by the label or 
electrode. This detection sensitivity is increased by 
modifying the SPCE, which improves the signal element. 
The modification was made with gold nanomaterials 
because AuNPs aid in establishing an interface for direct 
electron transfer from redox-active probes while 
maintaining their bioactivity. Meanwhile, AuNP increases 

 
Fig 1. Characterization results of AuNP using UV/Vis 
spectrophotometer with the maximum wavelength of 
AuNP absorption at 522 nm 
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the sensitivity of SPCE with a relatively large surface area 
and high conductivity. 

The modification of SPCE was conducted by 
dripping 40 AuNP on the surface, then was incubated for 
24 h at room temperature to dry. This process takes longer 
because the physical adsorption method modifies AuNP 
on the SPCE surface. 

SPCE/AuNP Characterization with Differential 
Pulse Voltammetry 

The characterization by differential pulse 
voltammetry (DPV) was conducted to determine the 
current response in SPCE before and after modification 
with AuNP. Furthermore, the electrochemical 
measurements were performed by observing the 
oxidation-reduction activity of the electroactive species 
[Fe(CN)6]3−/4−. The following is an oxidation-reduction 
reaction in K3[Fe(CN)6]. 
[Fe(CN)3]3− + e−  [Fe(CN)3]3− 
[Fe(CN)3]4−  [Fe(CN)3]3− + e− 

When an analyte is oxidized at the working 
electrode, current passes electrons to the auxiliary 
through the external electrical circuit, resulting in solvent 
reduction. 

Fig. 2(a) shows the differential pulse voltammogram 
of the bare SPCE and AuNP modified SPCE. This shows 
an increase in peak current in the gold-modified SPCE of 
30.979 μA compared to the bare SPCE of 11.133 μA. 
Furthermore, it implies that the modification provides an 
electrode surface with increased conductivity. Therefore, 

the electron transfer between the analyte and the 
electrode is increased. Fig. 2(b) shows the cyclic 
voltammogram of the bare SPCE and AuNP modified 
SPCE; this shows an increase in the redox peak current 
is associated with an increase in electrochemical activity 
with an increase in the active electrode area. 

SPCE/AuNP Characterization by Electrochemical 
Impedance Spectroscopy 

The characterization by electrochemical 
impedance spectroscopy (EIS) was conducted on SPCE 
before and after modification with AuNP, where the 
measurement was based on impedance or resistance. Fig. 
3 shows the characterization results of the bare SPCE and 

 
Fig 2. SPCE characterization result spectrum using EIS; 
line (a) Bare SPCE and line (b) SPCE/AuNP using a 
redox system of 10 mM potassium ferricyanide 
K3[Fe(CN)6] solution in 0.1 M KCl at a frequency of 0.1 
to 106 Hz at an anodic peak current potential of 0.01 V 

 
Fig 3. (a) Differential pulse voltammogram: bare SPCE (blue line) and SPCE/AuNP (red line) with 10 mM K3[Fe(CN)6] 
redox system in 0.1 M KCl solution. The scan rate of 0.008 V/s was used in the potential range of -1.0 to +0.7 V. (b) 
Cyclic voltammograms: bare SPCE (red line) and SPCE/AuNP (blue line) with 10 mM K3[Fe(CN)6] in 0.1 M KCl with 
a scan rate of 0.005 V/s over a potential range of -0.6 V to +0.6 V 
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AuNP-modified SPCE using EIS. The gold-modified 
SPCE showed a decrease when compared to the bare 
SPCE. The characterization results using EIS are inversely 
proportional to DPV because resistance and current are 
inversely proportional to Ohm's Law, namely V = I. R. 
This shows that the modification of SPCE with AuNP 
provides an electrode surface with increased conductivity. 
Therefore, there is an increase in the electron transfer 
between the analyte-electrodes, and the impedance value 
becomes lower. The measurement of the circle diameter 
(Rct) in the circular section of the Nyquist plot is related 
to the high frequency of the electron transfer process as 
opposed to the electron transfer current, which shows the 
results of surface modification of SPCE with AuNP. In 
Fig. 3 (line a), the unmodified SPCE has a large Rct due to 
the current decrease in the electron transfer process, so 
the resistance obtained is very large. The Rct of the gold-
modified SPCE surface (line b) was smaller than that of 
the unmodified electrode (line a). After modification of 
the SPCE surface, the current increases so that the 
resistance is obtained, as shown in line b. 

SPCE/AuNP Surface Characterization using 
Scanning Electron Microscopy (SEM) 

SEM was used to examine the morphology of gold 
nanoparticles, which involves scanning the sample 
surface for particle shape using a high-energy radiance. 
Fig. 4 shows the surface morphology of SPCE before and 
after being modified with SEM gold nanoparticles, with a 
and b showing the SPCE surface before and after being 
modified with AuNP, respectively. Since AuNP has 
adhered to the SPCE surface after being changed, the final 
surface is more closed, thereby implying that the 
modification has been completed successfully. 

Aptamer F1 Immobilization on Electrode Surface 

Characterization of SPCE/AuNP/F1 with differential 
pulse voltammetry 

The differential pulse voltammetry (DPV) based on 
electron transfer from K3[Fe(CN)6] as the electroactive 
species experiencing a redox reaction was used to 
determine the success of aptamer F1 immobilization in 
SPCE/AuNP. There is a decrease in peak current due to 
the aptamer F1 on the electrode surface. The results of the 

DPV voltammogram before and after the 
immobilization of the aptamer F1 are shown in Fig. 5. 

After the aptamer F1 was immobilized on the 
SPCE surface, there was a decrease in the peak current 
on the DPV voltammogram to 22.619 μA. This shows 
that the immobilization has been conducted successfully 
because compounds on the SPCE surface will disrupt the 
electron transfer between the redox probe and the 
electrode. 

AuNPs are particularly suitable for diagnostics 
because they are easily modified with thiolated ligands 
to detect specific molecules of interest [32]. The 
immobilization technique of the aptamer F1, which has 
modified the thiol group on SPCE/AuNP through 
covalent bonds, shows good stability, flexibility, and 
high binding strength. This procedure results in the 
specific  binding of  the aptamer to the  electrode surface  

 
Fig 4. Characterization results of modified SPACE using 
SEM; (a) SPCE bare, (b) SPCE/AuNP 

 
Fig 5. Differential pulse voltammogram: (a) bare SPCE, 
(b) SPCE/AuNP, (c) SPCE/AuNP/F1 with 10 mM 
K3[Fe(CN)6] redox system in 0.1 M KCl solution. The 
scan rate of 0.008 V/s was used in the potential range of 
-1.0 V to +0.7 V 
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and prevents non-specific binding. Furthermore, the 
immobilization occurs covalently between the thiol-
modified aptamer and the surface of AuNP to form a self-
assembled monolayer due to the strong affinity 
interaction between the thiol group and the gold surface, 
forming an Au-SH covalent bond. 

SPCE/AuNP/F1 surface characterization using 
scanning electron microscopy (SEM) 

The efficacy of the aptamer F1 immobilization on 
SPCE/AuNP was tested using SEM. The characterization 
result of SPCE/AuNP/F1 is shown in Fig. 6, where the 
electrode surface is covered with a triangular shape 
aptamer. This implies that the immobilization of the 
aptamer F1 on the SPCE/AuNP surface has been 
conducted successfully. 

Aptasensor testing on ATP and its characterization 
The aptasensor test was conducted by dripping each 

15 μL of aptamers F2 and ATP simultaneously on the 

SPCE/AuNP/F1 surface and incubated for 7.5 min at 
room temperature. Furthermore, the aptasensors were 
washed with a pH 7 PBS solution to remove 
nonadherent species from the SPCE/AuNP/F1 surface. 
Hence, it reduces errors while measuring currents that 
interfere with the analysis process. After adding the 
aptamer F2 and ATP on the SPCE/AuNP/F1 surface, 
there will be an association between F2 and F1 in the 
presence of ATP, forming a sandwich/g-quadruplex 
structure on the AuNP surface. The illustration of this 
aptasensor is shown in Fig. 7. 

The aptamer layer on the electrode surface gets 
denser due to the association between F1 and F2, and the 
negative charge increases more than in the previous 
stage. Therefore, negatively charged ferricyanide ions 
will be inhibited from approaching the electrode, 
reducing electron transmission between the redox probe 
and the electrode. The current decreased to 16.775 mA, 
as shown in Fig. 8. 

 
Fig 6. Characterization results of modified SPACE using SEM; (a) bare SPCE, (b) SPCE/AuNP, and (c) 
SPCE/AuNP/F1 

 
Fig 7. Illustration of an aptamer-based electrochemical biosensor for detecting ATP using APCE/AuNP 
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Fig 8. Differential pulse voltammogram: (a) bare SPCE, 
(b) SPCE/AuNP, (c) SPCE/AuNP-F1, (d) SPCE/AuNP-
F1-F2-ATP with 10 mM K3[Fe(CN)6] redox system in  
0.1 M KCl solution. The scan rate of 0.008 V/s is used in 
the potential range of -1.0 V to +0 .7 V 

Determination of Optimum Conditions with Box-
Behnken Experiment Design 

The factors optimized in the experiment include 
aptamer F1 concentration (X1), aptamer F2 
concentration (X2), and F1/F2/ATP incubation time 
(X3). Furthermore, each of them is designed through 3 
different levels, namely, the lowest level (-1), medium 
(0), and the highest (+1). Three experimental factors, 
each with three levels, produced 15 trials and were 
divided into two replication blocks for two repeats, 
yielding a total of 30 trials with the outcome in the form 
of current response (A), as shown in Table 2. 

The response of the measurement results is 
processed with the Minitab 18 prog, and the coefficients  

Table 2. Factor, level, and current response in the optimization analysis of experimental conditions 

No. Aptamer F1 
concentration (μM) 

Aptamer F1 
incubation time (h) 

F1/F2/ATP incubation 
time (min) 

Current response 
(μA) 

1 2 6 5.0 20.902 
2 6 6 5.0 18.078 
3 2 24 5.0 17.852 
4 6 24 5.0 17.794 
5 2 15 2.5 20.877 
6 6 15 2.5 21.860 
7 2 15 7.5 20.282 
8 6 15 7.5 16.663 
9 4 6 2.5 15.134 

10 4 24 2.5 15.657 
11 4 6 7.5 21.033 
12 4 24 7.5 13.145 
13 4 15 5.0 15.392 
14 4 15 5.0 13.924 
15 4 15 5.0 15.392 
16 2 6 5.0 20.546 
17 6 6 5.0 21.743 
18 2 24 5.0 17.852 
19 6 24 5.0 17.704 
20 2 15 2.5 20.887 
21 6 15 2.5 14.184 
22 2 15 7.5 16.640 
23 6 15 7.5 14.609 
24 4 6 2.5 16.134 
25 4 24 2.5 14.296 
26 4 6 7.5 21.033 
27 4 24 7.5 12.902 
28 4 15 5.0 17.294 
29 4 15 5.0 14.962 
30 4 15 5.0 17.627 
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Table 3. P-value of ANOVA results for each factor 
Factor P-Value 
Aptamer F1 concentration 0.120 
Aptamer F1 incubation time 0.003 
F1/F2/ATP incubation time 0.741 

and response functions are obtained to determine the 
maximum current. Furthermore, this method is an 
experimental design using statistics and mathematics to 
discover the optimal value. Based on the results of the 
ANOVA output, the most significant factor affecting the 
experiment was the aptamer F1 incubation time because 
it had a P-value < 0.05, as shown in Table 2. The current 
response obtained is then analyzed, showing the 
coefficient of the response function in Eq. (1). 

2

2 2

3

Y 26.73 5.95X1 0.045X2 1.48X3 0.672X1

     0.00747X 0.0099X1 X2
 

0
0

2 .033X3
    .002X1 X3 0.081X2 X

  

  



 







 (1) 

X1: Aptamer F1 concentration, X2: Aptamer F1 
incubation time, X3: F1/F2/ATP incubation time. 

In the experiment, the component with negative 
value effects decreases the reaction, while the factor with 
a positive value increases the response, as shown in Eq. 
(1). The optimum conditions obtained from the results of 
the Box-Behnken experimental design for each factor 
include the aptamer F1 concentration of 4 μM, aptamer 
F1 incubation time of 24 h, and the F1/F2/ATP incubation 
time of 7.5 min. 

Calibration Curves, Detection Limits, and 
Quantification Limits 

A calibration curve is drawn after determining the 
optimum conditions of several factors that affect the 
experiment. Also, the detection and quantification limits 
of this electrochemical aptasensor are calculated using 
variations in ATP concentration. The experiment was 
conducted similarly to the procedure for determining the 
aptasensor response by using the parameters of the 
optimization results. ATP with various concentrations (0; 
0.1; 1; 10; 100) μM was tested on an electrochemical 
aptasensor to describe the amount present in the sample 
and measured twice at each concentration. The resulting 
electrochemical response using DPV is shown in Fig. 9. 

 
Fig 9. Differential pulse voltammogram for variations in 
ATP concentration a–e (0, 0.1, 1, 10, 100) μM as 
measured by a 10 mM K3[Fe(CN)6] solution redox 
system in 0.1 M KCl solution with a scan rate of 0.008 
V/s over a potential range of -1.0 V to +0.7 V, Estep of 
0.004 V with Epulse of 0.025 V and tpulse of 0.05 s 

Based on the characterization results using the 
DPV, it is known that the higher the concentration of 
ATP added, the lower the peak value of the current 
generated. As a result, the aptamer binds, crowding the 
SPCE surface and interrupting electron transport 
between the potassium ferricyanide redox probe and the 
electrode. A calibration curve was made by plotting the 
peak value of the DPV current as a result of the 
characterization of ATP concentration variations with 
concentration variations (0.1; 1; 10; 100) μM, as shown 
in Fig. 10. From the calibration curve, the linear 
regression equation y = 0.0124x + 0.8769 is obtained 
with R2 of 0.9952. Based on the data processing results, 
the value of the detection (LoD) and quantification 
(LoQ) limits is 7.43 and 24.78 μM, then the accuracy and 
precision values are 96 and 98.69%, respectively. 

The detection limit obtained on the aptasensor for 
ATP detection in this research is quite good compared 
to Zheng et al. [20], which was carried out using a 
conventional 3 electrode system, and Ren et al. [37] used 
a fluorescence aptasensor. Hence, the electrochemical 
aptasensor method using SPCE/AuNP is superior in 
sensitivity and stability. However, the detection limit is 
still higher when compared to Mashhadizadeh et al., that 
used silver nanoparticle modified graphene oxide 
(AgNP) nanocomposites, where graphene oxide as a 
substrate for  binding large  amounts of  AgNP enhances  
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Fig 10. ATP aptasensor calibration curve with variations in concentration (0.1; 1; 10; 100) μM as measured by a of  
10 mM K3[Fe(CN)6] solution redox system in 0.1 M KCl. The scan rate is at 0.008 V/s over a potential range of -1.0 V 
to +0.7 V, Estep of 0.004 V with an Epulse of 0.025 V and a tpulse of 0.05 s 

Table 4. Research on aptamer-based biosensors to detect ATP 
 LoD Ref. 
Label-free fluorescence aptasensor based on AuNPs and CQDs for the 
detection of ATP 

20 μM [37] 

Electrochemical nanoaptasensor for continuous monitoring ATP fluctuation 
at subcellular level 

26 μM [20] 

Aptamer-based electrochemical biosensor for detecting Adenosine 
Triphosphate (ATP) using Screen Printed Carbon Electrode/Gold 
Nanoparticles (SPCE/AuNP) 

7.43 μM This research 

A simple non-enzymatic strategy for adenosine triphosphate electrochemical 
aptasensor using silver nanoparticle-decorated graphene oxide 

5.0 nM [19] 

A sensitive colorimetric aptasensor with a triple-helix molecular switch 
based on peroxidase-like 

2.4 nM [38] 

 

 
Fig 11. Electrochemical aptasensor response 
voltammogram for ATP in detecting ATP, UTP, GTP, 
and CTP at a concentration of 3 μM as measured by a 10 
mM K3[Fe(CN)6] solution redox system in 0.1 M KCl 
solution. The scan rate is at 0.008 V/s over a potential 
range of -1.0 V to +0.7 V, Estep of 0.004 V with Epulse of 
0.025 V and tpulse of 0.05 s 

the amplification AgNP oxidation signals [19]. Shahsavar 
et al. used a  colorimetric  biosensor with  DNAzyme [38],  

as shown in Table 4. 

Electrochemical Aptasensor Selectivity for ATP 

The selectivity of this electrochemical aptasensor 
for ATP was investigated by determining the current 
response when the sensor was added to other nucleotide 
analogue analytes, which include UTP, GTP, and CTP. 

The result of the voltammogram characterization 
in Fig. 11 shows that the peak current in ATP is 12.455 
μA, while UTP, CTP, and GTP produce higher current 
peaks than ATP at 39.934, 35.446, and 37.034 μA, 
respectively. The peak DPV current in the ATP analog 
increases as in the analyte without ATP. Therefore, it can 
be seen that this electrochemical aptasensor shows a 
selective response to ATP. 

■ CONCLUSION 

The aptamer was successfully mobilized on the 
surface of the SPCE modified gold nanoparticles with 
the characterization results using differential pulse 
voltammetry, where the current decreased from 30.979 
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to 22.619 μA. Based on the results of SEM characterization, 
it is shown that the SPCE surface has been covered by 
aptamers. The optimum conditions obtained through the 
Box-Behnken experimental design were ATP concentration 
of 4 μM, aptamer F1 incubation time for 24 h, and 
F1/F2/ATP incubation time for 7.5 min. Therefore, the 
detection and quantification (LoD) and limits (LoQ) of 
the electrochemical aptasensors for ATP developed in this 
research were 7.43 and 24.78 μM, respectively. 
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