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ABSTRACT: Detection of disease biomarkers within complex biological
media is a substantial outstanding challenge because of severe biofouling
and nonspecific adsorptions. Herein, a reliable strategy for sensitive and
low-fouling detection of a biomarker, adenosine triphosphate (ATP) in
biological samples was developed through the formation of a mixed self-
assembled sensing interface, which was constructed by simultaneously
self-assembling polyethylene glycol (PEG) and ATP aptamer onto the
self-polymerized polydopamine-modified electrode surface. The devel-
oped aptasensor exhibited high selectivity and sensitivity toward the
detection of ATP, and the linear range was 0.1−1000 pM, with a
detection limit down to 0.1 pM. Moreover, owing to the presence of PEG
within the sensing interface, the aptasensor was capable of sensing ATP
in complex biological media such as human plasma with significantly reduced nonspecific adsorption effect. Assaying ATP in real
biological samples including breast cancer cell lysates further proved the feasibility of this biosensor for practical application.
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1. INTRODUCTION

Early detection of disease biomarkers is extremely important in
clinical diagnosis, and much attention has been paid to the
development of new technologies to determine early signs of
various diseases,1,2 such as enzyme-linked immunosorbent
assay,3 fluorescense methods,4,5 surface plasmon resonance,6

surface enhanced Raman spectroscopy,7 and so on. Among
these, electrochemical technique has attracted much interest
owing to its advantages such as high sensitivity, simple
preparation, convenient operation, and low cost.8−10 Currently,
the sensitivity of electrochemical biosensors can be greatly
improved by using signal amplification strategies,11−14 but
direct detection of targets in real complex media with
electrochemical biosensors remains a challenge due to severe
nonspecific adsorption.
Some efforts have been tried to resist nonspecific protein

adsorption. For example, bovine serum albumin (BSA) was
often used to block the biosensor surface in order to reduce the
nonspecific adsorption or fouling effects.15,16 Nevertheless, such
BSA-protected surfaces only have limited antifouling properties
to human blood serum or plasma, and blocking the surfaces
may lead to a reduction in the recognition activity of
immobilized bioreceptors.17 In past years, certain materials
with potential antifouling properties, such as polyethylene
glycol (PEG) and zwitterionic materials, have been introduced
into biosensors to improve their antifouling performances, and

some positive results have been achieved.18−20 In many cases,
antifouling materials were used to modify the electrode as
substrates first, and recognition probes were then immobilized
on the surface of these materials.21−24 During the biosensor
construction process, normally the recognition probes were
covalently attached to the antifouling materials, for instance,
through the formation of amide bonds. This process will more
or less alter the structure and charge of the antifouling
materials, and thus weaken their ability to resist biofouling in
some degree. Recently, Sun and co-workers have reported a
sensitive and accurate method for detection of fructose in
protein solutions, based on a mixed self-assembled monolayer
consisting of N,N-dimethyl-cysteamine-carboxybetaine (a short
zwitterioionic thiolated antifouling material) and 4-mercapto-
phenylboronic acid (a fructose probe).6 This strategy provided
a simple and general model for antifouling biosensor
fabrication, where the immobilization of recognition probes
will not affect the antifouling material.
For the construction of electrochemical biosensors, preferred

electrode substrates are those electrically conductive and readily
for modification with biomolecules. Polydopamine (PDA)
formed by the self-polymerization of dopamine (DA) under
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alkaline condition (pH 8.5) has a strong adhesion to various
inorganic and organic materials,25−27 and it contains many
functional groups such as quinone, catechol, amine, and imine,
which are suitable for further modification. Moreover, PDA
processes excellent biocompatibility and negligible cytotox-
icity.25 Therefore, PDA has attracted much attention in the
construction of sensors and biosensors. The modification of
electrodes with PDA and the further attachment of
biomolecules to PDA have been widely explored. Martiń and
co-workers have reported the deposition of platinum onto a
gold screen-printed electrode, and then followed by the
electrodeposition of PDA directly on platinum to covalently
immobilize cholesterol oxidase via Schiff base formation and
Michael-type addition reaction.9 Zhang and co-workers have
fabricated an electrochemical DNA sensor based on the
covalent immobilization of NH2-terminated DNA probe onto
PDA-modified electrode.28 Core−shell Fe3O4@PDA magnetic
nanoparticles have also been employed as solid supports for
covalent immobilization of horseradish peroxidase to construct
a highly sensitive biosensor for the detection of H2O2.

29

Taking advantage of the unique property of PDA, we
constructed herein a novel aptasensor based on the self-
assembly of PEG and aptamer on PDA-modified electrode.
Adenosine triphosphate (ATP), which plays a key role in the
organisms and was regarded as an indicator for cell viability and
injury,30 was selected as the sensing target. The PDA self-
polymerized on a glass carbon electrode (GCE) surface
provided a good substrate for the assembly of antifouling
polymer PEG and ATP aptamer via the Michael addition
reaction, as illustrated in Scheme S1.25 Owing to the presence
of PEG in the sensing interface, the prepared aptasensor was
capable of detecting ATP in human plasma and cancer cell
lysates.

2. EXPERIMENTAL SECTION
2.1. Reagents. ATP, adenosine monophosphate (AMP), adeno-

sine diphosphate (ADP), guanosine triphosphate (GTP), uridine
triphosphate (UTP), and cytosine triphosphate (CTP) were all
purchased from the Thermo Scientific, USA. The ATP binding
aptamer [5′-SH-(CH2)6-ACC TGG GGG AGT ATT GCG GAG
GAA GGT] was purchased from the Sangon Biotech Co., Ltd.
(Shanghai, China), which was purified by high-performance liquid
chromatography and used as received. DA, lysozyme (Lys), β-
lactoglobulin (β-LG), BSA, and 6-mercaptohexanol (MCH) were
purchased from Taitan Sci. Co. Ltd. (Shanghai, China). PEG
terminated with thiol group (Mn 2000) was obtained from Xiamen
Sinopeg Biotech. Co., Ltd. (Xiamen, China). Human plasma samples
were provided by the Hospital of Taishan University, China. Other
reagents were of analytical grade. Millipore water with a resistivity
greater than 18 MΩ cm was used in all experiments.
2.2. Apparatus. Electrochemical experiments were carried out

with an electrochemical workstation (CHI650E, Shanghai Chenhua
Instrument Co. Ltd., China). A conventional three-electrode system
was employed in all electrochemical measurements with a GCE
(diameter 3.0 mm), a saturated calomel electrode (SCE), and a
platinum wire electrode. All measurements were performed at room
temperature. Atomic force microscopy (AFM) images were recorded
on an Agilent 550 AFM (Agilent Technologies) in tapping mode. X-
ray photoelectron spectroscopy (XPS) measurements were carried out
with a Thermo-VG Scientific ESCALAB 250Xi spectrometer with a
monochromatic Al Kα X-ray source. The contact angle was measured
with a contact angle goniometer (JC2000, Zhongchen Digital
Technical Co., Shanghai, China) by the sessile drop method.
2.3. Fabrication of the Electrochemical Aptasensor. The

aptasensor was prepared as shown in Scheme 1. GCE was polished
using alumina slurries with the diameter of 1.0, 0.3, and 0.05 μm,

respectively, followed by ultrasonic cleaning with water, absolute
ethanol and water for 3 min in sequence. The cleaned GCE was
immersed in the DA solution (2 mg/mL) containing Tris buffer (10
mM, pH 8.5) for 50 min, and it was then adequately rinsed with water
and Tris buffer (50 mM, pH 8.5) in sequence. Subsequently, 10 μL of
solution (50 mM Tris buffer, pH 8.5) containing 1 μM aptamer and 5
mg/mL PEG was dropped on the electrode surface for overnight
incubation at ambient temperature. The Tris buffer was fully degassed
with nitrogen before use to prevent the oxidation of thiol groups of
aptamer and PEG into disulfide bonds,31 and the electrode was
covered and sealed with a wet beaker (filled with nitrogen gas) to
prevent the solution from evaporating. In order to block the uncovered
surface of the electrode, it was immersed in phosphate-buffered saline
(PBS, 10 mM, pH 7.4) containing 1.0 mM MCH for 1 h at room
temperature, followed by rinsing with Milliprore water.

2.4. Electrochemical Impedance Spectroscopy (EIS) Meas-
urements. EIS is an effective technique to monitor the changes
happened at sensor surfaces, and it can transfer the complicated
biorecognition process into sensitive electrical signals.2 EIS measure-
ments were recorded in PBS (10 mM, pH 7.4) containing 5.0 mM
[Fe(CN)6]

3−/4− solution and 0.1 M KCl. The direct current potential
was set at 0.20 V. The frequency range was from 0.1 to 105 Hz, and the
amplitude of the applied sine wave was 5 mV. In this work, the
Nyquist plot of EIS is used, which is composed of a semicircle portion
at higher frequencies and a linear portion at low frequencies. The
former corresponds to typical fingerprints of charge transfer (its
semicircle diameter is equivalent to the charge transfer resistance
(Rct)), while the latter relates to the diffusion limited process at the
electrode interface.32

2.5. Extraction of ATP from Cancer Cells. ATP extraction from
4T1 breast cancer cells was performed according to a previous
literature.30 First, 8.71 × 105 cells (3 mL) determined by a
hemocytometer were dispersed in Roswell Park Memorial Institute
cell media buffer, centrifuged (5 min, 1000 rpm), washed with PBS for
five times, and resuspended in Millipore water (0.25 mL). Then, the
collected cells were disrupted by ultrasonic cell disruptor for 20 min
(keeping the temperature at 0 °C). Finally, the lysates were
centrifuged (at 18 000 rpm for 20 min at 4 °C) to get rid of cell debris.

3. RESULTS AND DISCUSSION
3.1. Characterization of the Modified Electrodes. XPS

was used to characterize the surface composition of glassy
carbon after different modification steps. Figure 1 illustrates the
XPS survey scans of bare, PDA-coated, and Aptamer-PEG/
PDA coated glassy carbon substrate. Carbon (C), nitrogen (N),
and oxygen (O) are the nonmetal elements of the glassy
carbon, and their photoelectron peaks appear at 285 eV (C1S),

Scheme 1. Schematic Illustration of the Fabrication of
Aptasensor and Its Application to Label-Free Detection of
ATP
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400 eV (N1S), and 533 eV (O1S), respectively
31 (Figure 1a).

After soaking in the DA solution, the peak intensities of N1s and
O1s become stronger than those of the bare glassy carbon, while
the peak intensity of C1s becomes weaker than that of the bare
glassy carbon, indicating that the surface was successfully
coated with a PDA film (Figure 1b). After aptamer and PEG
immobilization, two characteristic peaks appear. One peak
appears at 134 eV, representing phosphorus 2p signal (P2p)
from aptamer (Figure 1c, right inset),33 and the other peak
appears at 164 eV, corresponding to the sulfur 2p (S2p) signal
coming from the surface-immobilized thiolated aptamer and
PEG together (Figure 1c, left inset).34

To further characterize the PDA- and aptamer-PEG-modified
surfaces, AFM was used to monitor the heights of different
surfaces. As shown in Figure 2, the PDA film shows a relatively
uniform and flat surface with an average height of about 2 nm,
which is higher than that of the bare silicon wafer (about 0.1
nm) while much lower than that of the aptamer-PEG/PDA film
(about 18.8 nm). This result indicates that PDA can be formed
on the wafer surface, and further attachment of PEG and
aptamer terminated with thiol group to the PDA can also be
realized.
The surface wettability of electrode surfaces modified with

different materials was characterized by static water contact
angle method. As shown in Figure 3, the contact angle value of
silicon wafer is about 30°. After PDA modification, the value
increases to about 49°, which is in accordance with previously
reported value.31 Interestingly, the electrode surface immobi-
lized with PEG and aptamer becomes very hydrophilic, and the
contact angle is just about 20°, which may be ascribed to the
presence of PEG with excellent hydrophilicity on the modified
surface.

3.2. Electrochemical Characterization of the Aptasen-
sor Fabrication Process. The fabrication process of the
aptasensor was monitored using EIS and cyclic voltammograms
(CVs), as shown in Figure 4. Compared with the bare GCE
(Figure 4A, curve a), the PDA-modified electrode showed
much higher Rct (Figure 4A, curve b), which may be ascribed to
the fact that PDA retards the interfacial electron transfer as its
conductivity is poor. When the aptamer and PEG were attached
to the PDA film simultaneously, Rct increased remarkably
(Figure 4A, curve c) owing to two factors: (1) The negatively
charged phosphate skeletons of the aptamer will repel the
negatively charged [Fe(CN)6]

3−/4− probe from approaching
the electrode surface. (2) PEG can block the interfacial electron
transfer owing to its poor conductivity. With MCH assembled
on the PDA film, Rct increased accordingly (Figure 4A, curve
d), indicating successful blocking of the residual active sites of
the PDA film with MCH. Interestingly, after incubation with
ATP (ATP binding to the aptamer), Rct of the modified
electrode increased significantly (Figure 4A, curve e), which
may be used as the signal for ATP sensing. The reason for this

Figure 1. XPS spectra of (a) bare, (b) PDA film, and (c) Aptamer-
PEG/PDA-modified glassy carbon.

Figure 2. AFM images of silicon wafer (a), PDA film (b), and Aptamer-PEG/PDA (c) modified silicon wafers. The corresponding height profiles are
shown in a′−c′, respectively.
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increase in Rct may be ascribed to the fact that ATP carries
negative phosphate groups, and its binding to the electrode
surface will enhance the repulsion to the negative [Fe-
(CN)6]

3−/4− probe. The results of CV data (Figure 4B) were
in accordance with the EIS characterization, further confirming
the successful fabrication of the aptasensor.
3.3. Optimization of the ATP Incubation Time.

Incubation time is an important parameter for the specific
binding between aptamer and ATP. To maximize the sensitivity
of the aptasensor, the incubation time was optimized using EIS,
as shown in Figure S1. It can be clearly observed that the Rct
change [ΔRct/Rct0 (%)] increased with the increasing of the
incubation time and reached a maximum at 1.5 h, indicating
that the binding between the aptamer and ATP achieved
equilibrium. Therefore, the optimal incubation time for this
aptasensor was selected as 1.5 h.
3.4. Analytical Performance of the Aptasensor. The

electrochemical sensing performance of the aptasensor for the
label-free determination of ATP was investigated in PBS (10
mM, pH 7.4) by EIS. To ensure that the highly sensitive

response of the aptasensor was originated from the binding of
ATP, signal changes of the aptasensor incubated in PBS
without ATP have been investigated, serving as a control. As
shown in Figure S2, the [ΔRct/Rct0 (%)] value of the aptasensor
without ATP had little change over time. Along with the
increase of the ATP, Rct increased accordingly (Figure 5A), and
[ΔRct/Rct0 (%)] has a good linear relationship between the
aptasensor response and the logarithm of the ATP concen-
tration from 0.1 to 1000 pM (Figure 5B, the background signal
value has been deducted). The regression equation is ΔRct/Rct0
(%) = 16.40 log C (pM) + 30.36 (R = 0.9978), and the limit of
detection is approximately 0.1 pM (based on a signal-to-noise
ratio of 3), which is much lower than that achieved in previous
reports35−40 and is close to that of Tang’s work41 (summarized
in Table S1). Such a low detection limit may be mainly
attributed to the unique structure of the sensing interface,
where the PDA and PEG can provide a good environment for
the ATP aptamer to retain high bioactivity and binding affinity.

3.5. Specificity and Reproducibility of the Aptasensor.
To evaluate the binding specificity of the aptasensor to its

Figure 3. Images of water droplets on silicon wafer (a), PDA (b), and Aptamer-PEG/PDA (c) modified surfaces. The contact angle was (a) (30 ±
1)°, (b) (49 ± 2)°, and (c) (20 ± 2)°, respectively (n = 3).

Figure 4. Impedance Nyquist plots of the EIS (A) and CV curves (B) obtained at different modified electrodes: (a) GCE; (b) PDA/GCE; (c)
Aptamer-PEG/PDA/GCE; (d) MCH/Aptamer-PEG/PDA/GCE; and (e) ATP/MCH/Aptamer-PEG/PDA/GCE. Measurements were performed
in PBS (10 mM, pH 7.4) containing 5.0 mM [Fe(CN)6]

3−/4− and 0.1 M KCl. The concentration of ATP was 0.1 μM (10 mM PBS, pH 7.4).

Figure 5. (A) Typical EIS response corresponding to the aptasensor incubated with different ATP concentrations (PBS, 10 mM, pH 7.4): curves
from inner to outer represent 0, 0.1, 1, 10, 100, and 1000 pM ATP, respectively. (B). Charge-transfer resistance changes [ΔRct/Rct0 (%)] of the
aptasensor based ATP biosensor upon a function of ATP concentrations. Inset: the corresponding standard curve of the aptasensor after the
deduction of the background signal value. Error bars represent the standard deviations of three repeated determinations.
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target ATP, Rct change of the aptasensor was measured in
various solutions containing GTP, UTP, CTP, AMP, ADP, and
ATP. As illustrated in Figure 6, compared with Rct change to

ATP, the fabricated aptasensor showed negligible signal
response to GTP, UTP, CTP, AMP, and ADP. The results
are in agreement with those reported in the literature,35,39

indicating that the aptasensor has excellent selectivity for ATP
determination. When AMP and ADP are at much higher
concentrations, they may generate certain interference on the
detection of ATP, and certain techniques such as dual
recognition unit strategy42 may be used to improve the
biosensor selectivity.
To assess the reproducibility of the aptasensor, the relative

standard deviations (RSDs) of the inter- and intra-assay were
tested. Seven different electrodes prepared under the same
experimental conditions were employed for the detection of 1.0
nM ATP, and the RSD was 6.75%. The same aptasensor was
employed to detect 1.0 nM ATP for seven reduplicate
measurements, and the RSD was 3.12%. These results indicated
that the reproducibility of the aptasensor was acceptable.

3.6. Antifouling Property of the Aptasensor. As the
aptasensor was developed based on the PDA substrate, the
antifouling property of PDA was tested, as shown in Figure S3.
Besides the main function to immobilize biomolecules
terminated with thiol groups, PDA also showed certain
antifouling ability to single proteins (BSA and Lys at low

Figure 6. Responses of the aptasensor to GTP (1.0 nM), UTP (1.0
nM), CTP (1.0 nM), AMP (0.1 nM), ADP (0.1 nM), and ATP (0.1
nM). The error bars represent the standard deviation of three
measurements.

Figure 7. EIS of the aptasensor MCH/Aptamer/PDA/GCE without PEG (A−C) and MCH/Aptamer-PEG/PDA/GCE with PEG (A′−C′) before
(■) and after (●) incubation with different proteins. (A and A′) incubation with Lysozyme (Lys); (B and B′) incubation with β-lactoglobulin (β-
Lg); and (C and C′) incubation with bovine serum albumin (BSA). The protein concentration was 0.5 mg·mL−1.
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concentrations) and highly diluted plasma, but its antifouling
performance was very limited.
To assess the antifouling ability of the aptasensor, its

resistance changes after incubating in single protein solutions
(Lys, β-Lg, and BSA) (EIS changes as shown in Figure 7) and
human plasma were recorded, respectively. To avoid possible
response change related to ATP binding, the aptasensor was
saturated with ATP before incubating in human plasma. As can
be seen in Figures 7 and 8, the aptasensor with PEG showed
significantly smaller resistance change owing to nonspecific
adsorption compared with that of the sensor without PEG,
whether soaking in single protein solutions or in human plasma,
which suggested promising antifouling ability of the biosensor
with PEG.20,43

3.7. Clinical Application of the Aptasensor. 3.7.1. De-
tection of ATP in Human Blood Plasma. To investigate the
practical application of the developed ATP aptasensor, the
performance of the aptasensor in 3% human plasma samples
were tested by standard addition method. Various concen-
trations of ATP were added into 3% human plasma samples
before measuring. The experimental results were summarized in
Table S2 (see the Supporting Information), and the recovery
was ranging from 98.40 to 106.10%, with RSD between 2.71
and 4.18%, showing great potential for specific determination of
ATP in biological fluids.
3.7.2. Detection of ATP in Cancer Cell Extracts. To further

demonstrate that the aptasensor was applicable to real samples,
this biosensor was applied to detect ATP in 4T1 breast cancer
cell lysates. Before measuring, the cell lysates were filtrated
using cutoff membranes (cut off 10 KD) to remove small cell
debris and then diluted with PBS for EIS measurements. The
aptasensor was incubated in the diluted cell lysates for 1.5 h at
37 °C. The concentration of ATP in the breast cancer cell
lysate was detected and calculated to be 0.29 (±0.02) mM (n =
3) with the aptasensor, which is very close to the value of 0.27
(±0.02) mM measured by HPLC method (Table S3).

4. CONCLUSION

A novel aptasensor for ultrasensitive, label-free, and low-fouling
detection of ATP in biological fluids was developed based on
self-polymerized PDA substrate anchored with PEG and
aptamer. PEG and aptamer terminated with thiol group can
be effectively immobilized to PDA film via Michael addition
reaction under mild conditions. In the constructed sensing
interface, PEG can provide a biocompatible environment for
aptamer to remain high binding affinity, and at the same time, it
exhibits resistance to nonspecific protein adsorption, making

the aptasensor highly sensitive and low-fouling. The aptasensor
can be used to assay ATP in human plasma and cell lysates with
satisfying accuracy and without suffering from biofouling,
suggesting great potential for practical application.
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