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ABSTRACT: As an energy supplier, ATP plays an important role in various life activities, and there is an urgent need to develop an
effective means of detecting ATP. However, the traditional sensors face serious nonspecific adsorption. In this work, an antifouling
electrochemical biosensor based on the interpenetrating network of Y-DNA scaffold and polyaniline hydrogel was designed for ATP
detection. The polyaniline hydrogel was conducive to the transport of electrons and ions, the structure of Y-DNA cross-linked by
ATP aptamers in the polyaniline hydrogel achieved the effect of signal amplification. Super hydrophilic cellulose nanocrystals
(CNCs) and zwitterion polypeptide sequence (Pep) were doped to play a synergistic antifouling effect. The hydrogel sensor we have
built has a wide linear range of 0.1 pM—1 M for ATP detection and a low detection limit of 0.025 pM (S/N = 3). For ATP
detection in actual serum samples, the recovery of this sensor was 99.5%—106%, and the relative standard deviation was 0.4%—
2.88%. It is proven that the sensor has good ATP detection performance, and it will provide a certain reference value for the
detection of other biological small molecules.

KEYWORDS: polyaniline, DNA, hydrogel, nonspecific adsorption, adenosine triphosphate

B INTRODUCTION

Chemical nerve substances play a very important role in brain
function, and the detection of their relative content in the human

biosensors is reduced due to biocontamination. Therefore, the
selective and sensitive detection of ATP still remains a challenge;
it is necessary to construct an antipollution sensing interface to

body to prevent various related diseases has aroused the strong
interest of researchers.' Adenosine triphosphate (ATP) is a
multifunctional nucleotide that is considered to be the main
energy currency in biology; it plays an important role in
regulating cell metabolism, signal transduction, and other
biological processes.”~* As a biomarker of many clinical diseases
such as Parkinson’s disease, Alzheimer’s disease, and hypo-
glycemia, the detection of ATP counted for much, and it is
urgent to develop an effective method of ATP detection.”™’
At present, electrochemistry,® electrochemiluminescence,’
high-performance liquid chromatography,'® mass spectrometry
(MS),"" fluorescence,'” and other methods have been used for
the detection of ATP. Among them, an electrochemical sensor
has attracted more and more attention because of its low test
cost, simple instrument operation, fast test data, and high
sensitivity."> Although these methods have been used for ATP
sensing, due to the complexity of the detected media and the low
level of ATP content, the detection accuracy of electrochemical
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improve the highly selective detection of ATP. Due to the
complexity of the detection environment, many interferences
will affect the detection performance of sensors. Facing this
challenge, a lot of work has been done in this area recently. For
example, Tang’s'*'® research group detected CTnl protein
using liposome-embedded Cu, ,Ag S nanoparticle-mediated
photothermal immunoassay, which achieved good selectivity for
target objects. In the past decades, people have explored the
construction of various antifouling interfaces, including physical,
chemical, and biological antifouling.® Physical antifouling is
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Table 1. Sequences of Oligonucleotides Used in this Work

oligonucleotide sequence (5’ to 3')
Y, COOH-CGATTGACTCTCGCTGTCCTAACCATGACCGTCG
Y, CGATTGACTCTCCGACGGTCATGTACTAGATCAG
Y, CGATTGACTCTCCTGATCTAGTAGTTAGGACAGC
linker GAGAGTCAATCGACCTGGGGGAGTATTGCGGAGGAAGAGAGTCAATCG

mainly based on the design of hierarchical porous structure to
reduce the adhesion of biological pollutants due to the structural
limitation of the interface."”"® Chemical antifouling is mainly
achieved by introducing antifouling materials, such as poly-
ethylene glycol,'” amphoteric ion betaine sulfonate,” bovine
serum albumin,”’ cellulose nanocrystals,”” and peptides.”*~>*
However, the synthesis and assembly of these materials on the
sensor surface is complex, and most of the antipollution
materials have poor electrical conductivity, resulting in high
impedance on the electrode surface, which reduces the
sensitivity of the biosensors. Therefore, introducing conductive
polymers to modify the electrode together with antipollution
materials has become the research hotspot in the construction of
biosensors.

On the basis of the conducting polymers such as
polythiophene, polyaniline, and polypyrrole, conductive hydro-
gels combine the advantages of organic conductors and
hydrogels, having the advantages of good biocompatibility,
mechanical properties, hydrophilicity, conductivity, 3D nano-
structures, and large specific surface area.”*"*® In many of the
conductive polymer hydrogel, polyaniline-based hydrogels have
attracted extensive attention because of their excellent
mechanical properties, no labels, high electronic conductivity,
redox reversibility, and good biocompatibility.”*° Furthermore,
polyaniline hydrogels have antifouling properties due to their
high specific surface area and a variety of pore structures.

In this work, the negatively charged DNA scaffold (DNA) and
the positively charged skeleton of conductive polyaniline
hydrogel (CPH) are combined by electrostatic, z—z hydrogen
bond, and physical entanglement to detect ATP. ATP aptamers
and polypeptide-modified YDNA scaffolds are connected to
each other by base complementary pairings (ATP aptamers as
linkers), forming DNA networks® ~** in situ at CPH. On the
contrary, due to the formation of a hydrogel, the aptamer could
spread all over the hydrogel network in a three-dimensional way,
increasing the active sites of target substance and improving the
detection sensitivity. The super hydrophilic cellulose nanocryst-
als (CNCs) and zwitterionic polypeptide sequences (Pep) were
semi-interpenetrating in the hydrogel as antipollution materials
to realize multiple antifouling. The results showed that the
constructed CPH-based aptamer antifouling sensor has a wide
detection range and a low limit for ATP detection, which can
provide a certain reference value for the detection of other
biological small molecules.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. Adenosine triphosphate (ATP)
was supplied from Energy Chemical (Shanghai, China). Ammonium
persulfate was purchased from Yantai Shuangshuang Chemical Co.,
Ltd. Guanosine triphosphate (GTP), adenosine diphosphate (ADP), 3-
aminobenzene boric acid (ABA), N-hydroxysulfosuccinimide (NHS),
N,N,N’,N’-tetramethylethylenediamine, and N-(3-(dimethylamino)-
propyl)-N’-ethylcarbodiimide hydrochloride (EDC) were purchased
from Aladdin Reagents (Shanghai, China). Uridine triphosphate
(UTP) was purchased from Macklin (Shanghai, China). Cellulose
nanocrystals were purchased from Kunshan Hopu Fiber Technology

Co., Ltd. Bovine serum albumin (BSA), f-lactoglobulin (f-Lg), and
lipoprotein lipase (LPL) was purchased from the Shanghai Yuanye
Biological Technology Co., Ltd. Aniline, ascorbic acid (AA), L-glycine
(Gly), and tris(hydroxymethyl) methyl aminomethane (Tris) were
purchased from Shanghai Zhonggin Chemical Reagent Co., Ltd.
Sodium dihydrogen phosphate, disodium hydrogen phosphate, and
ethylenediamine tetraacetic acid disodium salt (EDTA) were
purchased from Tianjin Damao Chemical Reagent Factory. Potassium
ferricyanide and poly(vinyl alcohol) (1750) were purchased from
Tianjin Kaixin Chemical Industry Co., Ltd. Peptides (EKEKEKEK)
were synthesized by Bankpeptide Biological Technology Co., Ltd
(Hefei, China). All of the sequences of oligonucleotides used in this
work are given in Table 1, and all other chemicals used in this paper
were of analytical grade.

2.2. Apparatus. All electrochemical characterization was per-
formed by an electrochemical workstation (CHI660E, Shanghai
Chenhua Instrument Co. Ltd, China) with a three-electrode system.
The working electrode is a glassy carbon electrode, the reference
electrode is a saturated calomel electrode, and the counter electrode is a
platinum wire electrode. Morphological measurements were performed
using a JEOL JSM-6701FGSM-S600LV scanning electron microscope
(SEM) (JEOL). Fourier transform infrared (FT-IR) spectra were
recorded by a model FTS-23000 (Digilab) spectrometer.

2.3. Preparation of DNA Network (DNA) and YDNA Scaffold—
Polypeptide (YDNA—Pep). For the preparation of a DNA hydrogel
network: single stranded DNA Y1, Y2, and Y3 were mixed in equal mole
ratio and lyophilized to obtain a white solid. Then, PBS solution was
added, and the sample was heated to 95 °C for 5 min and slowly cooled
to room temperature to obtain the Y-scaffold solution. The linker
solution consisting of aptamer was prepared using a similar method.
The two solutions were then evenly mixed at room temperature to form
a DNA network. For the preparation of the YDNA scaffold—
polypeptide solution: NHS (20 uM) and EDC (20 yM) were added
to a solution of 10 uM YDNA scaffold for incubation for 1 h to activate
the carboxyl group. Then 10 uM polypeptide solution was added to the
above step solution, and the mixture was incubated for 12 h. The YDNA
scaffold was coupled to the polypeptide sequence EKEKEKEK by an
amide bond. We labeled it as YDNA—Pep.

2.4. Preparation of CPH-CNC Hydrogels. Conductive hydro-
gels were prepared by referring to the previous literature.** Aniline (1.5
mmol) and 0.105 mmol of aminobenzenboric acid were added to a
mixed solution of 6 M HCI and H,O. Next, 0.05 mg/mL cellulose
nanocrystalline dispersion was added, and the above solution was
placed in 3 mL of a poly(vinyl alcohol) (10 wt %) solution to form a
homogeneous mixed solution. The mixed solution was labeled as liquid
A. Two millimoles of ammonium persulfate was dissolved in deionized
water to form liquid B. Then, the solutions A and B were cooled to 0 °C
in an ice water bath. Solution A was added to solution B, and the
mixture was reacted for 6 h to form a polyaniline conductive hydrogel,
which was soaked in water to remove the unreacted impurities for later
use. Porous CPH—CNC conductive hydrogel was obtained (Figure
S1).

2.5. Fabrication of the Antifouling Electrochemical Sensor.
First, 3 uL of the CPH precursor solution was dropped onto the surface
of a clean glassy carbon electrode to form a conductive hydrogel layer.
Then, it was soaked in deionized water for 30 min to remove the
unreacted ingredients. The cyclic voltammetry (CV) technique was
used to activate the electrode modified with CPH—CNC in 0.2 M PB
aqueous solution, with a scanning range from —0.6 to +0.4 V, and the
scan rate was 0.05 V/s. Subsequently, 6 yL of the YDNA— Pep was
dropped on the CPH-—CNC/GCE for 2 h. After that, 3 yL of the
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Scheme 1. Schematic Illustration of the Fabrication Process for the Novel Electrochemical Aptasensor
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aptamer linker was dropped on the modified electrode and incubated
for 1.5 h. Finally, the DNA—Pep/CPH—CNC/GCE was washed with
deionized water to remove the unbound sequence. CV was used to
evaluate the preparation process of the antipollution electrochemical
sensor. The CV scanning range was —0.6 to +0.4 V and the scanning
rate was 0.05 V/s. Differential peak pulse voltammetry (DPV) was also
used to evaluate the electrochemical behavior of the sensor. DPV
measurements were from —0.6 to +0.4 V with a pulse amplitude of 50
mV and a pulse period of 50 ms.

2.6. Antifouling Properties of Cellulose Nanocrystals (CNCs)
and Zwitterionic Polypeptides (Pep) in Nonspecific Proteins
and Serum. In order to evaluate the antifouling performance of the
constructed sensor, three nonspecific proteins, BSA, -Lg, and LPL, and
serum were used for experiments. The DPV signal changes of CPH,
CPH—-CNC/GCE, and DNA—Pep/CPH—CNC/GCE modified elec-
trodes before and after incubating in three kinds of nonspecific protein
solutions (1.0 mg/mL) and serum were studied.

2.7. Antifouling Electrochemical Sensor for ATP Detection.
Different concentrations of ATP were added to the surface of DNA—
Pep/CPH—CNC/GCE to incubate for 1.5 h. Then, DPV was
performed to detect ATP in the PB solution (pH = 7.4) containing
0.2 M Na,HPO,,

2.8. ATP Content in Serum Samples was Detected. In order to
evaluate the detection performance of the antifouling biosensor in
actual samples, we prepared serum samples to complete the exploration.
The serum was treated according to the previous report,” and the DPV
method was used to carry out the standard recovery experiment at room
temperature.

3. RESULTS AND DISCUSSION

3.1. Mechanism of Electrochemical Antifouling De-
tection of ATP. In this work, the outline of the antifouling
electrochemical sensor developed is shown in Scheme 1. CPH
combines the advantages of organic conductors and hydrogels.
First, the glassy carbon electrode was coated by the CPH—CNC,
which was activated by cyclic voltammetry. Then, the YDNA—
Pep was drip-coated and modified on the electrode. ATP
aptamer with complementary base sequences linking to the
YDNA scaffold aimed to connect each YDNA scaffold to form a
YDNA network. This network can be combined with CPH—

40626

CNC by hydrogen bonding, electrostatic effect, and physical
winding to form a double network hydrogel. Due to the
formation of the DNA network, ATP aptamer spreaded all over
the entire surface of the hydrogel network, which hoped to
increase the target sites of ATP and realize the ultrasensitive
detection of ATP. Polyaniline hydrogels provide high electrical
conductivity; when the target ATP is present, it specifically binds
to the ATP aptamer in the hydrogel network, and as an inactive
substance, ATP hinders the transmission of electrons, leading to
the reduction of the redox peak and resulting in a significant
reduction of DPV current signal. Moreover, the decrease of the
electrochemical signal is related to the increase of ATP
concentration. In order to prevent nonspecific adsorption in
complex media, super hydrophilic CNC and Pep sequences are
introduced, which combine with water molecules to form a
dense hydration membrane to prevent nonspecific adsorption of
hydrophobic substances such as proteins and used for
antifouling detection of ATP.

3.2. Characterization of Synthesized CPH, CPH-CNC,
and DNA-Pep/CPH-CNC hydrogel. To confirm the
successful polymerization steps, the FTIR of CPH, CPH—
CNC, DNA—Pep/CPH—-CNC, and other related monomers
are studied in Figure S2. In Figure S2A, curve a is the FTIR curve
of poly(vinyl alcohol); the peaks at 3433, 2918, and 1049 cm™
are the stretching vibration of O—H, C—H, and C—O of PVA,
respectively.’® The absorption peak at 3230 cm™! is attributed to
the stretching vibration of N—H in an amino group of 3-
aminobenzene boric acid (curve b). In the infrared data figure of
monomer aniline (curve d), the absorption peaks at 3356 cm™"
belong to the stretching vibration peak of N—H in an amino
group. In the spectrum of the synthesized polyaniline—
poly(vinyl alcohol) conductive hydrogel (curve c), two
characteristic peaks at 1633 and 1402 cm™" correspond to the
stretching vibration of quinone ring and benzene ring.”” The
N—H stretching vibration peaks of the amino group in aniline
and 3-aminobenboric acid disappeared in the conductive
hydrogel compared with the monomer 3-aminobenboric acid
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and aniline, indicating that the polymerization of aniline and 3-
aminobenboric acid occurred through the amino group. After
introducing CNC into CPH, as shown in Figure S2B, compared
with CPH (Figure S2B, a), the —OH peak at 3439 cm™
increased (Figure S2B, b), indicating that CNC was successfully
introduced as a component of CPH.”® After modification of the
polypeptide in CPH (Figure S2B, c), the peak at 1635 cm™" is
attributed to the stretching vibration of C=0 bond in the amide
bond of the polypeptide sequence. The peak at 617 cm™" is
attributed to the flexural vibration of a C=0 bond in the amide
bond, which proves that the polypeptide has been successfully
introduced into CPH—CNC.

To prove the structures of the CPH, CPH—CNC and DNA—
Pep/CPH—CNC, the figure of the SEM is exhibited. As shown
in Figure 1A, we can observe the rich porous structure of

Figure 1. SEM images of (A) CPH, (B) CPH—CNC, and (C) DNA—
Pep/CPH—-CNC.

polyaniline hydrogel, which helped with the transmission of the
electron and biomolecular enrichment. After modification of the
CNC, it can be seen from Figure 1B that CNC is evenly
distributed in the conductive hydrogel without affecting the
porous structure of the hydrogel, which is used as an antifouling
material for the construction of sensors. After the YDNA scaffold
with modified polypeptides was dripped onto the CPH—CNC
hydrogel (Figure 1C), a different structure is shown, imply that
the DNA scaffold was doped into it for the subsequent target
specificity detection.

3.3. Antifouling Capability of Electrochemical Sensor.
In order to evaluate the antifouling performance of the interface
of hydrogel sensor based on DNA and polyaniline inter-
penetration network, three monoproteins (BSA, f -Lg, and
LPL) were prepared in a PB solution (0.2M, pH = 7.4) with a
concentration of 1.0 mg/mL. The DPV method was used to test
the antipollution performance of the sensor in these three
complex media. The DPV current signals of electrodes, CPH,
CPH—-CNC, and DNA-Pep/CPH—CNC hydrogels were
compared before and after incubation in three protein solutions.
As shown in Figure 2, the signal changes of the CPH-modified
electrode were relatively significant before and after incubation
(the first column). After incubation, the DPV current responses
of the CPH-modified electrode in BSA, f-Lg, and LPL were
23%, 13.2%, and 12.7% of the original value, respectively. This is
mainly attributed to the porous structure of the polyaniline

hydrogel; the limitations lead to certain physical antifouling
performance. The porous structure allows small molecules to
pass through while restricting the entry of large molecules such
as proteins, which acts as a filter preventing nonspecific
adsorption of the sensor. It can be concluded that only part of
the protein adhered to the electrode surface, which obstructed
electron transfer and caused the reduction of electrochemical
signal. As shown in the second column of Figure 2, when the
CNC was introduced further, the signal changes of DPV were
significantly reduced. After the CPH—CNC hydrogels were
cultured in BSA, f-Lg, and LPL, the DPV current changes were
4.5%, 6.9%, and 5.8% of the original value, respectively. This is
attributed to the super hydrophilic properties of polyhydroxyl
functional groups on the cellulose nanocrystals; a dense
hydration layer could be formed, which acts as a strong physical
barrier and prevents the diffusion and infiltration of proteins on
the substrate surface. As shown in the third column of Figure 2,
the antipollution effect of the DNA-Pep/CPH—CNC hydrogels
modified electrode was significantly improved by adding the
amphoteric ion polypeptide sequence on the basis of the above
materials. After incubation in BSA, f§ -Lg, and LPL, the DPV
current response was 2.5%, 1.7%, and 1.5% of the original value,
respectively. This may be due to the strong binding effect
between the amphoterionic polypeptide sequence and water
molecules, which could form a hydration layer to prevent
nonspecific adsorption. Therefore, cellulose nanocrystals and
polypeptide sequences all have strong interactions with water
molecules, forming a dense hydration film. The synergistic
antifouling effect of the two and the physical antifouling effect of
porous hydrogel itself are combined to greatly improve the
protein avoidance performance of the sensor. As a result, the
sensor of the DNA—Pep/CPH—CNC hydrogels proved to have
excellent antifouling performance in complex media.

In addition, the DPV method was used to evaluate the
antifouling properties of three hydrogel modified electrodes of
CPH, CPH—-CNC hydrogels, and DNA—Pep/CPH—CNC
hydrogels in serum. Figure 3 shows that the current signal of
the CPH modified electrode changes greatly after incubation in
serum, indicating that the physical antifouling performance of
the porous electrode is not obvious. After the introduction of
hydrophilic CNC, the change of DPV signal in serum decreased,
indicating that super hydrophilic cellulose nanocrystals have a
certain antifouling performance. After introducing DNA—Pep
into the hydrogel, the signal value before and after incubation in
serum was almost unchanged. It shows that the synergistic
antifouling effect of physics and chemistry is obvious. This result
is consistent with the signal in three different protein solutions,
indicating that the antifouling material has a better synergistic
antifouling effect.

3.4. Electrochemical Characterization of Different
Electrodes. CV and DPV were used to characterize the
electrochemical behavior of different modified electrodes. In the
CV curve, as shown in Figure 4A (CPH—CNC hydrogel
modified glassy carbon electrode), due to the redox action of
PANI, we can clearly see that the CV curve has an obvious redox
peak and a large current signal (curve a). When it was modified
by the DNA network containing the polypeptide sequence
(curve b), the current signal was significantly reduced, which is
attributed to the electron transferring blocking of the
polypeptide sequence EKEKEKEK and the DNA network. In
the presence of ATP (Curve c), the current signal is further
reduced, indicating that ATP specifically binds to aptamers in
the hydrogel network. ATP is an inactive substance that hinders
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Figure 2. DPV current changes of CPH, CPH/CNC,

and DNA—Pep/CPH—CNC modified electrodes before (black line) and after (red line)

incubation in three protein solutions (1, BSA; 2, f-Lg; and 3, LPL, 1.0 mg/mL each).
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Figure 3. DPV current changes of CPH, CPH—CNC, and DNA—Pep/CPH—CNC modified electrodes before (black line) and after (red line)

incubation in serum.

the transmission of electrons, leading to the reduction of the
redox peak. DPV curve (Figure S3) was used to characterize the
current signal changes of the sensor with (red curve) and
without (black curve) ATP aptamer in the presence of the target
ATP. As can be seen from Figure S3, when aptamers are
introduced into the sensor, there is a significant change in the
current signal before (a) and after (b) ATP incubation, and the
current signal change of the sensor without the aptamer is not
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obvious, which proves that the system has a recognition effect on
ATP rather than an adsorption effect. In addition, DPV
detection was also performed in PB solution (0.2 M, pH =
7.4) when the scanning range was —0.6 V to +0.4 V. As shown in
Figure 4B, the results are consistent with those obtained by
cyclic voltammetry. Therefore, under the antifouling environ-
ment provided by the composite hydrogels, specific binding
between target and aptamer occurred, and the enrichment of the
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Figure 6. (A) DPVs of the electrochemical aptasensor after incubation with different concentrations of ATP. (B) Calibration curve of ATP for different
ATP concentrations from 0.1 pM to 1 M.

target by a hydrogel enabled the ultrasensitive detection of ATP.
There is a good linear relationship between cyclic peak current
and scanning rate, which indicates that this process is a surface-
constrained process (Figure S4).

3.5. Optimization of Experimental Conditions. In order
to obtain the optimal sensing performance, it is necessary to
optimize the volume of conductive hydrogel and incubation
time of YDNA scaffold, ATP aptamer, and ATP. First, DPV was
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used to optimize the volume of CPH. It can be seen from Figure
SA that the optimal volume is 3 uL. On this basis, the DPV curve
was used to optimize the incubation time of YDNA—Pep. The
electrochemical response signal changed the most at a binding
time of 2 h from Figure SB; therefore, 2 h is the best time for the
diffusion of YDNA—Pep in a conductive hydrogel. Under the
optimal diffusion time of fixed YDNA—Pep, the best incubation
time of the ATP aptamer was explored. As shown in Figure 5C,
the optimal binding time of ATP aptamer and YDNA scaffold is
1.5 h. Finally, we optimized the incubation time of ATP, and it
can be seen from Figure 5D that the optimal incubation time of
ATPis 1.5 h.

3.6. Analysis Performance of the Proposed Antipollu-
tion ATP Sensor. DPV was used to detect different
concentrations of ATP standard solutions in PB solution (0.2
M, pH 7.4), and the performance of the antipollution composite
hydrogel sensor was evaluated according to the detection results.
As can be seen from Figure 6A, within the range 0.1 pM to 1 uM,
the DPV electrochemical signal decreased with the increase of
ATP concentration. When the ATP specifically binds to DNA
network linkers (ATP aptamers), it blocks the electron transport
and causes a reduction in electrochemical signals. As shown in
Figure 6B, the change value of DPV electrochemical signal (Aip
(uA)) shows a good linear relationship with the log value of
different ATP concentration (R* = 0.995). The regression
equation is Aip (uA) = —6.88 LogC [ATP] — 49.07, and the
minimum detection limit is 0.025 pM (S/N = 3). Compared
with previous reports, the electrochemical aptamer sensor shows
better performance (Table S1). The good test results obtained
are mainly attributed to the following: (1) Polyaniline hydrogel
has a high conductivity and porous structure, which is conducive
to electron transmission. (2) Cellulose nanocrystals and
peptides are antifouling materials, which reduced the non-
specific adsorption of sensors in complex media. (3) Through
the interlocking network of the DNA hydrogel and the
conductive hydrogel, the ATP aptamer spreads across the entire
surface of the hydrogel network, which would increase the
targeting site of ATP. (4) The porous network of hydrogel has
enrichment effect and can realize signal amplification. (5) The
poor conductivity of adenosine triphosphate: when it is
specifically bound to the ATP aptamer, it will get into the
surface and interior of the sensor, hindering the electron
transmission at the interface of the electrochemical sensor and
thereby showing a decrease in the electrochemical signal. (6)
The antifouling performance of the electrochemical sensor also
stems from the porous structure of the hydrogel. The porous
structure allows small molecules to pass through while
restricting the entry of large molecules, which acts as a filter,
thus preventing nonspecific adsorption of the sensor. Given all
of that, the antifouling composite hydrogel sensor can achieve
ultrasensitive detection of ATP.

3.7. Specificity, Repeatabilityand Reproducibility of
Antifouling Sensor. Because the detected environment is
complex, many interferences will affect the detection perform-
ance of the sensor and it is necessary to test the specific
performance of the constructed sensor for ATP detection.
Various interfering molecules and proteins were selected,
including AA, Gly, BSA, UTP, GTP, and ADP. The selectivity
of the sensor was verified by the DPV method, and the
experiment showed that the DPV signal did not change
significantly in the higher concentration of the interference,
while the DPV signal response was obvious in the presence of
the target molecule ATP at a low concentration (Figure 7).

Therefore, the antifouling sensor has excellent selectivity for the
target ATP.

OI:I‘I'DD[:II:I

AA Gly BSA UTP GTP ADP ATP

Figure 7. Response of electrochemical aptamer sensor to 1 nM AA, Gly,
BSA, UTP, GTP, and ADP and 0.1 nM ATP. The error bar is the
standard deviation of the results of three repeated measurements.

Subsequently, we further studied the reproducibility and
repeatability of the antifouling electrochemical sensor. First, in
order to assess reproducibility, the ATP of 10 pM was detected
with five newly prepared sensors, and the relative standard
deviation was calculated to be 1.86%, indicating that it had
acceptable reproducibility. Then, its repeatability was studied
with the same sensor, and after detecting the ATP of 10 pM five
times, the relative standard deviation was calculated to be 1.69%.
The stability of the sensor was evaluated by continuous CV
scans; after 30 CV scans, the current signal remained stable as
shown in Figure SS. In addition, the current signal of the sensor
stored at 4 °C in the refrigerator for 1 week is 92.3% of the
original signal, indicating that the sensor has good stability.

3.8. Detection of ATP in Human Serum Samples. In
order to prove the practicability of the constructed antifouling
sensor, we selected the serum as the sample, heated the serum
extracted from the hospital at 45 °C for 10 min, centrifuged,
diluted the supernatant 50 times, dropped it on the sensor, and
incubated it for 1.5 h, detected the change of current signal
before and after incubation by DPV method, and calculated the
content of ATP in the serum according to the linear equation of
peak current and ATP concentration. It can be seen from Table
2 that the sensor has a good recovery rate of ATP in serum

Table 2. Detection of ATP in the Blood Sample

sample added (pM) found (pM) recovery (%) RSD (%,n =3)

Sample 1 10 10.31 103.3 2.88
Sample 2 1000 995 99.5 0.4
Sample 3 10000 10602 106 2.02

samples; the recovery rate range is 99.5%—106%, and the
relative standard deviation range is 0.4%—2.88%. Therefore, the
results showed that the antifouling electrochemical sensor has
good clinical application performance.

4. CONCLUSIONS

In summary, an antifouling electrochemical sensor was
constructed based on the interpenetrating network of Y-DNA
scaffold and conductive polyaniline hydrogel. Cellulose nano-
crystals and polypeptides served as the antifouling material, and
ATP aptamer was used as the cross-linker of a Y-type DNA
network to increase the active sit except as an aptamer for ATP
detection. High conductivity, porous structure, and good
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biocompatibility of polyaniline hydrogel have improved the
detection sensitivity. The introduction of cellulose nanocrystals
and polypeptides as antifouling materials in polyaniline hydrogel
can prevent nonspecific adsorption in complex biological media.
In conclusion, the hydrogels that we prepared integrated high
conductivity, antifouling, and signal amplification performance.
The detection results showed that the antifouling electro-
chemical biosensor has a wide linear range of 0.1 pM—1 ¢M and
a low detection limit of 0.025 pM for ATP detection. It is
expected to provide a certain reference value for the detection of
other biological small molecules.
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