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ABSTRACT: Simultaneous detection and correlation analysis of multiple bio-
markers in a single run are crucial to improving the detection specificity and indicate
disease progression, but they remain a challenge. Herein, we propose a DNA fishhook
electrochemical sensor based on the potassium ferricyanide-mediated dual-signal
correlation enhanced electrocatalysis reaction (DEER). The designed T-shaped DNA
fishhook scaffold has two “hooks” to recruit their respective “fish” (targets) with the
help of the “fishing bait” (signal probes, Sp), resulting in the different targets and Sp
being specifically captured by the DNA fishhook to the electrode interface,
respectively. The proposed DEER not only effectively improves the detection
sensitivity without introducing nucleic acid amplification but also can reflect the
logical correlation between the targets. As proof of principle, the DNA fishhook
sensor was successfully applied in the simultaneous detection of two related gene
sequences of SARS-CoV-2 and the active-state assay of the PI3K/AKT signaling
pathway. In general, our DNA fishhook sensor provides a meaningful potential tool for the sensitive simultaneous detection and
correlation analysis of multiple targets.
KEYWORDS: DNA fishhook, electrochemical biosensor, simultaneous detection, correlation assay, multiple biomarkers, signaling pathway

Biomarkers are signposts of disease.1 As the measurable
indicators, a myriad of biomarkers depict the presence,
severity, and intensity of disease.2 With enormous develop-
ments in molecular medicine, detection of biomarkers has
shown great prospects in early diagnosis, predicting disease, or
prognostic evaluation. Especially, multiple biomarker assays
that simultaneously detect multiple targets in a single run
rapidly offer more information at a lower cost and smaller
sample size to further identify the subtypes of diseases, virus
variants, etc., or to reduce false-positive rates and improve
diagnostic accuracy.3,4 In addition, biomarkers, as the key
signaling molecules, can regulate the intracellular signaling
transduction pathways and reflect biological responses in cells.5

The “crosstalk” among highly interconnected pathways allows
them to come together to form a complex signaling network.
Mapping the dynamic influence connections among bio-
markers in the signaling network aids in a better understanding
of the underlying molecular mechanisms and the development
of therapeutics for diseases involving aberrant pathways, such
as cancer and autoimmune diseases.6

In this context, numerous biosensors for the simultaneous
detection of multiple biomarkers have been developed.7−9

Among them, DNA electrochemical biosensors, as a cost-

effective, highly sensitive, universal, and user-friendly sensing
platform, provide a powerful approach for the sensitive
detection of multiple biomarker targets.10,11 For DNA
electrochemical biosensors, the key to realizing multitarget
electrochemical detection lies in converting the abundance of
different targets into a quantifiable current response in a single-
electrode system.12 The conventional method is to modify
different single-stranded capture probes at the electrode
interface to introduce corresponding electroactive molecules
in the presence of specific targets and to generate signal
responses at different potentials to distinguish the correspond-
ing targets.13 Yet, due to the interaction between DNA−DNA
helices and the DNA base-gold surface, different flexible single-
stranded DNA probes may be entangled with each other on
the electrode interface14 or lie flat on the gold surface instead
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of standing upright as required,15 resulting in low accessibility
and capture efficiency of the target. Moreover, it is difficult for
different DNA capture probes to assemble on the electrode
surface in a specific ratio, which may result in a very high
density of one probe and a very low density of the other. This
uncontrollable distribution of different probes will lead to high
measurement errors and nonrepeatability.14

In addition, to further improve sensing performance, these
methods are often combined with DNA cyclic amplification
techniques to realize ultrasensitive detection of targets.16,17

However, for multitarget detection, each target needs to be
amplified individually, which requires not only complex
sequence design but also the avoidance of crosstalk between
sequences.18,19 Although studies have been conducted to

improve the sensitivity by introducing nanoparticles to increase
the specific surface area of the electrode for sensitive detection
without nucleic acid amplification,9,20−22 the preparation
process of nanoparticles is complex and expensive, which
further affects the convenience and cost of analysis.
Furthermore, these methods are designed for quantifying
independent targets but are not suitable for correlation analysis
among multiple targets. Some methods employing DNA logic
gates can do correlation analysis but not simultaneous
quantification of independent targets.23,24 Therefore, it is
urgent to develop an electrochemical sensor that enables
simple, rapid, accurate, cost-effective, and nucleic acid-
amplification-free multiple target detection and correlation
analysis.

Figure 1. (A) Concept diagram of “fishing” multiple targets by the DNA fishhook biosensor. (B) Principles and applications for the multiple
detection of targets based on a fishhook electrochemical biosensor.
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To deal with the above-mentioned issues, we designed a
DNA “fishhook” for simultaneous multiple target electro-
chemical detection in this work. The T-shaped DNA fishhook
scaffold has well-controlled spatial orientation and nanoscale
distance control ability to regulate the homogeneity of different
capture probes at the electrode interface, thereby avoiding
mutual entanglement.25,26 In order to “fish” multiple targets, as
shown in Figure 1A, the overhanging sequences on either side
of the T-shaped DNA scaffold are used as two “hooks” to
capture different targets. When the targets exist, the “bait”
sequences (signal probe) specifically bind to their respective
“fish” (target) through base complementary pairing and induce
it to be captured by the DNA fishhooks at the electrode
interface, resulting in further enrichment of MB and Fc at the
electrode interface. Since two different “hooks” are integrated
in one DNA nanostructure in a 1:1 ratio, the uniformity of
probe distribution on the electrode is greatly improved, which
is beneficial to the detection accuracy. And, the two “hooks” do
not interfere with each other, allowing independent detection
of two different targets. Moreover, the modular design of the
DNA fishhook makes it universal, which can be used for the
detection of other targets by simply modifying the “hook”
sequence.

Considering that DNA nanostructures may hinder the
electron transfer between the electrode and the electroactive
molecule by increasing the resistance of the electrode to reduce
the detection sensitivity, we proposed a [Fe(CN)6]3−-mediated
dual-signal-correlation enhanced electrocatalysis reaction
(DEER). The DEER achieves simultaneous signal amplifica-
tion of MB and Fc and further enhances reaction efficiency by
rational use of the reaction products. In addition, the enhanced
signal is due to the concurrence of MB and Fc, and it can be
designed to conform to the logical relationships in “AND”
logic gates. These features enable the DEER to be used for the
simultaneous detection of multiple targets and correlation
analysis between targets. Interestingly, in the DEER, the
inhibition of electron transfer by DNA fishhook does not
reduce the detection sensitivity, instead, it can cooperate with
the hydrophobic hexanethiol (HT) self-assembly layer to
passivate the electrode to avoid the interference of electron
transfer between [Fe(CN)6]3− and the electrode interface.27

Therefore, only a simple incubation step is required to produce
a significant current response.

As a proof of concept, the DNA fishhook biosensor was
successfully applied to the simultaneous detection of the
SARS-CoV-2 RDRP gene and N gene fragment and the
correlation analysis of the miRNA-21 between Met dimer in
the PI3K/AKT signaling pathway. Overall, this work
developed a simple, rapid, sensitive, amplification-free strategy
for multitarget detection and correlation analysis, which is
promising in a broader application of the biomarker assay.

■ EXPERIMENT SECTION
Self-Assembly of the DNA Fishhook. After centrifuga-

tion (6000 rpm/min), the DNA oligonucleotides were
dissolved in TE buffer and diluted in 1 × TAE/Mg2+ buffer
(containing 10 mM Tris, 1 mM EDTA·2Na, 50 mM NaCl, and
12.5 mM (CH3COO)2Mg). For preparation of the DNA
fishhook, 5 μM capture probes (Cp1, Cp2) and auxiliary probe
(Ap) were well mixed in 1 × TAE/Mg2+ buffer together and
annealed in a metal bath. The annealing method is as follows:
The DNA fishhook was incubated for 5 min at 95 °C. Then

the temperature was decreased at 1 degree per minute until
reaching 25 °C and subsequently cooled to 4 °C for 1 h.
Pretreatment of the Electrode and Preparation of the

Sensor. The surface of the gold electrode was polished with
0.3 and 0.05 μm alumina. The electrode was then immersed in
ultrapure water and ethanol, respectively, and ultrasonically
cleaned for 3 min. After drying with nitrogen, the electrode was
immersed in 0.5 M H2SO4 to obtain a cyclic voltammetry
(CV) curve by an electrochemical workstation (CHI 660E,
Shanghai Chenhua Instrument Co., Ltd.) until the curve was
stable. Afterward, the pretreated gold electrode was immersed
in the 5 mM HT and incubated at room temperature for 1 h to
cover a tight HT assembly layer on the electrode surface. Four
μL of the above-mentioned DNA fishhook was added dropwise
onto the dry electrode surface for 1 h at room temperature.
The DNA fishhook assembled electrode was successfully
fabricated.
Electrochemical Assay of Multiple Targets. For the

assay of the multiple targets, 4 μM Sp1 and 2 μM Sp2 were
mixed with nuclease-free water; T1 and T2 were diluted
uniformly in 1 × TAE/Mg2+ buffer and then added dropwise
onto the DNA fishhook assembled electrode reaction for 30
min at room temperature. After reaction, the electrode was
immersed in PBS buffer (containing 10 mM [Fe(CN)6]3−) for
the electrochemical assay. CV and square wave voltammetry
(SWV) were used for electrochemical scanning with the
following settings. CV: potential range of −0.5 ∼ 0.7 V, the
standing time was 2 s, the scanning speed was 0.1 V/s, and the
sampling interval was 1 mV. SWV: a potential range of −0.5 ∼
0.7 V, a voltage increase of 0.004 V, an amplitude of 0.025 V, a
frequency of 50 Hz, and a standing time of 2 s.

■ RESULTS AND DISCUSSION
The Principle of DNA Fishhook for Multitarget

Detection and Correlation Analysis. As shown in Figure
1B, the DNA fishhook is formed by the self-assembly of Cp1,
Cp2, and Ap. The prehybridized DNA fishhook was
immobilized on the HT assembly electrode through the
hydrophobic interaction between the terminally modified
cholesterol and HT. In the absence of “fish” targets, the
“fishing baits”, MB-labeled signal probe 1 (Sp1) and Fc-labeled
signal probe 2 (Sp2), are not captured by the DNA fishhook.
In contrast, when only one “fish”, the target 1 (T1), is present,
Sp1 binds to its specific sequence domain to form T1-Sp1,
which is then specifically captured by one of the hooks (Cp1)
at the electrode interface. Under the electrocatalysis reaction, a
significant catalytic current of MB is produced. Due to the
absence of another “fish”, target 2 (T2), Sp2 cannot be directly
hybridized to Cp2 and therefore does not produce an Fc signal.
Similarly, in the presence of T2 but not T1, only Fc-labeled
Sp2 is captured onto the electrode interface, thus generating
only the catalytic current of Fc. When two types of “fish” (T1
and T2) coexist, both Sp1 and Sp2 are captured at the
electrode interface, resulting in the generation of both MB and
Fc catalytic currents. Notably, the coexistence of MB and Fc
will trigger the DEER, further enhancing the reduction peak of
MB and the oxidation peak of Fc. Based on the change of
catalytic current, the simultaneous detection of T1 and T2 can
be realized, which can be used to improve the accuracy of
disease diagnosis. The enhanced signal caused by the
coexistence of MB and Fc also conforms to the AND logic
relationship, which can be used to analyze the logical
correlation of multiple targets. The logical correlation analysis
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of key molecules in the cell signaling pathway can be further
used to feed back the active state of the cell signaling pathway
and realize the dynamic monitoring of disease progression.
The Characterization of the DNA Fishhook. The

rationality of the design of the DNA fishhook and the target
capture function of the fishhook were characterized by
NUPACK fitting (Figures S1 and S2) and PAGE.28 The
results of PAGE in Figure 2A showed that, after annealing, the
mixture of Cp1, Cp2, and Ap produced a large molecular
weight band, indicating the successful preparation of the DNA
fishhook scaffold. Figure 2B shows that Sp1 cannot directly
hybridize with the fishhook (lane 6). Only when T1 was
present, T1, Sp1, and fishhook hybridized to form T1−Sp1−
fishhook, resulting in a new band with larger molecular weights
observed in lane 7. Likewise, Sp2 cannot hybridize with the

fishhook (lane 8). Only when T2, Sp2, and fishhook structures
are mixed can new bands be generated (lane 9). In lane 10, the
mixture of Sp1, Sp2, and fishhook did not produce new bands,
indicating that the fishhook could not hybridize with Sp1 and
Sp2 in the absence of T1 and T2. In lane 11, a new band was
clearly observed with a molecular weight greater than that of
the bands in lane 7 and lane 9, indicating that the addition of
T1 and T2 led to the hybridization of Sp1 and Sp2 with the
fishhook. The PAGE results suggested that the designed
strategy for multitarget detection is feasible.

Electrochemical impedance spectroscopy (EIS) was per-
formed to characterize the assembly of the DNA fishhook at
the electrode interface and its feasibility for dual-target
detection. As shown in Figure 2C, the bare gold electrode
(BGE) had good conductivity, resulting in an exceedingly low

Figure 2. PAGE characterization of (A) the DNA fishhook and (B) the feasibility of the fishhook for dual target detection. (C) EIS and (D) CV
characterization of the DNA fishhook-based biosensor. (E) Schematic illustration of the electrode interface of ssDNA probes or the DNA fishhook.
The (F) CV characterization and the (G) peak current of ssDNA probes and DNA fishhook at the electrode interface. (H) The calculation of
assembly density of different DNA probes at the electrode interface. (I) Characterization of the ratio of different probes assembled on the electrode
interface.
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charge transfer resistance (Rct). Due to the fact that HT can be
tightly packed at the electrode interface and greatly hinder the
electron transfer between [Fe(CN)6]3−/4− and the electrode
interface, the modification of HT resulted in an evident
increase in Rct. After incubating the DNA fishhook on the HT
packed electrode, the Rct further increased due to the repulsion
of [Fe(CN)6]3−/4− by the negatively charged DNA phosphate
backbone, indicating the successful assembly of the fishhook at
the electrode surface. In the absence of T1 and T2, the
addition of Sp1 and Sp2 did not cause significant changes in
Rct, indicating that Sp would not be immobilized on the
electrode in the absence of the target. In contrast, the addition
of T1 and T2 to the electrode surface induced an increase in

Rct, indicating the targets could be captured at the electrode
interface via the DNA fishhook. The subsequent addition of
Sp1 and Sp2 to the electrode led to a further increase in Rct,
suggesting the immobilization of Sp1 and Sp2 at the electrode
interface. These results confirm the successful assembly of a
DNA fishhook at the electrode interface and its ability to
detect double targets. In addition, we used RuHex as an
electrochemical indicator of DNA for further characterization,
which is also in agreement with this result (Figure 2D).

Compared with the ssDNA probe, the rigid stem-like
structure of the DNA fishhook can keep it upright at the
interface and control the spatial distance of the probe to reduce
the probe lying flat or entanglement on the electrode surface

Figure 3. Feasibility analysis of the DEER. (A) Mechanism of the conventional [Fe(CN)6]3−-mediated MB electrocatalytic reaction and (B)
DEER. (C) Ead values of [Fe(CN)6]3−−MB and Fc−[Fe(CN)6]3− complexes. (D) The schematic diagram and (E) CV characterization of HT and
DNA synergistically blocking the electron transfer between [Fe(CN)6]3− and the electrode: (a) BGE; (b) GE/HT; (c) GE/HT/DNA; (F) CV
characterization of the DEER for simultaneously signal amplification of MB and Fc: (a) without [Fe(CN)6]3−; (b) with [Fe(CN)6]3−. SWV
characterization of the DEER for (G) MB and (H) Fc: (a) without [Fe(CN)6]3−; (b) DEER; (c) conventional electrocatalytic reaction. The
construction of the “AND” logic gate based on the DEER. (I) “AND” logic gate and the truth table. (J) Various input modes and their oxidation
peak current.
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(Figure 2E). To verify this, we labeled MB at the end of
ssDNA and DNA fishhook and compared their signal
responses at the electrode interface. As per the CV result
shown in Figure 2F, the ssDNA probe displayed a higher redox
current response than the DNA fishhook. The corresponding
peak current of the ssDNA probe was also higher than that of
the DNA fishhook, and the current was more dispersed (Figure
2G). This may be because the flexible ssDNA tends to lie flat
on the electrode surface, resulting in end-labeled MB and
electrode surface attachment and direct electron transfer. This
direct electron transfer is more rapid than electron tunneling or
hopping through the DNA strand (such as the DNA fishhook),
leading to a more pronounced signal response.29 In addition,
the more dispersed current of ssDNA probes may be due to
the uneven assembly caused by the entanglement of flexible
single DNA strands.14 In contrast, the upright conformation of
the T-shaped fishhook leads to a smaller and more constant
current response.

For multiple target detection, different DNA capture probes
are homogeneously assembled at the electrode interface in a
specific ratio, which is important for improving the detection
accuracy. To quantify the assembly homogeneity of different
DNA probes, we calculated the assembly density of the two
ssDNA probes (ssCp1, ssCp2) and two “hooks” (Cp1, Cp2) of
the DNA fishhook at the electrode interface, respectively (the
calculation method is shown in Figure S3). The calculation
results in Figure 2H showed that even if ssCp1 and ssCp2 were
mixed at the same concentration, their assembly density at the
electrode surface still showed large dispersion in 6 parallel
experiments. This dispersion may be due to the fact that the
two probes cannot be assembled in a specific ratio at the
electrode interface, resulting in a high density of one probe and
a low density of the other. In contrast, the assembly densities
of Cp1 and Cp2 are relatively concentrated, indicating that
they have good homogeneity.

Subsequently, we further explore the assembly ratio of
different probes at the electrode surface by recording the ratio
of peak current of end-labeled MB and Fc. As shown in Figure
2I, when ssCp1 and ssCp2 were mixed at a 1:1 ratio, the actual
assembled proportion of ssCp1 and ssCp2 at the electrode
interface was not yet constant, and the RSD in different
experimental batches was as high as 42.6%. The inhomogeneity
of ssDNA probes on the electrode may result in high
measurement error and irreproducibility. Compared with the
ssDNA probe, the two probes of Cp1 and Cp2 are integrated
into the DNA fishhook by hybridization, making the assembly
ratio of the probe at the electrode interface constant. The
relative standard deviation (RSD) of experimental results of 6
batches was only 4.9%. These results indicate that DNA
fishhooks formed by different capture probes in a specific ratio
have better assembly uniformity than the ssDNA probe.
Design of the DEER. Despite many advantages in multiple

detection,9 DNA nanostructures at the electrode interface may
hinder electron transfer and reduce the signal response.
Notably, the [Fe(CN6)]3−-mediated electrocatalytic reaction
provides a simple, effective chemical signal amplification
manner for electrochemical detection, which can use the
inhibition of [Fe(CN6)]3− electron transfer by DNA
nanostructures to improve the signal amplification efficiency.
The conventional electrocatalytic signal amplification reaction
is carried out between [Fe(CN6)]3− and a single type of
electroactive molecule.30 For example, in the electrocatalytic
reaction of [Fe(CN6)]3− and MB (Figure 3A), MB is reduced

to leucomethylene blue (LB) driven by voltage, and LB
reduces [Fe(CN6)]3− to generate [Fe(CN6)]4−, resulting in
the regeneration of MB and allowing the electrocatalytically
cyclic redox (MB-LB-MB) reaction to continue. Theoretically,
this process can be repeated until all [Fe(CN)6]3− in solution
has been reduced to [Fe(CN6)]4−.31 However, a single type of
electroactive molecule at one electrode interface cannot
respond to the concentration changes of the two targets
simultaneously. It is necessary to find two electroactive
molecules that both can be amplified by the electrocatalytic
reaction and have a relatively independent electrochemical
response potential. Thus, we proposed the DEER to realize the
amplification of two electroactive molecules by rationally
utilizing the products of the electrocatalytic reaction ([Fe-
(CN6)]4−). As shown in Figure 3B, an additional electroactive
molecular Fc was introduced into the electrocatalytic reaction
of [Fe(CN6)]3− and MB. We hypothesized that Fc+ can be
reduced by [Fe(CN6)]4−, which led to the regeneration of Fc
and [Fe(CN6)]3− and facilitated the redox of Fc−Fc+. The
regenerated [Fe(CN6)]3− can recatalyze the redox reaction of
MB-LB. As a result, the cascade recycling of [Fe(CN6)]3− not
only allows the simultaneous electrocatalytic reaction of Fc and
MB but also helps to further increase their electrocatalytic
signals.
Theoretical Calculation of the DEER. In order to test

our hypothesis, the feasibility of the electrocatalytic reaction
between MB, Fc, and [Fe(CN6)]3− was investigated by
theoretical calculations. Since the electron transfer between
MB, Fc, and [Fe(CN6)]3− is the core of the electrocatalytic
reaction, it usually occurs between substances that can bind to
each other.32 The adsorption energy (Ead) between [Fe-
(CN6)]3−, MB, and Fc was calculated by density functional
theory (DFT), to verify whether they are capable of transfer by
mutual binding (the more negative the Ead value, the higher the
binding capacity between substances). As shown in Figures S4
and 3C, the most stable geometric structures of MB, Fc, and
[Fe(CN6)]3− monomers and [Fe(CN6)]3−−MB and [Fe-
(CN6)]3−−Fc complexes were obtained by optimization. The
calculated Ead values of [Fe(CN6)]3−−MB and [Fe(CN6)]3−−
Fc complex were −0.13 eV and −0.44 eV, respectively (Figure
3C). The Ead values of both complexes were negative,
indicating that they can bind to each other.33,34

The theoretical feasibility of the DEER was further
confirmed by calculating the vertical ionization energy (VIE)
of LB, [Fe(CN)6]3−, Fc+, and [Fe(CN)6]4−. The smaller the
VIE of a compound, the stronger the reducibility it has. As
shown in Table S1, the VIE of LB (4.68 eV) is less than the
VIE of [Fe(CN)6]3− (7.49 eV), indicating that [Fe(CN)6]3−

can be reduced to [Fe(CN)6]4− by LB. Similarly, the VIE of
[Fe(CN)6]4− (3.64 eV) is less than that of Fc+ (8.82 eV),
indicating that Fc+ can be reduced to Fc by [Fe(CN)6]4−.
Although the VIE of LB is also smaller than that of Fc, it is
hard for them to transfer electrons to each other. This is
because MB and Fc are labeled at different ends of Sps and
separated by a certain distance through the T-shaped fishhook,
making it difficult for them to combine with each other.
Additionally, the concentration of [Fe(CN)6]3− in the solution
is much higher than that of MB and Fc labeled at the electrode
interface, so the LB generated by MB tends to react with
[Fe(CN)6]3−, rather than generate Fc+. These results confirm
the theoretical feasibility of the DEER.
Feasibility of the DEER. For validating the practical

feasibility of the DEER, we constructed an MB and Fc
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modified double-stranded DNA model. As shown in Figure S5,
cholesterol and MB-labeled Probe 1 (P1) were prehybridized
with Fc-labeled Probe 2 (P2) to form a P1−P2 duplex and
then immobilized at the electrode surface by the hydrophobic
interaction between cholesterol and HT. To realize the DEER,
it is necessary to prevent the interference of the fast electron
transfer between [Fe(CN)6]3− and the electrode (Figure S6).
Our previous work has confirmed that hydrophobic HT can
form a tightly packed self-assembled monolayer on the
electrode surface, which can cooperate with negatively charged
phosphate backbone of DNA, to isolate [Fe(CN)6]3− to the
periphery of the electrode by hydrophobic interaction and
electrostatic repulsion, achieving efficient electrocatalytic signal
amplification (Figure 3D).27 Therefore, we first investigated
and characterized the synergistic blocking effect of DNA and
HT self-assembled monolayers on the electron transfer
between [Fe(CN)6]3− and the electrode. As shown in Figure
3E, [Fe(CN)6]3− showed a symmetrical redox peak on the

BGE (curve a), indicating fast electron transfer between
[Fe(CN)6]3− and the electrode. After assembly of HT, the
redox peak of [Fe(CN)6]3− significantly decreased (curve b).
With the further assembly of DNA, the redox peak of
[Fe(CN)6]3− disappeared completely (curve c), indicating that
the electron transfer between [Fe(CN)6]3− and the electrode
has been effectively blocked by DNA and the HT self-
assembled monolayer.

The feasibility of the DEER on the HT-assembled electrode
was then characterized by CV and SWV. As shown in Figure
3F, in the absence of [Fe(CN)6]3−, minor redox currents were
observed at −0.25 and 0.4 V in CV, resulting from the redox
reaction of MB and Fc, respectively (curve a). However,
significant reduction and oxidation peaks were observed in the
presence of [Fe(CN)6]3− at −0.25 and 0.4 V, respectively,
indicating that the DEER enhances the reduction current of
MB and the oxidation current of Fc (curve b).

Figure 4. Feasibility of the fishhook sensor for simultaneous target detection. SWV characterization of the fishhook for detection of (A) T1, (B)
T2, and (C) T1 and T2 coexistence. Standard curve of ΔI at different logarithmic concentrations of (D) T1 and (E) T2. The (F) specificity and
(G) reproducibility of the fishhook sensor.
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Considering that MB exhibits a more prominent reduction
peak and Fc shows a more prominent oxidation peak, the
reduction peak current of MB and the oxidation current peak
of Fc were recorded by SWV to further evaluate the signal
amplification ability of the DEER. As illustrated in Figure
3G,H, with the introduction of [Fe(CN)6]3−, the reduction
peak current of MB and oxidation peak current of Fc were
increased significantly. The DEER increased the peak current
of MB from 2.23 μA (Figure 3G curve a) to 50.08 μA (Figure
3G curve b) and increased the peak current of Fc from 0.56 μA
(Figure 3H curve a) to 24.82 μA (Figure 3H curve b), which
were a 22-fold and 44-fold increase, respectively. Moreover, as
a result of recycling of [Fe(CN)6]3−, the DEER displayed a
higher signal amplification efficiency than conventional
electrocatalytic reactions. The peak currents of MB (Figure
3G curve c) and Fc (Figure 3H curve c) in conventional
electrocatalytic reaction were 24.40 μA for MB and 11.14 μA
for Fc, which were only 48.72% and 44.88% of the DEER. The
increase in current reflects the fact that the oxidized Fc
molecules and reduced MB molecules have been recirculated
in the electron-transfer reaction between Fc, MB, and
[Fe(CN)6]3−. These results suggest that the DEER can
simultaneously improve the current signal response of MB
and Fc.

Besides, the DEER can also reflect the logical correlation
between MB and Fc molecules on the electrode, which
provides a powerful tool for the correlation analysis of multiple
targets. Specifically, when MB and Fc coexist, the DEER is
triggered and the enhanced peak current is generated; this
phenomenon is consistent with the “AND” logic correlation.
Based on this, we construct an “AND” logic gate strategy to
reflect the logical association between MB and Fc. As shown in
Figure 3I, MB and Fc are used as logical inputs, which are

recorded as input “1” when they exist and as input “0” when
they do not exist. The output signal is determined based on the
oxidation peak current value of Fc (IFc). As shown in Figure 3J,
taking the current value of 20 μA as the threshold, when IFc is
greater than 20 μA, the output is signal “1”; otherwise, the
output is signal “0”. Since the enhanced IFc occurs only when
MB and Fc are present together, the “1” output results are only
achieved in the input modes of (1,1), which is consistent with
the truth table of the “AND” logic gate. Therefore, the further
signal amplification of the DEER caused by the simultaneous
presence of MB and Fc can be used for the construction of an
“AND” logic gate and correlation analysis of multiple targets.
DNA Fishhook-Based Biosensor for the Detection of

Multiple Targets. To demonstrate that the DNA fishhook-
based sensor can detect a single target independently or
analyze two targets simultaneously, we applied the sensor for
the detection of two SARS-CoV-2-related gene sequences
(RDRP and N gene fragments, denoted as T1 and T2,
respectively) at different concentrations. When T1 or T2 was
present alone, as shown in Figure 4A,B, the peak current of MB
or Fc gradually increased as the concentration of T1 or T2
increased, while the peak current of the other remained
roughly unchanged. This is because only when T1 or T2 is
captured by the DNA fishhook at the electrode interface can it
bring MB-modified Sp1 or Fc-modified Sp2 to the electrode
interface, thus increasing the current responses. These results
indicated that the DNA fishhook-based sensor can be used for
the independent detection of T1 or T2. Furthermore, as shown
in Figure 4C, when both T1 and T2 were present, the
electrochemical signals of MB and Fc gradually increased with
the increase of T1 and T2 concentrations at the same time,
which proved that the DNA fishhook-based sensor could also
realize the simultaneous detection of T1 and T2.

Figure 5. (A) Schematic diagram of the PI3K/AKT signaling pathway regulated by miRNA-21 and dimerization of Met. (B) The strategy based on
a DNA fishhook electrochemical biosensor for the detection of the Met dimer and miRNA-21 logic correlation detection. (C) The feasibility
characterization of the strategy for Met dimer recognition by fluorescence imaging system in the MKN-45 cells with different DNA probes: (I)
Apt1, Apt2, and SpM-B; (II) Apt1 and SpM-B; (III) Apt2 and SpM-B. Scale bar = 4 μm. (D) The correlation analysis of miRNA-21 and the Met
dimer of MKN-45 and GES-1 cells by the DNA fishhook.
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To investigate the detection performance of the DNA
fishhook-based biosensor, different concentrations of T1 and
T2 were assayed under optimal conditions. (Optimization of
the detection conditions is shown in Figure S7) With the
increase of the T1 and T2 concentration, the peak current of
MB and Fc gradually increased (Figure S8). In the
concentration range of 100 fM−10 nM, signal response (ΔI)
showed a good linear relationship with the logarithm of T1 and
T2 concentrations, respectively (Figure 4D−E and Figure S9).
The regression equations were ΔI = 0.6747 (logCT1) − 0.2140,
r = 0.9944, and ΔI = 1.599 (logCT2) + 0.2199, r = 0.9993.
According to the 3σ rule, the calculated limit of detection
(LOD) of the DNA fishhook-based sensor is 0.80 and 3.55 fM
for T1 and T2, respectively. Compared to some recent
multiple biomarker detection methods (Table S2),10,13,35−38

our proposed DNA fishhook-based sensor has better
sensitivity.

Furthermore, the specificity and reproducibility of the
sensors were investigated. The specificity was evaluated by
comparing the signal responses of various target sequences. As
shown in Figure 4F, the ΔI generated by T1 or T2 is at least
10-fold larger than that of other interference sequences,
confirming good specific recognition ability for T1 and T2.
Then, the reproducibility of the sensor was investigated by
calculating the RSD of 5 repeated experiments. As shown in
Figure 4G, the RSD for 1 pM T1 and T2 was 3.91% and
3.86%, respectively, and the RSD for 1 nM T1 and T2 was
3.11% and 1.81%, respectively, indicating the good reprodu-
cibility of the DNA fishhook-based sensor.

To validate the clinical applicability of the DNA fishhook-
based sensor, T1 and T2 were dissolved in PBS-diluted saliva.
The recovery rates were then calculated according to the linear
relationship between ΔI and logC. As shown in Tables S3 and
S4, the T1 recovery rates at concentrations of 100 fM, 10 pM,
and 1 nM ranged from 96.35% to 105.10%, with respective
RSD values of 4.13%, 2.92%, and 1.98%, respectively. The T2
recovery rates at the same concentrations ranged from 96.00%
to 106.00%, with RSD values of 1.94%, 4.24%, and 4.97%,
respectively.
DNA Fishhook-Based Biosensor for Detection and

Correlation Analysis of Cell Signaling Pathway-Related
Molecules. The cell signaling pathway is the molecular basis
for the occurrence and development of diseases, which are
regulated by a cascade of molecular reactions that bring out the
functional attributes associated with the biological behaviors of
cells.6,39,40 For example, as shown in Figure 5A, the abnormal
dimerization of Met on the cell surface can activate the PI3K/
AKT signaling pathway, leading to the activation of tran-
scription factor and the up-regulation of miRNA-21.41 The
abnormally up-regulated miRNA-21 can further activate the
PI3K/AKT signaling pathway by downregulating the targeted
PTEN, resulting in the proliferation of tumor cells.42

Therefore, reflecting the pathway activity by the detection
and correlation analysis of the abnormal changes of multiple
key molecules (e.g., the Met dimer and miRNA-21) in the
pathway is valuable to reveal the progression of diseases. To
further demonstrate the feasibility of analyzing a logical
relationship by our DNA fishhook, we took miRNA-21 and
Met dimers as examples to study the activity of the PI3K/AKT
signaling pathway.

The detection strategy is shown in Figure 5B. For the
detection of the Met dimer, two Met aptamer probes (Apt1
and Apt2) were designed. They can induce mutual proximity

by binding to Met dimers, further triggering a strand
displacement reaction to release the signal probe of Met
dimers (SpM) from the SpM-B duplex. Subsequently, SpM
was captured by the DNA fishhook on the electrode,
producing an electrochemical signal to enable Met dimer
detection. The detection of miRNA-21 is similar to the
aforementioned strategy, where miRNA-21 can be captured by
the DNA fishhook and recruit the Fc-labeled signal probe
(Sp21) to the electrode. To improve the hybridization stability
of Sp21 at the electrode interface, we here extended the 5 nt
base sequence at the end of Ap. The resulting Fc signal is for
miRNA-21 quantitative analysis. It is worth noting that, when
miRNA-21 coexists with Met dimers, an enhanced oxidation
signal of Fc will be generated due to the DEER. This
correlation-enhanced response result helps reflect the logical
relationship of the two targets in the pathway. Therefore, this
strategy can not only quantify the expression levels of miRNA-
21 and Met dimers independently but also analyze the activity
of the cellular signaling pathway by reflecting the correlation
between key signaling molecules.

The feasibility of the recognition of Met dimers and the
release of SpM was characterized by the fluorescence imaging
system. The gastric cancer cell MKN-45 (where the Met dimer
is overexpressed) was selected as the study model. As shown in
Figure 5C line I, after the incubation of FAM-labeled Apt1,
Apt2, and SpM-B duplex, a bright FAM fluorescence was
observed on the MKN-45 cell surface, indicating the successful
binding of aptamers to Met. In addition, the fluorescence of
Cy3 also emerged on the MKN-45 cell surface because the
close proximity of Apt1 and Apt2 after binding to the Met
dimer results in the hybridization of Cy3-labeled B with Apt1
and Apt2 as well as the release of BHQ-1-labeled SpM. In
contrast, when only Apt1 (line II) or Apt2 (line III) was bound
to the cell surface, no fluorescence of Cy3 was observed after
the addition of SpM-B. This result further demonstrated the
feasibility of the Met dimer recognition strategy. We also
conducted a control experiment on normal gastric cell GES-1
with low Met expression. As shown in Figure S10, only faint
green fluorescence of FAM and negligible fluorescence of Cy3
were observed on the surface of GES-1 cells, suggesting that
the expression of Met receptor on the surface of the GES-1 cell
membrane was low and Met mainly existed in the form of a
monomer.

After using PAGE characterization to validate the feasibility
of probe capture by a DNA fishhook (Figure S11), SWV was
performed to further investigate the feasibility of the biosensor
for the detection of the Met dimer and miRNA-21. To simplify
the experiment, SpM was used as an indicator of the presence
of Met dimers. As shown in Figure S12, compared with the
blank, the presence of active SpM alone produced a significant
MB oxidation peak, while the presence of miRNA-21 alone
produced a significant Fc oxidation peak, indicating that the
DNA fishhook biosensor could be used for independent
quantification. In the coexistence of SpM and miRNA-21, MB
and an enhanced Fc oxidation peak were produced, indicating
that the DNA fishhook biosensor could also be used for the
simultaneous detection and correlation analysis of the Met
dimer and miRNA-21.

By the detection and correlation analysis of miRNA-21 and
the Met dimer of cells, we further demonstrated that the DNA
fishhook biosensor can be used to inform the activity status of
the PI3K/AKT signaling pathway. As shown in Figure 5D, the
MKN-45 cells displayed a large MB oxidation current and an
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enhanced Fc oxidation current, suggesting that miRNA-21 and
Met dimer were simultaneously highly expressed. In contrast,
GES-1 cells displayed small MB and Fc oxidation currents,
suggesting that their expression levels in GES-1 cells were low.
This is because tumor cells can sustain the continuous
activation of the PI3K/AKT signaling pathway by upregulating
the expression of Met dimers and miRNA-21, leading to the
dysregulation of programmed cell death protein expression and
the abnormal proliferation of cells.

■ CONCLUSION
In this paper, an electrochemical sensor based on DNA
fishhook is proposed for the detection of multiple targets,
offering the following advantages: (1) by employing two
capture probes (Cp1 and Cp2) forming “fishhook” in a ratio of
1:1, the assembly uniformity of different capture probes at the
electrode interface was effectively improved. (2) The DNA
fishhook enables both independent detection of a single target
and simultaneous detection of dual targets. (3) Compared with
the traditional nucleic acid amplification detection, the DEER
does not require complex pretreatment, expensive instruments,
and materials, enabling straightforward and rapid simultaneous
signal amplification of MB and Fc. The enhanced signal
generated by the DEER can also be used for “AND” logic
correlation detection. (4) The modular design of the DNA
fishhook lends universality, allowing for the detection of any
target simply by changing the sequence of the “hooks”. Future
enhancements could involve the incorporation of some
hydrophilic coatings (e.g., poly(ethylene glycol) (PEG) and
zwitterionic polymers) to reduce the nonspecific electrode
interface absorption and the modification of target recognition
sites of Cp1 and Cp2 with the locked nucleic acid to further
increase the target capture efficiency of the DNA fishhook-
based biosensor. Overall, the proposed biosensor provides a
superior and promising approach to biomarker detection and
also provides a scalable strategy for the design of DNA
electrochemical biosensors.
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