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In general, the traditional impedimetric aptasensor for detecting protein is based on its high molecular weight
and low dielectric constant. Yet, the efficiency of these aptasensors is hindered by the slight resistance change in
the trace concentration range because of the high initial resistance (the electrostatic repulsion between the
compact negatively charged DNA on the electrode and [Fe(CN)¢1>*). To effectively and simply circumvent this
issue and improve the detection sensitivity, we design an impedimetric aptasensor by reducing the substrate
DNA's density on the electrode through the target-inspired recycling DNA cleavage. In order to enlarge the
differences in resistance, the polyacrylic acid (PAA) nanogel is implemented as amplifier due to its poor con-
duction and negative charge that can hinder electron transfer and repulse the mediator [Fe(CN)613/%, respec-
tively. Based on the target-inspired DNAzyme and PAA nanogel as amplifier, the ultrasensitive impedimetric
aptasensor of carcinoembryonic antigen (CEA) in the buffer solution possesses a wide dynamic range of
10fgmL™' to 10ngmL ™! and ultra-low detection limit of 7.9 fgmL ™! (10-fold relative to equivalent apta-
sensors). When tested in human serum, the proposed aptasensor exhibits good performance with an ultra-low

detection limit of 1.4 fgmL ™", which is slightly higher than that in buffer solution.

1. Introduction

Exploring biosensors for the sensitive detection of important bio-
markers is of permanent interest for early disease diagnosis, treatment,
and management (Chinen et al., 2015). Generally, biosensing systems
are composed of two basic elements, one for biomolecule recognition
and the other for signal readout (Chen et al., 2017; Chandra, 2016).
Hence, the main impetus of biosensing research is focused on searching
highly selective recognition and developing facile signal transduction
pathways for the sensitive detection of target biomarkers. Among the
signal readout techniques, the electrochemical method possesses innate
advantages of high sensitivity, rapid response, simplicity and low-cost
fabrication (Zhao and Ma, 2018). Compared with differential pulse
voltammetry and square wave voltammetry, electrochemical im-
pedance spectroscopy (EIS) technique can be implemented as a redox
marker-free detection method and has high sensitivity in a low protein
concentration range (Deng et al., 2009; Park et al., 2008). Therefore,
EIS has become an effective technique for signal readout of biomarkers,
especially protein (Deng et al., 2009; Park and Park, 2009).

Functional nucleic acid (FNA), which possesses prominent nature in
precisely replicating creatures and specificly recognizing biomarkers,
attracts the attention of researchers (Liu et al., 2009; Chandra et al.,
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2011; Song et al., 2008). Up to now, FNA has been regarded as an
efficient sensing element that can be integrated in numerous biosensors
(Zhang et al., 2013; Gao et al., 2017; Li et al., 2018; Xu et al., 2015; Lee
et al., 2014). An example of such biosensor is based on DNA-stabilized
silver nanoclusters, which is used to detect dopamine by using fluor-
escent (Del Bonis-O'Donnell et al., 2018). Other biosensors include an
electrochemical aptasensor to detect cocaine in whole blood (Li et al.,
2016) and a fluorescent DNA aptazyme sensor based on target-induced
unfolding of DNA hairpins (Zhou et al., 2015). In particular, aptamers,
nucleic acid probes generated from SELEX (Dunn et al., 2017; Her et al.,
2017; Choi and Ban, 2016), are a particularly attractive recognition
element to design different affinity-based aptsensors without the in-
volvement of any signal amplification strategies and nanomaterials
(Zhai et al., 2016; Liu et al., 2015). However, the sensitivity of such
aptamers is limited, despite their simplicity. To improve the sensitivity,
diverse combination modes containing aptamers and other FNA chains
have been extensively utilized in aptasensors, such as the aptamer-
cleavage DNAzyme (Zhong et al., 2018), aptamer-peroxidase mi-
micking DNAzyme (Zhou et al., 2017; Wu et al., 2018) and aptamer-
template DNA for preparing nanoparticles (Guo et al., 2017; Yang et al.,
2015). Indeed, these modes can extensively improve the sensitivity and
decrease the detection limit down to about 0.1 pgmL ™. The majority
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of them can be realized with the help of multistep hybrid nanomaterial
synthesis (the carrier of the functional DNA and signal generation),
probe conjugations or modifications on the nanomaterials and the extra
additive for signal amplification, which compromises the simplicity of
aptasensor. Considering that nanomaterial synthesis and modification
involve the time-consuming and tedious multistep separation, pur-
ification, and washing processes, the development of a simple and ef-
fective method for sensitive detection is highly urgent.

Polyacrylic acid (PAA) nanogel, an anionic hydrogel with good
flexibility, biocompatibility, easy preparation and hydrophilicity, has a
potential as probe in biosensors (Al-Sagur et al., 2017). It is well-known
that PAA is a negatively charged polyelectrolyte that can provide
abundant carboxylic groups to fix amino-modified DNA via an ester-
ification reaction between the surface amino groups of DNA and the
carboxylic acid group of PAA. In addition, the poor conductivity and
negative charge of PAA can respectively hinder the electron transfer of
redox mediators and repulse mediators, which increase the charge
transfer resistance, thus suggesting the potential of PAA nanogel as a
resistance amplifier in imedimetric biosensors (Mawad et al., 2016).
Aptazyme is a single-strand DNA (integration between an aptamer and
cleavage DNAzyme), where the DNAzyme activity is modulated by the
aptamer binding to the target analyte (Zhou et al., 2015; Ali and Li,
2009; Liu and Lu, 2004). It also innately exhibits the recognition and
amplification capabilities without the involvement of any nanomater-
ials, modification or extra reagents. In addition, aptazyme can undergo
turnovers many times without losing its binding ability and catalysis
activity. Based on these merits of aptazyme, herein, an ultrasensitive
impedimetric aptasensor is designed by combining the aptazyme and
PAA nanogel as amplifier in this work. In the proposed strategy, the
hairpin structure of the aptazyme is forced open, recovering the activity
of cleavage DNAzyme in the presence of the target. The activated
DNAzyme can circularly cleave the corresponding substrate on the
electrode to reduce resistance. Implementing the poorly conductive and
negatively charged PAA nanogel as the amplifier in this method in-
creases the difference in resistance, and an ultra-low detection limit of
7.9 fgmL™! (about 10-fold relative to equivalent aptasensors) can be
subsequently obtained. The designed aptasensor possesses the following
characteristics: (1) The introduction of the tandem reaction can re-
markably improve the detection sensitivity and offer a new approach to
incorporate aptazyme with an impedimetric aptasensor. (2) The tandem
reaction without extra reagents, i.e. the target recognition and DNA
cleavage process, can simplify the operation and shorten the analytic
time. (3) To further improve the sensitivity, the poor conductivity and
negative charge of PAA nanogel can hinder the electron transfer and
repulse the mediator [Fe(CN)g]>7%, respectively, which can tre-
mendously amplify the difference in resistance. To testify the validity of
the ultrasensitive aptasensor, carcinoembryonic antigen is chosen as the
model biomarker since its detection is of significance in the diagnosis of
breast, lung and rectal cancers (Ren et al., 2017).

2. Experimental section
2.1. Reagents and apparatus

All oligonucleotides were synthesized and purified via HPLC by
Sangon Biotechnology Co. Ltd. (Shanghai, China) (The sequence of
oligonucleotides is displayed in Table S1.). Tris(2-carboxyethyl) phos-
phine hydrochloride (TCEP), (N-hydroxysuccinimide) (NHS), (1-ethyl-
3-[3-dimethylaminopropyl] carbodiimide hydrochloride) (EDC), 6-
mercaptohexanol (MCH), were purchased from the Sigma-Aldrich.
Carcinoembryonic antigen (CEA), neuron specific enolase (NSE) and
prostate specific antigen (PSA) were attained by Shanghai Linc-Bio
Science Co. Ltd (Shanghai, China). Human immunoglobulin G (IgG)
was achieved from Beijing Xinjinke Bioechnology Co. Ltd. (Beijing,
China). Sodium dodecyl sulfate (SDS) was bought from Thermo Fisher
Scientific (China). Acrylic acid (AA), N,N’-methylenebisacrylamide
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(MBA) and ammonium persulfate were obtained from Sinopharm
Chemical Reagent Co. Ltd (China). All other reagents were of analytical
pure and used without further purification. All the solutions were
prepared by using the deionized water. All the buffer solutions were
used as follows: Buffer A (1 M NaCl and 10 mM phosphate buffer (pH
7.4)) was used undermentioned experiment except special requirement.
Buffer B contained 1M NaCl, 1 mM Mg>*, 0.1 mM Zn*>* and 10 mM
phosphate buffer (pH 7.4) as cleavage buffer (Mg>* can stabilize the
aptazyme hairpin structure (Anthony et al., 2012)).

Electrochemical measurements were carried out by a multichannel
potentiostat (VMP3, France) at ambient temperature. A three-electrode
system consisted of a gold electrode (GE, ® = 4 mm) as the working
electrode, an Ag/AgCl electrode (saturated KCl) as reference electrode
and a Pt wire as counter electrode.

The morphology of PAA nanogel was characterized by A JEOL-
100CX transmission electron microscope (TEM) (H7650, Hitachi,
Japan). X-ray photoelectron spectroscopy (XPS) (Thermofisher,
American,) and energy dispersive X-ray spectrometer (EDS) (Hitachi
SU8010) were used to analyze the element of composites.

2.2. Gold electrode pretreatment and modification

Gold electrode was carefully polished to a clean surface with
0.05 um alumina powders for 5min and sonicated in ethanol and ul-
trapure water respectively (Zhao and Ma, 2018). Then electrode was
activated by electrochemical cleaning with successive cyclic voltam-
metry scans from —0.4 V to + 1.2V (vs. saturated calomel electrode) in
0.5M H,SO, at 100mVs~ ! to stable (Liu et al., 2015). Subsequently,
the electrode was incubated with 250 nM thiolated substrate DNA at
37 °C overnight pretreated with 25 uM TCEP (Buffer A) for one hour.
After the electrode surface was then rinsed three times with buffer A,
the surface was passivated with 1 mM MCH for an hour at the ambient
temperature. The modified electrode was stored in buffer A prior to
measurement.

2.3. Synthesis of the PAA/Link nanogel

The PAA nanogel was synthesized according to the literature with a
great modification (Shaik et al., 2016). Briefly, the mixture solution of
the 0.5 mL pristine HNO3, 50 mg SDS and 60 mg ammonium persulfate
contained 55 mL H,0 was quickly stirred for 10 min. Then, the poly-
merization reaction was initiated by the adding the mixture of 50 mg
MBA and 1 mL AA under the 80 °C bath. After the 80 °C for 4 h, the PAA
nanogel was prepared. The solution was centrifuged twice to remove
unreacted reagents and was re-dispersed into 11 mL H,O for further
use. Before the conjugation Link DNA with amino group, the 2 mL fresh
EDC and NHS (0.2 M) was injected into the 2 mL PAA nanogel in 37 °C
for 1 h in order to activate carboxyl group. The active PAA nanogel was
centrifuged once to 2mL PBS and 10 uL 100 uM Link DNA was added
into the above solution in 37 °C for 2 h. The solution was centrifuged
and was stored in 2mL PBS in 4 °C.

2.4. Impedimetric detection of CEA

The mixture of 250 nM aptazyme and different CEA concentrations
(buffer B) was dropped into the modified electrode at 40 °C for 1h.
After rinsed three times with buffer A, the electrode was incubated with
the 20 uL PAA/Link nanogel at 37 °C for 1 h. Following that, the signal
readout was recorded by the electrochemical impedance spectroscopy
(EIS). EIS measurement was performed in 5mM Ks3[Fe(CN)¢]/K4[Fe
(CN)6] (1:1) containing 0.1 M KCI under the following conditions: the
applied potential at OV versus open circuit voltage, the alternative
voltage amplitude of 10 mV and the voltage frequencies ranging from
100 kHz to 0.02 Hz.
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Scheme 1. Preparation of ployacrylic acid (PAA) nanogel, Schematic illustration of fabrication of the impedimetric aptasensor for CEA detection and the amplifi-

cation effect of PAA/Link nanogel.

3. Results and discussion
3.1. Principle of designed impedimetric aptasensor

For the impedimetric aptasensor, the charge transfer resistance (R.)
is generated by the electrostatic repulsion between the negatively
charged DNA and negative charge of the mediator ([Fe(CN)e]>/*)
(Wang et al., 2017). However, the trace proteins induce the negligible
increase in R, due to a high initial R ascribed to high DNA density on
the electrode, which is an obstacle for the sensitive detection in im-
pedimetric aptasensor. In contrast, if the trace proteins cause a decrease
in R, the high initial R, is beneficial for the sensitive detection in
impedimetric aptasensor. Therefore, introduction of the target-inspired
DNAzyme can render that the R, is inversely proportional to the con-
centration of the target.

The principle of the detection procedure is illustrated in Scheme 1.
The thiolated substrate strand for Zn>* DNAzyme with a ribonucleotide
adenosine in the scissile position (red dot) is immobilized onto the gold
electrode (a). Although Pb?* is accepted to be more selective toward
8-17 DNAzymes in catalytic effect for the designed DNAzyme, Zn>*
owns lower toxicity and better solubility (Schlosser and Li, 2010).
Therefore, Zn®* is chosen as a cofactor of the DNAzyme. Aptazyme, the
hairpin DNA containing the enzyme cleavage strand (DNAzyme) and
recognition strand of CEA (aptamer), can block the activity of the en-
zyme strand by intramolecular hybridization. When CEA is present, it
can bind to the aptamer and concomitantly recover the activity of the
DNAzyme (b). Then, with the assistance of Zn2", the activated DNA-
zyme can catalyze the cleavage of its substrate strand on the electrode
surface (c), which reduces the density of the substrate strand on the
electrode surface and decreases the charge transfer resistance (R.). In
other words, the density of the substrate strand on the electrode surface
depends on the number of activated DNAzymes that are affected by the
concentration of the target. In addition, poorly conductive and nega-
tively charged polymer (PAA/Link nanogel), as an amplifier, can be
conjugated to the substrate strand on the electrode surface (d) in order
to enlarge differences between the R, with target and without target,
which is ascribed by effective block the electron transfer to the elec-
trode and the repulsion between the electrode surface and the nega-
tively charged redox indicator ions ([Fe(CN)¢]>”*) (the high density of
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substrate strand can fix a mass of PAA/Link nanogel and vice versa).
Therefore, differences in R are significantly increased upon CEA
binding event, rendering to an ultra-low detection limit.

3.2. Characterization of PAA and PAA/Link nanogel

The TEM images revealed that the average diameter of the PAA
nanogel was about 150 nm (Fig. 1A). The elements of the PAA and
PAA/Link nanogel were analyzed with XPS (Fig. 1B) and EDS (Fig. S1).
The EDS analysis revealed that C and O atoms exist in the PAA nanogel
in Fig. S1A. Compared with the PAA nanogel, the PAA/Link nanogel
contains P atoms, indicating the successful modification of Link DNA on
the PAA nanogel due to the phosphate groups in the DNA structure (Fig.
S1B). The XPS spectrum of the PAA nanogel presented peaks at 284.8
and 532.5eV, which were attributed to C 1s and O 1s, respectively
(Fig. 1B), while the spectrum of the PAA/Link nanogel revealed addi-
tional peaks at 400.3 and 133.0 eV. The results indicated that Link DNA
was successfully ligated to the PAA nanogel because the DNA structure
contains N and P elements.

3.3. EIS and SWV characterization of stepwise procedures of the aptasensor

As shown in Fig. 2, the entire modification procedures were mon-
itored by EIS and square wave voltammetry (SWV). In Fig. 2A, com-
pared with the R, of the bare gold electrode (a), a large R was ob-
tained for the substrate DNA and MCH-modified electrode (b) due to
the electrostatic repulsion between negative charges of DNA and the
negatively charged redox indicator ions. The R continued to re-
markably increase after the incubation of CEA and aptamer-enzyme
DNA (c), elucidating that the hairpin structure is opened by CEA.
Subsequently, the R, significantly decreased with the aid of the Zn**
(d). When the PAA/Link nanogel was successfully ligated to the above
electrode (e), the R, increased, which may be attributed to the elec-
trostatic repulsion and poor conductivity of the PAA/Link nanogel. In
Fig. 2B, compared to the current of the bare gold electrode (a), the
current of the substrate DNA and MCH-modified electrode (b) greatly
decreased, which indicates the successful modification of substrate DNA
and MCH on the electrode. To validate the aptamer-target binding and
DNAzyme cleavage, the current decreased after adding CEA (c) due to
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Fig. 1. TEM image of PAA nanogel (A) and XPS spectra for PAA (red line) and PAA/Link nanogel (black line).

its high molecular weight and low dielectric constant. The current
subsequently increased with the aid of 7Zn2" (d) because the substrate
DNA on the electrode was cleaved and released from the electrode.
Upon incubation of PAA/Link nanogel, the current (e) was reduced,
inferring that the PAA/link nanogel was fixed on the electrode. The
results of SWV (Fig. 2B) were consistent with that of EIS (When the R,
increases, the peak current decreases, and vice versa.). In additional, to
further validate the aptamer-target binding event and DNAzyme clea-
vage event, gel electrophoresis was used (the detailed information in
the Supplement Material). Only in the mixture containing the apta-
zyme, substrate and CEA (4), the strip of cleavage product was ob-
viously observed in the inset of Fig. S2B (PAGE image), indicating that
the apatamer-target binding and DNAzyme cleavage occurs. Conse-
quently, the results well proved the processes of the aptasensor.

3.4. Feasibility of designed aptasenor

To evaluate the feasibility of the tandem reaction, we first ensured
that the aptamer-enzyme strand (hairpin) can recognize the CEA, and
that the opened hairpin can hybridize with the substrate DNA in the
electrode (blue) (Fig. S2A). Then, we investigated that substrate was
cleaved in the presence of Zn>* (black). In order to verify this process,
it was pertinent to find a moderate cleavage temperature at which the
opened hairpin can be dissociated from the splitting fragment in the
electrode. Therefore, a series of cleavage temperatures were analyzed in
Fig. 3A. The difference in R, increased as the cleavage temperature
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increased and then was a trend to lower slightly at 42 °C (the RSD of
42°C is 48%, which indicated the unstability of the method under the
42°C.), which was mainly attributed to the equilibrium between the
recognition of CEA and cleavage ability. The experimental results were
coherent with those calculated using the Oligo Analyzer (Supplement
material). In addition, to confirm the amplification effect of the PAA/
Link nanogel, changes in R, with and without the PAA/Link nanogel
under the same conditions was investigated in Fig. S2B. Obviously, the
difference in R, with PAA/Link nanogel was much larger than that
without PAA/Link nanogel, which validated the amplification effect of
the PAA/Link nanogel.

3.5. Optimization of concentration of substrate DNA, cleavage temperature
and recycling time

The number of substrates and extent of amplification during the
recycling step (the tandem reaction) directly depended on the con-
centration of the substrate DNA that was effectively assembled onto the
electrode surface. The -AR.; value (ARct = R-Rg; R and Ry denote the
charge transfer resistance with target and without target after incuba-
tion of PAA/Link nanogel, respectively) was used as an assessment
standard. -AR.; was the largest when the concentration of substrate
DNA was 250 nM (Fig. S3) because high substrate DNA density greatly
disturbed the hybridization due to steric effects and low density
strongly decreases the binding affinity of the substrates to their com-
plementary DNAs. As a result, 250nM substrate DNA and the
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Fig. 2. The stepwise fabrication process of the aptasensor monitored by EIS and SWV. Nyquist plot (A) and the SWV curve (B) of bare gold electrode (a), modified
substrate and MCH (b), incubation with 1 ng mL~! CEA (¢), presence of Zn?* (d) and incubation with PAA/Link nanogel (e). EIS was measured in 0.1 M KCl with
5mM [Fe(CN)e]>/* at the open circuit potential. SWV was conducted in 0.1 M KCl with 5mM [Fe(CN)¢]>”* and in range from 0.6 to —0.5V with modulation

amplitude of 25 mV.
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Fig. 3. Effects of cleavage temperature (A) and recycling time on EIS responses (B). ARct=R’-Ry; R’ and Ry’ denote the charge transfer resistance with or without
target in the absence of PAA/Link nanogel, respectively. The data are averages of three individual experiments.

corresponding concentration of aptamer-enzyme DNA were selected for
the following experiments.

The cleavage temperature and recycling time were indispensable
factors influencing the stability and sensitivity of the recycling reaction
(Fig. 3). To attain the desired recycling reaction, these factors were
investigated using EIS. The optimum cleavage temperature of 40 °C was
taken into account for the recognition and cleavage rate (Fig. 3A). The
-AR,, value was augmented with increased recycling time and then
tended towards plateau after 60 min, which implies that balance is
achieved between the cleavage and hybridization (Fig. 3B). The RSDs of
30, 45, 60, 75 and 90 min were determined to be 17.4%, 16.1%, 9.6%,
6.4% and 8.4%, respectively, which elucidated that prolonged recycling
time was beneficial to the measurement stability and repeatability.
Consequently, a recycling time of 60 min was chosen for subsequent
experimentation.

3.6. Performance of aptasensor for detecting CEA

The equivalent circuit of the aptasensor was obtained by fitting the
Nyquist plot via the EC-Lab software (Fig. 4B). In the equivalent circuit,
the double-layer capacitance CPE results from the charge being stored
in the double layer at the interface. The Warburg impedance (W) is
caused by the impedance of the current due to diffusion from the bulk
solution into the interface. Rs is the solution resistance afforded by the
ion concentration and the cell geometry, and the charge transfer re-
sistance R, which corresponds to the diameter of the semicircle in the
Nyquist plot (Fig. 4A), refers to the current flow produced by redox
reactions at the interface. Fig. 4A showed that the R, values gradually
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decreased with increasing CEA concentrations over the range of
10.0 fgmL ™! to 10.0 ngmL~'. The -AR,, values were directly propor-
tional to the logarithm of CEA concentration. The regression equations
were determined to be -AR = 814.61gCcea + 2236.7 with a correlation
coefficient of 0.994 in buffer solution and -AR = 965.71gCcga + 3372.7
with a correlation coefficient of 0.995 in human serum (Fig. 4B). The
-AR; values at each concentration of CEA in human serum were all
slightly higher than those in buffer solution, while the slopes of the two
calibration curves measured in buffer solution and in human serum
were very similar. Five samples were used for the sensitivity test, and
the RSD was determined to be 6.44%. The detection limits in buffer
solution and human serum, 7.9 fgmL ™' and 1.4 fgmL ™! respectively,
were calculated by three times the standard deviation above the blank.
Compared with recently reported aptasensors based on EIS systems for
determining CEA, the proposed aptasensor exhibited enhanced sensi-
tivity, a wider dynamic range and shorter analytic time (Table S2).

3.7. Selectivity and stability

The CEA triggers tandem specific recognition and cleavage opera-
tions can endow the proposed aptasensor with excellent selectivity
based on hairpin DNA design containing the sequence of the CEA ap-
tamer. To verify the fidelity, CEA (1 ng mL™1) and 10 fold concentra-
tions of other proteins, including PSA, NSE and 1gG, were investigated
by monitoring the change in resistance under identical conditions
(Fig. 5). Obviously, only in the presence of CEA, can a huge decrease in
resistance be obtained relative to that of blank. Importantly, the re-
sistance change of the mixture containing CEA and above-mentioned
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Fig. 4. The nyquist plot (A) and calibration curve (B, l) for CEA detection in buffer solution. The calibration curve obtained in human serum is shown in B (+) (Insert
corresponding the equivalent circuit). Error bars represent standard deviations of three parallel experiments.
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proteins was similar to that of the CEA, implying that the proposed
aptasensor possesses a good specificity for CEA. To further explore the
possible applications of the aptasensor in practical use, the stability was
assessed. The fabricated aptasensor was stored at 4 °C for two weeks,
then EIS was employed to examine its electrochemical response to
1ngmL~! CEA. Three samples of 1 ng mL ™' were used for the stability
test, and RSDs of 0.767%, 10.8%, 5.19% of EIS response were obtained
after 0, 7 and 14 days, respectively. The EIS response slightly changed
to —4.8% after 7 days and then to 4.7% after 14 days in Fig. S4. These
results exhibited good stability of the aptasensor.

3.8. Real sample analysis

The assessment of analyzing real samples is one of the most im-
portant performances for the aptasensor. Real serum samples were
determined in comparison with chemiluminescence immunoassay
analyzer (CMIA) (Table S3). The relative errors between the two
methods ranged from 1.72% to 9.38%, suggesting that the proposed
aptasensor exhibits high accuracy and feasibility for detecting CEA in
clinical samples.

4. Conclusion

In summary, a facile impedimetric aptasensor for sensitively de-
tecting CEA is established based on the target-inspired activation of the
DNAzyme and amplification effect of the PAA/DNA nanogel. Compared
to other analogue aptasensors, the designed aptasensor possesses the
distinct characteristics as follows: (1) The aptasensor exhibits a func-
tional nucleic acid design that incorporates target recognition and re-
cycling cleavage to detect CEA by EIS, and shows autonomous tandem
ability. Thus, the artful design of the aptasensor ensures good selectivity
and sensitivity. (2) The tandem reaction can visibly shorten the analytic
time and simplify the operation relative to the multiple additions of
reactants and isolation of intermediates or enzymes. One target can
activate one DNAzyme that can cleave the multiple substrate of
DNAzyme, fulfilling the “one-to-multiple” amplification. (3) The PAA
nanogel modified with DNA, which has poor conductivity and negative
charge, is implemented as the amplifier to increase the sensitivity of the
aptasensor. Overall, the present approach that incorporates the target-
inspired tandem reaction is beneficial to prepare in a wide range of
electrochemical aptasensors for the ultrasensitive detection of various
target of interesting.
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