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An ultrasensitive electrochemical sensing platform
for the detection of cTnl based on aptamer

recognition and signal amplification assisted by TdT

Mingjian Lang, Dan Luo,¢ Guangyi Yang,® Quanxi Mei,® Guangjun Feng,?

Yang Yang,® Zhaohui Liu,® Qinhua Chen

*® and Lun Wu*©

We have developed an ultrasensitive and highly specific electrochemical sensing platform for the detection
of cardiac troponin | (cTnl), a recognized biomarker for the diagnosis of acute myocardial infarction (AMI)
and related cardiovascular diseases (CVDs). This strategy is based on the assists of terminal deoxynucleotidyl

transferase (TdT)-mediated signal amplification and the specific recognition between cTnl and the aptamer

of cTnl. In this experiment, we prepared a gold electrode that modified with probe 2 (P2), in the presence of
cTnl, the aptamer of cTnl that in probe 1 (P1)/aptamer complexes bond with cTnl specifically and release the
free P1. P1 would bind with P2, resulting in the formation of 3'-OH of DNA. In the presence of terminal

deoxynucleotidyl transferase (TdT) and dTTP, TdT mediated P1 to extend and formed the structure of
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poly T. Methylene blue (MB)-poly A hybridized with the extended poly T and generated an

electrochemical signal. The detection limit can be as low as 40 pg mL~Y. This sensor was also
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1. Introduction

Cardiovascular diseases (CVDs) are major causes of death in the
world, causing serious problems to human health.*” The rates of
morbidity and mortality due to CVDs are expected to continue to
rise rapidly with the aging of the population in the future.® Acute
myocardial infarction (AMI) is a common cardiovascular disease; it
is also one of the most serious adverse cardiac events, which may
lead to irreversible myocardial injury or necrosis.* At present, the
diagnosis of AMI is still based on electrocardiography (ECG), but
only a small proportion of patients with AMI show changes in ECG
and can be diagnosed.>® Therefore, we need a timely way that can
assist the early diagnosis and treatment of the patients with AMI
and improve their survival rate. Clinicians often use biomarkers to
assist in the assessment of AMI.” Since the redefinition of the
diagnostic standard of AMI in 2000, cardiac troponins (c¢Tns) have
been regarded as better biomarkers in the diagnosis of AMIL.® The
recent related literature reports on CVDs and AMI strongly prefer
cardiac troponin I (c¢Tnl) as the biomarker® of choice due to its
sensitivity and specificity in the diagnosis of CVDs and AMIL.*'***
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successfully applied to the detection of cTnl in numerous spiked biological samples, and it can be
a great reference for the clinical diagnosis, prognosis, and treatment of CVDs and AMI.

cTnl is a polypeptide involved in myocardial contraction,*
which is released only during cardiomyocyte necrosis,* and it is
not found in smooth muscle nor is it found in substantial
concentrations in striated muscle, showing little or no changes in
patients with a skeletal muscle disease or trauma.' Thus, at
present, cTnl is widely used as one of the reliable biomarkers of
AMI due to its high specificity and high sensitivity,”>**"” and it is
gradually becoming the “gold standard” in clinical practice for
the diagnosis of AML'*'®* c¢Tnl may also be used to monitor the
state of patients with AMI and predict the prognosis.”® In the
previously related literature, several techniques have been re-
ported to monitor cTnl, including the enzyme-linked immuno-
sorbent assay (ELISA),* fluoro-microbead guiding chip,** surface
plasmon resonance (SPR) biosensors,'® silicon nanowire biosen-
sors,”* electrochemiluminescence immunosensors,>
electrode arrays,” fluorescence probes,” radioimmunoassay
(RIA),** and optomagnetic biosensors.> However, all of the above
methods have their own disadvantages: ELISA requires a long
time to operate and a well-trained operator;** the other biosensor
methods for cTnl detection are usually complex in process or
operation, labor-intensive, time-consuming, and involve expen-
sive reagents.'*'*>* Therefore, we need to develop a convenient
and highly specific method for the detection of c¢Tnl, which can
assist the diagnosis and treatment of CVDs and AMI.

Nowadays, electrochemical biosensors have attracted partic-
ular attention as a powerful diagnostic platform due to their
remarkable advantages of being ultrasensitive, highly selective,
simple, fast, portable, real-time, and inexpensive for sensing
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applications.>*?® In this study, we have designed a novel, highly
specific, and ultrasensitive electrochemical biosensor for the
signal amplification and detection of cTnl, which can assist the
clinical diagnosis of CVDs and AMLI. In this study, first, we ach-
ieved high selectivity through the specific binding of aptamers to
the target cTnl. An aptamer is a small oligonucleotide sequence
screened in vitro, which can bind with corresponding ligands
with high affinity and strong specificity.> Compared with anti-
bodies, an aptamer has higher stability and can be easily
synthesized. Its emergence provides a new research platform for
biochemical and biomedical fields with high efficiency and fast
recognition, and shows good application prospects in many
aspects.* Accordingly, the aptamer of ¢Tnl can bind with cTnI
specifically in our sensing process. Second, we used terminal
deoxynucleotidyl transferase (TdT) to complete the amplification
of the electrical signal and thus achieved the aim of ultrasensitive
detection of cTnl in this electrochemical sensing platform.
Terminal deoxynucleotidyl transferase (TdT), also known as
terminal transferase,® is a kind of DNA polymerase that can
catalyze the sequential addition of deoxy-ribonucleoside
triphosphates (dNTPs) at the 3’ hydroxyl (3-OH group)
terminus of the target DNA**** and extend the strand of DNA to
form a polynucleotide tail (such as poly T) to advocate signal
amplification.*®*” Deoxythymidine triphosphate (dTTP) is one of
the dNTPs and is also one of the direct precursors of DNA
biosynthesis.*>***® Finally, we used methylene blue (MB), an
aromatic heterocycle** that was modified with poly A, as an
effective electroactive hybridization indicator**** in this electro-
chemical sensing platform for the detection of ¢Tnl.

Hence, in the present research, we have developed an
ultrasensitive and specific electrochemical biosensor that
combined the signal amplification strategy based on TdT with
specific recognition between the aptamer of cTnlI and cTnl. The
aptamer of cTnl specifically bonds with cTnl in the presence of
cTnl, resulting in the release of free P1. The free P1 hybridized
with P2 modified on the surface of the gold electrode and
formed the strand of P1/P2. With the addition of TdT and dTTP,
TdT extended the strand of P1 and formed the structure of poly
T due to the presence of free -OH at the 3’ end of P1. The
extended poly T hybridized with MB-poly A and thus introduced
MB to the surface of the gold electrode, resulting in the
formation of the electrochemical signal. One extended poly T
can hybridize with multiple MB-poly A and lead to signal
amplification. By detecting the amplified electrochemical
signal, we can achieve the detection of low content cTnl. In
addition, this highly specific and ultrasensitive electrochemical
biosensor for the detection of cTnl is simple, novel, inexpensive,
and fast. This study can accelerate the development of
myocardial markers' determination, which provides a potential
reference for the clinical diagnosis, prognosis, and treatment of
CVDs and AMI.

2. Experimental
2.1. Materials

The five proteins (cTnl, myoglobin, EpCAM, CRP, and CEA)
used in this study were purchased from Cusabio Biotechnology
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Co. Ltd (Wuhan, China). TdT and dTTP were purchased from
Takara Biotech Co. Ltd (Dalian, China). Gold electrodes were
obtained from Gaoss Union Technology Co. Ltd (Wuhan,
China), and 6-mercapto-1-hexanol (MCH) was obtained from
Sigma-Aldrich (St. Louis, MO, USA). All synthetic DNA
sequences (P1, P2, MB-poly A, and the aptamer of ¢Tnl) used in
the experiments were obtained from Sangon Biotechnology Co.
Ltd (Shanghai, China); their sequences are listed in Table 1. The
buffer solution used in the experiments is 10 mM Tris (10 mM
MgCl,, 50 mM NaCl). All other reagents used in the experiments
are of analytical grade, and ultrapure water was obtained from
the Millipore water purification system (18.2 MQ cm resistivity,
Milli-Q Direct 8). The biological samples, including the serum,
saliva and urine, of healthy normal human subjects were all
from Dongfeng General Hospital affiliated to Hubei University
of Medicine. All experiments in this study were conducted in
strict accordance with the institutional guidelines and relevant
laws (National Health Commission of the People's Republic of
China, ethical review of biomedical research involving human
beings), and it has been approved by the Ethics Committee of
Dongfeng General Hospital (Shiyan, China). Informed consent
has been obtained from human subjects involved in any
experiments.

2.2. Apparatus

In this study, square wave voltammetry (SWV) and chro-
noamperometry were performed on a CHI660D workstation
(CH Instruments Inc., Shanghai, China). SWV was carried out in
a 10 mM Tris buffer by scanning the potential from —0.4to 0 V
at an amplitude of 25 mV, a frequency of 25 Hz, and a step
potential of 4 mV. Electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV) experiments were performed
in 10 mM phosphate-buffered saline (PBS) solution containing
0.1 M KCl and 5 mM [Fe(CN)s]>*~ in the potential window
range of —0.2 to 0.6 V and the frequency range of 0.1 Hz to 10
kHz at a scanning rate of 0.1 V s~ ' and amplitude of 5 mV.

2.3. Sensing process of c¢Tnl

First, the aptamer of c¢Tnl and P1 were added in equal propor-
tion and hybridized, and then a certain concentration of c¢TnI
antigen was added. 30 min later, 10 puL of the above solution was
dropped onto the surface of the gold electrode that was modi-
fied with P2. After 15 min of reaction, the obtained gold elec-
trode was immersed in the solution containing TdT and dTTP (2
mM). Then, the gold electrode was immersed in the MB-poly A
(MB-AAA AAA AAA) solution, and 10 mM Tris buffer was used to
wash after each step of the reaction. Finally, detect the elec-
trochemical signal produced in the above process.

3. Results and discussion

3.1. Electrochemical characterization of the sensing
platform

Prior to the experiments of this study, we conducted electro-
chemical impedance spectroscopy (EIS) and cyclic voltammetry
(CV) to analyze the feasibility and construction of the
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Table 1 All synthetic DNA sequences and aptamer of cTnl used in this study

Name

Sequences

Aptamer of cTnl
P1

P2

MB-poly A

electrochemical sensing platform; the results are shown in
Fig. 1. EIS is usually used to investigate the modification process
of the electrochemical sensors, and an increase in the semi-
circle diameter indicates an increase in the electron transfer
resistance (R.) on the electrode surface. Additionally, CV is used
to further characterize the construction process. As shown in
Fig. 1a and b, the bare gold electrode presents a small semi-
circle area with an electron transfer R., of 150 Q (Fig. 1a, curve a)
and shows the maximum redox peak current (Fig. 1b, curve a).
After modifying the surface of gold electrode with P2 and seal-
ing with 6-mercapto-1-hexanol (MCH), the semicircle diameter
increased and the electron transfer R, was 1500 Q (Fig. 1a, curve
b). The peak current decreased significantly, while the separa-
tion of the peak increased (Fig. 1b, curve b) in comparison with
the bare gold electrode (Fig. 1b, curve a). It shows that P2 was
modified on the surface of the bare gold electrode successfully,
thus forming an Au-S bond via self-assembly. After adding cTnI
aptamer/P1 and cTnl, P1 was released and hybridized with P2
(there was no significant change in the electrode). After adding
TdT, TdT mediated P1 (because the 3’ end of P1 chain is free
OH) to extend and obtain the structure of poly T, resulting in
further increase in the semicircle with the R, value of 2300 Q
(Fig. 1a, curve c¢) and further decrease in the peak current
(Fig. 1b, curve c), which indicates the formation of P1/P2 and
poly T. When the modified electrode was further hybridized
with MB-poly A in the presence of P1/P2 and poly T, the
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Fig. 1

5’-CGT GCA GTA CGC CAA CCT TTC TCA TGC GCT GCC CCT CTT A-3’
3'-T CAT GCG GTT GGA AAG AG

5’-CGC CAA CCT TTC TC-TTT-(CH,)s-SH

MB-AAA AAA AAA AAA

semicircular diameter (R., = 2900 Q) further increased signifi-
cantly (Fig. 1a, curve d), and the redox peak current further
decreased (Fig. 1b, curve d). The above results show that the
hybridization and extension of MB-poly A and poly-T triggered
the signal amplification reaction that is based on the catalysis of
TdT, and more MB bind to the surface of the electrode to form
a stronger electrical signal.

3.2. Mechanism of ¢Tnl electrochemical detection

Fig. 2 shows the principle of the electrochemical sensing plat-
form for the detection of cTnl. Strand P1 can bind non-
specifically with the aptamer of ¢Tnl and form P1/aptamer
complexes. With the addition of cTnl, the aptamer of ¢TnI in
the P1/aptamer complexes would bind to c¢TnlI specifically and
release free P1. The free P1 would hybridize with P2 on the
surface of the gold electrode and form the DNA hybridization
double strand of P1/P2 on the electrode surface, resulting in the
formation of 3'-OH of DNA. Because there is free -OH at the 3’
end of P1, in the presence of TdT and dTTP (one of the direct
precursors of DNA biosynthesis), TdT would extend P1 to form
the structure of poly T on the electrode surface and mediate
signal amplification.***” The super long poly T can hybridize
with multiple MB-poly A (MB-AAA AAA AAA), and thus introduce
MB to the surface of the gold electrode. MB is an electron
transfer mediator,” and hence, the corresponding signal

0.2 EN 0.4 0.6

(a) The EIS characterization of the electrochemical sensing platform (a: the bare gold electrode; b: the electrode modified with P2 and

sealed with MCH; c: TdT mediated extension; d: after hybridization of poly T and MB-poly A). (b) The CV characterization of the electrochemical
sensing platform (a: the bare gold electrode; b: the electrode modified with P2 and sealed with MCH; c: TdT mediated extension; d: after

hybridization of poly T and MB-poly A).
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Fig.2 The schematic of this electrochemical sensing platform for the
detection of cTnl.

amplification can be observed. By detecting the amplified
electrochemical signal in the aforementioned process, a highly
sensitive and specific detection of ¢Tnl can be achieved.

3.3. Optimization of experimental parameters

In order to obtain the best experimental performance of this
electrochemical sensing platform, we used square wave vol-
tammetry (SWV) to optimize the following experimental
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parameters: the concentration of P2, the concentration of cTnl
aptamer, the amount of TdT and the reaction time. In each
optimization experiment, the concentration of ¢cTnI used was 10
ng mL ™", and each experiment was repeated three times.

The electrochemical signal of this sensor depends on the
concentration of P2 fixed on the surface of the gold electrode,
and too high or too low assembly concentration of P2 will make
the electrode crowding and probe sinking, thus reducing the
molecular recognition ability and the hybridization efficiency,
and weakening the signal amplification performance. There-
fore, first, we studied the effects of the concentration of P2 in
the range of 0.1 to 1.4 uM on the current response of SWV. As
shown in Fig. 3a, the current response increases gradually with
the increase in the concentration of P2 from 0.1 uM to 1.0 uM,
and then decreases gradually when the concentration of P2
exceeds 1.0 uM. The above results show that the optimal
concentration of P2 is 1.0 uM, and it can be fixed on the elec-
trode surface in a relatively vertical direction to obtain the best
molecular recognition and hybridization efficiency. With the
increase in the concentration of P2, the current response
decreases gradually, which is due to the increase in the steric
resistance and electrostatic repulsion, and it is unfavorable for
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Fig. 3 Effects of different conditions on the performance of cTnl electrochemical aptasensing platform. (a) Concentration of P2; (b) concen-
tration of aptamer; (c) amounts of TdT; (d) reaction time; error bars: SD, n = 3.
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surface hybridization. Consequently, the concentration of 1.0
uM for P2 was considered as the optimal concentration. The
concentration of the ¢Tnl aptamer also has an important effect
on signal amplification, which may affect the efficiency of P1 to
form the structure of poly T and trigger the electrochemical
signal amplification in the presence of cTnI and TdT. As shown
in Fig. 3b, the current response increases gradually with the
increase in the concentration of the c¢Tnl aptamer, and then it
tends to be stable. When the concentration of the cTnI aptamer
reaches 40 nM, the value of the current response also reaches
a plateau. When the concentration of the cTnI aptamer is more
than 40 nM, the corresponding change in the current response
is negligible. Thus, we chose 40 nM as the optimal concentra-
tion of the cTnl aptamer.

Moreover, the amount of TdT is also one of the important
factors that affected the efficiency of this biosensor, and TdT
can mediate the extension of P1 to obtain the structure of poly
T, which is the key part of the signal amplification of this
sensing platform. The effect of the amount of TdT in this
experiment is shown in Fig. 3c. From Fig. 3¢, we can see that the
value of the current response gradually increases with the
increase in the amount of TdT (from 5 U mL™" to 40 U mL™%);
when the amount of TdT reaches 40 U mL™", the value of the
current response tends to be stable. When the amount of TdT is
60 U mL™* or 80 U mL ™", the corresponding change in the
current response can be ignored, so we selected 40 U mL ™" as
the optimal amount of TdT that can obtain the maximum
experimental signal. Finally, we also studied the effects of the
reaction time, and the results are shown in Fig. 3d. It can be
seen from Fig. 3d that the value of the current response
increases gradually with the increase in the reaction time. When
the reaction time is 80 min, the corresponding value of the
current response reaches a relatively stable state. When the
reaction time continues to increase to 100 min, the change in
the current response value can be ignored. Therefore, 80 min is
set as the optimal reaction time.

3.4. Sensitivity towards cTnl detection

Dynamic response range and sensitivity are both significant
indexes to evaluate the analysis performance of the biosensor.
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Under the above optimization experimental parameters, we
have also investigated the sensitivity of this sensor. The sensi-
tivity and sensing performance of this sensing platform were
studied with the concentration of ¢Tnl from 0 to 500 ng mL .
As shown in Fig. 4a, it can be clearly seen that with the increase
in cTnl, the corresponding current response also shows
a gradual increase, which indicates that the concentration of
c¢Tnl has a strong correlation with the current response.
Simultaneously, Fig. 4b shows that there is a good linear
correlation between the value of the current response and the
logarithm of the concentration of c¢Tnl in the linear range from
0.5 ng mL ™' to 100 ng mL™'. The regression equation of linear
correlation was calculated as i = 2.1838 1g C — 4.3281 (R*> =
0.982), where i is the value of the SWV current response and Ig C
is the logarithm of the concentration of ¢TnI (ng mL™"). Also,
the detection limit of this sensor platform can be as low as 40 pg
mL ™" after calculation, which shows that the sensor has high
sensitivity. In addition, we also compared this method with the
other related literature reports listed in Table 2.

3.5. Specificity and regeneration

Due to the specific recognition between c¢Tnl and the aptamers
of cTnl, the electrochemical sensing platform shows high
specificity. There are numerous proteins in real biological
samples, so we tested whether these proteins will interfere with
the determination of cTnl. The specificity of this strategy for the
determination of cTnl was also reviewed by adding five different
kinds of proteins, which included cTnlI and four other types of
proteins, namely myoglobin, EpCAM, CRP, and CEA. As shown
in Fig. 5a, we used this sensor to detect the other four kinds of
proteins, namely myoglobin (20 ng mL™"), EpCAM (20 ng
mL "), CRP (20 ng mL "), and CEA (20 ng mL™"); by comparing
with the blank control group, we can see that there is no
significant difference between the current response values of
these four groups of proteins and the blank control group (the
difference can be ignored). However, when we use this sensor to
detect the value of the current response generated by cTnl (10
ng mL '), we can see that the current response of c¢Tnl is
significantly stronger than any of the above four groups of
proteins. In other words, the aforementioned results show that
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Fig.4 (a) Typical SWV current response of P2 modified electrode to a series of concentration of cTnl (from bottom to top: 0 to 500 ng mL™); (b)
linear equation between SWV current and the logarithm of the concentration of cTnl. Error bars: SD, n = 3.
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Table 2 Comparison of our strategy with other previously reported cTnl biosensors

Detection method Detection limit Linear range Ref.

Silicon nanowire biosensors 0.005 ng mL " — 21
Fluoro-microbead guiding chip 1ngmL ™’ 0.1-100 ng mL ™" 14
Electrochemiluminescence 0.002 ng mL " 0.0025-10 ng mL " 22
immunosensors

Optomagnetic biosensors 0.03 ng mL™* 0.03-6.5 ng mL ™" 25
Nanoelectrode arrays 0.2 ng mL ! 0.1-100 ng mL ™" 23
Electrochemical biosensors 0.04 ng mL~* 0.5-100 ng mL " This sensor

a
~4 :
3 cTnl 10 ng mL’
= Other proteins 20 ng mL"
E
6 2

G’“‘;o 9\06\“ @c}“\ & e\a““

N 1 1
=

Current (nA)

-
N

0 T T L}
4 6
Cycle number

©o

Fig. 5 The specificity (a) and regeneration (b) of this electrochemical sensing platform for the detection of cTnl. Error bars: SD, n = 3.

the sensing platform has an excellent specificity towards the
detection of cTnl. Moreover, we have further studied the
regeneration ability of the sensor; the experiment of regenera-
tion was conducted by washing the sensor with a 5 M urea
solution at 37 °C for 10 min. It can be seen from Fig. 5b that
after five cycles of regeneration the value of the current response
is almost at the same level as the first current response signal,
indicating that the sensor has a satisfactory ability of
regeneration.

6-
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g Without cTnl
<4 e
=
=
s
= 2
@)
0- § N N,
Buffer Urine Saliva Serum

Fig. 6 The SWV currents of electrochemical sensing platform for the
detection of cTnl in several spiked biological samples, including urine,
saliva and serum. Error bar: SD, n = 3.

This journal is © The Royal Society of Chemistry 2020

3.6. Application in biological samples

In order to further study the selectivity and applicability of the
sensing platform in various biological samples, we prepared
three biological samples, namely human serum (10%), urine
(10%) and saliva (10%), by diluting them. c¢Tnl with the same
volume and same concentration of 10 ng mL ™" was diluted to
the above three biological samples and Tris buffer respectively.
Also, each group was set with a blank control, and then the SWV
current response values of each group were detected. The
results in Fig. 6 show that in the presence of 10 ng mL™" cTnl,
the SWV current response of each group in different biological
samples significantly enhanced in comparison with the blank
control. The above results show that the sensing platform has
excellent applicability and selectivity in biological samples,
which is due to the specific recognition and high affinity of ¢TnI
aptamer and cTnl. In addition, due to the excellent applicability
and feasibility in biological samples of this sensing platform,
this method also shows potential clinical practicability for the
detection of c¢Tnl.

4. Conclusion

In conclusion, we have successfully developed an electro-
chemical aptasensing platform for the detection of ¢TnI, which
is based on the combination of highly specific recognition of
aptamers with the TdT-mediated signal amplification strategy.
The designed sensor has satisfactory specificity, sensitivity and

RSC Adv, 2020, 10, 36396-36403 | 36401
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regeneration, and the detection limit of this sensor can be as
low as 40 pg mL™"'. In addition, this method has been also
applied to detect cTnl in various biological samples success-
fully, which shows that this method has a good potential for the
clinical diagnosis, prognosis, and treatment of CVDs and AMI.
Also, this method has universal applicability for the detection of
other markers of disease. We only need to adjust the sequence
of nucleic acid accordingly if the target to be detected is
replaced by another marker. Compared with the antibody, the
aptamer used in this study has good stability and low cost.
Finally, the electrode used in this research can be regenerated,
further reducing the cost. We believe that this sensing strategy
will be a useful method to directly monitor other biomarkers by
selecting appropriate aptamers, and will also provide potential
references for the early detection of clinical biomarkers in the
future.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

These works were supported by the National Natural Science
Foundation of China (81872509), the Hubei Provincial Tech-
nology Innovation Project (2017ACA176), the Free Exploration
Project of Hubei University of Medicine (FDFR201804), the
Open Project of Hubei Key Laboratory of Wudang Local Chinese
Medicine Research (Hubei University of Medicine) (Grant No.
WDCM2018004), the Research Project of Traditional Chinese
Medicine of the Foundation of Health Commission of Hubei
Province (ZY2019M034), the Scientific and Technology Project
of Shiyan City of Hubei Province (No. 19Y87, 19Y88 and 19Y93),
the Natural Science Foundation of Hubei Province of China
(2019CFC841), 2020 Baoan District Medical and Health Basic
Research Project (2020JD491) and Hubei Province Health and
Family Planning Scientific Research Project (WJ2019M054).

References

1 M. Volpe, S. Rubattu and A. Battistoni, Int. J. Mol. Sci., 2019,
20, 2092.

2 F. Cosentino, P. J. Grant, V. Aboyans, C. J. Bailey, A. Ceriello,
V. Delgado, M. Federici, G. Filippatos, D. E. Grobbee,
T. B. Hansen, H. V. Huikuri, I. Johansson, P. Juni,
M. Lettino, N. Marx, L. G. Mellbin, C. J. Ostgren, B. Rocca,
M. Roffi, N. Sattar, P. M. Seferovic, M. Sousa-Uva,
P. Valensi and D. C. Wheeler, Eur. Heart J., 2019, 1-69.

3 S. Greco, C. Gaetano and F. Martelli, Int. J. Mol. Sci., 2019, 20,
3079-3105.

4 N. A. Sorensen, G. Donmez, J. T. Neumann, J. Nikorowitsch,
N. Rubsamen, S. Blankenberg, D. Westermann, T. Zeller and
M. Karakas, Biomolecules, 2019, 9, 108-116.

5 B. McDonnell, S. Hearty, P. Leonard and R. O’Kennedy, Clin.
Biochem., 2009, 42, 549-561.

6 M. J. Tanasijevic, C. P. Cannon and E. M. Antman, Clin.
Cardiol., 1999, 22, 13-16.

36402 | RSC Adv, 2020, 10, 36396-36403

View Article Online

Paper

7 V. C. Vasile, L. Babuin, E. Giannitsis, H. A. Katus and
A. S. Jaffe, Clin. Chem., 2008, 54, 617-619.

8 T. Ilva, J. Lund, P. Porela, H. Mustonen, L. Voipio-Pulkki,
S. Eriksson, K. Pettersson, P. Tanner and K. Pulkki, Clin.
Chim. Acta, 2009, 400, 82-85.

9 P. L. Myhre, E. O Meara, B. L. Claggett, S. de Denus,
P. Jarolim, I. S. Anand, 1. E. Beldhuis, J. L. Fleg, E. Lewis,
B. Pitt, J. L. Rouleau, S. D. Solomon, M. A. Pfeffer and
A. S. Desai, Circ.: Heart Failure, 2018, 11, 1-9.

10 V. L. Aengevaeren, M. T. E. Hopman, P. D. Thompson,
E. A. Bakker, K. P. George, D. H. ]J. Thijssen and
T. M. H. Eijsvogels, Circulation, 2019, 140, 804-814.

11 X. Jia, W. Sun, R. C. Hoogeveen, V. Nambi, K. Matsushita,
A. R. Folsom, G. Heiss, D. J. Couper, S. D. Solomon,
E. Boerwinkle, A. Shah, E. Selvin, J. A. de Lemos and
C. M. Ballantyne, Circulation, 2019, 139, 2642-2653.

12 F. Leonardi, B. Passeri, A. Fusari, P. De Razza, C. Beghi,
R. Lorusso, A. Corradi and P. Botti, Res. Vet. Sci., 2008, 85,
141-144.

13 F. J. Zhou, C. Y. Zhou, Y. ]J. Tian, A. J. Xiao, P. L. Li,
Y. H. Wang and J. W. Jia, Eur. Rev. Med. Pharmacol. Sci.,
2014, 18, 1513-1516.

14 S. Y. Song, Y. D. Han, K. Kim, S. S. Yang and H. C. Yoon,
Biosens. Bioelectron., 2011, 26, 3818-3824.

15 M. Weber, M. Rau, K. Madlener, A. Elsaesser, D. Bankovic,
V. Mitrovic and C. Hamm, Clin. Biochem., 2005, 38, 1027~
1030.

16 P. Welsh, D. Preiss, C. Hayward, A. S. V. Shah, D. McAllister,
A. Briggs, C. Boachie, A. McConnachie, S. Padmanabhan,
C. Welsh, M. Woodward, A. Campbell, D. Porteous,
N. L. Mills and N. Sattar, Circulation, 2019, 139, 2754-2764.

17 Y. Wang, L. Dai, N. Wang, Y. Zhu, M. Chen and H. Wang,
Clin. Biochem., 2019, 70, 34-38.

18 X. Liu, J. Wei, D. Song, Z. Zhang, H. Zhang and G. Luo, Anal.
Biochem., 2003, 314, 301-309.

19 P. Nandhikonda and M. D. Heagy, J. Am. Chem. Soc., 2011,
133, 14972-14974.

20 P. A. Kavsak, X. Wang, D. T. Ko, A. R. MacRae and A. S. Jaffe,
Clin. Chem., 2009, 55, 1809-1815.

21 K. Kim, C. Park, D. Kwon, D. Kim, M. Meyyappan, S. Jeon
and J. Lee, Biosens. Bioelectron., 2016, 77, 695-701.

22 W. Shen, D. Tian, H. Cui, D. Yang and Z. Bian, Biosens.
Bioelectron., 2011, 27, 18-24.

23 A. Periyakaruppan, R. P. Gandhiraman, M. Meyyappan and
J. E. Koehne, Anal. Chem., 2013, 85, 3835-3863.

24 F. S. Apple, A. Falahati, P. R. Paulsen, E. A. Miller and
S. W. Sharkey, Clin. Chem., 1997, 43, 2047.

25 W. U. Dittmer, T. H. Evers, W. M. Hardeman, W. Huijnen,
R. Kamps, P. de Kievit, J. H. Neijzen, J. H. Nieuwenhuis,
M. J. Sijbers, D. W. Dekkers, M. H. Hefti and
M. F. Martens, Clin. Chim. Acta, 2010, 411, 868-873.

26 Y. Wan, H. Xu, Y. Su, X. Zhu, S. Song and C. Fan, Biosens.
Bioelectron., 2013, 41, 526-531.

27 Y. Hu, Q. Shen, W. Li, Z. Liu, Z. Nie and S. Yao, Biosens.
Bioelectron., 2015, 63, 331-338.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra05171c

Open Access Article. Published on 05 October 2020. Downloaded on 3/14/2026 3:18:48 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

28 B. Meric, K. Kerman, D. Ozkan, P. Kara, S. Erensoy,
U. S. Akarca, M. Mascini and M. Ozsoz, Talanta, 2002, 56,
837-846.

29 A. Qureshi, I. Roci, Y. Gurbuz and ]. H. Niazi, Biosens.
Bioelectron., 2012, 34, 165-170.

30 J. Pultar, U. Sauer, P. Domnanich and C. Preininger, Biosens.
Bioelectron., 2009, 24, 1456-1461.

31 D. Zheng, X. Liu and Y. Zhou, Anal. Biochem., 2008, 378, 108—
110.

32 Y. Wan, H. Xu, Y. Su, X. Zhu, S. Song and C. Fan, Biosens.
Bioelectron., 2013, 41, 526-531.

33 V. Tjong, H. Yu, A. Hucknall, S. Rangarajan and A. Chilkoti,
Anal. Chem., 2011, 83, 5153-5159.

34 D. Lin, C. Mei, A. Liu, H. Jin, S. Wang and J. Wang, Biosens.
Bioelectron., 2015, 66, 177-183.

35 V. Tjong, H. Yu, A. Hucknall and A. Chilkoti, Anal. Chem.,
2013, 85, 426-433.

36 Y. Hu, Q. Shen, W. Li, Z. Liu, Z. Nie and S. Yao, Biosens.
Bioelectron., 2015, 63, 331-338.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

37 Y. Yuan, W. Li, Z. Liu, Z. Nie, Y. Huang and S. Yao, Biosens.
Bioelectron., 2014, 61, 321-327.

38 S. Sivashankar, S. V. Puttaswamy, L. Lin, T. Dai, C. Yeh and
C. Liu, Sens. Actuators, B, 2013, 176, 1081-1089.

39 F. Yang, X. Yang, Y. Wang, Y. Qin, X. Liu, X. Yan, K. Zou,
Y. Ning and G. Zhang, Anal. Chem., 2014, 86, 11905-11912.

40 U. Lindberg and L. Skoog, Anal. Biochem., 1970, 34, 152-160.

41 S. O. Kelley, J. K. Barton, N. M. Jackson and M. G. Hill,
Bioconjugate Chem., 1997, 8, 31-37.

42 A. Erdem, K. Kerman, B. Meric and M. Ozsoz, Electroanalysis,
2001, 13, 219-223.

43 P. Kara, K. Kerman, D. Ozkan, B. Meric, A. Erdem, Z. Ozkan
and M. Ozsoz, Electrochem. Commun., 2002, 4, 705-709.

44 N. Zhu, A. Zhang, Q. Wang, P. He and Y. Fang, Anal. Chim.
Acta, 2004, 510, 163-168.

45]. Z. Xu, J. J. Zhu, Q. Wu, Z. Hu and H. Y. Chen,
Electroanalysis, 2010, 15, 219-224.

RSC Adv, 2020, 10, 36396-36403 | 36403


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra05171c

	An ultrasensitive electrochemical sensing platform for the detection of cTnI based on aptamer recognition and signal amplification assisted by TdT
	An ultrasensitive electrochemical sensing platform for the detection of cTnI based on aptamer recognition and signal amplification assisted by TdT
	An ultrasensitive electrochemical sensing platform for the detection of cTnI based on aptamer recognition and signal amplification assisted by TdT
	An ultrasensitive electrochemical sensing platform for the detection of cTnI based on aptamer recognition and signal amplification assisted by TdT
	An ultrasensitive electrochemical sensing platform for the detection of cTnI based on aptamer recognition and signal amplification assisted by TdT
	An ultrasensitive electrochemical sensing platform for the detection of cTnI based on aptamer recognition and signal amplification assisted by TdT

	An ultrasensitive electrochemical sensing platform for the detection of cTnI based on aptamer recognition and signal amplification assisted by TdT
	An ultrasensitive electrochemical sensing platform for the detection of cTnI based on aptamer recognition and signal amplification assisted by TdT
	An ultrasensitive electrochemical sensing platform for the detection of cTnI based on aptamer recognition and signal amplification assisted by TdT
	An ultrasensitive electrochemical sensing platform for the detection of cTnI based on aptamer recognition and signal amplification assisted by TdT
	An ultrasensitive electrochemical sensing platform for the detection of cTnI based on aptamer recognition and signal amplification assisted by TdT
	An ultrasensitive electrochemical sensing platform for the detection of cTnI based on aptamer recognition and signal amplification assisted by TdT
	An ultrasensitive electrochemical sensing platform for the detection of cTnI based on aptamer recognition and signal amplification assisted by TdT

	An ultrasensitive electrochemical sensing platform for the detection of cTnI based on aptamer recognition and signal amplification assisted by TdT
	An ultrasensitive electrochemical sensing platform for the detection of cTnI based on aptamer recognition and signal amplification assisted by TdT
	An ultrasensitive electrochemical sensing platform for the detection of cTnI based on aptamer recognition and signal amplification assisted by TdT


