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Introduction

A novel ratiometric electrochemical biosensing
strategy based on T7 exonuclease-assisted
homogenous target recycling coupling hairpin
assembly-triggered double-signal output for the
multiple amplified detection of miRNAf¥

Qing-Yun Zhou,}* Rong-Na Ma, (& *1* Chao-Long Hu,? Fei Sun,” Li-Ping Jia, ©°
Wei Zhang,? Lei Shang,? Qing-Wang Xue,® Wen-Li Jia® and Huai-Sheng Wang (2 *2

A novel ratiometric electrochemical biosensing strategy based on T7 exonuclease (T7 Exo)-assisted hom-
ogenous target recycling coupling hairpin assembly triggered dual-signal output was proposed for the
accurate and sensitive detection of microRNA-141 (miRNA-141). Concretely, in the presence of target
miRNA, abundant signal transduction probes were released via the T7 Exo-assisted homogenous target
recycling amplification, which could be captured by the specially designed ferrocene-labeled hairpin
probe (Fc-H1) on -electrode interface and triggered the nonenzymatic catalytic hairpin assembly (Fc-H1
+ MB-H2) to realize the cascade signal amplification and dual-signal output. Through such a confor-
mational change process, the electrochemical signal of Fc (/r.) and MB (/) is proportionally and substan-
tially decreased and increased. Therefore, the signal ratio of /yg/lrc can be employed to accurately reflect
the true level of original miRNA. Benefiting from the efficient integration of the T7 Exo-assisted target
recycle, nonenzymatic hairpin assembly and dual-signal output mode, the proposed sensor could realize
the amplified detection of miRNA-141 effectively with a wide detection range from 1 fM to 100 pM, and a
detection limit of 200 aM. Furthermore, it exhibits outstanding sequence specificity to discriminate mis-
matched RNA, acceptable reproducibility and feasibility for real sample. This strategy effectively integrated
the advantages of multiple amplification and ratiometric output modes, which could provide an accurate
and efficient method in biosensing and clinical diagnosis.

various biological fluids such as serum and plasma in stable
form, designated circulating miRNAs, which can be utilized as

MicroRNAs (miRNAs) are a class of short (approximately 18-25
nucleotides in length), endogenous, nonprotein coding single-
stranded RNA molecules, which play a critical role in gene
expression and are associated with important biological pro-
cesses such as cell multiplication,"* apoptosis,” differen-
tiation® and metabolism.” Research reported that the abnor-
mal expression of miRNAs is closely related to serious cancer-
related diseases.*” In particular, latest studies show that
miRNAs released from tumour cells could be present in

“School of Chemistry and Chemical Engineering, Liaocheng University, Liaocheng
252000, Shandong, P.R. China. E-mail: marongna@Icu.edu.cn, hswang@Icu.edu.cn
bOncology Department, Hospital of Traditional Chinese Medicine of Jinan City, Jinan
250000, Shandong, P.R. China

tElectronic supplementary information (ESI) available: Supplemental experi-
mental section and tables. See DOI: 10.1039/d1an00204j

{These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2021

new potential invasive biomarkers for early cancer screening
and diagnosis.®*°

Northern blotting,"! quantitative real-time polymerase
chain reaction (QRT-PCR)"*'* and microarray'*'> are widely
used standard methods for identifying and quantifying
miRNAs. However, these techniques suffer from certain
defects such as high cost, time- and sample-consuming,
complex and tedious procedures. Hence, numerous other tech-
niques including electrochemistry,'® surface plasmon
resonance,'”'®  photoelectrochemistry,'®  electro-chemilumi-
nescence®® and fluorescence®' have been extensively explored
to overcome these shortcomings for the sensitive detection of
miRNAs. Among all of the methodologies, the electrochemical-
based technique is particularly promising with the outstand-
ing advantages of high sensitivity, satisfactory selectivity, fast
response, low cost, and handy operation.>>** However, consid-
ering the short lengths, ultralow abundance, and high
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sequence similarity of miRNAs,** and the nature of huge fluc-
tuations as the disease detection progresses, it is still challen-
ging to develop advanced electrochemical sensing strategies to
confront the high demands of sensitivity and accuracy in prac-
tical miRNA assay.

The enzyme-assisted recycle amplification strategy, in
which one target molecule triggers numerous cycles of target-
dependent nuclease enzymolysis for powerful signal amplifica-
tion, is meaningful to improve the target-to-mimic target con-
version ratio and enhance the amplification efficiency.>*™>°
Unfortunately, the traditional electrochemical-based enzymatic
heterogeneous hydrolysis usually occurs at the interface of
electrode, which restricts the enzyme kinetics and substrate-
binding efficiency compared with the homogeneous assay as
the spatial hindrance effect and the loss of configuration
freedom.’® Besides, the traditional single-signal output strat-
egy usually has drawbacks of the low reproducibility and poor
reliability owing to the electrode modification, intrinsic back-
ground electrochemical signals, and environmental
fluctuations.*"** The double-signal based ratiometric strategy
with dual-signal ratiometric conversion modes instead of
absolute single signals, which could effectively normalize the
variation in experimental microenvironment, has been applied
to improve the accuracy.’**® Herein, the combination of hom-
ogenous recognition amplification and dual-signal output pro-
vides the feasibility for the construction of an accurate and
efficient miRNA sensor.

In the study, a novel electrochemical biosensing strategy by
coupling the advantages of enzyme-assisted homogenous reco-
gnition amplification and dual-signal ratiometric output is
presented for the accurate and sensitive detection of
miRNA-141 (Scheme 1). By combining the T7 exonuclease
(Exo)-assisted homogenous recognition cascade recycle and
the separation of recognition and transduction probe, the pres-
ence of target miRNA would realize numerous signal transduc-
tion probe (STP) releases. The released STP could be captured
to the electrode surface by the ferrocene-labeled hairpin probe

:
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Scheme 1 Schematic of the dual-signal ratiometric electrochemical
biosensor based on the T7 Exo-assisted target recycling coupling none-
nzymatic catalytic hairpin assembly for the detection of miRNA-141.
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(Fc-H1), and further initiated the methylene blue-labeled
hairpin DNA (MB-H2) assembly to trigger another cycle ampli-
fication and realize Fc and MB dual-signal output. The
decrease and increase in the two labeling signals can accu-
rately reflect the true level of the original miRNA with ratio-
metric signals. The proposed strategy has some notable fea-
tures: first, the unique design by integrating T7 Exo-assisted
target recycle and hairpin assembly could realize the multiple
amplification and improve the sensitivity. Second, the strategy
is generalizable owing to the separation of the molecular reco-
gnition element and signal reporter. Third, the dual-signal
mode has superior anti-interference ability. Therefore, the
designed strategy has immense value for highly sensitive and
accurate target analysis, and clinical noninvasive liquid biopsy.

Experimental section

The descriptions of “Reagents and apparatus” and
“Pretreatment of electrode” are described in the ESL.{

Fabrication of the sensing platform

First, 1 uM Fc-H1 probe was obtained by incubating 10 uM Fc-
H1 with freshly prepared TCEP to cleave disulfide bonds and
diluting with 1x TAE per Mg buffer (20 mM Tris, 2 mM EDTA,
12.5 mM MgCl,; pH 7.4, the same below). Subsequently, 6 pL
of the above solution was incubated on the pretreated elec-
trode at 37 °C for 2.5 h. Then, it was rinsed, dried, and further
treated with MCH to block the nonspecific binding sites. After
being washed and dried once again, the Fc-H1-modified
sensing electrode was acquired and stored at 4 °C in the Tris
buffer for further use.

Procedure for target miRNA assay

10 pM Capture probe (CP) and STP were first dissolved in
10 mM PBS (pH 7.4, 0.2 M NaCl), respectively. Next, a total of
solution with equal volumes of CP and STP was mixed and
heated to 95 °C for 3 min. The CP/STP probe stock solution
was finally obtained after slowly cooling down the mixture to
room temperature.

For the detection of target miRNA, the T7 Exo-assisted
homogeneous target recycling amplification was first realized
by incubating 0.8 pM CP/STP, 20 U T7 Exo and miRNA with
different concentrations in the reaction buffer (pH 7.9, 50 mM
KAc, 20 mM Tris-Ac, 10 mM Mg(Ac),, and 1 mM DTT) at 37 °C
for 2 h. Subsequently, 6 pL of the resulted solution was dipped
on the Fc-H1-modified sensing electrode and incubated at
37 °C for 1.5 h to fulfill the released STP hybridizes with Fc-
H1; after being washed with Tris buffer, the resulting electrode
was then incubated with 6 pL of 1.2 pyM MB-H2 at 37 °C for 2 h
to introduce MB signal and replace STP. Finally, the replaced
STP further triggered another hairpin assembly to fulfill the re-
cycling amplification and dual-signal output. The finally
obtained electrode was rinsed thoroughly with washing buffer
solution and dried with nitrogen for electrochemical measure-
ments. The whole procedure is shown in Scheme 1.
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Measurement method

All electrochemical experiments were performed on a conven-
tional three-electrode system composed of a platinum wire
auxiliary electrode, an Ag/AgCl reference electrode and a gold
working electrode. The alternating current voltammogram
(ACV) was recorded in 20 mM Tris buffer within the potential
window from —0.4 V to 0.6 V, potential increment of 4 mV, fre-
quency of 25 Hz, and amplitude of 25 mV. Electrochemical
impedance spectroscopy (EIS) measurements were performed
in a 5 mM [Fe(CN)¢]>*™"*~ (1:1) solution containing 0.1 M KCl
in the frequency range from 0.1 Hz to 10 kHz to monitor
changes of the electrode surface. The amplitude of the applied
sine wave potential was 5 mV and the formal potential of the
redox probe [Fe(CN)s*~"*~ is 220 mV.

Results and discussion
Detection mechanism

The working principle of the designed dual-signal ratiometric
biosensor for the multiple amplified detection of miRNA is
schematically depicted in Scheme 1. To be specific, the entire
design includes two key factors: (1) the CP/STP probe, which is
resistant to T7 Exo digestion owing to the 5’ protruding termi-
nuses, was tactfully constructed for both target recognition
and signal transduction. The presence of target miRNA could
trigger the toehold exchange-mediated strand displacement
reaction, release the signal transduction probe, and generate
RNA/DNA  duplexes containing 5 blunt terminus.
Subsequently, the molecular recognition probe in RNA/DNA
duplexes is specifically degraded by T7 Exo. Moreover, the
miRNA molecule is released, and triggers more and more
cycles of strand displacement to generate abundant free STP.
By combining the homogeneous recognition and T7 Exo-
assisted CP-STP probe separation, the first cycle of target re-
cycling amplification was fulfilled. (2) The released STP hybri-
dizes with the hairpin Fc-H1 on the electrode surface and the
exposed sequences in the Fc-H1 probe triggers another hairpin
assembly-mediated recycling amplification, realizing the STP
probe recycling and the hairpin MB-H2 introducing. As a
result, a large number of Fc-H1 + MB-H2 are formed and the
Iyip “signal-on” and I, “signal-off” for the ratiometric electro-
chemical dual-signal output were realized. This strategy can
realize multiple amplification since one copy of the miRNA
can yield numerous Fc-H1 + MB-H2 and it can be easily
extended for general gene-related molecular diagnosis.

Feasibility of the sensing strategy

The T7 Exo-assisted homogeneous recognition and cascade
extension was first confirmed by gel electrophoresis as the cas-
caded nucleic acid circuit was a key factor for signal amplifica-
tion. As shown in Fig. 1A, miRNA, CP and STP exhibited indi-
vidual distinct band, respectively (lanes 1, 2 and 3). The
mixture of probe CP and STP showed a new band with signifi-
cantly slow migration accompanied by the band disappearance
corresponding to CP and STP, indicating that a newly coopera-
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Fig. 1 (A) PAGE analysis of T7 Exo-assisted target recycling. Lane 1:
miRNA-141, Lane 2: CP, lane 3: STP, lane 4: CP/STP, lane 5 and 6 are CP/
STP treated in the absence and presence of target miRNA-141, respect-
ively. (B) PAGE analysis of the probe STP-mediated hairpin assembly.
Lane 1: STP, Lane 2: Fc-H1, lane 3: MB-H2, lane 4: mixture of STP and
Fc-H1, lane 5: mixture of STP, Fc-H1 and MB-H2, lane 6: mixture of Fc-
H1 and MB-H2 at room temperature; Lane 7: annealing of Fc-H1 and
MB-H2 mixture. (C) ACV responses of (a) MCH/Fc-H1/Au, (b) step a incu-
bated with probe STP, (c) step b incubated with MB-H2, (d) step a incu-
bated with MB-H2. (D) ACV responses of MCH/Fc-H1/Au incubated with
(a) probe CP/STP and T7 Exo, (b) probe CP/STP and target miRNA-141,
(c) probe CP/STP, target miRNA-141 and T7 Exo. (d) MB-H2.

tive complex probe CP/STP was formed (lane 4). In the absence
of target miRNA, no newly formed band appeared (lane 5). On
the contrary, an obvious change in the band shift was dis-
played in the positive control experiment in the presence of
target miRNA (lane 6). These results confirmed that the T7
Exo-assisted cascade extension was successfully performed.

The transductive probe STP-triggered successful formation
of Fc-H1 + MB-H2 was a prerequisite for signal transduction
and dual-signal output; therefore, the corresponding gel elec-
trophoresis was also tested. As shown in Fig. 1B, the band in
lane 2 and lane 4 were the Fc-H1 and the mixture of Fe-H1 and
STP (lane 1), respectively, indicating the formation of Fc-H1 +
STP conjugation. Compared with lane 4, the band of Fc-H1 +
STP conjugation disappeared upon the introduction of MB-H2,
along with a high molecular weight of product, indicating the
successful formation of Fc-H1 + MB-H2 (lane 5). However, in
the absence of STP, the mixture of MB-H2 and Fc-H1 showed
negligible band intensity corresponding to Fc-H1 + MB-H2
(lane 6), which could be attributed to the low level of spon-
taneous interactions between MB-H2 and Fc-H1. The mixture
of MB-H2 and Fc-H1 via the annealing treatment was also
operated, which indicates that the Fc-H1 + MB-H2 (lane 7) con-
jugation products can be formed. Herein, these results clearly
confirm that probe STP is the determining factor of the suc-
cessful formation of the Fc-H1 + MB-H2 complex.

In addition, the feasibility of the STP-mediated DNA
hairpin assembly and dual-signal output was further verified
by a series of control experiments for the ACV measurements.
As shown in Fig. 1C, an intensive oxidation peak at about
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+0.44 V is observed for the Fe-H1-modified gold electrode (curve
a), indicating the successful modification of Fc-H1. After incu-
bation with probe STP, the intensity of Iy, decreased as a result
of the conformational change in the Fc-H1 hairpin structure
(curve b). On subsequent incubation with MB-H2, a new peak
appeared at —0.28 V, accompanied by a significant decrease in
Ir. (curve c). However, as hypothesized, when only MB-H2 was
incubated with Fc-H1, the intensity of Fc was almost similar to
that of the Fe-H1-modified electrode and MB just showed a tiny
peak (curve d). Therefore, these results demonstrated that probe
STP is indispensable to mediate the electrode interface DNA
hairpin assembly and dual-signal output.

Furthermore, the feasibility of the designed dual-signal bio-
sensing strategy for target miRNA detection was also substan-
tiated by ACV measurements (Fig. 1D). As expected, when the
sensing platform MCH/Fc-H1/Au was incubated with the
homogeneous solution without miRNA-141 (curve a), the ACV
curve was almost similar to that of only MB-H2 incubated with
Fc-H1 (curve d), indicating that the CP/STP probe hardly disso-
ciated and released STP to induce the following STP-mediated
hairpin assembly of the sensing surface without miRNA-141.
In contrast, the presence of target miRNA-141 could induce a
decrease in I, but an increase in Iy (curve b), which indicates
that the specific recognition triggers the STP release and sub-
sequent hairpin assembly. In particular, the tendency was
further strengthened with the presence of T7 Exo (curve c),
implying that T7 Exo could trigger more cycles of strand dis-
placement and the coupling of the hairpin assembly is
efficient for signal enhancement. Therefore, all the above
experimental results indicated that the design of dual-signal
readout and amplification by integrating T7 Exo-assisted target
recycling and nonenzymatic hairpin assembly was practicable.

EIS characterization of the developed biosensor

Electrochemical impedance spectroscopy was employed to
investigate the electrode interface construction and probe STP-
mediated hairpin assembly process as it has been proven to be
a powerful tool for interfacial investigation (Fig. 2). In compari-
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Fig. 2 EIS characterization of the different electrodes in 0.1 M KCl con-
taining 5 mM [Fe(CN)¢>4": (a) bare Au electrode, (b) Fc-H1/Au elec-
trode, (c) MCH/Fc-H1/Au electrode, (d) probe STP/MCH/Fc-H1/Au elec-
trode, (e) MB-H2/probe STP/MCH/Fc-H1/Au electrode.
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son to the bare Au electrode (curve a), when successively incu-
bated with the negatively charged Fc-H1 (curve b) and noncon-
ductive MCH (curve c), with the increasing of the electrostatic
repelling force and insulativity, the charge transfer resistance
(Re)) continuously increased, respectively, demonstrating the
successful immobilization of Fe-H1. Subsequently, with the
step-by-step incubation of STP (curve d) and MB-H2 (curve e),
R. sequentially increased due to the successful hairpin assem-
bly of the negatively charged DNA phosphate backbone sup-
pressed the diffusion of ferricyanide. Through the comparison
of these experiments, the electrode modification of Fc-H1 and
subsequent probe STP-mediated hairpin assembly have been
successfully verified.

Optimization of experimental conditions

To achieve the best analytical performance of the designed
strategy for the miRNA assay, several experimental parameters
were examined and optimized (Fig. 3). The ratiometric of Iy
to Ir. was used to assess the performance of the experimental
conditions. The concentration of Fc-H1 and the corresponding
incubation time were first investigated since the packing
density of Fc-H1 was critical for the subsequent assembly and
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Fig. 3 Effects of (A) Fc-H1 concentration, (B) the incubation time of Fc-
H1, (C) probe STP concentration, (D) the incubation time of probe STP,
(E) MB-H2 concentration and (F) the incubation time of MB-H2. Error
bars represent standard deviations of three parallel experiments.
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dual-signal output. As shown in Fig. 3A, B, Iyp/Ir. increased with
the increase in the Fc-H1 concentration and incubation time,
and then tended to descend above 1 uM and 2.5 h. Thus, 1 pM
Fc-H1 and 2.5 h incubation time were chosen in the experiment.

The probe STP plays a role of a connector between target
recognition and signal output, and an enormous amount of
STP can lead to the low detection sensitivity, but low concen-
tration would narrow the linear range of detection; therefore,
the concentration of STP was also investigated. With the suc-
cessive increase in the STP concentration, Iys/Ig. increased
and reached a maximum value at 0.8 uM (Fig. 3C). Thus,
0.8 M STP were used for the construction of CP/STP, at which
the CP/STP probe concentration is sufficient enough and even
the tiny target miRNA can cause the signal conversion. The
incubation time of probe STP was also investigated. As illus-
trated in Fig. 3D, Iyp/lr. increased continuously with the
increase in the incubation time, and almost reached the satur-
ation value within 1.5 h, indicating that 1.5 h was sufficient for
probe STP incubation.

Moreover, the concentration and incubation time of MB-H2
were also critical factors for signal amplification and dual-
signal output. It could be seen that Iyp/Ir. increased continu-
ously with the increase in the MB-H2 concentration (Fig. 3E)
and incubation time (Fig. 3F) and then gradually decreased.
Thus, 1.2 pM MB-H2 and 2 h incubation time were chosen as
the most suitable concentration and incubation time, respect-
ively, to fulfill the hairpin assembly.

Analytical performance corresponding to miRNA-141
biosensing

Under optimized experimental conditions, the analytical per-
formance of the proposed biosensing strategy for the accurate
and sensitive detection of miRNA-141 was studied. As hypoth-
esized, the Fc oxidation peak current signal decreased and the
MB oxidation peak current signal increased with the increase
in the target miRNA concentration from 0 M to 1 nM (Fig. 4A).
As a result, a desirable linear correlation between the logarith-
mic value of the miRNA-141 concentration and the ratio of the
dual current peak intensity (Iyp/Ir.) was manifested in the con-
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Fig. 4 (A) ACV profiles of this platform for the detection of miRNA with
the concentrations of 0, 1 fM, 10 fM, 100 fM, 1 pM, 10 pM, 100 pM, and 1
nM (from a to h). (B) Calibration curve of Iyg/lfc vs. the logarithm of
target miRNA concentration. Error bars represent standard deviations of
three parallel tests.
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centration range of 1.0 fM-100 pM (Fig. 4B). The limit of detec-
tion (LOD) was calculated to be 200 aM at the signal-to-noise
ratio S/N of 3. Moreover, the assay performance of the pre-
sented strategy compared with that of other previously
reported detection strategies for miRNA in the detection limit
and linear range was systematically summarized in Table S2
(ESI).t Notably, the linear response range is relatively wider
than or comparable to previously reported miRNA sensors.
Furthermore, the detection limit value was better than or com-
parable to the previously reported methods for miRNA. The
prominent performance of the proposed biosensing strategy
could be attributed to the T7 Exo-assisted cascade signal
amplification, hairpin assembly amplification and dual-signal
ratiometric output mode.

Specificity, reproducibility and stability of the biosensor

Diagnostic specificity is very important to evaluate the per-
formance of a biosensor for accurate disease diagnosis; there-
fore, miRNAs containing single, double or total mismatched
sites compared with target miRNA-141 were employed to
examine the selectivity of the proposed strategy. As illustrated
in Fig. 5, the signal output significantly increased with the
introduction of target miRNA-141, while the other miRNAs
had negligible response signals, indicating that only target
miRNA can trigger the release of probe STP and subsequent
signal transduction and amplification. This proves that the
designed biosensing strategy showed excellent sequence speci-
ficity to discriminate miRNA family members. The remarkable
specificity was due to the limited cleaving property of T7 Exo-
based catalyzed reactions and the ingenious design to perform
the ratiometric detection strategy.

Moreover, reproducibility is extremely important for asses-
sing the performance of the biosensing strategy, which was
explored by a series of five repetitive measurements with 1 fM,
1 pM and 10 pM miRNA-141 (Table S37). The relative standard
deviations (RSD) are 3.77, 2.04 and 3.76%, respectively,
demonstrating pleasurable reproducibility and accuracy of the
proposed biosensor. Moreover, the sensor remains bioactive

IAIB / IF [

0.0JE-v-v-

b c d
Samples
Fig. 5 Histograms of the specificity of the proposed sensor examined
by (a) blank, (b) noncomplementary RNA, (c) double-base mismatch
miRNA, (d) single-base mismatch miRNA, (e) miRNA-141 and (f) mixture

of all miRNAs. The concentrations of all miRNAs are 0.1 nM. Error bars
represent the standard deviations of three parallel tests.
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Table 1 Determination of miRNA-141 in human serum samples (n = 3)

Samples  Added (fM)  Found (fM) Recovery (%)  RSD (%)
1 10 10.95 + 0.08 100.95 2.31
2 100 102.49 £ 0.14 102.49 5.62
3 1000 976.00+ 0.09 97.60 4.56

too and the response signal had no obvious changes after two-
week storage at 4 °C, indicating the satisfied stability of the
proposed Fc-H1 sensing platforms. These results illustrated
that the proposed dual-signal ratiometric electrochemical bio-
sensing strategy had satisfactory reproducibility and stability.

Real sample analysis

The feasibility of the proposed dual-signal ratiometric electro-
chemical biosensor for practical applications was investigated
by adding numerous concentrations miRNA-141 into the 10%
diluted human serum samples obtained from healthy volun-
teers. As shown in Table 1, the results showed acceptable
recovery in the range of 97.60-102.49% and the RSDs from
2.31% to 5.62%. These results demonstrate that the proposed
dual-signal ratiometric strategy possesses high potential for
real sample determination.

Conclusions

In summary, a novel dual-signal ratiometric electrochemical
biosensor based on the T7 Exo-assisted homogenous target
cycle amplification coupling hairpin assembly-triggered dual-
signal output has been successfully constructed for the accu-
rate and sensitive detection of miRNA-141. Benefiting from the
unique integration of the homogenous recognition amplifica-
tion and anti-interference ratiometric electrochemical readout,
the designed biosensor showed excellent analytical perform-
ance for miRNA-141 in a linear range of 5 orders of magnitude
and the detection limit as low as aM level. Moreover, the
method also exhibited preeminent specificity and acceptable
accuracy, thus providing great promise in clinical application.
This proposed biosensing strategy would provide favourable
expansibility for the detection of biomolecules with high sensi-
tivity, good selectivity and wide detection range, showing a
promising avenue in early clinical disease diagnostics.
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