#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

PAPER

Simple and sensitive detection of miRNA-122 based
on a micro-biosensor through square wave
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The simple and sensitive detection of miRNA-122 in blood is crucially important for early hepatocellular
carcinoma (HCC) diagnosis. In this work, a platinum microelectrode (PtuE) was prepared and
electrodeposited with molybdenum disulfide (MoS;) and gold nanoparticles (AuNP), respectively, and
denoted as PtpE/MoS,/Au. The prepared PtuE/MoS,/Au was used as the microsensor for the detection
of miRNA-122 combined with the probe DNA as a biorecognition element which is the complementary
strand of mMiRNA-122. The PtpE/MoS,/Au conjugated with the probe DNA modified with sulfydryl units
was used as the micro-biosensor for the detection of miRNA-122. The square wave voltammetry was
performed for the quantitative detection of miRNA-122 using [Fe(CN)e]*~/*~ as a mediator. Under the
optimized conditions, the PtuE/MoS,/Au micro-biosensor shows a linear detection toward miRNA-122
ranging from 107 to 1078 M (S = 6.9 nA dec™?, R? = 0.9997), and the detection limit is 1.6 x 1072 M
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and small molecules, and has good reproducibility. Moreover, the PtpE/MoS,/Au micro-biosensor was
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1. Introduction

Cancer has always been one of the major public health prob-
lems worldwide.»* As one of the deadliest cancers both in men
and women, hepatocellular carcinoma (HCC), seriously
threatens human lives and health with high morbidity and
mortality." Accurate and early-stage diagnosis of HCC is vitally
important for guiding the treatment and the clinical curative
effect, which can significantly improve outcomes and survival.*?
Tumor markers are important indicators of the states of cancer.
Hence, the detection of tumor markers is extremely important
for the diagnosis of its related cancers at an early stage.*®
Moreover, the detection of tumor markers with high sensitivity
and specificity is always in urgent clinical demand, which is
crucially important for the diagnosis of cancer at an early stage
and guiding the clinical treatment.®
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detection assay could be a potential tool in HCC clinical diagnostics with high sensitivity.

microRNAs (miRNAs), which are only 18-23 nucleotides long
in length, play key roles in various cellular functions, and also in
tumor progression and metastasis,” which makes it to be a new
prognostic and therapeutic tool for the management of cancer.®
Herein, miRNAs could be important biomarkers of stage,
progression of cancer.” miRNAs have been served as biomarkers
for early diagnosis, clinical response and treatment of tumors,
and histological classification in the clinical applications.” As
the most abundant miRNA in the liver, miRNA-122 participates
in HCC development and various liver functions.' Therefore,
the value of miRNA-122 in the blood has been used as the
indicator of the HCC for early clinical diagnosis.*

Nowadays, the immunoassays have been mainly used in the
clinical diagnosis with the merits of high sensitivity and spec-
ificity, including electrochemical immunosensor,”” immuno-
fluorescence,” and enzyme-linked immunosorbent assay.**
However, these detection assays suffer from the problems of
expensive antibodies and lengthy preparation, and the biggest
drawbacks of standardization and harmonization of theses
assays limit their further clinical applications.® In addition, the
proteomic techniques and molecular biotechniques are also
employed for tumor marker analysis.">'® However, these
methods have the disadvantages of expensive costs, time
consuming, and needs skilled operation. Therefore, the devel-
opment of an innovative sensing assay for the detection of
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miRNA-122 with higher efficiency and easy operation is vital
important for HCC diagnosis.

Nowadays, electrochemical sensors have been alternatively
used in clinical diagnosis'” and life sciences'® with the advan-
tages of low cost, easy operation, flexible substrate, and high
sensitivity,'® especially the electrochemical microsensors based
on microelectrode, which have many distinctive merits, such as
low currents, steady-state responses, and short response time.*”
Therefore, microelectrodes could be a potential tool for the
detection of tumor markers with high accuracy in blood. DNA is
one of the most promising biorecognition elements for
biosensors toward miRNAs by the hybridization reaction.*
Therefore, the electrochemical microsensors based on micro-
electrode combined with probe DNA as biorecognition elements
could be attractive alternative strategies for the detection of
miRNAs with high sensitivity and efficiency. However, miRNAs
detection assays using probe DNA as biorecognition agents
through electrochemical microsensors are rather rare.

In this work, a platinum microelectrode was prepared, and
modified with molybdenum disulfide (MoS,) and nano-
composite of gold nanoparticle (AuNP), which could not only be
used as the solid-contact, but also as the sensing material,
especially the AuNP film could be an immobilization matrix for
the sulfydryl modified DNA probe. The label-free detection
assay was performed through square wave voltammetry (SWV)
based on PtpE/MoS,/Au as microsensor for the measurement of
miRNA-122 using [Fe(CN)s]* >~ as the mediator, and the SWV
measurements conditions were optimized to obtain high elec-
trochemical signal.

2. Materials and methods
2.1 Chemicals

The bovine serum albumin (BSA), PBS (136.89 mM NacCl,
2.67 mM KCl, 8.24 mM Na,HPO,, 1.76 mM NaH,PO,, pH 7.2-
7.4), and miRNA-122 5-UGG AGU GUG ACA AUG GUG UUU G-3/,
and its sulfydryl modified complement strand of miRNA-122 3'-
ACC UCA CAC UGU UAC CAC AAA AAAAAA-SH-5" were synthe-
sized by Shanghai Sangon Biotech Co., Ltd (Shanghai, China).
Human immunoglobulin G (IgG) and DEPC water were
purchased from Beyotime Biotechnology. The carcinoem-
bryonic antigen (CEA) protein and alpha fetal protein (AFP)
protein were purchased from Fitzgerald Inc. Single layer MoS,
quantum dots were purchased from Nanjing XFNANO Materials
Tech Co., Ltd. Monomer 3,4-ethylenedioxythiophene (EDOT,
>97%) was purchased from Sigma-Aldrich. Chloroauric acid
(HAuCl,) was purchased from Macklin Biotech Co., Ltd
(Shanghai, China). The Milli-Q ultrapure water (18.2 MQ cm-
specific resistance) was used throughout. All the other chem-
icals were of analytical reagent grade.

2.2 Fabrication of the platinum microelectrode

A platinum microelectrode, which is denoted as PtuE was
fabricated using a platinum wire with a diameter of 21.3 pm
(Conghang Co., Ltd, Shanghai, China, 99.9%). The platinum
wire was firstly attached to a copper wire by using
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a conductive silver lacquer. After dried at 60 °C for 6 h, the
copper wire attached with platinum wire was carefully inser-
ted into a glass capillary tube with a diameter of 1.5 mm. The
copper wire was fixed using non-conducting epoxy glue at the
stem end of the capillary tube, and dried at room temperature
for 6 h. The platinum wire was flame-fused into the glass from
the other tip. The tip of the electrode containing platinum
wire was smoothed using a fine grain sandpaper to obtain
a platform, other details was followed from the previous
work.?” Then the proposed PtuE electrodes were polished with
a 0.05 pm aluminum oxide suspension, and then were
chemically cleaned in 1.0 M HNO; for 15 min followed by
ultrasonic cleaning in deionized water and ethanol for 5 min,
respectively.

2.3 Fabrication of the miRNA-122 micro-biosensors

The MoS, quantum dots and AuNP were electrodeposited onto
the surface of PtuE through two-step galvanostatic electro-
chemical polymerization. The 0.1 mg mL~" MoS, quantum dots
dispersion containing 0.1 M EDOT was prepared with ultrasonic
treatment for ten min, and then used for the first electrodepo-
sition step. The second electrodeposition step was carried out in
1 uM HAuCl, solution. Each step of the electrodeposition was
applied under a constant current of 50 nA for 100 s to produce
a total polymerization charge of 5 uC. Moreover, each step of the
PtuEs micro-biosensor fabrication was characterized through
cyclic voltammetry (CV) in 0.1 M KCl solution using a CHI 660E
electrochemical workstation (Shanghai Chenhua Apparatus
Corporation, China).

The complement strand of miRNA-122 was used as the probe
DNA, and diluted into 10 uM with PBS solution before use. The
probe DNA modified with sulthydryl could be immobilized onto
the surface of the PtuE/MoS,/Au electrode after incubation, and
the non-specific absorbed probe DNA could be removed
through rinsing with PBS buffer. The incubation conditions of
the probe DNA with the PtuE/MoS,/Au electrode were optimized
to obtain high electrochemical signal, including the concen-
tration of the probe DNA and the incubation time.

2.4 Apparatus and measurements

The SWV measurements were performed in the 5.0 mM
[Fe(CN)e]* "~ solution containing 0.1 M KCI using a CHI 660E
electrochemical workstation to characterize the fabrication of
the PtpEs/MoS,/Au micro-biosensor. For SWV measurements,
the potential range, step potential, amplitude, and frequency
were set as from —0.1 to 0.5 V (vs. Ag/AgCl, 3 M KCl), 5 mV,
50 mV, and 25 Hz, respectively.”® The SWV and CV measure-
ments were both carried out through a three-electrode system,
in which a PtpuEs/MoS,/Au as working electrode, an Ag/AgCl
microelectrode with a diameter of 8-10 um had 3 M KCI as
reference electrode, and a Pt wire as counter electrode.

2.5. Analytical application

The blood samples were collected from the abdominal aorta of
the rats after the rats were sacrificed, and then used for the
demonstration of the applicability of the prepared PtuE/MoS,/
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Au micro-biosensors for the detection of miRNA-122. The
fabricated PtpE/MoS,/Au micro-biosensors were dipped into 20
pL of undiluted blood samples containing various concentra-
tions of miRNA-122 in a 200 pL centrifuge tube. After incubated
for 30 min at room temperature, the electrodes were rinsed
thoroughly with PBS solution to remove any interference
substances. The ion-barrier effect caused by the hybridization
between miRNA-122 and the probe DNA blocked the diffusion
of [Fe(CN)¢]* ™"~ towards the electrode surface, which would
lead to a decrease of the electrochemical signal. Therefore, the
concentration dependent decrease in the electrical signals
could be used for the quantitative measurement of miRNA-
122‘24,25

3. Results and discussion

The fabrication scheme of miRNA-122 micro-biosensor is indi-
cated in Scheme 1. The probe DNA modified with sulfhydryl
could be attached onto the surface of the PtpE/MoS,/Au through
the self-assembly chemistry of Au-S bond, which could lead to
the decrease of the peak current of the SWV caused by the
reduction of the active area. In addition, the capture of the
miRNA-122 through the hybridization with specificity would
lead to further decrease of the SWV peak current caused by the
ion barrier effect.> The net SWV peak current change (Al)
between the PtpE/MoS,/Au micro-biosensor recorded at ca.
0.23 V before and after the incubation with miRNA-122 is used
for the quantification detection of miRNA-122.

3.1 Cyclic voltammogram measurements

The scanning electron microscope (SEM) was used for the
characterization of the morphology of MoS, and AuNP on the
PtuE by the two-step electrodeposition method. As shown in
Fig. 1A, thousands of MoS, nanoparticles with a radius less
than 2 nm were considered on the surface of the electrode
after first electrodeposition, and AuNP with a radius less than
2 nm can be seen after second electrodeposition (Fig. 1B).>®
The CV scans were also carried out to investigate the elec-
trochemical behaviors of the electrodes after each electrode-
position step. The voltammetric characteristic of the
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electrode shows a capacitive process with a near-rectangular
shape from 0 to 0.5 V in Fig. 2 after each modification,”
which indicates a high reversibility of the MoS, and AuNP
film.?® Moreover, the capacitive current of the PtuE/MoS, at
0.25 V is much higher than the bare electrode, which indi-
cates that the redox capacitance of the electrode is enhanced
due to the presence of MoS, film. The capacitive current of the
PtuE/MoS,/Au is more than two times higher than the PtpE/
MoS,, therefore the redox capacitance of the electrode is
further enhanced after the second modification of the AuNP
film. This phenomenon agrees well with the conventional
glassy carbon electrode.?* Moreover, the CV measurements
also confirm that the MoS, and AuNP are successfully elec-
trodeposited onto the PtpE electrodes.

3.2 Optimization of the experimental conditions

The SWV measurements were carried out to investigate
several experimental conditions which might have influence
on the electrochemical performance of the PtuE microsensor
toward miRNA-122. As shown in Fig. 3, the SWV response of
the PtuE/MoS,/Au microsensor was recorded after the incu-
bation with various concentration of the probe DNA ranging
from 10™° M to 10~ ® M. The SWV peak current increases with
the decrease of the probe DNA concentration (Fig. 3A). The A
between the peak current of the PtuE/MoS,/Au micro-
biosensor incubated with various concentrations of the
probe DNA was calculated, and the results show that the A
increases with the increase of the probe DNA concentration in
the range of 107°-10"7 M, while when the concentration of
the probe DNA is up to 10~ ° M, the AI no more increase, and
even shows a slight decrease (Fig. 3B). Hence, 10~ M probe
DNA is used for further detection assay.

As another important factor affecting the analytical
performance, the incubation time of the PtuE/MoS,/Au with
probe DNA also needs to be optimized. The optimal incuba-
tion time between the probe DNA (10~7 M) and PtuE/MoS,/Au
electrodes for the formation of PtuE/MoS,/Au micro-
biosensor was investigated, and the corresponding SWV
response of the PtpE/MoS,/Au electrodes incubated with the
probe DNA (10~7 M) for different time was recorded (Fig. 4A).

—

Current / nA
w

Potential / V
B

AuNP A\/N\/ Probe DNA \/\/N miRNA-122 () Fe(CN)s*/>

Scheme 1 Schematic illustration of the detection assay toward miRNA-122 through square wave voltammetry in blood based on PtuE/MoS,/Au

micro-biosensor using the probe DNA as biorecognition element.
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Fig. 1 SEM image of the surface of the PtpE/MoS, (A) and PtuE/MoS,/Au (B).
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Fig.2 Cyclic voltammograms of the PtuE electrodes (a) PtuE, (b) PtpE/
MoS,, and (c) PtuE/MoS,/Au. The scan rate was 50 mV s %,

The AI between the SWV peak current of the PtuE/MoS,/Au
electrodes incubated with the probe DNA for 0 to 1 h was
calculated, and as shown in Fig. 4B, Al increases with the
increase of the incubation time from 15 min to 0.5 h. While,
AI no longer increase when the incubation time is up to 1 h,
and even a little decrease instead. Therefore, the incubation
time of 0.5 h is selected for further assay.

3.3 Sensitivity, selectivity, and reproducibility of the PtpE/
MoS,/Au micro-biosensors

The sensitivity of the proposed PtuE/MoS,/Au micro-
biosensors under the optimized conditions was assessed,
and the effect of miRNA-122 concentration was determined by
SWV measurement starting with a concentration of 107% M,
and the solution was diluted with DEPC water by a factor of 10
until a limit of detection (LOD) could be determined.>® As
expected, the SWV peak current decreases with the increase of
the miRNA-122 concentration (Fig. 5A), which is caused by the
decrease of the electron transfer efficiency of the Fe(CN)g* />~
from the electrolyte to the electrode resulted from the capture

© 2023 The Author(s). Published by the Royal Society of Chemistry

of the miRNA-122 by the probe DNA.**> As shown in Fig. 5B, the
calibration plots displayed a good linear relationship of Al
between the peak current of the PtpE/MoS,/Au micro-
biosensors before and after the incubation with miRNA-122
versus various concentration of 10 ''-10"®* M (S = 6.9 nA
dec™, R* = 0.9997), and the LOD is 1.6 x 10 ** M (3a/b),
where ¢ is the standard deviation of “n”, which is the number
of SWV in blank solution, and b is the slope of the calibration
plot (Fig. 5B).**** Obviously, the detection assay developed in
this work has good linear range and high sensitivity, and
could be used for detection of miRNA-122.
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Fig. 3 Electrochemical signal and calibration plot of the PtuE/MoS,/
Au miro-biosensors: (A) SWV curve of the PtuE/MoS,/Au electrodes
incubated with the probe DNA (a) O M, (b) 107° M, (c) 1078 M, (d)
1077 M, (e) 107® M; (B) SWV calibration plot of PtpuE/MoS,/Au elec-
trodes incubated with probe DNA range from 1072 M to 1076 M.
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Fig. 4 Electrochemical signal and calibration plot of the PtuE/MoS,/
Au miro-biosensors: (A) SWV curve of the PtuE/MoS,/Au electrodes
incubated with 10~ M probe DNA for (a) 0 M, (b) 0.25 h, (c) 0.5 h, and
(d) 1 h; (B) SWV calibration plot of PtuE/MoS,/Au electrodes incubated
with 1077 M probe DNA for different time range from 0.25 h to 1 h.
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Fig. 5 Electrochemical signal and calibration plot of the PtpuE/MoS,/
Au miro-biosensors: (A) SWV curve of the PtpuE/MoS,/Au micro-
biosensors for miRNA-122 (a) blank (b) 1072 M, (c) 107" M, (d) 107 M,
(€) 107° M, and (f) 1078 M; (B) SWV calibration plot of PtuE/MoS,/Au
micro-biosensors recorded for miRNA-122 range from 107 M to
1078 M,

The specificity of the proposed PtuE/MoS,/Au micro-
biosensors against other interfering substances should be also
investigated.** As shown in Fig. 6, the Al value of the PtuE/MoS,/
Au micro-biosensors versus 10~° M miRNA-122 is much higher
than many other interfering proteins in the blood, including
CEA, AFP, BSA, and human IgG. Moreover, the PtuE/MoS,/Au
micro-biosensors show high selectivity against many small
molecules existing in the Hank's solution containing glucose
(0.34 g mL ™), K" (0.4 g mL "), Ca** (0.14 g mL "), and Na*
(8.36 g mL™"), which is almost the same with electrolyte of
human body. Therefore, the PtuE/MoS,/Au micro-biosensors
have good selectivity. The reproducibility of the proposed
PtpE/MoS,/Au micro-biosensors is one important factor, and
should be determined.* Five freshly prepared PtuE/MoS,/Au
micro-biosensors were used for miRNA-122 SWV measurements
at the concentration of 10™® M, and standard deviation is 6.6%.
Further, the PtpE/MoS,/Au micro-biosensors can retain 100% of
its initial response for five weeks at a storage period of 4 °C, and
the initial response can maintain 92.7% even after six weeks
storage. Herein, the initial response of the PtpE/MoS,/Au micro-
biosensors exhibits a good reproducibility and long-time
stability.

301

20+

Al / nA

101

miRNA-122 BSA CEA AFP Hank's IgG
Fig. 6 SWV calibration plot of PtpuE/MoS,/Au micro-biosensors
recorded for 1078 M miRNA-122, 1 ng mL™* AFP, 1 pg mL™t CEA, 1 pg

mL~! BSA, 1 ng mL~* human IgG, Hank's solution.
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Table 1 Validation of the developed assay (n = 3)
Added conc. Recovery
Samples (nM) Found conc. (nM) (%) RSD (%)
Sample 1 1 1.13 £ 0.34 117 19.5
Sample 2 10 11.4 £ 2.48 114 18.4
Sample 3 50 48.9 £ 9.78 97.8 16.8

3.4 Real sample analysis

The designed detection assay was used for the measurement of
miRNA-122 in the real blood to investigate the feasibility of the
prepared PtuE/MoS,/Au micro-biosensors in sample analysis.
The accuracy and precision of the proposed assay was verified
through the standard addition method. As shown in Table 1,
the measured recoveries of the proposed assay for miRNA-122
in blood is 97.8-117%, with the RSD values lower than 19.8%,
which indicates that the PtuE/MoS,/Au micro-biosensors are
available for miRNA-122 analysis in the real blood samples, and
has a promising potential for clinical diagnosis with high effi-
ciency and sensitivity.

4. Conclusions

In this work, a high efficiency and accuracy detection assay
toward miRNA-122 based on PtuE/MoS,/Au micro-biosensors
through SWV has been developed. The PtuE/MoS,/Au micro-
biosensor was fabricated using PtuE modified with MoS, and
AuNP through two-step electrodeposition as microsensor, and
the probe DNA conjugated onto the surface of the PtuE/MoS,/Au
is used as the biorecognition element. The proposed detection
assay has high sensitivity and feasibility for the detection of
miRNA-122 in undiluted blood samples of limited volumes of
20 puL. The proposed detection assay could meet the demand for
clinical applications of HCC diagnosis clinically in the future
with good selectivity, high efficiency, and reproducibility.
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