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Abstract

In present study, a sensitive and effective electrochemical microRNA (miRNA)
sensing platform is successfully developed by integrating gold nanoparticles
/polypyrrole-reduced graphene oxide (Au/PPy-rGO), catalyzed hairpin assembly
(CHA) and hybridization chain reaction (HCR) multiple signal amplification strategy.
Firstly, Au/PPy—rGO was employed onto a bare GCE by electrodeposition that can
greatly enhanced conductivity and effectively immobilize probes. Then, the thiolated
capture probes (SH-CP) were self-assembled on the Au/PPy-rGO modified GCE via
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Au-S bond. The target miRNA triggered the dynamic assembly of the two hairpin
substrates (H1 and H2), leading to the cyclicality of the target miRNA and the
formation of H1-H2 complexes without the assistance of enzyme. Subsequently, the
newly emerging DNA fragment of H2 triggered the HCR when a mixture solution
(hairpins H3 and H4) and produced dsDNA polymers. Finally, a substantial amount of
methylene blue (MB) as signal indicator was intercalated into the minor groove of the
long dsDNA polymers to achieve detected electrochemical signal. The fabricated
sensor is able to detect miRNA-16 (model target) with concentration range from 10
fM to 5 nM with a low detection limit (LOD) of 1.57 fM (S/N=3). Current research
suggests that the developed multiple signal amplification platform has a great
potential for the applications in the field of biomedical research and clinical analysis.

Graphical Abstract

An enzyme-free sensitive electrochemical microRNA-16 biosensor was
constructed by integrating gold nanoparticles/polypyrrole-reduced graphene oxide
nanocomposite (Au/PPy-rGO), catalyzed hairpin assembly (CHA), and hybridization
chain reaction (HCR) multiple signal amplification strategy, and it exhibited excellent
sensing performance for miRNA-16 reduction with large linear concentration range

and low detection limit.
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1. Introduction

MicroRNAs (miRNAs), a family of endogenous small and non-coding RNAs
with 18-25 nucleotides (nts), play a critical role in gene expression and biological
processes, for instance, cellular development, proliferation, differentiation,
metabolism, and tumorigenesis etc [1-3]. Recently, some clinical studies demonstrated
that the alteration expression levels of many miRNAs remarkably alter the associated
with tumor progression, thus it has become novel diagnostic markers for cancer
diagnosis, therapy, and prognosis [4-8]. Many studies identified that miRNA-16
family members could serve as biomarkers in the diagnosis of the related diseases,
including Gastric cancer (GC) [9], diffuse large B cell lymphoma (DLBCL) [10], oral
cancer [11], nasopharyngeal cancer [12] and breast cancer [13], and it could
distinguish cancer patients from non-cancer people [14]. Therefore, mMIRNA-16 was
chosen as the target miRNA in the detection.

On account of the correlation between miRNAs and human serious diseases, it's
important to develop convenient, rapid, efficient, reliable, ingenious approach for the
detection of miRNAs. However, the intrinsic characteristics of miRNA, such as short
sequence, low abundance, vulnerable degradability, high sequence similarity among
their family members, and relatively low expression levels, make it extremely hard to
be detected in real samples [15]. Conventional methods for miRNA detection such as
northern blot analysis [16-17], molecular cloning [18-19], polymerase chain reaction
(PCR) [20-21], microarray assay [22-23], suffer the limitations that hindered their
applications in clinical diagnostic, such as poor sensitivity, time-consuming, low
throughput, complex data analysis , requirement of sophisticated instrumentation and
skilled professionals, which limited their widespread applications in clinical
diagnostics. To surmount these shortcomings, extensive methods using different
signal readout assays have been developed recently, such as surface plasmon
resonance (SPR) [24], colorimetric measurement [25], fluorescence [26],
electrochemiluminescence (ECL) [27] and electrochemical biosensor [28-29]. Among
them, electrochemical biosensors for the quantification of miRNA are currently
gaining an increasing attention due to its many significant advantages, for instance,
high sensitivity and selectivity, relatively low cost, fast response, portability, and
simple operation [30].

In order to further enhance the sensitivity of electrochemical biosensors, a
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number of signal amplification techniques have been widely developed, such as
hybridization chain reaction (HCR) [31], catalyzed hairpin assembly (CHA) [32],
rolling circle amplification (RCA) [33-34], nuclease amplification [35] and
nanomaterials based techniques [36-37]. CHA strategy has attracted keen interest in
miRNA detection because of its enzyme-free peculiarity and the target miRNA can be
cyclically utilized for many times to amplify electrochemical signal even though the
level of target miRNA in the sample is low [38]. HCR amplification can bind
thousands of auxiliary hairpin probes and produces long nicked double-strands
(dsDNA) molecule without the assistance of enzyme, which is relatively convenient
in sensing field [39-40]. Most recently, nanomaterials (AuNPs and carbon materials,
etc.) were popularly employed as electrode supporting substrates to achieve signal
amplification in miRNA detection due to their excellent conductivity, high specific
surface area to volume ratio, good biocompatibility, and size-dependent properties
[41]. Based on previous study, reduced graphene oxide (rGO) was co-deposited with
pyrrole (Py) through electrochemical cyclic voltammetry to form a homogeneous
membrane (PPy-rGO) on the surface of the electrode. The rGO was especially
incorporated into the polypyrrole (PPy) to avoid aggregation owing to strong
chemisorptions between carbon materials and polymers, and it also provides several
functional groups such as carboxyl (-COQH) and hydroxyl (-OH) groups resulting in
the higher conductivity, which is beneficial to the growth of metal nanoparticles in the
fabrication of nanocomposites [42-44]. Finally, AuUNPs were electrodeposited on the
PPy-rGO surface to form Au/PPy—rGO nanocomposite in this work, providing a large
surface area and conductive platform for the immobilization of probes.

Herein, using miRNA-16 as a model target, we integrated nanocomposite
(Au/PPy—rGO), CHA and HCR signal amplification strategies to fabricate a multiple
signal amplification electrochemical biosensors for sensitive detection of miRNA.
Au/PPy-rGO nanocomposite was employed as support substrate to amplify the
electrochemical signal, increasing the sensitivity of fabricated miRNA biosensor
enormously. Then, capture probes (SH-CP) were self-assembled onto Au/PPy-rGO
modified GCE via Au-S bond. Hairpins (H1 and H2) were triggered by the target
mMiRNA (miRNA-16) to form a double helix structure, realizing the CHA reaction
which led to the cyclicality of the target miRNA. The exposed DNA fragment of H2
then served as a trigger to induce the hybridization reaction (HCR), yielding a long
dsDNA molecule until the hairpins of H3 or H4 is exhausted. Finally, a substantial



amount of methylene blue (MB) as redox probes could be intercalated into the
double-stranded DNA (dsDNA) through 77 stacking interactions to achieve detected
electrochemical signal. The proposed platform provides a general and promising
strategy for ultrasensitive detection of miRNAs in clinical diagnosis.

2. Experiments
2.1 Reagents and materials

Pyrrole (98%), hydrogen tetrachloroaurate trinydrate (HAuCls*3H,0), sodium
dodecylbenzenesulfonate (SDBS), dodecylbenzene sulfonic acid (DBSA, >99%),
disodium ethylenediamine tetraacetic acid (EDTA) and tri (2-carboxyethyl) phosphine
hydrochloride (TCEP) were purchased from Aladdin (Shanghai, China). Tris—HCI and
methylene blue (MB) were obtained from Sigma-Aldrich (St. Louis, USA) and used
as received. 6-mercapto-1-hexanol (MCH) was purchased from Adamas Reagent Co.,
Ltd. (Shanghai, China). 20 bp DNA ladder, DL 500 DNA marker, and 10xLoading
buffer were purchased from TaKaRa Biotechnology Co., Ltd (Dalian, China). Agarose
was provided by Invitrogen Biotechnology Co., Ltd (Carlsbad, CA, USA). The
normal human sera were purchased from Solarbio Tech Co., Ltd. (Beijing, China).

HPLC-purified oligonucleotide sequences were designed according to previously
reported methods. The oligonucleotides were synthesized and purified from Sangon
Biotechnology Co. (Shanghai, China). The base sequences were summarized in Table
1. The buffer solutions employed in this work were purchased from Sangon
Biotechnology Co. (Shanghai, China). All other chemicals were analytical-reagent
grade and were used as received. All aqueous solutions were freshly prepared with
deionized distilled (DI) water (18.2 MQ-cm) with a Millipore system.
2.2 Apparatus and electrochemical measurements

The prepared electrodes were morphologically characterized by FEI Nova 400
field-emission  scanning electron microscope (FESEM), energy dispersive
spectroscopy (EDS) and X-ray diffraction (XRD) measurements. Electrophoresis
apparatus DYY-6C was employed in electrophoresis experiments and the gel image
was recorded on an azure biosystems cSeries imaging systems. All electrochemical
measurements were carried out using a CHI 760E electrochemical workstation
(Shanghai Chenhua Instruments Co. Ltd, China) with a conventional three-electrode
system inculuding a modified GCE (GCE, ® = 3 mm), a platinum wire (counter
electrode) and a silver/silver chloride (Ag/AgCl) reference electrode. All the

measurements were triplicated and obtained at room temperature.
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2.3 Gel electrophoresis

Electrophoresis analysis were carried out on 3.5% agarose gel and ran at a
constant voltage at 80 V for 35 min in 0.5 x tris-borate-EDTA buffer (TBE, pH 8.0) at
room temperature. Then, the nucleic acid dye was Nucleic Acid Red (NA-Red).
Samples for agarose gel electrophoresis assays were prepared as follows: (1) 20 bp
DNA ladder, (2) H1, (3) H2, (4) H1+H2, (5) H1+T+H2, (6) H1+T+H2/H3+H4; T:
target miRNA (miRNA-16). The concentration of each sample in agarose gel was 3
puM.

2.4 Synthesis of rGO and electrochemical polymerization of
AUNPs/PPy-rGO

Graphene oxide (GO) was synthesized from natural graphite powder according
to a classical Hummer’s method with modification [45]. 0.01 M SDBS was added to
100 mL aqueous suspension of GO at a concentration of 0.1 mg mL > under ultrasonic
treatment for 2 h. Then, the color of the above solution changed to black after
SDBS-modified GO was reduced with hydrazine (30 mL) and heated at 100 °C for
over 24 h [46]. The obtained rGO-SDBS was centrifuged out, washed with DI water
for several times, and dried in vacuum environment overnight.

Prior to the electrode modification, the bare GCE was polished with 0.3 and 0.05
um alumina slurries, then sonicated in acetone, ethanol and DI water for 30 s. After
that, the GCE was immersed into a deposition solution containing 0.1 M pyrrole, 1
mg ml? rGO-SDBS, 0.02 M DBSA and protected with N,. The PPy-rGO was
deposited by CV from -0.2 to 1.2 V for 8 cycles and intensive washed with PBS buffer.
In addition, the gold nanoparticles (Au) were further deposited onto the
PPy-rGO/GCE in 0.1% HAuCI, solution containing 0.01 M H,SO, and Na,;SO,
(v/v=1:1) at the potential of -0.2 V for 300 s to obtain Au/PPy-rGO/GCE [47].

2.5 Fabrication of the proposed biosensor

Prior to use, all the hairpin oligonucleotides were annealed at 95 °C for 5 min,
then were slowly cooled at room temperature [48]. A 20 pL aliquot of SH-CP (5 uM)
solution was freshly reacted with 10 uL of 10 mM TCEP solution for 1 h at room
temperature to reduce the disulfide bonds. The schematic diagram of the stepwise
fabrication procedure was illustrated in Scheme 1A. First of all, a droplet of SuL of 5
uM SH-CP solution was directly cast onto the surface of AuNPs/PPy-rGO/GCE and
incubated for 2 h at 37°C condition via Au-S bonding. The modified electrode was
rinsed three times with PBS, the resulting electrode surface was blocked with 2 mM



MCH solution for 1 h and rinsed with distilled water. Subsequently, 10 pLL mixture
solution (H1 and H2) with different concentrations of the target (miRNA-16) was
dropped on the modified GCE and incubated for 2 h at 37 °C to trigger the CHA,
followed by a thorough washing with PBS and DI water. Then, the modified electrode
was immersed in 20 pL mixture containing 1 pM H3 and 1 uM H4 at 37 °C for 2 h
(HCR) and terminated by thorough washing. The as-prepared electrode was immersed
into 1 mM MB for 30 min, resulting in the accumulation of MB into the
double-stranded DNA (dsDNA) polymers by a non-covalent manner, which served as
an electron mediator to give the electrochemical signal for miRNA detection [49-50].

3. Results and discussion
3.1 Mechanism of the proposed miRNA biosensor

Scheme 1A illustrated the principle of multiple signal amplification-based
biosensor for the detection of miRNA, and involved three main stages: (1)
AUNPs/PPy-rGO was used as support substrate to immobilize SH-CP through Au-S
binding; (2) a double helix structure of H1-H2 was formed by a catalyzed hairpin
assembly reaction (CHA); (3) the formation of longer DNA strands through the
hybridization chain reaction (HCR). According to earlier approaches [51-54], we
designed hairpin probes (H1, H2, H3 and H4) containing an occluding
complementary domain within the intramolecular hairpin secondary structure,
respectively (Scheme 1B and Fig. S1). Two stable hairpin species did not originally
interact but could catalytically form a stable duplex in the presence of target
oligonucleotide sequence [51, 55]. Hairpins H1 and H2 were composed of five (0°, 1°,
2, 3, 4) and four (2, 3, 4, 5) numbered domains, respectively, and each of numbered
domain represents a short fragment sequence. Complementarity to the corresponding
domain is denoted by a prime symbol (’) with the same numbered domain. The
stem-loops with bulky structures significantly reduced the surface density at the
AuU/PPy-rGO, therefore, we used domain 0’ of H1 as a linker to hybridize with SH-CP
(0) to increase the surface density without conformational change (Scheme 1A, a)
[56-57]. Domain 1-2-3 of target miRNA, (T), serves as a ‘tochold region’ to initiate a
branch migration with stem of H1 (Domain 1°-2°-3). The introduction of target
miRNA (T) could open the hairpin structure of H1 and hybridize it to form H1-T
intermediate x by strand-displacement reaction (Scheme 1A, b). The newly emerging
domain 3’ of HI1-T intermediate initiates a branch migration reaction to form an

unstable H1-H2-T complex (Scheme 1A, c). After a stable H1/H2 duplex were
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conformed (Scheme 1A, d) the target miRNA were simultaneously liberated, resulting
to the cyclicality of the target miRNA (T) and the CHA products. When the mixture
(H3 and H4) was added, the newly exposed toehold 5 of H2 served as trigger to
induce hybrid chain reaction (HCR), aiming to in situ form a steady stream dsDNA
copolymers until the supply of H3 or H4 is exhausted (Scheme 1A, e) [58]. Ultimately,
a large amount of MB was intercalated into the minor groove of the long dsDNA
polymers to response electrochemical signal for the detection of miRNA [49].
3.2 Characterization of the Au/PPy-rGO nanocomposite

The morphologies of the prepared samples were characterized by SEM (Fig.1).
The as-prepared electrochemically polymerized polypyrrole (PPy) presents compact
and a typical cauliflower architecture (Fig. 1A). When mixing reduced graphene oxide
(rGO) with pyrrole in deposition solution, the PPy-rGO nanocomposite was
electropolymerized onto the surface of electrode. Fig. 1B displays the top view of the
PPy-rGO nanocomposite with a flexible and crumpled paper-like film, which was
clearly distinguished from PPy. The AuNPs with a diameter of ~30 nm were
uniformly deposited on the both layers and skeleton of the PPy-rGO nanocomposite
(Fig. 1C), suggesting efficient and successful electrodeposition of AuNPs into PPy—
rGO. Furthermore, the prepared Au/PPy-rGO nanocomposite, with an increased
surface roughness and excellent electric conductivity, was used as substrate to
immobilize SH-CP and also facilitate electron transfer of the biosensor. To further
confirm the successful synthesize of Au/PPy-rGO, EDS element mapping analysis
and X-ray diffraction (XRD) measurements were carried out. The synthesized
nanocomposite contains C, N, O and Au elements and all elements are uniformly
distributed throughout the whole selected Au/PPy—rGO (Fig. 1D). As shown in Fig.
S2, the diffraction peaks located at 20 values of 38.65°, 44.6°, 64.6°, 77.7° and 82.4°
are assigned to (111), (200), (220), (311) and (222) planes of Au, respectively, while a
diffraction peak located at 20 value of 25.7° is corresponding to (002) plane of C
(PPy-rGO), implying the successful synthesize of Au/PPy-rGO composite.

3.3 Electrochemical characterization of the proposed mMiRNA
biosensor

The stepwise process of the working electrode was systematacially investigated
by CV and EIS in 5 mM [Fe(CN)s]* ™ (1:1) solution containing 0.1 M KCI from -0.2
V to +0.6 V. As shown in Fig.2A, a pair of well-defined quasi-reversible redox peaks



of [Fe(CN)g]>’* were obtained at the bare GCE (Fig.2A, curve a). When Au/PPy—
rGO nanocomposite was electrodeposited on the GCE surface, the redox peak
currents obviously increased (Fig.3A, curve b) owing to the excellent conductivity of
Au/PPy-rGO and the enhanced effective surface area of the electrode, which could
significantly accelerate the electron transfer. In contrast, the current response was
reduced dramatically when capture probes (SH-CP) were immobilized through Au-S
bond (Fig.2A, curve c), which can be explained as the fact that SH-CP can hinder the

374 After the mixture

electron transfer rate between the electrode and [Fe(CN)g]
solution (H1, miRNA-16 and H2) were added and double helix structures of H1-H2
were formed by a catalyzed hairpin assembly reaction (CHA), a dramatic decrease in
redox current peaks were noted (Fig.2A, curve d). This phenomenon occurred because
the polymerization of dsDNA on the surface of the electrode increased the
electrostatic repulsion between the negatively charged DNA - backbone and
[Fe(CN)s]* ™. As expected, the peak current further decreased when a mixture (H3
and H4) was added (Fig.2A, curve e). It confirmed the occurrence of hybridization
chain reaction (HCR) and the formation of longer DNA strands on the electrode
surface could further repel the diffusion of ferricyanide toward the electrode surface.
EIS is an effective and convenient method for investigating the charge transfer
properties of the stepwise modified electrode. As illustrates in the inset of Fig. 2B, a
Randles equivalent electrical circuit is employed to fit all the electrical parameters of
the EIS. In these circuits, Rs is primarily the resistance of the electrolyte solution; R
is the charge transfer resistance; Z,, is the Warburg impedance related to the diffusion
of ions in the bulk electrode; C is capacity of the double layer [59]. First, the bare
GCE exhibited the Ry of approximately 615 Q (Fig. 2B, curve a) with a small
semicircle. After Au/PPy-rGO was electrodeposited on GCE, the R decreased
significantly and displayed an almost straight line (Fig. 2B, curve b) due to the
excellent conductivity of the composite. Then, the R greatly increased to about 1155
Q (Fig. 2B, curve c¢) when the SH-CP was assembled onto the electrode surface,
demonstrating that capture probes were successfully combined on the Au/PPy—
rGO/GCE via Au-S bond. As expected, a further increased R value (1825 Q) was
observed as a result of the negatively charged phosphoric acid backbones of dsSDNA
(H1-H2) immobilized on the electrode surface (Fig. 2B curve d). With the addition of
locked hairpins H3 and H4 mixtures, the value of R increased to 3688 Q (Fig. 2B
curve e), which could be interpreted as the successful HCR process and the fact that
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more negatively charged dsDNA polymers were linked on the modified electrode. All
of the EIS results were identical with the changes observed in CV, which confirmed
the successful fabrication of the miRNA biosensor.

3.4 Signal amplification properties of CHA and HCR

At first, the process of CHA and HCR were verified using target miRNA with
agarose gel electrophoresis. As seen in Fig. S3, hairpin DNA segments (H1 (lane 2)
and H2 (lane 3)) could not hybridize with each other in absence of target miRNA
(lane 4), only maintaining the hairpin stem region with each other. However,
hybridization of H1 and H2 was initiated in the presence of target miRNA (T),
resulting a newly bright band (lane 5). When the locked hairpins (H3 and H4) were
added, HCR was triggered by the newly emerging DNA fragment of H2, resulting in
many longer dsDNA polymers (lane 6). The electrophoresis results implied that the
introduction of target miRNA (T) could open the hairpin structure of H1 and trigger
CHA, and the occurrence of HCR could produce long dsSDNA molecule.

The signal amplification properties of the proposed approach were also
investigated using DPV method toward the as-prepared electrodes in 0.1 M PBS
(pH=7.4). Fig. 3 displays a feeble peak current when only SH-CP and H1 were
assembled onto the electrode surface (Fig. 3, curve a). After the addition of only H2,
the current change between curve a and b was nearly negligible (Fig. 3, curve b),
which ~ demonstrated  that the H2  failed to immobilize  on
H1/SH-CP/Au/PPy-rGO/GCE. The reason of this phenomena was that two stable
hairpins could coexist in solution [60]. By contrast, after simultaneously adding target
miRNA-16 (5 nM) and H2, a distinct increase in current signal was obtained (Fig. 3,
curve c¢) due to the occurrence of CHA to form a stable H1/H2 duplex. Furthermore,
the peak current signal was dramatically increased when the electrode was immersed
in locked hairpins H3 and H4 mixtures (Fig. 3, curve d). This phenomenon attributed
the successful HCR process to gain longer dsDNA molecule and more accumulation
amounts of MB to gain higher current signal.

3.5 Optimization of the experimental conditions

To achieve higher analytical performance of the developed miRNA biosensor,
the concentration of H2 and the incubation time of CHA were selectively optimized
and the corresponding results are showed in Fig. 4. As shown in Fig. 4A, with the
addition of different concentrations of H2 from 0.6 uM to 1.4 uM in mixture (1 uM
HI1 and 5 nM target miRNA), the peak current of MB increased sharply up to 1.2 uM
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and then gradually leveled off. Therefore, 1.2 uM were chosen as the optimal
concentration of H2. The effect of the incubation time of CHA, which was related to
the density of the double helix structure of H1-H2 on the electrode were also tested.
The incubation time of CHA on the DPV response was optimized in the range of 30—
150 min without other condition changes. With the prolongation of incubation time,
the peak current of MB initially increases almost linearly within 120 min and
remained stable thereafter (Fig. 4B), indicating that the reaction equilibrium was
reached. Thus, 120 min was selected as the optimal incubation time of CHA in
subsequent experiments.
3.6 Analytical performance of the proposed miRNA biosensor

The analytical performance of the developed biosensor in miRNA-16 detection
with different concentrations was investigated by DPV measurements under the
optimal conditions (Fig.5). The DPV responses of MB linearly increased with the
logarithm of miRNA-16 concentrations in the range of 10 fM ~ 5 nM (Fig. 5A). The
corresponding regression equation can be expressed as I(pA) = —5.91227 logc —
87.833 with a coefficient of determination (R?) of 0.99353, where ¢ represents
concentrations of miRNA-16 (n=3) (Fig. 5B). The limit of detection (LOD) was
calculated to be ~1.57 fM (S/N=3). More comparisons of this work with reported in
earlier studies on miRNA detection were shown in Table S1. The good sensing
performance can be attributed to the synergistic effect of two factors: (1) Au/PPy—
rGO nanohybrid with high specific surface area and good conductivity provided more
effective electroactive sites to immaobilize on electrode that enhanced the performance
of biosensor; (2) the combination of signal amplifications of CHA and HCR to
amplify the signal readout and improve the detection sensitivity of biosensor.
3.7 Specificity, reproducibility and stability of the proposed miRNA
biosensor

The selectivity of the developed biosensor was verified by exposing it to four
types of sequences including perfect complementary sequence, single-base mismatch
(SRNA) sequence, non-complementary DNA (nDNA) sequence, and
non-complementary RNA (nNRNA) sequence (miRNA-155) under identical conditions.
As expected shown in Fig. 6, the proposed biosensor exhibited negligible interference
to 500 pM sRNA (b), 500 pM nDNA (c) and 500 pM nRNA (d), and the results were
nearly the blank ground current (a). Interestingly, the current variation of perfect
complementary strand, 500 pM target miRNA-16 (e), was nearly 6-fold than that of
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central mismatched sequences. These current responses demonstrated that the
proposed miRNA sensing strategy showed a high electrochemical specificity toward
the target miRNA.

Assay stability was evaluated by 30-continuous cycles CV measurements in 0.1
M pH 7.4 PBS with the range from -0.7 to 0.2 V after incubating 500 pM miRNA-16
(Fig. S4) and a relative standard 4.55% were acquired. Long-term stability of the
fabricated biosensor was further tested and the biosensor could Rctain about 93.6% of
its initial stable response value after two-week storage at 4 °C (Fig. S5).
Reproducibility of the proposed biosensor was also investigated. Five modified
electrodes prepared with the same procedure were incubated with 500 pM miRNA-16.
All electrodes showed similar signals and a relative standard deviation (RSD) of 4.37%
was acquired. Generally speaking, these results suggested that the biosensor for
detecting miRNA-16 possessed satisfactory stability and acceptable reproducibility.
3.8 Analytical application of the miRNA biosensor

To monitor the practical applicability of the prepared biosensor, recovery
experiments were performed through the standard addition method by adding different
concentrations (0.5, 1, 50 and 100 pM) of miRNA-16 into the 10-fold diluted blank
human serum samples. As summarized in Table S2, the calculated recovery in real
serum samples were observed in the range from 92.68% to 105.7% with the RSD
values ranging from 2.13% to 6.37%, respectively. This finding demonstrated that the
proposed strategy showed good potential as a practical tool to monitor miRNA in real

biological samples.

Conclusion

In the present work, we successfully developed an ultrasensitive electrochemical
biosensor for amplified miRNA-16 detection through multiple signal amplifications.
Several advantages of the fabricated biosensor should be highlighted: (1) the
synthesized nanocomposite of Au/PPy—rGO increased the surface area and also
showed excellent conductivity, thus enhancing the electron transfer; (2) The
combination of CHA and HCR accomplished the target recycling and signal
amplification without the assistance of protein enzymes; (3) With the above signal
amplification strategies, the fabricated miRNA biosensor displayed not only a
sensitive detection limit of 1.57 fM (miRNA-16) and a wider linear range of 10 fM ~
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5 nM but also high selectivity, satisfactory stability and ideal reproducibility; (4) The
proposed multiple signal amplification strategy could be conveniently extended to
detect other cancer related miRNAs by simply altering the corresponding sequence. In
summary, the proposed approach is a valuable platform for sensitive detection of
mIiRNA, suggesting a promising potential in early cancer prevention and detection.
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Fig. 1 SEM images of PPy (A), PPy—rGO (B) and AuNPs/PPy—rGO (500 nm) (C). (D)
EDS element analysis of AuNPs/PPy—rGO composite. PPy was prepared by
electrochemical deposition of 0.05 M pyrrole in DBSA for 10 cycles.

Fig. 2 CVs (A) and EISs (B) of different modified electrodes in 0.1 M PBS containing
5 mM [Fe(CN)**, (a bare GCE, (b) Au/PPy-rGO/GCE, (c)
SH-CP/Au/PPy-rGO/GCE, (d) H1+T+H2/SH-CP/Au/PPy-rGO/GCE, (e)
H3+H4/H1+T+H2/SH-CP/Au/PPy-rGO/GCE.

Fig. 3 DPVs of the modified electrodes at different conditions in 0.1 M PBS (pH=7.4):
(@ H1/SH-CP/Au/PPy-rGO/GCE, (b) H1+H2/SH-CP/Au/PPy-rGO/GCE, (c)
H1+T+H2/SH-CP/Au/PPy-rGO/GCE, (d)
H3+H4/H1+T+H2/SH-CP/Au/PPy-rGO/GCE.

Fig. 4 The optimization of experimental parameters. The current responses of the
biosensor with different H2 concentration (A) and CHA incubation time (B) for the
detection of 5 nM target miRNA in 0.1 M pH 7.4 PBS; Inset: the corresponding DPV
peak currents. Error bars: SD, n=3.

Fig. 5 (A) DPVs for the detection of different concentrations of target microRNA with
the proposed method in 0.1 M PBS (pH=7.4) (from a to J: 0 fM, 10 fM, 50 fM, 100
M, 1 pM, 10 pM, 50 pM, 500 pM, 1 nM, 5 nM). (B) The corresponding calibration
plots of (A). Error bars: SD, n=3.

Fig.6 Selectivity investigation of the method: (a) blank solution (0 pM target miRNA),
(b) 500 pM sRNA, (c) 500 pM nDNA, (d) 500 pM nRNA and (e) 500 pM target
miRNA. Inset: the corresponding DPV curves.

Scheme 1 (A) Schematic illustration of electrochemical miRNA biosensor based on
enzyme-free signal amplification of CHA and HCR. (B) Structures of H1, target, H2,
H3 and H4.
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Figure 2
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Figure 3
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Figure 4

A
a

A
=)
L

-354 I

Current/ pA

-30 -

Current/ pA
&
b

—osum
1 08 M
354 10um
1 —12,m
"“j ——14uM

05 04 03 02 01 00
Potential / V vs. Ag/AgCI (3 M KCI)
T

0.6

0.8

1:0 1?2 1.4
CH2 / IJ.M

23

.40

-35 -

&
o
1

Current/ pA
8

)
o
L

o
o

L]
Current/ pA
bk 8a

—30 mi
——150min

05 04 03 02 04 00
Potential / V vs. Ag/AgCl (3 M KCI)

30 60 920 120 150

CHA incubation time / min




Figure 5
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Figure 6
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ACCEPTED MANUSCRIPT
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Table 1 All synthesized oligonucleotides used in the experiment?.,

Name Sequence (5-3")
Capture probe (SH-CP) SH-(CH,)e-TATTAATCACTCC
miRNA-16 (T) UAGCAGCACGUAAAUAUUGGCG
Hairpin probe (H1) CGTAAATATTGGCGAAGGACATGGACGCCAATATTTA

CGTIGCTGCTAGGAGTGATTAATA

Hairpin probe (H2) AAGGACATGGACGTAAATATTGGCGTCCATGTCCTTC
GCCAATGAAGAAGCCCCGACT

Hairpin probe (H3) GCCCCGACTTGGAACCAGTCGGGGCTICTTC
Hairpin probe (H4) GGTTCCAAGTCGGGGCGAAGAAGCCCCGACT
Single-base mismatch (SRNA) UAGCACCACGUAAAUAUUGGCG
Non-complementary DNA (nDNA) GGGTTTGGTGGGTTTGGTGG
MiRNA-155 (nRNA) UUAAUGCUAAUCGUGAUAGGGGU

%In the hairpin sequences, loops were italicized and sticky ends were underlined. The bold letter in

single-base means mismatch input.

Highlights
e The Au/PPy—rGO nanocomposite was employed as a substrate to immobilize
SH-CP and also ensure efficient electron transport of biosensor.
e The combination of CHA and HCR accomplished the target recycling and signal
amplification without the assistance of protein enzymes.

e The LOD of the fabricated miRNA biosensor was as low as 1.57 fM.
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