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Abstract

An ultrasensitive electrochemical biosensor for detecting microRNAs is fabricated
based on hollow molybdenum disulfide (MoS;) microcubes. Duplex-specific nuclease,
enzyme and electrochemical-chemical-chemical redox cycling are used for signal
amplification. Hollow MoS, microcubes constructed by ultrathin nanosheets are
synthesized by a facile template-assisted strategy and used as supporting substrate.
For biosensor assembling, biotinylated sSDNA capture probes are first immobilized
on Au nanoparticles (AuNPs)/MoS; modified electrode in order to combine with
streptavidin-conjugated alkaline phosphatase (SA-ALP). When capture probes
hybridize with miRNAs, duplex-specific nuclease cleaves the formative duplexes. At
the moment, the biotin group strips from the electrode surface and SA-ALP is
incapacitated to attach onto electrode. Then, ascorbic acids induce the
electrochemical-chemical-chemical redox cycling to produce electrochemical
response in the presence of ferrocene methanol and tris (2-carboxyethyl) phosphine.
Under optimum conditions, the proposed biosensor shows a good linear relationship
between the current variation and logarithm of the microRNAs concentration ranging
from 0.1 fM to 0.1 pM with a detection limit of 0.086 fM (S/N=3). Furthermore, the

biosensor is successfully applied to detect target miRNA-21 in human serum samples.

Keywords: Hollow molybdenum disulfide microcubes; Duplex-specific nuclease;

MicroRNAs; Enzyme signal amplification; Electrochemical biosensor



1. Introduction

MicroRNAs (miRNAS) are a class of small non-coding RNA molecules that play
critical functions in many biological processes, such as developmental regulation,
proliferation, differentiation, cardiogenesis, and epigenetic inheritance (Li et al., 2015;
Xia et al., 2015). Recently, accumulative evidences indicate that miRNAs are highly
correlated to the cancer initiation, oncogenesis and tumor response to treatments (Ge
et al., 2014; Bi et al., 2015). The presence of miRNAs in serum has been accurately
detected and they have been regarded as clinically important biomarkers for early
cancer diagnostic, drug discovery targets and prognostic processes (Hong et al., 2013;
Yang et al., 2012; Dong et al., 2013). In the past year, traditional biological methods
for miRNA detection have been developed including northern blotting, microarray
and quantitative reverse transcription polymerase chain reaction (Hunt et al., 2015).
Most recently, electrochemical assays have gotten wide attention in miRNA analysis
due to their simplicity, sensitivity and rapidity (Leshkowitz et al., 2013; Miao et al.,
2015). However, it still remains significant challenges in the ultrasensitive and
specific aspects due to the low abundance of miRNAs in biological samples (Liu et al.,
2015; Miao et al., 2015).

Two-dimensional (2D) nanomaterial has been proved a key factor in the
fabrication of electrochemical biosensor due to large specific surface area and usual
good electro-conductivity (Guo et al., 2013). Most recently, layered transition-metal
dichalcogenides attract increasing attention due to their unique properties (Huang et
al., 2014a; Huang et al., 2014b; Liu et al., 2015; Wang et al., 2015a; Luo and Liu,
2015). As a typical member, molybdenum disulfide (MoS;) can be isolated as
monolayer or few-layer thick sheets. It is composed of Mo metal layers sandwiched

between two sulfur layers and stacked together by weak Van der Waals interactions,



and has aroused increasing academic interest due to unique optical, electronic and
catalytic properties (Ou et al., 2014; Gao et al., 2015). The most noteworthy is MoS,
nanosheets can spontaneously adsorb single-stranded DNA but hardly interact with
rigid double-stranded DNA (Zhu et al., 2013). Whereas, because of the high surface
energy and interlayer Van der Waals attraction, restacking of MoS; nanosheets is
almost unescapable in practical applications, which greatly reduces the effective
specific surface area, and therefore weakens its performance in some degree
(Chhowalla et al., 2013; Hwang et al., 2011). So, assembling primordial 2D
nanosheets into three-dimensional architectures is very significative.

Herein, hollow MoS, microcubes are prepared by a facile template-assisted
approach. An ultrasensitive electrochemical sensor for detecting miRNA-21 is
fabricated based on hollow MoS; microcubes coupling with duplex-specific nuclease
(DSN), enzyme signal amplification and electrochemical-chemical-chemical (EEC)
redox cycling. EEC redox cycling has been proved as an effective signal-amplification
technique (Wang, et al., 2011; Yang, 2012). DSN is an enzyme that exhibits a great
preference for cleaving double-stranded DNA or DNA in DNA/RNA hybrid duplexes,
and is not only practically inactive toward single stranded DNA, or single or
double-stranded RNA but also shows a eminent capability to distinguish whether
perfectly matched short duplexes or not (Xi et al., 2014). In addition, capture probes
hybridized with miRNAs can be cleaved by DSN, and miRNAs are released and
recycled in sample solution (Degliangeli et al., 2014). ECC redox cycling uses
ferrocene methanol (FcM) as redox mediator. Redox cycling electrons are transferred
between redox mediators and enzymatic products. Furthermore, enzymatic product of
alkaline phosphatase (ALP) can be regenerated immediately by extra chemical

reducing reagent after their oxidation. Therefore, this proposed method is more



sensitive than that obtained by single or multiplex enzyme amplification. In this work,
MoS; microcubes with large specific surface couple with AuNPs to act as an excellent
sensing substrate, which can immobilize large amount of capture DNA and in turn
lead to a low detection limit. DSN can cleave the DNA-miRNAs duplexes and
miRNAs strands can recycle in the sample solution. The application of enzyme and
EEC redox cycling can greatly amplify detection signal. Combination of three above
advangtages empowers proposed assay ultrahigh sensitivity and excellent selectivity

for target miRNA detection.

2. Experimental

2.1. Reagents and materials
MnSQ4-H-0, sodium molybdate and HAuCl4-3H,0 were obtained from Aladdin

Chemicals Co. Ltd. (Shanghai, China). Diethylpyrocarbonate,
tris(carboxyethyl)phosphine (TCEP), 6-mercaptohexanol (MCH),
streptavidin-conjugated alkaline phosphatase (SA-ALP), bovine serum albumin (BSA)
and tris-(hydroxymethyl)aminomethane hydrochloride (Tris—-HCI) were purchased
from Sigma-Aldrich (Shanghai, China). Duplex-specific nuclease was supplied by
Evrogen Joint Stock Company (Moscow, Russia). MiRNAs and DNA sequences were
synthesized by Shanghai Sangon Biological Engineering Technology Co. Ltd.
(Shanghai, China) and their sequences were as follows:

Capture probe: 5’-biotin-TCAACATCAGTCTGATAAGCTATTT-(CH,)6-SH-3’

MiRNA-21: 5’-UAGCUUAUCAGACUGAUGUUGA-3’

Single-base mismatch: 5’-UAGCUUAUCGGACUGAUGUUGA-3’

Three-base mismatch: 5’-UUGCUUAUCGGACUGAUCUUGA-3’

Non-complementary: 5’-GUAAGGCAUCUGACCGAAGGCA-3’



DNA solutions were prepared in TE buffer solution (10 mM Tris—HCI, 1 mM
EDTA, pH 7.4). The stock solution of FcM and TCEP were prepared in Tris buffer

solution (10 mM, pH 8.0).

2.2. Apparatus

All electrochemical measurements were performed on an EC550 electrochemical
workstation (Wuhan, Gaoss Union, China) with a conventional three-electrode system
composed of a platinum wire as an auxiliary electrode, a saturated calomel electrode
(SCE) as reference electrode and a 3-mm diameter glassy carbon electrode (GCE) as
working electrode. Nanostructures were characterized by a JEM 2100 transmission
electron microscope (TEM, JEOL, Tokyo, Japan) and a Hitachi S-4800 scanning
electron microscope (SEM, Tokyo, Japan). X-ray diffraction (XRD) pattern was
operated on a model D/max-rA diffractometer (Rigaku, Japan). Raman spectra were
recorded at ambient temperature on a Renishaw Raman system model 1000

spectrometer (Gloucestershire, UK).

2.3. Preparation of hollow MoS; microcubes

MnCO3; microcubes were synthesized according to a previous protocol (Fei et al.,
2008). Firstly, 100 mmol (NH,4)2SO4, 10 mmol MnSO,4-H,0 and 70 mL ethanol were
dispersed in 700 mL water to obtain solution A. 100 mmol NH4HCO3 was dispersed
in 700 mL water to obtain solution B. Then, solution B was added into solution A
under vigorous stirring. Finally, the mixed solution was heated at 50 °C for 9 h. The
white MnCOj3 precipitate was collected by centrifugation, washed thoroughly with

water, and dried at 60 °C.



To grow MoS; shell on MnCO3 microcubes, 0.4 g MnCO3 microcubes were first
dispersed in 40 mL water by ultrasonication for 60 min. 0.6 g sodium molybdate was
added to above solution and mixed. Then, 2.5 g L-cysteine was added and stirred for
another 10 min. Finally, the mixture was transferred to an 80-mL Teflon-lined
stainless steel autoclave and heated at 180 °C for 24 h. The black precipitate of
MnS@MoS, core-shell microcubes was collected by centrifugation, washed
thoroughly with ethanol, and dried at 60 °C for 12 h.

For synthesis of hollow MoS; microcubes, 50 mg MnS@MoS, core-shell
microcubes were dispersed in 40 mL 1.0 M HCI for 24 h to remove MnS cores. The
black product of hollow MoS, microboxes was rinsed with water and then dried at

60 °C.

2.4. Preparation of DNA biosensor and electrochemical measurements

1.0 mg hollow MoS, microcubes were dispersed in 1 mL water by
uitrasonication for 20 min to get homogenous suspension (1 mg mL™). Bare GCE was
polished sequentially with 0.3 and 0.05 pm alumina slurries, washed ultrasonically
with water and ethanol and then dried with nitrogen gas. 6 puL hollow MoS;
microcubes suspension was then applied on the cleaned GCE and dried in air. For
assembling DNA capture probe, Au nanoparticles (AuNPs) were electrodeposited on
MoS,/GCE from a PBS (pH 7.0) solution containing 0.1% HAuUCI, at a constant
potential of —0.2 V for 40 s. After that, 8 uL. 1 nM DNA capture probe solution
(cDNA) was dropped on AuNPs/MoS,/GCE and allowed to react overnight. After
thoroughly washed with water to remove unbound DNA capture probe, 8§ uL 1mM
MCH and 1% BSA were dropped on cDNA/AUNPs/MoS,/GCE for 30 min to block

unreacted gold surface and eliminate nonspecific adsorption. Again, the electrode was



rinsed with water. 6 uL. 1 nM miRNA-21 and 2 puL 0.01U DSN were applied on
electrode and incubated at 65 °C for 1h. Then the electrode was rinsed with water. 6
uL 0.1 mg mL™ SA-ALP was then dropped on the electrode and incubated for 40 min.
Thereafter, the resulting electrode was incubated in 5 mL Tris buffer solution (10 mM,
pH 8.0) containing 0.5 mM AAP and 1 mM MgCl; for 30 min. The resulting electrode
was rinsed with water and used for electrochemical measurements.

For targets sensing, cyclic voltammetry (CV) was carried out in 0.1 M PBS (pH
7.0) containing 10 mmol L™* [Fe(CN)s]* ™ and 0.1 mol L™ KCI solution between a
potential window of —0.2 V and 0.6 V with a scan rate of 100 mVs . EIS
measurements were performed in 0.1 M PBS (pH 7.0) containing 5.0 mmol L™
[Fe(CN)s]*™ and 0.1 mol L™ KCI solution from 100 KHz to 0.1 Hz. DPV
measurements were conducted in Tris buffer solution containing 5 mM TCEP and 2
mM FcM using a pulse amplitude of 50 mV, pulse width of 50 ms and pulse period of

0.2s.

3. Results and discussion

3.1. Design principle of miRNA biosensor

The principle of miRNA biosensor fabrication is illustrated in Scheme 1. First,
the designed thiolated DNA capture probe sequence which is complementary with
miRNA is immobilized on AuNPs/MoS,/GCE to form an upright probe through Au-S
bond. Then, MCH and BSA are dropped on electrode to block unreacted gold surface
and eliminate nonspecific adsorption. The biotin tags at the end of capture probe
allow for the coupling of SA-ALP through streptavidin—biotin interaction, which will
accelerate AA triggering ECC redox cycling. In detection system, FcM, TCEP and

ascorbic acid 2-phosphate (AAP) are used as the redox mediator, reducing reagent and



enzyme substrate, respectively. Ferrocene derivatives have been reported to use as the
mediators and are able to regenerate after its electrochemical oxidation with AA
during the electrochemical scanning (Zhang et al., 2014). TCEP is a stable and
electrochemically inert reducing regent showing no reaction with the oxidized form of
ferrocene, which can regenerate AA from dehydroascorbic acid (DAA, the oxidation
form of AA) (Akanda et al., 2011), thus enhancing the electrochemical signal. In these
processes, SA-ALP is captured by electrode and used to catalyze the production of
large amounts of AA, triggering ECC redox cycling. If capture probes hybridize with
miRNAs, DSN cleaves the formative duplexes. At the moment, the biotin group strips
from electrode and SA-ALP will be incapacitated to attach onto the electrode.
Moreover, miRNAs strands can recycle in the sample solution due to be released and
maintained integrity. The oxidation current of detection system decreases prominently
with the increase of miRNA concentration. Since one miRNA molecule can induce
the cleavage of thousands of capture probe strands during the hybridization/DSN
incubation and initiate a plurality of redox reactions in the ECC recycling, the signal

will decrease significantly, leading to a low detection limit.

3.2. Characterization of as-prepared materials

The morphology of MnCOs;, MnS@MoS; and MoS; microcubes were
characterized with SEM and TEM. The SEM images of MnCO3 microcubes are shown
in Fig. 1A and B. It is clear MnCO3 microcubes are uniform with a size of about 2 pum,
which can well play the role of template to prop MoS; shell. Fig. 1C and D show
typical SEM images of MnS@MoS;. It manifests MnS microcubes are evenly covered
with MoS; shell, and the size of these MnS@MoS, microcubes is about 2.5 um. Some

ruptured MnS@MoS, microcubes (Fig. 1D) distinctly display the shell is composed



with MoS; nanosheets. As shown in Figs. 1E and 1F, the 3D nanostructure (Fig. 1E)
Is faultlessly retained after removing MnS template. The SEM images of some
ruptured MoS, microcubes (Fig. 1F) distinctly exhibit the hollow interior, and the
thickness of the MoS; shell is about 400 nm. Fig. 1G shows the SEM images of
BSA/MCH/Capture DNA/AUNPs/MoS,/GCE after reacted with miRNA/DSN. It is
obvious MoS, nanosheets covered with layers of modifiers. Figs. 1H-M show typical
TEM images of MnCO3, MnS@MoS; and MoS; microcubes, corresponding to above
SEM images. As shown in Fig. 1H, MnCO3; microcubes are well uniform with a size
of about 2 pum. From Fig. 1, MnS@MoS, microcubes show similar structure to
MnCO3; microcubes because MnS template is not removed so that MoS;, can be
intimate contact with MnS core. Therefore, MnS@MoS; microcubes are hard to
identify. Nevertheless, from Fig. 1J, it shows that the shell with a large amount of
exposed MoS; nanosheets, indicating MoS; nanosheets closely grow on MnS
microcubes. As shown in Fig. 1K, a cubic void can be obviously viewed. Fig. 1L
displays a large amount of MoS, nanosheetscomposing the microcubes. As shown in
the inset of Fig. 1M, the microcube shell is with a thickness of about 400 nm. In virtue
of the hollow structure and the ultrathin nanosheets, the as-prepared MoS; microboxes
possess relatively large Brunauer—Emmett-Teller (BET) surface areas of 51.2 m? g™
(Fig. IN).

The XRD patterns of MnCO3, MnS@MoS; and MoS; microcubes are shown in
Fig. 2A and 2B. All diffraction peaks of MnCOj3 are faultlessly shown (JCPDS No.
07-0268) without detectable impurities (Fig. 2A). From Fig. 2B, the diffraction of
MnS@MoS, shows the typical peaks at 15.6°, 27.5°, 33.1°, 34.3°, 49.3°, 56.4°, 61.8°,
73.6°, and 83.7°, which corresponds to (002), (111), (100), (200), (220), (110), (222),

(400) and (331) planes of MoS, (JCPDS No. 37-1492) and MnS (JCPDS No.
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72-1534), respectively. Three broad diffraction peaks center at about 15.6°, 33.1° and
56.4°corresponding to MoS;, (JCPDS No. 37-1492) are observed.

Further insights of the structural of products were obtained from Raman spectrum
(Fig. 2C and 2D). As shown in Fig. 2C, there are no other miscellaneous peaks,
confirming that the products are pure phase. Fig. 2D shows broad peaks of
MnS@MoS, observed at 267 cm™* and 304 cm™* are in accord with the transverse
optical phonon and longitudinal optical phonon modes of vibrations, respectively. A
resonance peak at 684 cm™ is a photoluminescence band as earlier noted
(Anastassiadou et al., 1989). In addition, both MoS; and MnS@MoS, exhibit
characteristic E2g and Ai; Raman modes locating at 357 cm™ and 409 cm™,

respectively, indicating the presence of MnS and MoS; in MnS@MoS, microcubes.

3.3. Electrochemical characterization

CV was used to characterize different modified electrodes (Fig. 3). As shown in
Fig. 3A, bare GCE displays a couple of redox peaks in 10 mM [Fe(CN)s]*™* (curve a).
Peak currents slightly decrease when hollow MoS, microcubes are applied on GCE
due to semiconductor characters (curve b). AuNPs modified GCE (curve c) obviously
increases peak current, indicating AuNPs can accelerate electron transfer. The current
respond further enhances when AuNPs and MoS; microcubes are jointly modified on
GCE (curve d). In addition, as shown in Fig. 3B, current responses decrease greatly
when DNA capture probe is applied on electrode due to its hydrophobicity (curve e).
The redox currents gradually decrease after electrode reacting with MCH and BSA
(curves f, g) step by step due to the fact that protein and negative charges of DNA
insulate conductive support and electron transfer becomes difficult. However, the redox

currents slightly increase when miRNAs and DSN mixed solution are applied on
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electrode due to capture probe strands are cleaved by DSN leading to reduce negative
charges of DNA (curves h). The redox currents greatly decrease after electrode reacted
with SA-ALP. CV results suggest the successful construction of biosensor.

EIS is one important technique to explore the characteristic of surface-modified
electrodes. In the impedance spectra, the increase in diameter of the semicircle
indicates the enhancement in interfacial electron transfer resistance (Ret). Fig. 3C
shows the characteristic EIS correspondence with gradually modification processes.
Bare GCE displays a R value of about 246 Q (curve a). When MoS; is assembled on
GCE, Re increases to 260 Q (curve b). Re; greatly decreases after AUNPs are modified
on GCE due to good electro-conductivity (curve c). After AuNPs and MoS; are
modified on GCE, R greatly decreases and exhibits almost a line (curve d). As
shown in Fig. 3D, Re: value obviously increases after DNA capture probe is applied
on electrode due to hindering electron transfer (curve e). When MCH and BSA
(curves f and g) are applied on electrode, Re value obviously increases, which may
originates from the protein and negative charges DNA sequences blocking electrode
surface. Nevertheless, R value obviously increases when miRNA/DSN mixed
solution is added because DSN can cleave capture probe strands (curves h). R value
greatly decreases after SA-ALP is applied on electrode due to protein blocking
electrode surface (curves i). The EIS results are consistent with CV.

Effective surface areas of GCE and AuNPs/MoS,/GCE were compared by
chronocoulumetry in 0.1 mM Kj3[Fe(CN)g] solution containing 1.0 M KCI, where the
standard diffusion coefficient (Do) of Ks[Fe(CN)g] at 25 °C is 7.6x10° cm? s™. The
effective surface area (A) of electrodes is calculated according to following equation:

Q = 2nFACD 2272 + Qg + Qus (1)

12



where n is the number of electron transferred, F (C mol™) is Faraday constant, A (cm?)
is area of electrode, ¢ (mol cm™) is concentration of substrate, D (cm? s™) is diffusion
coefficient, Qq (C) is double layer charge and Q.gs (C) is adsorption charge and other
symbols have their usual significances. According to results shown in Fig. 3E and 3F,
A is calculated to be 0.016 cm? and 0.094 cm? for bare GCE and AuNPs/MoS,/GCE,
respectively. The results manifest that effective surface area of electrode increases
significantly after modification with AuNPs/MoS; film.

Fig. 3G shows the signal-amplification effect of as-prepared material. Current
signal greatly increases when MoS; is employed in sensor construction (curve b). The
corresponding signal gain in the presence of MoS, microcubes is about 253.4% for
that in the absence of MoS, microcubes (curve a), indicating MoS, microcubes are

helpful to enhance detection sensitivity.

3.4. Optimization of experimental conditions

To obtain good analytical performance, several experimental conditions were
optimized. The effect of deposition time of AuNPs was tested in range of 10-80 s (Fig.
S1A). The highest current response is obtained at a deposition time of 40 s. So 40 s
was used.

The working temperature of hybridization/DSN was used at 65 °C in accordance
with a previous protocol (Liu et al., 2014). For purpose of attaining the highest
sensitivity and low cost, DSN concentration and incubation time were tested. As
shown in Fig. S1B, DPV response decreases with increase of DSN concentration, and
then almost stays stable when it exceeds 0.01 U pg™. So, DSN concentration of 0.01
U pg™ was employed in further experiments. As shown in Fig. S1C, DPV response

decreases with incubation time increase, and then almost keeps stable when it exceeds
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60 min, confirming that hybridization/degradation reaction mediated by DSN is
almost accomplished within 60 min. Therefore, 60 min of incubation time was

employed in the subsequent experiments.

3.5. Feasibility of detection system

In this work, detection system was based on SA-ALP catalysis of oxidation
substrate of AAP, TCEP and FCM. Fig. 4A shows DPV responds of
BSA/MCH/Capture DNA/AUNPs/MoS,/GCE in different substrate solutions. It shows
that no redox response is observed in solutions of AAP (curve a) and AAP/TCEP
(curve b), indicating the insulating DNA/MCH self-assembled monolayers hinder
electro-oxidation of AA. In FcM system, generated AA causes an obvious increase in
the redox response of FcM (curve c). The electrode reaction is feature of an
electrochemical-chemical (EC) reaction mechanism, indicating FCM mediates the
electron transfer between AA and electrode. Moreover, the presence of TCEP induces
a more significant increase in peak current (curve f). The peak current of
AAP/TCEP/FcM is 13 times than that of only FcM, indicating AAP/TCEP/FcM
system can greatly improve detection signal. This result is attributed to the
regeneration of AA from its oxidized product by TCEP on account of TCEP itself
unable trigger a variation in the redox response of FcM (curve d). All above indicate
that EC reaction occurs between FcM and AA, the chemical-chemical (CC) reaction
occurs between AA and TCEP, and the CC reaction are able to promote EC reaction.
Thus, EEC redox cycling can greatly amplify electrochemical signal, which therefore

leads to a low detection limit.

3.6. Sensitivity to target miRNA-21
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The sensitivity for detecting miRNA-21 was demonstrated by DPV under the
optimal conditions. Fig. 4B shows peak currents decrease with increasing miRNA
concentration. For quantification, the current variation Al (Al =1 — lp, where | and I
represent the peak currents in the presence and absence of miRNAs, respectively) is
used here to evaluate analytical merits. As can be seen in the inset of Fig. 4B, there is
a good linear relationship between Al and the logarithm of the concentration of
miRNA in range from 0.1 fM to 0.1 pM. Peak current values are obtained from the
mean value with three independent experiments. The linear calibration equation is Al
= 65.69 + 4.09 log (c/M) with correlation coefficient R of 0.997, and detection limit is
0.086 fM (S/N=3). The analytical performances of different assays are compared in
Table 1. The proposed assay exhibits the lowest detection limit which is attributed to
the selective cleavage of DNA-miRNA by DSN and dual signal amplification of

MoS; microcubes and ECC redox cycling.

3.7. Selectivity

In order to validate the selectivity of proposed biosensor, different miRNA
sequences were tested. As shown in Fig. 4C, higher Al is obtained with
complementary sequence than other mismatched sequence and non-complementary
sequence. The Als of non-complementary sequence and three-based mismatch
sequence are negligible, indicating both mismatched miRNAs do not hybridize with
capture probe. For single-base mismatched sequence, Al is 3.36 pA and only 10.8% of
that of complementary sequence. These results indicated good selectivity of proposed

assay.

3.8. Real sample analysis
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To evaluate the applicability of developed miRNA biosensor, five human serum
samples of breast cancer patients (confirmed by pathological examinations) obtained
from Xinyang Central Hospital (Xinyang, China) were tested. Signed informed
consent was obtained from each patient participating in the study before surgery. All
serum samples were heated at 95 °C for 10 min before use. As references, expression
levels of the serum miRNA-21 were simultaneously quantified by a commercial
gRT-PCR kit. The analytical results are shown in Table S1, which shows the results
obtained with proposed biosensors are in good agreement with those obtained by

gRT-PCR, confirming the practical value of developed biosensor.

4. Conclusions

We report a sensitive electrochemical sensor for miRNA-21 detection, which is
fabricated based on hierarchical hollow MoS, microcubes coupling with
miRNAs-initiated cleavage of DNA by DSN and signal amplification of enzyme. This
strategy has several excellent features. Firstly, MoS, microcubes with large specific
surface coupling with AuNPs act as an excellent sensing substrate. Secondly, DSN
can cleave DNA-miRNAs duplexes and miRNAs strands can recycle in sample
solution. Thirdly, the biosensor demonstrates high selectivity due to rigorous
hybridization temperature and mismatch identification ability by the DSN. Finally, the
application of signal amplification of enzyme couples with EEC redox cycling
reaction lead to a remarkable low detection limit (0.086 fM). The simple operation
procedure, high sensitivity and selectivity demonstrate that the proposed method
might be valuable for quantitative detection of miRNA in clinical diagnostic and

prognostic.
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Table 1 Comparison between the proposed assay and other method for miRNA

detection.
Linear range LOD
Electrodes Analytical technique References
(PM) (fM)
Os(b API)Cl-activated Amperometric
(Bpy)(APD e 0.008-10 4 (Gao, 2012)
GO current-time curve
Amperometric (Wen et al.,
HRP/TMB/gold GCE ) 0.01-1000 10
current-time curve 2013)
(Yinetal.,
HRP/AuUNPs/graphene DPV 0.001-700 6
2012)
AUNPS/ALP/redox Amperometric (Liuetal.,
) 0.001-5 3
cycling current-time curve 2014)
(Lietal,
QDs/RP/GODPS/GCE fluorescence dots 0.05-1 5
2015)
(Wang et al.,
IgG-ALP/AuNPs/GCE DPV 0.0005-0.5 0.4
2015b)
mperometric (Xiaetal.,
SA-ALPs/gold GCE : 0.0005-1 0.2
current—time curve 2015)
AuNPs/MoS, /GCE DPV 0.0001-100 0.086 This work
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Figure captions

Scheme 1. Schematic illustration of the strategy for miRNA-21 detection based on
AuUNPs/MoS; modified electrode and using the signal amplification of duplex-specific

nuclease and and ECC redox cycling.

Fig. 1. SEM images of MnCO3; microcubes (A-B), MnS@MoS, microcubes (C, D)
and MoS; microcubes (E, F), BSA/IMCH/Capture DNA/AuUNPs/MoS,/GCE after
reacted with miRNA/DSN (G); TEM images of MnCOj3 microcubes (H), MnS@MoS,
microcubes (I, J) and MoS, microcubes (K-M); N, adsorption-desorption isotherm of

the MoS; microcubes (N).

Fig. 2. XRD pattern of MnCO3 (A), MnS@MoS, and MoS; microcubes (B); Raman

spectra of MnCOj3 (C), MnS@MoS; and MoS;, microcubes (D).

Fig. 3. CVs (A, B) and EIS (C, D) of bare GCE (a), MoS,/GCE (b), AuNPs/GCE (c),
AUNPs/MoS,/GCE (d), Capture DNA/AuUNPs/MoS,/GCE (e), MCH/Capture
DNA/AUNPS/M0S,/GCE  (f), BSA/MCH/Capture DNA/AUNPs/MoS,/GCE (g),
BSA/MCH/Capture DNA/AUNPs/MoS,/GCE after reacted with miRNA/DSN (h),
SA-ALP/BSA/MCH/Capture DNA/AUNPs/MoS,/GCE (i); (E) Plot of Q-t curves of
bare GCE (a) and AuNPs/MoS,/GCE (b) in 0.1 mM Kj;[Fe(CN)s] containing 1.0 M
KCI; (F) plot of Q-t curves on GCE (a) and AuNPs/MoS,/GCE (b); (G) DPVs of
SA-ALP/BSA/MCH/Capture DNA/AUNPS/GCE (a) and SA-ALP/BSA/MCH/Capture
DNA/AUNPS/M0S,/GCE (b) in 10 mM Tri buffer solution (8.0) containing 5 mM

TCEP and 2 mM FCM.
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Fig. 4. (A) DPVs curves of BSA/MCH/Capture DNA/AUNPs/MoS,/GCE in different
solutions: AAP (a); AAP/TCEP (b); FcM (c); TCEP/FcM (d); AAP/FcM (e); and
AAP/TCEP/FcM (f); (B) DPV curves responding to different miRNA concentrations
(from a to j): 0, 1.0x10™° 1.0x10™, 1.0x10™* 1.0x10™% 5.0x107 1.0x10™"?
5.0x10™2, 1.0x10™, 1.0x10™® M, respectively. Inset: the relationship between the
current variation Al and the negatively logarithm of the miRNA concentration; (C)
The selectivity of the sensor hybridized to different miRNA sequences: miRNA(a),
single-based mismatch sequence (b), three-based mismatch sequence (c), and

non-complementary sequence (d).
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Figure 2
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Figure 3
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Highlights

* Facile hydrothermal method is used for the synthesis hollow molybdenum

disulfide microcubes.

¢ A miRNA sensing platform is constructed based on duplex-specific nuclease

and enzyme signal amplification.

¢ An electrochemical-chemical-chemical redox cycling system was used to

amply detection signal.

» The biosensor shows a detection limit of 0.086 fM and high specificity towards

target miRNA.

29





