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Nanoprobes-based signal amplification strategy is a powerful way to ultrasensitively detect biomolecules. Herein, a gold

nanoparticles-decorated molybdenum disulfide (MoS,-AuNPs)-based multilayer nanoprobe (MLNPs) was designed for

ultrasensitive analysis of microRNA (miRNA-21). The MLNPs-amplified electrochemical biosensor exhibited ultrawide

dynamic range (10 aM-1 puM) and ultralow detection limit (38 aM) for target miRNA-21 analysis. Furthermore, this

biosensor can determine miRNA-21 expression in cells lysate of 100 human cervical cancer (Hela) cells. Our results

demonstrate that MoS,-AuNPs nanocomposites have great potential in constructing biosensors for target molecules

analysis.

MicroRNA (miRNA) is an important biomarker related to human
diseases occurrence, diagnosis and treatment.! To analyze the low
expression level of miRNA quantitatively and accurately, it is highly
desirable to develop sensitive detection methods.>? Due to their
ultrahigh detection sensitivity, methods employing various
amplification strategies have attracted extensive research interests,
such as real-time quantitative PCR amplification,*> hybridization
chain reaction amplification (HCR),% rolling circle amplification,®?
enzyme-assisted amplification!®1! and nanoprobe-based
amplification.!>!3 Besides those, other amplification methods were
also designed to sensitively and selectively analyze microRNA.4-17

With the great advances of nanotechnology, nanoprobe-based
amplification has become a powerful tool to amplify detection
signals according to the advantages of nanomaterials, such as large
surface area, high chemical stability, easy functionalization and high
conductivity.'® In the research filed of electrochemical
sensors/biosensors, nanoprobes have been widely utilized to
efficiently improve analysis performance since large amounts of
molecular recognition groups, signal reporters and amplifiers can be
loaded on them.!” Up to date, various nanomaterials have been
employed to construct nanoprobes,”® such as noble metal
nanostructures,?! carbon nanotubes,?? silicon nanowires,”> metal
oxides,?* graphene and its derivatives.?*> For example, gold

nanoparticles (AuNPs)-based nanoprobes have been constructed for
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target DNA detection by using chronocoulometry (CC) method.
Hundreds of DNA strands assembled on a single AuNP to form a
nanoprobe, which can greatly amplify electrochemical signals by
electrostatic adsorption of [Ru(NH3)]**.2¢ By loading two
electrochemical indicators (toluidine blue and Prussian blue) and two
antibodies (anti-CEA and anti-AFP) on the surface of carboxyl
graphene nanosheets (CGS), CEA and AFP can be simultaneously
determined.?’

Due to their unique chemical/physical properties, two-dimensional
(2D) layered nanomaterials have been extensively employed to
develop nanoprobes for electrochemical signal amplification,?®
including graphene and its derivatives,?® transition metal
chalcogenides (such as MoS, and WS,)*® and metal oxides
(MnO,).3! Notably, most of 2D nanomaterials-based probes are
single-layer nanostructures. Therefore, the amplification effect of
multilayer 2D nanomaterials-based nanoprobes need further
exploration. Here, we designed a MoS,-AuNPs-based multilayer
nanoprobe for ultrasensitive analysis of microRNAs. Two
nanoprobes (probe 1 and probe 2) were prepared by assembling two
thiolated ssDNA (termed as DNA1 and DNA2), which were
complementary to each other, respectively (Scheme 1). Thus
fabricated probe 1 and probe 2 can easily hybridize with each other
to form multilayer nanostructures. Then, another thiol-labelled
ssDNA (DNA3) was co-immobilized on the surface of multilayer
nanostructures to form MLNPs, which was used to hybridize with
target miRNA-21. Consequently, a classical DNA “sandwich”
structure was obtained between MCH/DNA4/Au and MLNPs in the
presence of miRNA-21. Notably, the impedance value of the
MLNPs-constructed electrochemical sensor was larger than that of
SLNPs-constructed sensor, which was ascribed to the block of
electron transfer by the multilayer nanostructures of MLNPs.
Moreover, larger amounts of DNA on MLNPs surface with negative
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charge could pull electrochemical indicator [Fe(CN)g]3* further
away from electrode surface due to electrostatic repulsive force.
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Scheme 1. Schematic illustration of the electrochemical biosensor
constructed with MoS,-AuNPs-based single-layer and multilayer
nanoprobes (SLNPs and MLNPs) for ultrasensitive microRNA
detection. (A) Scheme of construction of probe 1, probe 2, SLNPs
and MLNPs. (B) Scheme of the electrochemical biosensors for
microRNA detection constructed with SLNPs and MLNPs.

The zeta potential and dynamic light scattering (DLS) analyses
were used to verify the synthesis of SLNPs and MLNPs (Fig. S1,
ESIf). The zeta potential of MoS,-AuNPs, SLNPs, and MLNPs
were -16.5+1.5 mV, -20.8+1.0 mV, and -35.5+2.5 mV, respectively.
Since the negatively charged DNA assembled on MoS,-AuNPs
surface could result in the negative potential shift, the negative zeta
potentials suggested the successful preparation of MoS,-AuNPs-
based nanoprobes. The average diameter of MoS,-AuNPs
nanocomposites were 317.4+£12.3 nm. After the formation of
nanoprobes, the average diameter increased to 363.9£15.6 nm
(SLNPs) and 1231.7+94.2 nm (MLNPs), respectively, also implying
the formation of SLNPs and MLNPs. Moreover, the diameter of
MLNPs decreased to 564.6+20.4 nm after the thermal denaturation,
indicating that MLNPs decomposed to smaller composites due to the
dissociation of DNA double strands,?? which further indicated the
success of MLNPs formation.

Atomic force microscope (AFM) was employed to further
characterize MLNPs (Fig. S2, ESI¥). After decoration of AuNPs, the
height of MoS,-AuNPs nanocomposites was 19.6+1.3 nm (Fig.
S2B), which was higher than that of MoS, nanosheets (1.8+0.4 nm,
Fig. S2A). The increased height (17.8+0.9 nm) is in agreement with
the diameter of AuNPs analyzed by TEM image (Fig. S3, ESIY),
suggesting AuNPs decorated on MoS, surface. The height of
MLNPs was in the range of 20-100 nm, indicating that MLNPs was
formed with 1-5 layers of MoS,-AuNPs nanocomposites (Fig. S2C).
It was noted that more than 93% MLNPs was composed of two or

2| J. Name., 2012, 00, 1-3

more layers of MoS,-AuNPs and the five-layer nanegompQsites;is
the dominate one with a percentage of 62% (3g.182Pj9/D0CCO3845H

The feasibility of these MoS,-AuNPs-based nanoprobes for
of miRNA-21 was evaluated by
electrochemical impedance spectroscopy (EIS). Typically, the
semicircle diameter of EIS was used to reflect the electron transfer

electrochemical analysis

resistance. As shown in Figure S4 (ESIf), the impedance of
DNA4/Au (1107.2 Q, curve b) and MCH/DNA4/Au (1385.5 Q,
curve c¢) was larger than that of the bare Au electrode (328.8 Q,
curve a), which was ascribed to the immobilized DNA4 hindered the
electron transfer due to the electrostatic repulsion between DNA and
[Fe(CN)]>* and 6-mercaptohexanol (MCH) efficiently blocked the
remaining active sites. In the presence of miRNA-21, the impedance
of miRNA-21/MCH/DNA4/Au increased to 2022.0 Q (curve e),
suggesting miRNA-21 was captured by DNA4/Au. After the
addition of SLNPs, the impedance of this biosensor can further
increase to 3045.5 Q (curve f), indicating SLNPs successfully
assembled on electrode surface. The impedance reached 11491.1 Q
(curve g) with addition of MLNPs, which was almost 4-fold of the
impedance of SLNPs. To figure out the effect of unspecific
adsorption of MLNPs on electrode surface, a control experiment was
carried out by adding MLNPs in the absence of miRNA-21. The low
impedance value (1626.1 Q, curve d) suggested the existence of
weak nonspecific adsorption of MLNPs. Notably, the background
would not
significantly affect detection performance due to the excellent signal
amplification effect of MLNPs.

To investigate the signal amplification effect of MLNPs and

signal originated from nonspecific adsorption

SLNPs, we employed a layer-by-layer (LBL) method as a control
group to compare the electrochemical signals (Fig. 1A). The EIS
curves of different MoS,-AuNPs-based nanoprobes were exhibited
in Fig. 1B. Taking the impedance of MCH/DNA4/Au as the blank
control, its impedance change (AR¢=Rq signa-Rei, blank) Was about
679.3 Q in the presence of 100 pM miRNA-21 (Fig. 1C), while the
observed AR was dependent on miRNA-21 concentration. The AR
of electrochemical biosensor amplified by SLNPs was 1831.1 Q,
compared to the one of MLNPs 10103.4 Q, suggesting a superior
signal amplification effect of MLNPs. In the case of LBL assembly,
the impedance increased continuously with the layers increased from
1 to 3, while suddenly dropped for the 4-layer assembly (Fig. S5,
ESIY). It may be ascribed to the assemble limit of LBL nanoprobes
on electrode surface. Another possible reason was that some LBL
nanoprobes fell off electrode surface during the repeated incubation
and cleaning process. The AR of 3-layer LBL was 4826.4 Q, which
was 2.6 folds of SLNPs and 0.48 folds of MLNPs, further suggesting
a superior signal amplification effect of one-step MLNPs to SLNPs
and multi-steps LBL process. Meanwhile, the fold changes of
electrochemical signal assembled with MLNPs, LBL nanoprobe,
SLNPs and only miRNA compared with blank control also
supported this conclusion (Fig. 1C).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Signal amplification effect of MLNPS and SLNPs. (A)
Schematic illustration of electrochemical biosensors constructed by
SLNPs, LBL nanoprobe and MLNPs. (B) EIS curves of (a)
MCH/DNA4/Au, (b) miRNA-21/MCH/DNA4/Au, (c)
SLNPs/miRNA-21/MCH/DNA4/Au,  (d)  3-layer ~ LBL
probes/miRNA-21/MCH/DNA4/Au  and (e¢) MLNPs/miRNA-
21/MCH/DNA4/Au. (C) The values of corresponding impedance
change were obtained by three MoS,-based nanoprobes.
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We investigated the miRNA-21 detection performance of the
MLNPs-amplified electrochemical sensor, taking SLNPs-amplified
sensor as the control. In order to eliminate the influence of different
electrodes, we defined ARc/Rer ( (Ret, mikNa-Ret, no mirNA)/Ret, no mirNA)
to evaluate the detection performance of these two biosensors, in
which Reg no mirna Was the impedance value of MCH/DNA4/Au, and
Re, mirna Was the impedance value of SLNPs or MLNPs when
assembled on the surface of MCH/DNA4/Au in the presence of
miRNA-21. Figure 2A showed that the AR /R values of the
SLNPs-amplified electrochemical biosensor, which increased in the
presence of 1 fM-1 nM miRNA-21 and reached a plateau at the
miRNA-21 concentration of 1 nM (Fig. S6A, ESI{). A linear
relationship was obtained between the AR /R value and the
logarithm value of miRNA-21 concentration in the range of 1 fM-1
nM with a detection limit of 0.29 fM (Fig. 2B). In the case of
MLNPs-amplified electrochemical biosensor (Fig. S6B, ESIf), an
ultrawide dynamic range (0.01 fM-1 uM) was observed (Fig. 2A).
Two linear ranges for the miRNA-21 concentration of 0.1 fM-10 pM
and 10 pM-1 uM with a corresponding linear equation y=0.17x-0.17
(R*=0.98) and y=0.41x-1.82 (R?=0.99), respectively. The detection
limit of the MLNPs-based biosensor was calculated to be 0.038 fM
(S/N=3), which was almost an order of magnitude lower than that of
the SLNPs-based biosensor (0.29 fM). Furthermore, the analytical
of MLNPs-amplified
included linear range and detection limit was compared to other
published works (Fig. 2C),
electrochemical biosensor show better analytical performance with a

performance electrochemical biosensor

suggesting the MLNPs-amplified
wider dynamic range and lower detection limit for miRNA-21
detection. We also compared the detection selectivity of SLNPs-

amplified and MLNPs-amplified electrochemical biosensors (Fig.
S7, ESIf). For single-base mismatch miRNA (SM-miRNA) and

This journal is © The Royal Society of Chemistry 20xx
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miRNA-486, the ARy /Ry of SNLPs-amplified elgctrochemigal
biosensor was 0.47 and 0.24 folds of th&!onelCfet QATRNRAH
respectively. Whereas AR /R, of MLNPs-amplified biosensors was
0.30 and 0.17 folds of the one for miRNA-21, respectively (Fig. 2D).
Therefore, the MLNPs-amplified electrochemical biosensor showed
better selectivity for target miRNA-21 analysis.
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Fig. 2 Analytical performance of SLNPs-amplified and MLNPs-
amplified electrochemical sensors. (A) The dynamic ranges and (B)
the corresponding calibration curves of SLNPs-amplified and
MLNPs-amplified electrochemical biosensors for 10 aM-1 puM
miRNA-21 detection. (C) The comparison of analytical performance
of our biosensors and other published works. (D) Selectivity of
SLNPs-amplified and MLNPs-amplified electrochemical biosensors
for the detection of miRNA-21, SM-miRNA and miRNA-486,
respectively. The concentrations of all miRNAs were 100 pM.

To evaluate the practicability of this MLNPs-amplified
electrochemical biosensor, we simulated a real detection strategy by
adding miRNA-21 into human serum (Fig. 3A). The recovery of this
biosensor was over 95% and the relative standard deviation (RSD)
was below 6%, suggesting the MLNPs-amplified electrochemical
biosensor possessed an acceptable detection performance (Table S1,
ESIt). Furthermore, human cervical cancer (HeLa) cells with high
miRNA-21 expression and normal liver cancer (L-O2) cells with low
miRNA-21 expression were selected to evaluate the practical
application of MLNPs-amplified electrochemical biosensor in
cellular miRNA detection. The impedance of the MNLP-amplified
electrochemical biosensor increased with the number of HeLa cells
ranging from 10-10° (Fig. S8, ESIf{), while as a control, the
impedance of this biosensor showed no difference when detecting
10-10° L-O2 cells. Notably, the MLNPs-amplified electrochemical
biosensor can efficiently determine the expression of miRNA-21 in
10 and 100 HeLa cells (P<0.05, Fig. 3B). Taken together, our
proposed biosensor had great potential for detecting miRNAs in real
samples and tumor cells.

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Analysis of miRNA-21 in (A) human serum and (B) lysates of
HeLa cells and L-O2 cells by using the MLNPs-amplified
electrochemical biosensor. Statistical significance of miRNA-21
expression in HeLa cells analyzed by Student t-test; *P<0.05 and
**p<0.01. Error bars show standard deviations from three
independent experiments.

In this work, we successfully developed a high-performance
electrochemical biosensor for miRNA-21 detection by using
MoS;-based multilayer nanoprobes as signal amplifiers, which
exhibited an ultrawide dynamic range and an ultralow detection
limit. Moreover, the MLNPs-amplified biosensor showed
excellent selectivity for the discrimination of single-base
mismatch miRNAs, which could determine miRNA-21
expression in cell lysates of 100 HeLa cells. MoS,-AuNPs-
based multilayer nanoprobes can integrated different single-
layer MoS,-based nanoprobes with functionalized groups,
which can give the multilayer nanoprobes more
functionalization and better analysis performance. Therefore,
MLNPs were promising signal-amplified nanoprobes to
construct biosensors for in vitro and in vivo target molecules
analysis combined with different detection techniques.
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MoS,-AuNPs MCH DNA1 DNA2 DNA3 DNA4  miRNA-21

MoS,-AuNPs-based multilayer nanoprobes is used to ultrasensitively detect microRNA-21 with ultrawide dynamic range and ultralow
detection limit.
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