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ARTICLE INFO ABSTRACT

Keywords: Growing evidence suggests that exosomes-encapsulated miRNAs detection is of paramount significance in early
miRNA diagnostics of cancer due to protection from degradation by ribonuclease. However, exosomal microRNAs with
Exosomes

low abundance and subtle variation have restricted their clinical application. Herein, an electrochemical bio-
sensor for highly sensitive detection of exosomal microRNAs has been fabricated based on the double signal
amplification strategy. Our proposed amplifier consists of two steps: target miRNA cyclic signal amplification
induced by strand displacement reaction (SDR) and subsequent deposition of silver nanoparticles induced by
streptavidin-biotin interaction. Consequently, this method shows ultrahigh sensitivity to detect miRNA. Taking
miRNA-21 in exosomes as a model analyte, a detection limit of 0.4 fM (S/N = 3) can be obtained. Meanwhile,
the method is relatively simple and low-cost without the requirement of enzyme, which has been applied in
biological samples successfully. Therefore, our miRNA assay method has shown great promise as molecular tool

Double signal amplification
Silver nanoparticles

in the detection of exosomal miRNA and could be widely used in clinic in the future.

1. Introduction

Exosomes are membranous vesicles ranging in size from 30 to
100 nm secreted by almost all types of cells and play key roles as
messengers that function in intercellular communication by delivering
the information that they carry to the target cells [1,2]. Now exosomes
have attracted increasing attention due to their ability to carry a variety
of cargoes, including proteins, microRNAs, mRNAs and even DNAs from
parental cells, which enables them to maintain physiological functions
and involve in the pathogenesis of multiple diseases [3-6]. MicroRNAs
(miRNAs) in exosomes play important functions in developmental
regulation, proliferation, differentiation, cardiogenesis, epigenetic in-
heritance and so forth [7,8]. Additionally, there are elevated evidences
demonstrating that the aberrant expression of miRNAs has been cor-
relative to various diseases, including a broad range of cancers, heart
disease and neurological diseases [9-12]. Due to the outer lipid mem-
brane of exosome, exosomal miRNA are generally protected from
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degradation by ribonuclease, thereby offering a stable source of miRNA
in the peripheral blood. So, assay of exosomal miRNA will provide more
useful details of disease diagnosis.

MiRNAs have been regarded as a new branch of diagnostic and
prognostic biomarkers for clinical management, and a diversity of
techniques are developed for miRNA detection [13-16]. Among them,
northern blotting [17,18], real-time PCR [19,20] and microarrays
[21,22] are the commonly used strategies. Nevertheless, these methods
require tedious sample preparation process and/or a thermal cycler.
There are still many other miRNA sensing platforms detecting different
kinds of signals, such as surface enhanced raman scattering (SERS)
[23,24], electrochemical [25-27], chemiluminescence [28,29], and
fluorescence signals [30,31], among which, electrochemical biosensors
show merits of highly sensitive and selective, low cost, rapid and easy
operation.

Herein, we have developed an electrochemical biosensor for highly
sensitive detection of microRNAs based on the target recycling assisted
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signal amplification strategy and the deposition of silver nanoparticles
induced by streptavidin-biotin interaction. The hairpin (HP1) on the
electrode can be opened by target miRNA-21. Next, HP2 are opened by
the freshly exposed sticky end of HP1 and the target miRNA-21 are
displaced. In the meantime, the released target miRNA hybridizes with
another HP1, leading to more target cycles. Meantime, due to HP2 are
modified with biotin, silver nanoparticles modified with streptavidin
can bind with biotinized DNA (HP2). As a consequence, more biotiny-
lated silver nanoparticles are deposited on the gold electrode surface
through streptavidin-biotin interaction, which dramatically amplifies
the electrochemical signal without the utilization of enzymes. In this
design, the corresponding electrochemical signal is activated and en-
hanced in the presence of target miRNA. Therefore, the proposed bio-
sensor has great potential as a platform for the ultrasensitive and se-
lective detection of miRNAs.

2. Experimental
2.1. Chemicals and reagents

NaBH,4, biotin, AgNOsj, streptavidin, 6-Mercaptohexanol (MCH),
trisodium citrate, and tris(carboxyethyl) phosphine (TCEP) were ob-
tained from Sigma-Aldrich (Shanghai, China). The single stranded DNA
or RNA oligonucleotides were obtained from Sangon Biotechnology
Co., Ltd. (Shanghai, China). Their base sequences are listed as Table S1.
The DNA solutions were prepared with 10 mM Tris-HCI buffer solution
(pH 7.4) and the miRNAs solutions were prepared with DEPC-treated
water. Blood samples were obtained from The Second Hospital of
Nanjing, which were approved by the local Ethics Committee.

2.2. Exosomes isolation

Exosomes in blood samples were extracted according to the in-
structions of the exosome isolation kit (AIVD Biotech Co., ShenZhen,
China). Then, the total RNA derived from exosomes was extracted by
TRIzol reagent.

2.3. RT-qPCR analysis of miRNA-21

Firstly, total RNA derived from exosomes (4 X 10! particles/mL)
was extracted by TRIzol reagent according to the manufacturer's pro-
tocol and quantifed on a TU-1901 UV-vis spectrometer. Subsequently, a
commercial Quant One Step qRT-PCR Kit was used as a control method
(TIANGEN Biotech Co., Ltd., Beijing, China). Briefly, 50 uL of qRT-PCR
reaction solution was prepared on ice (200 nM TagMan probe, 250 nM
forward primer, 200 nM RT primer, 250 nM reverse primer, 5 U of
HotMaster Taq polymerase, 25 uL of 2 X Quant One Step Probe qRT-
PCR Master Mix, 0.7 pL of Quant RTase, 5 pL of total RNA). Afterward,
the above reaction solution was heated to 50 °C for 30 min. Finally, the
detailed PCR reaction was operated according to the manufacturer's
instructions.

2.4. Preparation of streptavidin modified silver nanoparticle and
biotinylated AgNPs

Biotinylated AgNPs and streptavidin-AgNPs were prepared ac-
cording to previous literature[32,33].

2.5. Electrochemical determination of miRNA-21

The gold electrode was treated as the previously report[34,35].
2.0 uyM HP1 in 10 pL of DNA immobilization buffer was dripped on the
gold electrode overnight, and the surface density of HP1 was about
3.80 x 1072 mol cm ™2 Then, after the above electrode was rinsed
three times with DNA immobilization buffer and treated with 10 pL of
Tris-HCI (10 mM), 1 mM MCH was used to react with the electrode for
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15 min to avoid non-specific adsorption. Next, 10 uL PBS solution
(10 mM, pH 7.4) containing various concentrations of miRNA-21 was
cast on the gold electrode for 60 min at 37 °C. The above gold electrode
was exposed to 50 uL of DNA hybridization solution containing 2.0 uM
HP2 for 2 h at 37 °C. Later, the electrode was rinsed thoroughly with
10 mM Tris-HCI buffer and deionized water. The resulting clean elec-
trode was immersed into 50 pL streptavidin-modified silver nano-
particles solution for 30 min at 37 °C and there were about
1.21 x 10~ mol streptavidin on the gold electrode surface. Finally,
after being dripped 10 pL of biotinylated AgNPs solution at 37 °C for
half an hour, there were about 5.57 X 10~ !' mol AgNPs left on the
gold electrode surface, and the modified electrode was ready for mea-
surement (Fig. S1).

2.6. Electrochemical measurements

Square wave voltammograms (SWV) and electrochemical im-
pedance spectroscopy (EIS) were carried out on a CHI 660 E electro-
chemical workstation. The gold electrode (3 mm diameter), a saturated
calomel electrode (SCE) and a platinum wire were served as the
working electrode, reference electrode and counter electrode, respec-
tively. SWV was obtained in 5 mL of 10 mM Tris-HNOj3 buffer (pH7.4)
containing 100 mM KCl. EIS was performed in 5 mM [Fe(CN)g]® =74~
solution containing 0.5 M KCl. The parameters of SWV and EIS were as
follows: (a) SWV: scan range, —0.2 to 0.3 V; frequency, 15 Hz;
sweeping rate, 0.25 V/s; step potential, 5 mV; amplitude, 25 mV; (b)
EIS: amplitude, 5 mV; frequency range, 0.01Hz-100 KHz; bias potential,
0.22 V. The data was obtained at least three independent repetitions of
the experiment.

3. Results and discussion
3.1. Mechanism of the method design

As shown in Scheme 1, the hairpin probes (HP1) are first modified
on the gold electrode surface through Au-S. In the presence of target
microRNAs, the stem-loop structure of HP1 can be opened via the
combination with the target microRNAs. HP2 are opened by the freshly
exposed sticky end of HP1 and the target miRNA is displaced when HP2
are dripped on the gold electrode surface. Meantime, the released
miRNA further hybridizes with another HP1 and a set of reactions de-
scribed above are recycled. Due to HP2 are modified with biotin, it can
bind with silver nanoparticles modified with streptavidin. conse-
quently, more biotinylated silver nanoparticles are deposited on the
gold electrode through streptavidin-biotin interaction, resulting the
enhanced electrochemical signals associated with concentrations of
target miRNA.

3.2. Characterization of biotinylated AgNPs and streptavidin-AgNPs

Transmission electron microscope (TEM) is first selected to char-
acterize the biotinylated AgNCs. As shown in Fig. 1A, the biotinylated
AgNCs is spherical in shape, and the diameter is about 6 nm, which is
accordance with previous reports. Moreover, the UV-vis spectro-
photometry has been used to validate the modification of streptavidin
to AgNPs. As shown in Fig. 1B, there is a strong absorbance peak at
280 nm for the UV-vis spectra of streptavidin-AgNPs compared with
AgNPs. The results indicate that streptavidin-AgNPs complexes have
been successfully synthesized.

3.3. Characterization of the electrode modification

EIS is used to verify the modification of the electrode (Fig. 2). EIS of
the bare electrode is nearly a straight line (curve a, 43 Q). After the
modification of HP1 and MCH on the gold electrode surface, an evident
semicircle appears (curve b, 1640 Q), indicating augmented resistance
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Scheme 1. Illustration of the electrochemical method for exosomal miRNA-21 assay.

to interface electron due to the repulsion of [Fe(CN)¢]®>~/*~ by the
negatively charged DNA. The diameter of the semicircle increases re-
markably after the hybridization between miRNA-21 and HP1 (curve c,
2253 Q). Then, after addition of biotinylated HP2, the diameter of the
semicircle increases with the combination of HP1 and biotinylated HP2
instead of miRNA hybridization (curve d, 3883 Q). The diameter of the
semicircle increases again after streptavidin-AgNPs are immobilized on
the electrode through streptavidin-biotin interaction (curve e, 4988 Q),
ascribing to an electron transfer barrier caused by the combination
between streptavidin and biotin. Finally, a larger semicircle diameter
(curve f, 6012 Q) is observed after the prepared biosensor being com-
bined with biotinylated-AgNPs, due to the high resistance of the elec-
trode interface, which indicates the successful fabrication of the bio-
sensor.

3.4. Characterization of the biosensor

The signal amplification effect of streptavidin-biotin is verified by
SWV. As is shown in Fig. 3, after streptavidin-biotin assisted signal
amplification, the electrochemical signal is significantly enhanced. It
can also be observed that the peak current response after signal am-
plification increases by about three times compared to no signal am-
plification.

A

3.5. Optimization of detection conditions

In order to obtain a better sensitivity of miRNA measurements, three
important aspects involved in the assay have been examined. Firstly,
the hybridization time between HP1 and miRNA-21 is optimized. It can
be seen from Fig. S2, the SWV response increases with extention of
catalytic hairpin assembly time and then reaches stabilization, and
60 min has been proved to be sufficient for completely hybridization.
The hybridization time between HP1 and HP2 is also optimized. As
shown in Figs. S3 and 2h has been proved to be the optimal incubation
time. Besides these, streptavidin-biotin interaction time is also opti-
mized for the amplification strategy in this assay. As shown in Fig. S4,
the SWV response increases along the incubation time, and the signal
tends to be constant after 30 min. So, an incubation time of 30 min has
been selected for the signal amplification.

3.6. Electrochemical detection of miRNA-21

The level of synthetic miRNA-21 is analyzed using the electro-
chemical method mentioned above. As shown in Fig. 4, under the op-
timized conditions, the peak currents of AgNPs increase with the con-
centration of miRNA-21 ranging from 1 fM to 200 pM, and a limit of
detection can be obtained as low as 0.4 fM (S/N = 3). The linear
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Fig. 1. (A) TEM image of biotinylated AgNPs; (B) UV-vis spectra of AgNPs and streptavidin-AgNPs.
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Fig. 2. EIS measurements for different modified electrodes: (a) bare gold
electrode, (b) the electrode after HP1 modification, (c) the electrode after in-
cubation with exosomal miRNA-21, (d) the electrode after incubation with
biotinylated HP2, (e) the electrode after incubation with streptavidin-AgNPs,
and (f) the electrode after incubation with biotinylated-AgNPs. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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Fig. 3. SWV obtained at the modified electrodes of (a) streptavidin-AgNPs/
miRNA-21/HP1/Au, and (b) biotinylated-AgNPs/streptavidin-AgNPs/miRNA-
21/HP1/Au in 100 mM KCl containing 10 mM Tris-HNO3, miRNA-21 con-
centration is 10 pM.

regression equation is y = —10.3-0.65x (n = 3, R? = 0.99). The
reasons for the low detection limit are due to the following two signal
amplification strategies. One is the released target miRNA can trigger a
new cycle of catalytic assembly and more biotinylated HP2 can be
immobilized on the gold electrode surface, which provides more
binding sites for silver nanoparticles. The other is that a large number of
silver nanoparticles can be aggregated on the electrode based on the
streptavidin-biotin interaction.

3.7. Selectivity of the biosensor

We have compared the electrochemical biosensor performances in
the cases of several miRNAs, such as miRNA-605, miRNA-200c and
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Fig. 4. (A) SWV curves obtained at the modified electrodes to quantify miRNA-
21. Curves a-i corresponding to miRNA-21 concentrations of 0, 0.1, 0.5, 1, 10,
20, 50, 100, and 200 nM, respectively in 0.1100 mM KCl containing 10 mM
Tris-HNOs. The inset is the linear calibration curve of peak current value versus
the logarithm of the concentration of exosomal miRNA-21. Error bars indicate
standard deviation of three independent experiments.
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Fig. 5. Selectivity of the biosensor. Comparison of the SWV peak currents in the
presence of miRNA-605, miRNA-200c, miRNA-433 and miRNA-21, respec-
tively, in which the blank is PBS buffer. The concentrations of miRNA-21 and
interfering miRNA are about 10 pM respectively. The error bars were the
standard deviations from three independent experiments.

miRNA-433 to explore the selectivity of the biosensor. As shown in
Fig. 5, high signal can be obtained only for the samples containing the
target miRNA-21, while the electrochemical signals of the other
miRNAs are close to the background level. That's reasonable since the
other miRNAs cannot open the hairpin on the gold electrode surface
and initiate the subsequent nanoparticle localization. The results in-
dicate that the electrochemical biosensor has excellent specificity to
distinguish target miRNA from the other miRNAs.

3.8. Assay exosomal miRNA-21 in biological sample

To further verify the potential of the proposed electrochemical
biosensor in real blood samples analysis, we have also compared this
method with qRT-PCR method. Exosomal miRNA-21 levels in serum
samples derived from six prostatic cancer patients and six healthy vo-
lunteers are analyzed with the two methods. Firstly, the morphology
and size of the exosomes are characterized by TEM and Dynamic Light
Scattering (DLS) (Fig. 6). The TEM imaging results show that the
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Fig. 6. (A) TEM image of exosomes extracted from blood samples of PCa patients; (B) Size distribution of exosomes by intensity.
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Fig. 7. Measurements of exosomal miRNA-21 levels in blood samples from
patients with prostatic cancer patients (8-13) and healthy volunteers (2-7) by
the proposed electrochemical method and qRT-PCR method; 1: blank control;
The error bars represent the standard deviation of three independent experi-
ments.

exosomes are globular structure with a particle diameter range of ap-
proximately 30-100 nm. Additionally, the DLS result displays a slightly
larger range in diameter than that of TEM. Both the results of TEM and
DLS are in agreement with the characteristics of exosomes described in
previous literature. As can be seen in Fig. 7, the exosomal miRNA-21
levels are significantly higher in the samples from PCa patients than
that from healthy volunteers, which indicates that exosomal miRNA-21
is over-expressed in tumor samples, consistent with previous literature.
In addition, comparing the two methods, we can clearly see that they

are in good consistency, which shows the high accuracy and practical
application ability of our electrochemical method.

4. Conclusion

In summary, we have developed a sensitive electrochemical method
for the detection of exosomal miRNAs in biological samples based on
target recycling and streptavidin-biotin interaction assisted silver na-
noparticles aggregation for signal amplification. Compared with other
miRNA detection methods, our proposed electrochemical method ex-
hibits three advantages. First, due to the double signal amplification
strategy, the lower detection limit of 0.4 fM can be achieved to analyze
miRNA-21 in human biological samples (Table 1). Second, the joint use
of hairpin-like DNA probe and streptavidin-biotin interaction improves
the specificity of this method. Third, this signal amplification strategy
based on the deposition of AgNPs not only enables the miRNA detection
with high sensitivity, but also easy to operate without the aid of en-
zyme. Moreover, the high consistency between our method and qRT-
PCR validates that it could offer a useful means for the assay of exo-
somal miRNAs in biological samples.
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Table 1

A comparison of the method with previously reported ones.
Detection method Linear Range Detection limit Assay times References
Surface enhanced Raman scattering 1 aM-100 nM 1aM Not provided [24]
Surface enhanced Raman scattering 12 fM-18 pM ~5fM 3.7h [36]
Surface enhanced Raman scattering 3 aM-100 pM 1 aM 50 min [37]
Fluorescence 10 pM-10 nM 10 pM 2h [38]
Electrochemical 100 aM-1 nM 49 aM 2h [39]
Electrochemical 0.1 fM-100 fM 67 aM 3h [40]
Electrochemical 1 fM-200 pM 0.4 fM 35h This study




W. Cheng, et al.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.talanta.2020.121242.
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