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Abstract
Emerging evidence suggests that exosomal microRNAs are potential biomarkers for the early diagnosis and prognostic assess-
ment of tumor. Here, we design a strand displacement-initiated G-quadruplex/rolling circle amplification (RCA) strategy for
highly specific and sensitive electrochemical sensing of exosomal microRNAs. In the presence of exosomal miRNA-21, a locked
nucleic acid (LNA)-labeled toehold mediated strand displacement reaction (TMSDR) is initiated, releasing output P2 to trigger
the subsequent RCA reaction by hybridizing with the C-rich circular template. Then the obtained G-rich RCA products can bind
to the probe anchored on the surface of gold electrode and generate G-quadruplex conformations. Based on the TMSDR-
triggered G-quadruplex/RCA strategy, the detection limit of this electrochemical biosensor is down to 2.75 fM. Moreover, our
biosensor exhibits excellent repeatability, stability, and high consistency compared to RT-PCR for clinical detection. In conclu-
sion, this assay is expected to provide a hopeful strategy for the early non-invasive diagnosis and prognostic estimation of cancer.
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Introduction

The liquid biopsy, a non-invasive means for tumor diagnosis,
can be used to effectively track cancer development and

explore the genetic landscape of tumor-linked lesions [1, 2].
Exosomal microRNAs, an important target of liquid biopsies,
are intimately involved in the process of tumorigenesis, in-
cluding cell proliferation, differentiation, and death [3, 4].
Compared to cell-free microRNAs, exosomal microRNAs
possess distinctive advantages in terms of their quantity and
stability in serum. This is probably attributable to the fact that
exosomes can protect microRNAs from degradation by
RNase and shear stress in the surrounding microenvironment
[5]. In addition, exosomal microRNAs can directly reflect
certain genetic properties of tumor cells [6]. Currently,
exosomal microRNAs are considered potential biomarkers
for the diagnosis and evaluation of breast cancer, lung cancer
and ovarian cancer [7–9]. Therefore, the establishment of
highly specific and sensitive technologies to detect exosomal
microRNAs can improve the efficiency of early diagnosis,
drug efficacy prediction, and prognostic assessment of several
cancers.

At present, the most commonly used protocols for detect-
ing exosomal microRNAs include reverse transcriptase PCR
(RT-PCR), DNA microarrays, northern blotting [10–12].
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However, these techniques are often time- and labor-consum-
ing, have a high cost, and require complicated procedures,
limiting their usefulness in biological and biomedical applica-
tions [13]. Biosensors, which are cost-effective, simple, and
require lower sample volumes, show greater utility for clinical
nucleic acid and protein detection [14, 15]. To successfully
detect trace microRNAs, various biosensors have been fabri-
cated based on different signal amplification strategies, such
as rolling circle amplification (RCA), Y junctionDNA probes,
DNAwalkers, and CRISPR [16–19]. Among these amplifica-
tion strategies, RCA causes trace targets to produce high-
molecular weight linear products to improve the magnifying
power of the signal [20]. Importantly, RCA requires no label-
ing and has no specific temperature requirements [21], making
it highly suitable for clinical practice [22]. As an improvement
to this cascade signal amplification system, the RCA-assisted
G-quadruplex conformation shows strong potential for the
electrochemical sensing of exosomal microRNAs [23]. G-
quadruplex [24, 25], as one of the most widely used
DNAzymes [26], is formed by a G-rich DNA sequence with
the participation of K+ [27]. Moreover, it possesses efficient
binding capacity with signal indicators such as methylene blue
(MB) compared to double-stranded DNA due to end-stacking
of the guanine quartet with a π-system to obtain the final
desired signal strength [28]. Thus, the RCA-assisted G-
quadruplex strategy is likely to dramatically improve signal
amplification.

In addition, toehold mediate strand displacement reaction
(TMSDR)-assisted magnetic bead separation technology may
be useful for the specific detection of exosomal microRNAs.
TMSDR, which is initiated by a short-overhang single-strand-
ed region, can efficiently accomplish the specific identifica-
tion of a target sequence at a constant temperature and dis-
placement [29]. TMSDR has been used as a specific recogni-
tion strategy in the fabrication of various biosensors [30].
Moreover, the addition of locked nucleic acid (LNA), which
contains a modified ribose moiety and is grossly similar to 2′-
O-methyl RNA, can markedly enhance the melting tempera-
ture (Tm) differences between the base-mismatched sequence
and the complementary duplex [31], further improving the
specificity and accuracy of the system, even to the resolution
of a single base [32]. Through the use of LNA-modified
TMSDR, specific functional sequences are expected to be
released to trigger a subsequent RCA reaction.

Herein, a highly specific and ultra-sensitive electrochemi-
cal biosensor for the exosomal microRNAs detection is pre-
sented, based on efficiently immobilizing signal indicator MB
in a G-quadruplex conformation acquired by TMSDR-
assisted RCA. This system is different frommost current elec-
trochemical sensors to detect microRNAs by capturing them
on the surface of gold electrode (GE). Lightening the burden
on electrode surface can be accomplished by establishing a
target capture process in the liquid phase through the

following process. First, the LNA-modified capture probe
P1 is fixed on the magnetic beads and hybridized with the
functional probe P2. When the target microRNA is isolated
from exosomes, the LNA-modified P1 will capture it to stim-
ulate the release of the functional probe P2 via TMSDR.
Importantly, one end of P2 will generate substantial G-rich
sequences via Phi29 DNA polymerase, while the other will
hybridize with ssDNA to anchor the RCA products to the
electrode. The RCA products are then incubated with K+

and MB, and the signal indicator MB will embed the G-
quadruplex units, which are made up of folded G-rich se-
quences, to produce a measurable electrochemical signal.
Further, we attempted to validate this electrochemical biosen-
sor in terms of its effectiveness, linearity, and stability through
a series of tests and applications using miRNA-21 from breast
cancer-derived exosomes. This biosensor may provide a
promising strategy for the early non-invasive diagnosis, ther-
apeutic monitoring, and prognostic estimation of tumor
growth and development.

Materials and methods

Chemicals and reagents

Streptavidin-tagged magnetic beads (MNBs) were purchased
fromBolanying Biotechnology Co., Ltd. (Chongqing, China).
Phi29 DNA polymerase was obtained from New England
Biolabs (Ipswich, MA, USA). Circular padlock,
microRNAs, 20 bp DNA ladder and dNTPs (2.5 mM each)
were purchased from Takara Bio (Shiga, Japan). 4-(2-
hydroxyethyl)-1-piperazine ethanesulfonic acid sodium salt
(HEPES) was obtained from Sangon Biotechnology Co.,
Ltd. (Shanghai, China). Tris(2-carboxyethyl) phosphine hy-
drochloride (TCEP, 98%), 6-mercapto-1-hexanol (MCH)
and MB were acquired from Sigma Aldrich (St. Louis, MO,
USA). Tween-20 and 5× TBE buffer were purchased from
Solarbio Life Sciences (Beijing China). Super GelRed nuclear
staining was acquired from Biotium (Fremont, CA, USA).
Human serum samples were collected from Southwest
Hospital in Chongqing, China. All custom-synthetic, HPLC-
purified oligonucleotides (Table S1) employed in this work
were purchased from Shanghai Sangon Biotechnology Co.,
Ltd. except microRNAs. Phosphate buffer solution (20 mM,
pH 7.3) including 1 M NaCl, 1 mM EDTA, and 0.02%
Tween-20 was used as coupling and storage buffer for
MNBs. Tris-HCl buffer (10 mM, 100 mM NaCl, 1 mM
EDTA, pH 7.4) served as the self-assembly buffer for
ssDNA. MB was dissolved in 10 mM HEPES (pH 8.0) made
up of 0.1 M KCl, and the electrochemical buffer was 20 mM
HEPES (pH 8.0) including 20 mM KCl. All solutions were
made with the ultrapure water (resistivity of 18.2 MΩ/cm)
procured from the Millipore ultrapure water system.
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Apparatus

Transmission electron microscopy (TEM) was conducted on
the JEM-1400Plus electron microscope (JEOL Inc., Peabody,
MA, USA). Fluorescence spectra was performed with F-7000
fluorescence spectrophotometer (Hitachi, Tokyo, Japan). RT-
PCR was carried out with ABI 7500 Real-Time PCRmachine
(ABI, USA). Nanoparticle tracking analysis (NTA) was per-
formed with the Zetasizer Nano ZSP (Malvern Instruments,
Malvern, UK). Cyclic voltammetry (CV), electrochemical im-
pedance spectroscopy (EIS) and differential pulse voltamme-
try (DPV) measurements were measured with the CHI760E
electrochemical analyzer (Chenhua, Jiangsu, China).

Preparation of oligonucleotide-modified MNBs

According to the Bolanying’s instructions, 80μL streptavidin-
modified MNBs (particle size: 1 μm; concentration: 20 mg/
mL) were washed three times with 0.5 mL coupling buffer,
then suspended in 0.5 mL coupling buffer including 8 μL of
100 μMLNA-tagged capture probe P1. After interacting with
the tube rotator at ambient temperature for 0.5 h, the P1/
MNBs were separated by a magnetic grate and washed three
times with coupling buffer to remove excess P1. Next, 8 μL of
100 μM functional probe P2 was added to 492 μL P1/MNBs
and incubated at room temperature overnight to form the P2/
P1/MNBs complex, followed by washing three times to elim-
inate excess P2 in the supernatant. Finally, after separation by
a magnetic grate, the P2/P1/MNBs solution was dispersed in
80 μL storage buffer and reserved at 4 °C for further use.

Capture of miRNA-21 and activation of RCA reaction

The indicated concentrations of target miRNA-21 or
exosomal extract were added into 20 μL of the established
P2/P1/MNBs solution, then diluted this mixture to 50 μL
using coupling buffer. Subsequently, the solution was left for
1 h at room temperature to release the corresponding P2 from
the MNBs through miRNA-21 induced TMSDR. P2 in the
supernatant was accumulated and reserved at 4 °C after mag-
netic separation. And cy3-labeled P2 was utilized to optimize
the concentration of P1. Briefly, after the same displacement
process described above, the obtained supernatant was collect-
ed to measure the fluorescence at 550–650 nm with a certain
excitation wavelength of 530 nm. The emission wavelength of
565 nm was employed to estimate the quantity of P2 release.
Next, a solution containing 10 U Phi29 DNA polymerase,
2.5 mM dNTPs, 10 mM C-rich circular padlock, and bovine
serum albumin was added to the supernatant to initiate the
RCA reaction. The RCA reaction solution was then hatched
at 30 °C for 2 h to generate many G-rich oligonucleotide
sequences.

Fabrication of the biosensor and electrochemical
measurements

The GE was burnished carefully with 0.3- and 0.05-μM
alumina slurry and cleaned with ultrasonic in ethanol and
ultrapure water for 2 min, respectively. After rinsing thor-
oughly and drying with ultrapure water and nitrogen gas
flow, the GE was immersed in freshly prepared piranha
solution (98% sulfuric acid and 30% hydrogen peroxide
at a ratio of 3:1, v/v). After being rinsed and dried, the
electrode was scanned by CV at 0–1.6 V in 0.5 M H2SO4

until the curve showed minimal fluctuations. The scan rate,
quiet time, and sample interval were 0.1 V/s, 2 s, and
0.001 V, respectively. For functionalization of the GE, the
ssDNA probe was modified with sulfhydryl group which
could self-assemble on the GE surface by forming Au-S
bond. 50 μL Tris-HCl (pH 7.4) including 1.5 μM ssDNA
and 10 mM TCEP was incubated for 1 h to remove the
disulfide bonds, followed by dropping 4 μL of the mixture
onto the electrode surface and incubating at 37 °C over-
night. The next day, after rinsed, the electrode was im-
mersed in 1 mM MCH for 0.5 h to block any unoccupied
binding sites and to eliminate any non-specifically
absorbed ssDNA. Then, the RCA products were dropped
onto the electrode surface and left at 37 °C for 2 h. Finally,
each electrode was incubated with 4 μL of 10 mM HEPES
containing 100 mM KCl and 1 mM MB at 37 °C for 2 h to
allow the formation of MB/G-quadruplex structures. Final
electrochemical signals were investigated by DPV in
20 mM HEPES (20 mM KCl, pH 8.0). The measuring
parameters included: potential from −0.1 V to −0.6 V; am-
plitude: 0.01 V; pulse period: 100 ms; and pulse width:
50 ms. In addition, the entire process of sensor establish-
ment was recorded by CV with the scan rate of 0.1 V/s
ranging from −0.2 V to +0.6 V in 10 mM [Fe(CN)6]

3−/4-

solution including 100 mM KCl. Likewise, EIS was exe-
cuted in the same buffer with a frequency of 0.1–105 Hz.
All electrochemical detection protocols were performed
with a classical three-electrode system composed of a plat-
inum electrode, a saturated calomel electrode, and a GE
described above.

Isolation of the exosomes

We collected the plasma from several patients suffering from
breast cancer and pre-filtrated with a filter of pore size
0.45 μm. After pre-filtration, the plasma was centrifuged at
3000 rpm for 10 min at ambient temperature, and then at
16,000×g for 10 min at 4 °C. The pale yellow supernatant
was collected, from which we extracted the exosomes in ac-
cordance with the manufacturer’s instructions with use of
exoEasy Maxi Kit (Qiagen, Hilden Germany).
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Tem

The prepared exosomes were negatively stained with
phosphortungstic acid (pH 6.5). Briefly, a carbon-coated cop-
per grid was put on a 10-μL drop of exosomes for 10 min and
dyed for 15 s. After removing the dye and drying at ambient
temperature for 0.5 h, the sample was imaged using the JEM-
1400Plus electron microscope.

Extraction and RT-PCR analysis of exosomal
microRNAs

The exosomal microRNAs were extracted in accordance with
the manufacturer’s instructions with use of exoRNeasy Midi/
Maxi Kit (Qiagen). Then, NanoPhotometer N50 (IMPLEN,
Munich, Germany) was used to measure the quantitation of
microRNAs.Total microRNAs were reverse transcribed to
cDNA employing the miScript II RT Kit (Qiagen). The reac-
tion mix was incubated at 37 °C for 60 min after adding the
template microRNAs, followed by 95 °C for 5 min to inacti-
vate the reverse transcriptase. Subsequently, RT-PCR was per-
formed with the mix prepared by miScript SYBR Green PCR
Kit (Qiagen) with the following thermal cycling states: 95 °C
for 15 min; then continued 40 cycles of 94 °C for 15 s, 55 °C
for 30 s, and 70 °C for 30 s.

Results and discussion

Design principle of the TMSDR-triggered
G-quadruplex/RCA strategy

The experimental principle of this electrochemical biosensor
is demonstrated in Scheme 1. Briefly, the TMSDR-triggered
G-quadruplex/RCA strategy is as follows: the LNA-modified
TMSDR is triggered by the presence of the target miRNA-21,
and electrochemical detection is based on RCA-assisted G-
quadruplex conformations. First, the LNA-modified capturre
pobe P1 self-assembles onto the MNBs and hybridizes with
the functional probe P2. When miRNA-21 is extracted from
the exosomes derived from breast cancer patients, it will be
recognized by the LNA-modified capture probe P1 to initiate
the release of functional probe P2 via TMSDR. Notably, both
ends of the free P2 play different roles in the subsequent re-
actions: one end is complementary to the C-rich RCA tem-
plate, and the other is complementary to ssDNA to anchor the
RCA products on the electrode surface. The released P2 re-
mains in the supernatant after magnetic separation. Next, the
C-rich circular template, Phi29 DNA polymerase, and dNTPs
are added to the supernatant to trigger the RCA reaction and
generate massive G-rich oligonucleotide sequences. The RCA
products are then dropped onto the surface of the electrode to
bind to ssDNA that was previously fixed on the electrode.

Subsequently, through the activity of K+, the free G-rich se-
quences can further fold into more G-quadruplex units to ef-
ficiently capture MB to substantially enhance the electro-
chemical peak current. The peak current will vary based on
the concentration of released P2, proportional to the concen-
tration of miRNA-21.

Exosomes characterization

The morphology of the purified exosomes derived from plas-
ma of breast cancer patients was observed by TEM. As shown
in Fig. 1A, the exosomes negatively stained with use of phos-
photungstic acid had a representative saucer-like shape with a
size of around 100 nm. And western blot was utilized to val-
idate surface protein markers CD63 and CD9 of the exosomes
[33]. As shown in Fig. 1B, the distinct bands further testified
the properties of the isolated exosomes through comparing
with the results of MCF-7 cells. The result of nanoparticle
tracking analysis (NTA) verified the size distribution of iso-
lated exosomes (Fig. 1C). The average size of the exosomes is
around 192.7 nm.

Feasibility of the TMSDR-triggered G-quadruplex/RCA
strategy

In order to validate the practicability of this electrochemical
assay, we performed native PAGE and electrochemical char-
acterization. As shown in Fig. 2A, P1 (lane 2) successfully
combined with P2 (lane 3) to form a larger complex (lane 6).
Furthermore, we verified that TMSDR was triggered to pro-
duce complexes between the target miRNA-21 and P1 with
the release of P2 (lane 7). Lane 4 and lane 5 represented linear
padlock and circular padlock, respectively. Lane 8 and lane 9
manifested the final results for the proposed assay without and
with magnet-processed supernatant post addition of target
miRNA-21, respectively. As expected, on the top of lane 9,
the distinct band with extremely low mobility represented
RCA products, confirming that RCA reaction was only trig-
gered in the presence of the magnet-processed supernatant
post addition of target miRNA-21. Additionally, the DPV
peak currents were recorded with the modified electrode in
different phases. As depicted in Fig. 2B, when ssDNA and
MCH self-assembled on the bare GE successively, a DPV
signal was observed, representing the nonspecific adsorption
of MB (curve a). The DPV signal showed a negligible in-
crease after the addition of RCA products in the absence of
1 nM miRNA-21 and Phi 29 DNA polymerase, respectively
(curve b and c). However, after the addition of 1 nM miRNA-
21, the electrode was incubated with the RCA products ob-
tained by magnet-processed supernatant and Phi 29 DNA po-
lymerase, and the DPV signal increased sharply (curve d).

The establishment of the electrochemical biosensor was
also characterized by CV and EIS in 10 mM [Fe(CN)6]

3−/4-
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with 100 mM KCl [34]. As depicted in Fig. 2C, we could
observe a pair of redox peaks (curve a) for the bare GE.
When the ssDNA and MCH were dropped onto the electrode

surface in turn, the redox peaks decreased notably (curve b)
due to the repulsion effect between the negatively charged
phosphate backbone of ssDNA and [Fe(CN)6]

3−/4-. Next,

Fig. 1 Characterizations of the
exosomes. (A) TEM image, (B)
western blot analysis, and (C)
nanoparticle tracking analysis
(NTA) of the exosomes isolated
from the plasma of breast cancer
patients

Scheme 1 Schematic illustration of the electrochemical sensing of exosomal miRNA-21: (A) Target capture mechanism and (B) construction of the
proposed electrochemical biosensor.
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upon the introduction of RCA products, the redox currents
decreased slightly (curve c) due to the increase in biomole-
cules on the electrode surface. Subsequent incubation with K+

andMB caused a further decrease in the redox peaks (curve d)
by forming the MB/G-quadruplex structures.

Likewise, EIS showed a similar result to that of CV.
Electron transfer resistance is known to directly reflect
changes at the electrode interface [35]. As shown in
Fig. 2D, the small semicircle diameter and the long tail
denoting diffusion indicated the excellent conductivity
of bare GE (curve a). Subsequent semicircles with in-
creasing diameters indicated that the hindrance of elec-
tron transfer between the electrode and solution gradu-
ally increased after each step (curve b, curve c, curve
d). These results verified that our designed electrochem-
ical biosensor was successfully assembled.

Optimization of experimental conditions

Each experimental parameter may affect the correctness and
effectiveness of our biosensor. Thus, to achieve optimal per-
formance, several conditions that weremost likely to affect the
biosensor were optimized, including the concentration of P1,
ssDNA, and K+, as well as the RCA reaction time.

The first section of the assay determined the transformation
efficiency of the target from P2. To study the effect of the
concentration of P1 coupled to the MNBs, we analyzed the
fluorescence intensity of released cy3-labeled P2 triggered by
the target at different concentrations of P1 from 0.5–3.0 μM
(Fig. 3A). The fluorescent signal reached an equilibration state
at 1.5 μM P1. Thus, we chose 1.5 μM as the optimum con-
centration of P1 for maximum transformative capacity after
capturing miRNA-21.

Fig. 2 (A) Native 12% PAGE gel analysis of the proposed
electrochemical assay: Lane 1: miRNA-21, lane 2: P1, lane 3: P2, lane
4: linear padlock, lane 5: circular padlock, lane 6: P1 hybridized with
P2 at 37 °C for 90 min, lane 7: lane 6 after hybridized with miRNA-21,
lane 8 and lane 9 were the proposed assay without and with miRNA-21,
respectively. (B) The DPV curves of the proposed electrochemical assay
with different experiment conditions: (a) MCH-blocked ssDNA-modified

gold electrode (GE), incubated with RCA products (b) without 1 nM
miRNA-21, (c) without Phi 29 DNA polymerase and (d) both with
1 nM miRNA-21 and Phi 29 DNA polymerase. (C) The CV and (D)
EIS curves of construction process of the GE surface: (a) bare GE, (b)
MCH/ssDNA/GE, (c) RCA products/MCH/ssDNA/GE, (d) MB/RCA
products/MCH/ssDNA/GE
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The density of ssDNA immobilized on the GE was
modified by controlling the concentration of ssDNA
dropped onto the GE surface. As shown in Fig. 3B, dif-
ferent concentrations of ssDNA ranging from 0.5–3.0 μM
were added to the GE surface, incubated overnight, and
tested by DPV. The maximum peak current was obtained
at an ssDNA concentration of 1.5 μM. Conversely, the
enhancement in concentration decreased the efficiency of
subsequent hybridizations, suggesting that 1.5 μM was
the optimum concentration of ssDNA.

To determine the influence of the RCA reaction time,
the electrochemical biosensor was employed for detec-
tion with reaction times of 0.5–3 h. As presented in Fig.
3C, the signal response increased rapidly with increas-
ing incubation time, but showed minimal changes at
incubation times of longer than 2 h. Therefore, the op-
timum RCA reaction time was 2 h.

The final amplification of the electrochemical signal
amplification largely depends on the effective formation
of the G-quadruplex. Owing to its vital effect in the fold-
ing of G-quadruplex, the optimal concentration of K+ is
required to maximize the production of G-rich sequences
to transform into the desired structures for binding the
signal indicator MB. The electrochemical signal at differ-
ent concentrations of K+ was measured from 5 to
200 mM, as demonstrated in Fig. 3D. The maximum
DPV value was observed at 100 mM, and the peak current
decreased when the concentration was increased from 100
to 200 mM; thus, 100 mM was selected as the ideal con-
centration of K+ for the miRNA-21 detection.

Performance of the proposed electrochemical
biosensor

Under the above optimal conditions, we added diverse con-
centrations of miRNA-21 into the specific capture system
containing MNBs and assessed by DPV. As exhibited in
Fig. 4A, the peak current intensity of DPV gradually increased
as the concentration of miRNA-21 increased. A good linear
relationship was observed between the peak current of each
response and the logarithm of the miRNA-21 concentration
within a range of 10 fM to 10 nMwith a correlation coefficient
(R2) of 0.9972. The linear fitting equation showed values of
I = 0.05687log (C) + 0.2923, where I and C stood for the peak
current intensity and the concentration of target, respectively
(Fig. 4B). The limit of detection (LOD) of this approach for
miRNA-21 detection was calculated as 2.75 fM based on the
rule of 3σ/k (in which the σ is the standard deviation of the
blank signals and the k is the slope of the obtained linear
fitting equation), that was lower than that of several previously
published techniques for the detection of microRNAs
(Table S2). This may be owing to the combination of the high
amplification efficiency of the TMSDR-triggered G-
quadruplex/ RCA strategy.

Selectivity of the proposed electrochemical biosensor

The specificity of the sensor is an important factor, as it is an
indicator of its ability to discern only the molecule of interest.
Consequently, several groups of similar molecules were uti-
lized to verify the selectivity of the proposed sensor, including

Fig. 3 Optimum conditions for
this electrochemical biosensor.
(A) The concentration of P1. (B)
The concentration of ssDNA. (C)
The RCA reaction time. (D) The
concentration of K+. Each point
stands for the average value of
five independent assays with error
bars indicated
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Single base-mismatched target (SMT), two base-mismatched tar-
get (TMT), miRNA-145, miRNA-134, and miRNA-128. As
shown in Fig. 5, the non-complementary targets miRNA-145,
miRNA-134, and miRNA-128 induced an electrochemical sig-
nal that was indistinguishable from the blank signal. In addition,
although the signals of TMTand SMTwere slightly higher than
blank signal, they remained significantly lower than the signal
resulting from target binding. Thus, the proposed approach ap-
peared to possess excellent specificity for target recognition,
probably because of the high discriminative capacity of LNA.

Repeatability and stability of the proposed
electrochemical biosensor

To explore the repeatability of this biosensor, identical electrodes
were employed to detect miRNA-21 (1 pM) in ten successive

tests, and the relative standard deviation (RSD) was 9.81%. This
confirmed that the approach possesses excellent repeatability.

Additionally, we also assessed the stability of this biosen-
sor. Three groups of identical electrodes modified with
1.5 μM ssDNA and 1 mM MCH were stored at 4 °C and
incubated with 1 pM miRNA-21 every 7 days over 21 days.
As depicted in Fig. S1, the DPV peak value of modified elec-
trode was maintained at approximately 100.26% (day 7),
89.46% (day 14), and 78.01% (day 21) relative to the initial
signal (n = 3), with an RSD of 6.31%, 0.25%, and 10.05%,
respectively. This shows that the proposed electrochemical
sensor possesses satisfactory stability.

Human serum analysis of exosomal miRNA-21

To verify the practicality of applying the proposed biosensor
in a clinical environment, we compared the results of RT-PCR

Fig. 4 (A) DPV signal for the electrochemical detection of miRNA-21.
The concentration ofmiRNA-21 is (a) 10 fM, (b) 100 fM, (c) 1 pM, (d) 10
pM, (e) 100 pM, (f) 1 nM, (g) 10 nM. (B) The histogram of DPV current

changes. The insert is the corresponding calibration plot for the DPV peak
current vs Log(C)/fM. Each point stands for the average value of five
independent assays with error bars indicated

Fig. 5 Selectivity measurements
toward: (a) Blank, (b) miRNA-
145, (c) miRNA-134, (d)
miRNA-128, (e) TMT, (f) SMT,
(g) miRNA-21 at the same
concentration (1 nM). Error bars
represent standard deviations of
three independent experiments.
The insert is the DPV curves of
each sample
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with that of our biosensor by using both techniques to detect
exosomal miRNA-21 from the plasma of breast cancer pa-
tients. All the template exosomal microRNAs were extracted
from the same volume of plasma. In the RT-PCR reaction, the
spiked miRNA-39 was used as the external control. After RT-
PCR analysis, the Δ Δ threshold cycle (Δ Δ Ct) value of
miRNA-21 was calculated by the Δ Ct value of the disease
group subtracting theΔCt value of healthy group. Finally, the
proposed electrochemical biosensor was employed to qualify
the template exosomal miRNA-21. As shown in Fig. 6, we
testified the consistency of two sets of data from RT-PCR and
our biosensor by comparing the relative expression quantity
(Δ Δ Ct) and DPV peak current of exosomal miRNA-21,
respectively, in samples from breast cancer patients. It was
found that the electrochemical results were in good accor-
dance with the outcome of RT-PCR with a R2 of 0.9619,
verifying the clinical accuracy of this biosensor for exosomal
miRNA-21 detection, which might provide a potential appli-
cation in clinical diagnosis of cancer.

Conclusions

In summary, we successfully developed an electrochemical
biosensor for the highly specific and sensitive detection of
exosomal microRNAs based on strand displacement-
triggered G-quadruplex/RCA signal amplification strategy.
A specific LNA-modified DNA probe P1 was selected as
the capture probe. The presence of target miRNA-21 could
initiate strand displacement reaction and release the functional
probe P2which could further trigger RCA reaction by one end
of P2 binding to the C-rich RCA template. Then a large num-
ber of G-rich RCA products could combine with the probe
anchored on GE surface and lots of G-quadruplex

conformations could be further generated with the participa-
tion of K+. The RCA-assisted G-quadruplex conformation, in
which the signal indicator MB could embed, was used as the
detection probe. A cascade amplification electrochemical sig-
nal was produced by the integration of the RCA reaction and
G-quadruplex structures. Under the optimum conditions, the
proposed electrochemical biosensor responded linearly to-
ward target miRNA-21 ranging from 10 fM to 10 nM with a
detection limit of 2.75 fM. The biosensor had realized excel-
lent specificity for miRNA-21 detection distinguished from
base pair mismatch and other microRNAs. Furthermore, plas-
ma obtained from breast cancer patients was collected to in-
vestigate the consistency between our designed biosensor and
RT-PCR to verify its possibility of clinical application.
Compared to several other previously reported detection
methods (Table S2), the results shown here suggested that
the proposed biosensor showed better detection limit and
specificity. In conclusion, our electrochemical biosensor pos-
sesses major potential for the clinical detection of exosomal
miRNA-21, and providing an improved strategy for the early
diagnosis, therapeutic monitoring, and prognostic estimation
of cancer.
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