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A B S T R A C T   

Exosomal microRNAs (miRNAs) have been explored as an extremely promising biomarker of liquid biopsy for the 
diagnosis, treatment and prognosis of diseases such as cancer, in which sensitive and selective detection is 
significant. Herein, we describe the construction and testing of an electrochemical biosensor for the sensitive 
detection of exosomal miRNAs. It is based on synthetizing numerous long single-stranded DNAs (ssDNAs), which 
are produced by dual amplification reactions of target-triggered cyclic strand displacement reaction (TCSDR) and 
primer exchange DNA amplification reaction (PEDAR). In the first signal amplification step, target miRNAs are 
captured by the hairpin DNA strands (capture probes, Cp) that are immobilized on electrode. After strand 
unfolding with target capture, primer probes (Pp) enable to hybridize with Cp. And then target miRNAs were 
displaced for starting the TCSDR process that enable the introduction of numerous primers in Pp. In the second 
signal amplification step, the primers associated with PEDAR produce copious amounts of elongated ssDNAs. 
These ssDNAs absorb abundant quantities of methylene blue (MB) that enables the highly sensitive and label-free 
detection of exosomal miRNAs. This dual amplification process is characterized by a low limit of detection (LOD) 
of 3.04 aM. In addition, the electrochemical biosensor exhibits good selectivity for miR-21 detection, and shows 
benefits of simple operation, low cost, portability. Overall, the electrochemical biosensor provides a promising 
platform for the early diagnosis and screening of tumor biomarkers and the development of devices for point-of- 
care testing (POCT).   

1. Introduction 

Advancing the state of art in the early diagnosis, treatment and 
prognosis of cancers requires discovery and development of new con
cepts in exosome-based liquid biopsy (Kalluri and LeBleu, 2020; Zhang 
et al., 2017). Exosomes are extracellular vesicles originating from an 
endosomal pathway encapsulating molecular cargoes with a lipid 
bilayer and secreted as a spherical structure held together with a plasma 
membrane in the diameter range of 40–160 nm (Kalluri and LeBleu, 
2020). By delivering their cargoes (e.g., proteins, RNAs) to various 
recipient cells, exosomes maintain a close association and communica
tion with the intracellular environment that are important in tumor 
pathology, immune responses, and cardiovascular diseases (Aghebati-
Maleki et al., 2019; Boriachek et al., 2018a; Groza et al., 2020; Kalluri 
and LeBleu, 2020; Wang and Gires, 2019). In particular, exosomal 

microRNAs (miRNAs), a type of non-coding RNA with a single strand of 
18–24 nucleotides, take on specific clinical relevance. The expression 
level of specific sequences has been useful at identifying occurrence of 
cancer as well as its development and metastasis (Fong et al., 2015; He 
et al., 2018; Kulkarni et al., 2019; Yoshii et al., 2019; Zeng et al., 2018). 
In addition, the abundance and quality of exosomal miRNAs in biofluids 
are made considerably stable because of the protection that the exoso
mal lipid bilayer affords against environmental shear stresses and RNase 
(Jiang et al., 2019). The biological functions of exosomal miRNAs 
enhanced their therapeutic and diagnostic potential as biomarkers ac
quired by liquid biopsy (Salehi and Sharifi, 2018). The development of a 
sensitive and accurate quantification method for exosomal miRNAs is 
therefore meaningful and urgent. 

The most common methods for detection of exosomal miRNAs 
mainly rely on the reverse transcription-polymerase chain reaction (RT- 
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PCR) (Zeng et al., 2018), northern blotting (Qu et al., 2016), next gen
eration sequencing (Amorim et al., 2017), and microarray analysis 
(Valadi et al., 2007). These methods are limited by the complicated and 
expensive equipment they require, the rigorous operation conditions, 
and low sensitivity. To sidestep these limitations, some biosensors have 
been developed with alternate signal transduction elements, such as 
surface-enhanced Raman scattering (Lee et al., 2019b; Pang et al., 
2019), surface plasmon resonance (Zou et al., 2020), fluorescence (Cho 
et al., 2019; Gao et al., 2019; Lee et al., 2019a; Wang et al., 2019a, Wang 
et al., 2020a, Wang et al., 2020b; Zhao et al., 2020) and electrochemistry 
(Boriachek et al., 2018b; Guo et al., 2020; Liu et al., 2019; Luo et al., 
2020; Tang et al., 2020; Tavallaie et al., 2018; Zhang et al., 2018). The 
electrochemical biosensors possess the intrinsic benefits of easy opera
tion, rapid analysis speed, low cost, and high sensitivity (Abolhasan 
et al., 2019; Choi et al., 2016; Zhao et al., 2015). Further, they have 
achieved limited success at the sensitive detection of exosomal miRNAs. 
As the electrochemical equipment trend towards systems integration, 
miniaturation, automation, and artificial intelligence, electrochemical 
methods have begun to exhibit significant value for the application of 
tumor diagnosis (Dai and Liu, 2019). Furthermore, to detect predictive 
exosomal miRNAs at low and even trace levels, the electrochemical 
biosensors have introduced additional isothermal nucleic acid 

amplification strategies. For instance, Tang et al. utilized the toehold 
mediated strand displacement reaction (TMSDR) to release primer se
quences, and hybridize the primers to DNA templets. This led to the 
generation of multiple copies of exosomal miRNAs using rolling circle 
amplification (RCA). This combination of target amplification with 
signal-amplified electrochemical detection produced a limit of detection 
(LOD) of 2.75 fM (Tang et al., 2020). Zhang et al. designed a bipedal 
DNA walker based on TMSDR for electrochemical signal amplification. 
This achieved the sensitive detection of exosomal miRNAs with an even 
smaller LOD of 67 aM (Zhang et al., 2018). Guo et al. fabricated an ul
trasensitive electrochemical biosensor based on the signal amplification 
from the hybridization chain reaction (HCR), achieving an attomolar 
level detection limit of 53 aM with reduced false-positive signals (Guo 
et al., 2020). In general, however, RCA templets are burdened with 
complicated ligation protocols. The DNA walker-based detection 
method requires a multi-step protocol and complicated labeling tech
nique. The HCR technique may be restricted to the amplification of 
double-stranded DNA. Recently, a novel isothermal nucleic acid 
amplification technique defined as primer exchange reaction have 
attracted people’s attention owing to its automated and programmable 
one step amplification of arbitrary single-stranded DNA (ssDNA). This 
technique has been applied for in situ optical imaging and detection of 

Scheme 1. The principle of the electrochemical biosensor for the detection of exosomal miRNAs.  
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proteins and nucleic acid in cells (Kishi et al., 2018, 2019; Saka et al., 
2019). Additional efforts to exploit the full advantages of this technique 
by combining this technique with other detection modalities (e.g., 
electrochemistry) are being considered. 

Inspired by the above studies, we developed a miRNAs electro
chemical biosensor coupling of numerous long ssDNAs products that are 
produced by the dual amplification reactions of target-mediated cyclic 
strand displacement reaction (TCSDR) and primer exchange DNA 
amplification reaction (PEDAR). Exosomal miR-21, a common 
biomarker of breast cancer (Hannafon et al., 2016), was selected as the 
target marker to evaluate detection performance. As shown in Scheme 1, 
miR-21 initiates the first round of amplification of TCSDR fueled by the 
presence of primer probes (Pp). After cycling a large number of times, 
TCSDR introduces a copious set of primers. Thereafter, templet probes 
(Tp) hybridize with the exposed primers. The second PEDAR signal 
amplification protocol is implemented with the assistance of Bst DNA 
polymerase and produces numerous long ssDNAs. Ultimately, redox 
molecule, methylene blue (MB), is used to generate an electrochemical 
signal, as it binds to ssDNA by electrostatic adsorption, or double 
stranded DNA by π-π stacking interactions (Hou et al., 2015; Pan et al., 
2007). In theory, after undergoing the dual amplification reactions, a 
trace amount of miR-21 generates numerous long ssDNAs. These long 
anionic ssDNAs are capable of absorbing abundant numbers of cationic 
MB molecules by electrostatic interactions (Castaño-Alvarez et al., 2009; 
García-González et al., 2014). When probed by an electrode at sufficient 
potential to cause redox changes in MB, a signal current is generated. 
The signal exhibits comparatively high sensitivity for label-free detec
tion with a LOD of 3.04 aM. Herein, we describe how the PEDAR was 
skillfully introduced on the electrode surface, exhibiting better ampli
fication efficiency. Additionally, the biosensor shows better discrimi
native performance even for a single base-mismatched target and the 
difference between tumorous miR-21 and non-tumorous miRNAs 
derived from exosomes. Overall, the proposed biosensor shows high 
sensitivity and selectivity and demonstrates promising clinical value for 
cancer detection. 

2. Experimental sections 

2.1. Materials 

All HPLC-purified and lyophilized miRNAs and DNA oligonucleo
tides were purchased from Shanghai Sangon Biotech Co., Ltd. The cor
responding sequences are shown in Table S1; their concentrations were 
measured by UV–Vis absorbance at 260 nm depended on their individ
ual absorption coefficients. Bst DNA polymerase was purchased from 
New England Biolabs Co., Ltd. (Beijing, China). DATP, dTTP, dCTP and 
MB were purchased from Aladdin Biochemical Technology Co. Ltd. 
(Shanghai, China). All cells lines (Human breast cancer MCF-7 cell line, 
human mammary epithelial MCF-10A cell line, human cervical cancer 
HeLa cell line, and Chinese hamster ovary CHO–K1 cell line) were 
purchased from the China Center for Type Culture Collection in 
Shanghai. Fetal bovine serum (FBS), penicillin-streptomycin solution, 
Dulbecco’s Modified Eagle Medium (DMEM) and Roswell Park Memo
rial Institute (RPMI) medium were purchased from Hyclone. The 
Mammary Epithelial Cell Growth Medium™ Bullet Kit-supplemented 
Mammary Epithelial Basal Medium (MEBM) was purchased from 
Lonza. ExoELISA-ULTRA CD63 kit was purchased from System Bio
sciences (SBI). Glutaraldehyde, paraformaldehyde, whole protein 
extraction kit and polyacrylamide gel electrophoresis (PAGE) DNA 
extraction kit were purchased from Beijing Solarbio Science & Tech
nology Co., Ltd. Pierce™ Bicinchoninic Acid (BCA) Protein Assay Kit 
was purchased from Thermo Fisher Scientifc. Polyvinylidene fluoride 
membrane (PVDF) was purchased from Beijing Dingguo Changsheng 
Biotechnology Co., Ltd. CD63 antibody, TSG101 antibody and second
ary antibody were purchased from Abcam. BeyoECL Moon (extremely 
super-sensitive chemiluminescence kit) was purchased from Beyotime 

Biotechnology Co., Ltd. The Exosome RNA Isolation Kit was purchased 
from Rengen Biosciences Co., Ltd (Liaoning, China). MiScript II RT Kit 
and miScript SYBR Green PCR Kit were purchased from Qiagen. All 
chemicals were of analytical grade. Milli-Q water (18.2 MΩ/cm) was 
used to prepare aqueous solutions in all experiments. 

2.2. Exosomes isolation 

MCF-7 cells and HeLa cells were cultured in DMEM containing 10% 
FBS, 1% penicillin and streptomycin. CHO–K1 cells were cultured in 
RPMI containing 10% FBS, 1% penicillin and streptomycin. MCF-10A 
cells were maintained in MEBM supplemented with 100 ng/mL 
cholera toxin. Then, various cells (~1.0 × 108 cells) were transferred to 
serum-free medium (Skog et al., 2008; Tosar et al., 2015) for 48 h fol
lowed by the collection of cell supernatant. Subsequently, exosomes 
were isolated from the cell supernatant by ultracentrifugation on Himac 
CS120FNX and CP100NX ultracentrifuges (Hitachi Ltd., Japan). Ac
cording to previous work (Luo et al., 2020), the cell supernatant was 
centrifuged at 300 g, 2000 g and 11,000 g to remove the intact and dead 
cells, cell debris, and proteins, respectively. The cell supernatant was 
further centrifuged at 100,000 g to collect exosomal sediments. Finally, 
the exosomes were resuspended in sterile PBS and stored at − 80 ◦C for 
later experiments. Exosomes isolation from human serum was obtained 
according to the reported protocol (Wang et al., 2017), with a slight 
modification in the following process: serum samples were first centri
fuged at 11,000 g for 90 min. Subsequently, a 0.22 μm filter membrane 
was used to filter the supernatant. The filtered supernatant was centri
fuged at 100,000 g for 70 min to collect the exosomes sediments. Lastly, 
the collected exosomes were resuspended in sterile PBS. 

2.3. Exosomes characterization 

2.3.1. Exosomes quantification by ExoELISA-ULTRA CD63 kit 
Exosomes were quantified with the aid of a standard calibration 

curve (Figure S1) and measured using the ExoELISA-ULTRA CD63 kit. 
The following protocol was employed: 1) Exosomes samples were added 
to the microtiter plate and incubated at 37 ◦C for 1 h. 2) After three 
rinses, specific rabbit anti-human CD63 antibody was added and incu
bated for 1 h at room temperature. 3) The plate was incubated with HRP- 
conjugated goat anti-rabbit antibody for 1 h after washing. 4) After the 
final washing, the reaction was performed with super-sensitive 3, 3′, 5, 
5′-Tetramethylbenzidine substrate followed by the addition of stop 
buffer. 5) The optical density was recorded at 450 nm using a the Epoch 
microplate spectrophotometer (BioTek Instruments Inc., U.S.A.). 

2.3.2. Transmission electron microscopy (TEM) 
Exosomes samples that had been mixed with equal-volumes of 4% 

paraformaldehyde were dropped on the surface of a copper mesh at 
room temperature for 20 min. The samples were fixed in 1% glutaral
dehyde for 5 min, followed by washing with deionized water. Subse
quently, excess water was blotted off with filter paper and the samples 
were stained with 1% uranyl acetate for 5 min. After drying in the air, 
the samples were imaged on a Tecnai G2 microscope (FEI, U.S.A.). 

2.3.3. Dynamic light scattering (DLS) 
According to previous work (Luo et al., 2020), the effective hydro

dynamic diameters of exosomes were measured with a Litesizer 500 
instrument (Anton Paar, Austria), equipped with a 35 mW laser diode 
source (λ = 658 nm). The scattered light was collected at an angle of 90◦. 
One milliliter exosomes samples were suspended in filtered PBS and 
transferred to solvent-resistant cuvettes for light scatter measurements 
at the fixed position. The measurement temperature was maintained at 
room temperature. 

2.3.4. Western blotting (WB) 
The total proteins in cells and exosomes were extracted using the 
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whole protein extraction kit containing radio immunoprecipitation 
assay (RIPA) lysis buffer, and quantified by BCA assay. The proteins 
samples were mixed with loading buffer and denatured at 95 ◦C for 5 
min. Then, the proteins samples were separated by 12% SDS-PAGE at 80 
V for 30 min and 100 V for 90 min. Next, the proteins in gels were 
electrically transferred to pre-activated PVDF membranes in transfer 
buffer (25 mM Tris, 192 mM glycine, 20% methanol) at 300 mA for 15 
min. After blocking with 5% non-fat powdered milk prepared in TBST 
(Tris buffered saline + Tween 20) buffer for 2 h, the PVDF membranes 
were incubated with CD63 antibody and TSG101 antibody at 4 ◦C 
overnight, respectively. Subsequently, the PVDF membranes were 
incubated with the secondary antibody at room temperature for 1 h. 
Finally, the immunoreactive bands were exposed to extremely super- 
sensitive chemiluminescence reagents and imaged using a Chem
iDoc™ Imaging System (Bio-Rad, U.S.A.). 

2.4. RNA extraction and RT-PCR analysis of exosomes 

Exosomal RNA was extracted using the exosome RNA Isolation Kit 
according to the protocol. Total RNA was quantified by a NanoDrop ND- 
2000 (Thermo Scientific) and converted to cDNA by miScript II RT Kit 
containing 5 × miScript HiSpec Buffer, 10 × miScript Nucleic Mix, 
RNase-free water and miScript Reverse Transcriptase Mix. The RT pro
cess was performed at 37 ◦C for 1 h and then inactivated by heating at 
95 ◦C for 5 min. The PCR mixture was prepared using the miScript SYBR 
Green PCR Kit containing 2 × QuantiTect SYBR Green PCR Master Mix, 
10 × miScript Universal Primer, 10 ×miScript Primer Assay, and RNase- 
free water. The PCR assay was carried out on a Roche LightCycler® 96 
(Roche, Switzerland) according to the recommended thermocycler 
protocol as follows: an initial activation step of 95 ◦C for 15 min and 
then 40 cycles of 94 ◦C for 15 s, 55 ◦C for 30 s, and 70 ◦C for 30 s. Finally, 
threshold cycle (Ct) data was collected with LightCycler 96 software. 

2.5. Polyacrylamide gel electrophoresis 

The TCSDR process was analyzed on 10% native PAGE gel. Initially, 
the two DNA probes consisting of the capture probes (Cp) and Pp were 
prepared in 1 × TAE (12.5 mM Mg2+) and treated at 95 ◦C for 5 min. 
Subsequently, Cp was mixed with miR-21 and Pp at room temperature. 
The gel was run in 1 × TAE (12.5 mM Mg2+) at 120 V for 110 min. 
Additionally, the products of PEDAR were verified on a 10% denaturing 
PAGE gel. The PEDAR reaction solution was first prepared by mixing the 
components of 10 mM dATP/dTTP/dCTP, 100 mM Mg2+, 10 μM Tp, 1 
μM dGTP-clean and 1200 U/mL Bst DNA polymerase, and then ther
mally incubated at 37 ◦C for 15 min. Before loading samples, the PEDAR 
reaction solution was incubated with Cp or Pp at 37 ◦C for 2 h. The gel 
was run in 1 × TBE at 120 V for 70 min. After electrophoresis on a Hoefer 
SE300 miniVE vertical electrophoresis system (Hoefer, Inc., U.S.A.), all 
gels were visualized with 0.1% Stains All, and scanned by scanner. 

2.6. Electrode pretreatment and biosensor fabrication 

The gold electrode (GE) was polished on a microcloth imbedded with 
0.3 μm and 0.05 μm alumina powder, and ultrasonically cleaned with 
ethanol and Milli-Q water for 3 min each. After drying under a stream of 
nitrogen, the GE was immersed in H2SO4 and scanned by cyclic vol
tammetry (CV) until the CV curve was stable (Lao et al., 2005). CV was 
performed in the potential range from − 0.35 V to +1.50 V, quiet time of 
2 s, scan rate of 0.1 V/s, and sample interval of 0.001 V. The pretreated 
GE was then used to fabricate the electrochemical biosensor as follows. 
Initially, 3 μL of a 10 μM Cp solution prepared in 10 mM TE buffer 
containing 1 M NaCl, 10 mM trichloroethyl phosphate (TCEP), and 1 
mM MgCl2 was dropped on the surface of GE at room temperature for 30 
min to form Cp/GE. After washing with water, Cp/GE was dipped in 5 
mM mercaptohexanol (MCH) solution at 37 ◦C for 1.5 h to eliminate 
nonspecific adsorption of DNA. Then, the MCH/Cp/GE was incubated 

with miR-21 samples at room temperature for 45 min to form a 
miR-21/MCH/Cp/GE. Next, 3 μL of 2 μM Pp solution containing 2 mM 
MgCl2 was spread on the surface of miR-21/MCH/Cp/GE and incubated 
at 37 ◦C for 45 min to replace and recycle miR-21, thus forming 
Pp/miR-21/MCH/Cp/GE (see Scheme 1). The above GE was incubated 
with premixed PEDAR reaction solution at 37 ◦C for 2 h. This was fol
lowed by incubation with MB. Finally, the fabricated GE was used for 
electrochemical detection. 

2.7. Electrochemical detection 

All electrochemical measurements were made with a conventional 
three-electrode system on a CHI660E electrochemical workstation (CH 
Instrument, Shanghai, China), consisting of a working electrode (GE 
with a diameter of 2 mm), a counter electrode (platinum wire) and a 
reference electrode (Ag/AgCl; 3 M KCl). CV and square wave voltam
metry (SWV) were employed to analyze the electrochemical properties 
of the biosensor. CV was scanned with potential range from − 0.5 V to 
+0.1 V, a quiet time of 2 s, scan rate of 0.1 V/s, and sample interval of 
0.001 V. SWV was performed in the potential range from − 0.5V to +0.1 
V, potential step of 0.004 V, amplitude of 0.025 V, frequency of 15 Hz, 
and quiet time of 2 s. 

3. Results and discussion 

3.1. Experimental mechanism of the electrochemical biosensor 

As shown in Scheme 1, numerous long ssDNAs produced by dual 
amplification reactions of TCSDR and PEDAR were incorporated in the 
electrochemical biosensor for the detection of exosomal miR-21. 
Initially, Cp was immobilized on GE through the Au–S bond, followed 
by the blocking reaction of MCH. In the presence of exosomal miR-21, 
miR-21 hybridizes with Cp, unfolding the hairpin structure of Cp and 
exposing the toehold that is complementary to Pp. Next, Pp binds to Cp 
and then displaces miR-21, allowing the displaced miR-21 to hybridize 
with other folded Cp. This step initiates the first amplification cycle of 
TCSDR. In theory, a single miR-21 molecule is capable of unfolding 
many hairpin structures of Cp, allowing multiple Pp to bind at unfolded 
Cp sites. Subsequently, the primer region a in Pp hybridizes with a* in 
the template probe Tp. This step initiates a second cascade process that 
carries out the second amplification reaction of PEDAR with the assis
tance of Bst DNA polymerase. In this process, primers are elongated 
along the stem region of Tp until the stop sequences appear. This reac
tion forms a copied region of a. Afterwards, the copied region a is dis
placed by the homologous region a in Tp through a branch strand 
migration reaction (Kishi et al., 2018; Lee et al., 1970). Tp then detaches 
from the extended DNA fragment aa. This is followed by the exposed a* 
in Tp hybridizing to copied region a for next new round of DNA 
amplification. N cycles later, primers can be seen in extended chains in 
the form of long ssDNAs (aaaa … a). In general, a single miR-21 mole
cule has the capacity to drive the generation of numerous long ssDNAs 
(aaaa … a) after undergoing two stages of amplification. These long 
ssDNAs absorb abundant quantities of MB and produce a strong signal 
from MB that is indicative of electrochemical oxidation. When miR-21 is 
absent, TCSDR and PEDAR do not execute and the electrochemical 
signal is small. The sensitive and selective detection of exosomal miR-21 
will be demonstrated by measuring the current changes in the electro
chemical signal before and after the addition of exosomal miR-21. 

3.2. Feasibility characterization of dual amplification reactions 

Before electrochemical sensing, PAGE was utilized to verify the 
feasibility of dual amplification reactions of TCSDR and PEDAR. First, 
the native PAGE analysis at different stages of TCSDR is shown in 
Fig. 1A. The bands in Lanes 1 and 2 belong to Cp and Pp, respectively. 
Lane 3 displays two bands. The upper band with a slow migration rate 
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results from miR-21 hybridizing with Cp (Cp/miR-21). The faster 
migrating band is the remaining Cp. Lane 4 shows overlapping bands of 
Cp and Pp, indicating that Pp is unable to directly hybridize with the 
hairpin structure of Cp. In the confluent mixture of Cp (1 μM), miR-21 
(10 nM) and Pp (500 nM) (Lane 5), however, a new band arises that is 
attributed to the double helix of Cp/Pp with a greater molecular weight 
and slower migration rate. This band suggests that Pp binds to unfolded 
Cp and replaces the miR-21 after miR-21 originally hybridized with Cp. 
After replacement, the displaced miR-21 is free to hybridize with other 
Cp probes. In Lane 6, the addition of more Pp (1 μM) allows continual 
reaction with Cp/miR-21, producing more Cp/Pp as it progresses. Thus, 
the band of Cp/Pp in Lane 6 is more intense than that in Lane 5, con
firming the feasibility of TCSDR. Fig. 1B shows a denaturing PAGE 
analysis of the PEDAR. The bands in Lanes 1 and 2 arise from Cp and Pp, 
respectively (Cp and Pp in denaturing PAGE both exhibit single-stranded 
structures). The bands in Lanes 3 and 4 represent Cp and Pp, respec
tively, in the PEDAR reaction solution. The DNA band in Lane 3 is 
similar to that in Lane 1, indicating Cp unable to be amplified by PEDAR. 
In contrast, compared to the DNA band of Pp in Lane 2, a DNA band with 
an extremely large molecular weight emerges in Lane 4, and the band of 
single chain Pp disappears. These results demonstrate that Pp, by itself, 
is able to initiate the PEDAR process and synthetize long ssDNA. The 
long ssDNA purified by denaturing PAGE was retrieved using a PAGE 
DNA Extraction Kit, and imaged by an atomic force microscope (AFM). 
As shown in Fig. 1C, several long strip-like structures with a length range 
of 400–450 nm can be observed, which are similar to the reported AFM 
images of long ssDNA structures (Heenan and Perkins, 2019). The AFM 
imaging further indicates that the long ssDNA is successfully synthetized 
through PEDAR. 

3.3. Feasibility characterization of the electrochemical biosensor 

To validate the electrochemical measurements, CV and SWV were 
used to characterize different assembly processes on Au electrodes. As 
CV results in Fig. 2A shows, the redox peaks of MB in the potential range 
from − 0.2 V to − 0.3 V were negligible when MCH/GE (curve a) in buffer 
was measured. After Cp DNA was immobilized on GE (curve b), Cp DNA 
absorbs a small quantity of MB and produces a pair of small redox peaks 
in the potential range from − 0.2 V to − 0.3 V. Upon the addition of miR- 
21 (curve d) and then Pp (curve e), the adsorbed nucleic acids increases, 
resulting in a slight increase in peak current. After above assembled 
electrode is dipped in the PEDAR reaction solution (curve f), Pp triggers 
the amplification of PEDAR, generating a high yield of elongated 
ssDNAs. These ssDNAs absorb prolific amounts of MB, remarkably 
enhancing the current intensity under the redox peaks. In the absence of 
miR-21 (curve c), TCSDR and PEDAR failed to be initiated, and the redox 
peaks are small. SWV results are displayed in Fig. 2B. In the presence of 
miR-21, the current intensity under the oxidation peak in the potential 
range from − 0.2 V to − 0.3 V gradually and slightly increase before 
(curve a) and after the immobilization of Cp (curve b). The addition of 
miR-21 (curve d) and then Pp (curve e) produces progressively 
increasing oxidation peaks. Finally, the addition of Pp to the electrode in 
the presence of the PEDAR reaction solution (curve f) produces peaks of 
substantially greater intensity. By contrast, the oxidation peak of MB is 
small in the absence of miR-21 (curve c). The SWV results were 
consistent with that of CV which reveals it is feasible to use the elec
trochemical biosensor to detect miR-21. It is noteworthy that signal-to- 
background ratio (S/B) of the proposed electrochemical biosensor 
measured by SWV is greater than that measured by differential pulsed 
voltammetry (DPV) (Figure S2). Thus, the SWV measurement, a rapid 
and effective electro-analytical technique more sensitive than CV or DPV 
(Uslu et al., 2005, 2006), was used to evaluate the performance of this 
biosensor. We also checked our measurements using an AFM charac
terization of different assembled electrodes. As shown in Fig. S3, in the 
presence of miR-21 (Figure S3A), the height of the electrode surface 
after the reactions of TCSDR and PEDAR is distinctly higher than that in 

Fig. 1. (A)The native PAGE analysis of TCSDR. Lane 1: Cp; lane 2: Pp; lane 3: 
Cp + miR-21; lane 4: Cp (1 μM)+Pp (1 μM); lane 5: Cp (1 μM)+miR-21 (10 
nM)+Pp (500 nM); lane 6: Cp (1 μM)+miR-21 (10 nM)+Pp (1 μM). (B). The 
denaturing PAGE analysis of PEDAR. Lane 1: Cp; lane 2: Pp; lane 3: the mixture 
of Cp and PEDAR solution; lane 4: the mixture of Pp and PEDAR solution. (C). 
The atomic force microscope imaging of long ssDNA purified by denaturing 
PAGE after the PEDAR process. 
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the absence of miR-21 (Figure S3B). 

3.4. Optimizations of experimental conditions 

Before applying the biosensor to detect exosomal miR-21, we opti
mized the performance of this biosensor by investigating the experi
mental conditions which affects the current change (ΔI) before and after 
the addition of miR-21. We first considered how different concentrations 
of Cp influence the TCSDR process. As depicted in Figure S4A, ΔI ach
ieves its best value when the concentration of Cp is set to 10 μM. At this 
value, the density of Cp on the electrode was quantified by chro
nocoulometry (Figure S5), according to the literatures (Lao et al., 2005; 
Steel et al., 1998); it was calculated to be ~3.40 × 1011 molecules/cm2. 

To investigate the reproducibility of the immobilization of Cp on the 
electrode surface, identical and different batches of electrodes were used 
in 5 separate experiments. We obtained the relative standard deviation 
(RSD) of intra- and inter-assay of 3.16% and 4.63% (Table S2), respec
tively. The above results indicate the extent to which reproducible 
quantities of Cp were immobilized on the electrode surfaces. As shown 
in Figure S4B, C, D, E, the conditions found optimal to conduct the 
TCSDR process required 30 min Cp immobilization time, 1 mM Mg2+ in 
the Cp buffer, 2 μM Pp concentration, and 45 min Pp reaction time. 
Finally, the parameters influencing the reaction of PEDAR, including the 
concentration of Bst DNA polymerase (CBst), as well as the Tp concen
tration (CTp) and the PEDAR reaction time, were also measured. As 
shown in Figure S6, the optimized CBst, CTp and PEDAR reaction time are 
1200 U/mL, 10 μM and 120 min, respectively. 

3.5. The detection performance of the electrochemical biosensor 

On the basis of the above optimized conditions, we investigated the 
performance (e.g., sensitivity, selectivity, stability and reproducibility) 
of the electrochemical biosensor using SWV. The dynamic range and 
sensitivity of this biosensor were first analyzed. As shown in Fig. 3A, the 
current signal gradually increases with the increasing of miR-21 con
centration from 0 to 107 aM. The current changes (ΔI) before and after 
adding different concentrations of miR-21 (CmiR-21) were recorded and 
evaluated. Over the wide dynamic range from 10 aM to 107 aM, which 
spans 7 orders of magnitude, the calibration curve in Fig. 3A inset shows 
a good linear relationship between ΔI and the logarithm of CmiR-21 
(logCmiR-21). The associated linear regression equation is ΔI = 1.4602 
(logCmiR-21)-0.2565. The correlation coefficient (r) is 0.9983. Based on 
the 3σ (σ is the standard deviation of the background signal) rule (Qian 
et al., 2015), the LOD was calculated to be 3.04 aM by substituting 3σ (σ 
= 0.1495) in the linear regression equation as ΔI for the calculation of 
CmiR-21 (CmiR-21 was the LOD). We note that high sensitivity was ach
ieved through the dual amplification reactions of TCSDR and PEDAR 
occurring simultaneously. 

To determine the discrimination and selectivity of the electro
chemical biosensor, we challenged the dual amplification assay with 
different mismatched miRNAs and homologous miRNAs. The miRNAs 
are inclusive of miR-21, and also contain single-, double- and three-base 
mismatches in miR-21 sequence, plus non-complementary sequences, as 
well as several extraneous miRNAs of miR-122, miR-155, miR-144, miR- 
199a, let-7a and let-7g. Several of these have high homology to miR-21 
(Cao et al., 2019; Kangkamano et al., 2018; Zhu et al., 2016). As shown 
in Fig. 3B, the perfectly matched miR-21 produced a current change (ΔI) 
at least 9.5 times greater than other mismatched sequences and ho
mologous miRNAs. This result shows that the biosensor exhibits selec
tive recognition of miR-21 and is able to differentiate it from other 
sequences with high similarity, even to the limit of single-base 
mismatch. 

To monitor the stability of the biosensor over time, we stored the 
fabricated biosensors in PBS at 4 ◦C for 7 days and tested their responses. 
As shown in Figure S7A, the current change after 7 days were main
tained to within 96.74% of the original signal. Meanwhile, the biosensor 
was challenged with miR-21-spiked human serum in a separate series of 
experiments. Figure S7B shows the current changes vary from 98.08% to 
101.60% of the no serum values after incubating the biosensor with 50% 
human serum spiked with miR-21 at different concentrations. Addi
tionally, the detection of 1 fM and 10 pM miR-21 was repeated under 
identical conditions for 5 times to assess the reproducibility of the 
biosensor. As shown in Table S3, the RSD from the mean values were 
3.16% and 2.56% for 1 fM and 10 pM spiked targets. 

Overall, compared to most of recently reported biosensors (Table 1), 
the proposed electrochemical biosensor has generally better sensitivity 
and selectivity, all the while maintaining good stability and reproduc
ibility. Some fluorescent and electrochemical biosensors report some
what better discrimination between the signals produced by the target 

Fig. 2. The CV curves (A) and SWV curves (B) of different assembly electrodes 
in PBS buffer. a. MCH/GE; b: MCH/Cp/GE; c. PEDAR/Pp/MCH/Cp/GE; d. miR- 
21/MCH/Cp/GE; e. Pp/miR-21/MCH/Cp/GE; f. PEDAR/Pp/miR-21/MCH/ 
Cp/GE. 
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Fig. 3. The sensitivity analysis of proposed electro
chemical biosensor. (A). The current signals of 
different concentrations of miR-21 on the biosensor. 
MiR-21 concentrations (from a to h, in aM): 0, 10, 
102, 103, 104, 105, 106, 107. Inset: the calibration 
curve fitted by the current change (ΔI) before and 
after the addition of miR-21 and the logarithm of 
CmiR-21 (logCmiR-21). Error bars represent the standard 
deviations for measurements taken from three inde
pendent experiments. (B). The selectivity analysis of 
the proposed biosensor towards miR-21, mismatched 
miR-21 (SMT: single base mismatched target; DMT: 
double bases mismatched target; TMT: three bases 
mismatched target; NCT: non-complementary target) 
and homologous miRNAs (miR-122, miR-155, miR- 
144, miR-199a, let-7a and let-7g) at the same con
centration of 107 aM. Error bars represent standard 
deviations for measurements taken from three inde
pendent experiments.   
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and the mismatched or homologous miRNAs. The sensitivity or stability 
of these biosensors should be further investigated for additional 
improvement. Although some biosensors based on SERS have lower 
LOD, their expensive and large apparatus as well as their complicated 
operation may limit their acceptance. In this work, the electrochemical 
biosensor with good performance possesses the benefits of low cost, easy 
operation, and portability, all of which enhance the potential benefit in 
the development of point-of-care testing (POCT). 

3.6. Detection of exosomal miR-21 derived from cells and serum samples 

To evaluate practical clinical applications, we employed the pro
posed electrochemical biosensor to detect endogenous miR-21 found 
within the total exosomal RNA extracted from breast cancer MCF-7 cells. 
Exosomes were collected by ultracentrifugation and characterized by 
TEM, DLS and WB. As shown in Fig. 4A, TEM image (inset) and DLS 
result demonstrate that MCF-7 cells-derived exosomes have a cup or 
saucer-like vesicle structure with a diameter range between 75 and 115 
nm. The WB results in Figure S8 show apparent bands belonging to the 
CD63 and TSG101 proteins of MCF-7 cells-derived exosomes can be 
observed. In addition, the TEM image (Figure S9A), DLS result 
(Figure S9B) and WB results (Figure S9C) of exosomes derived from 
MCF-10A cells as contrast examples were characterized. The above 
characterizations for the morphology, size and proteins of exosomes are 
consistent with previous reports (Liu et al., 2019; Wang et al., 2019a). 
Afterwards, 6.8 × 1011 exosomes (quantified by standard curve in 
Figure S1) derived from MCF-7 cells were isolated to extract total RNA. 
The expression level of MCF-7 cells-derived exosomal miR-21 in total 
RNA was analyzed by determining the Ct value through RT-PCR. As 
shown in Fig. 4B, the Ct values of exosomal miR-21 and the internal 
control of U6 snRNA were 28.63 and 31.65, respectively. The results 
conformed with those previously reported (Luo et al., 2020; 

Wickramasinghe et al., 2009). In addition, the proposed electrochemical 
biosensor was used to detect exosomal miR-21 levels in MCF-7 cells and 
MCF-10A cells. As shown in Fig. 4C, the detection level of exsomal 
miR-21 extracted from human breast cancer cells (MCF-7) is discernably 
greater than that extracted from human mammary epithelial cells 
(MCF-10A). Meanwhile, the levels of exosomal miR-21 in other tumor 
cells (HeLa) and non-tumorous cells (CHO–K1) were also detected as a 
comparison. The morphology and sizes of exosomes from HeLa cells and 
CHO–K1 cells were also characterized using TEM and DLS (Figure S10). 
As shown in Figure S11, exosomal miR-21 extracted from MCF-7 cells 
are measured at higher level that can be well distinguished from that 
taken from HeLa cells and CHO–K1 cells, indicating the relative over
expression of exosomal miR-21 in MCF-7 cells compared to HeLa cells 
(Liu et al., 2019) and CHO–K1 cells (Lee et al., 2015). The above elec
trochemical results are in accord with those obtained by the PCR 
method. 

We also employed the electrochemical biosensor to measure the 
concentrations of exosomal miR-21 from clinical serum samples of 
breast cancer patients and normal controls. According to the relevant 
guidelines and regulations, 6 breast cancer patient serum samples and 6 
normal control serum samples were collected. The exosomes collection 
and RNA extraction procedures were carried out according to the pro
tocols outlined in section 2.2 and 2.4. As shown in Fig. 4D, the exosomal 
miR-21 levels in serum samples from breast cancer patients are notably 
higher than that of the normal controls (P < 0.0001), which is confirmed 
by the results obtained using the PCR method. The above results indicate 
that the exosomal miR-21 in breast cancer patients is up-regulated 
compared to levels found in normal people (Liu et al., 2019; Zhang 
et al., 2018). We interpret these results as verifying the usefulness of 
exosomal miR-21 as an important cancer biomarker. It also validates the 
potential practical value of using this biosensor for miRNAs analysis, 
with special emphasis on early cancer screening and diagnosis. 

Table 1 
Different biosensors for detection of exosomal miRNAs in recent years.  

* Selectivity was analyzed by the ratio of the signals produced by target and the mismatched target or homologous miRNAs.  

Methods LOD Selectivity* Stability Reproducibility (RSD 
%) 

Refs. 

Dual-SERS biosensor 1 aM >2 Good (4 ◦C for 90 days) 3.03% Pang et al. 
(2019) 

Surface-enhanced Raman 
scattering sensor 

1 aM >2.5 N/A 4.53% Lee et al., 2019b 

Surface plasmon resonance 
biosensor 

0.2 fM; 
10 fM; 
40 pM 

>7.5 Good (50% human serum and plasma) N/A Zou et al., 2020 

Fluorescence biosensor 90 fM >1.5 N/A N/A Wang et al., 
2020b 

Thermophoretic detection 0.36 fM N/A N/A N/A Zhao et al. 
(2020) 

Multiplex fluorescence biosensor 462 pM; 
154 pM; 301 
pM 

>6 Good (cell culture medium and FBS serum) 0.96% Wang et al., 
2020a 

Fluorescence biosensor 1.5 fM >10 N/A N/A Wang et al., 
2019b 

Ratiometric electrochemical DNA 
biosensor 

2.3 fM >50 N/A 2.15% Luo et al. (2020) 

Ratiometric electrochemical 
biosensor 

67 aM >10 N/A 3.21–4.47% Zhang et al. 
(2018) 

Electrochemical biosensor 49 aM >3.5 Good (10% human serum) <5.0% Liu et al. (2019) 
Electrochemical biosensor 2.75 fM >2 Good (4 ◦C for 7 days, 100.26% signal; 14 days, 100.26% 

signal; 21 days, 78.01% signal 
9.81% Tang et al. 

(2020) 
Electrochemical biosensor 53 aM >7 N/A 2.69–3.46% Guo et al. (2020) 
Electrochemical biosensor 0.4 fM >10 N/A N/A  

Cheng et al., 
2020 

Electrochemical biosensor 7.3 aM >10 Good (serum conditions, 
96.4%–106.0% signal) 

2.9–4.9% Miao and Tang 
(2020) 

Electrochemical biosensor 100 aM >7 N/A <5.0% Masud et al., 
2020 

Electrochemical biosensor 3.04 aM >9.5 Good (4 ◦C for 7 days, 96.74% signal; 50% human serum, 
98.08%–101.60% signal) 

2.56–3.16% This work  
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4. Conclusion 

In summary, a label-free electrochemical biosensor for the detection 
of exosomal miRNAs was developed based on numerous long single- 
stranded DNAs produced by dual amplification reactions of TCSDR 
and PEDAR. The electrochemical biosensor shows the following fea
tures. 1) The combination of dual amplification reactions leads to highly 
sensitive detection with a LOD as low as 3.04 aM. TCSDR acts as a 
catalytic propeller for initiating PEDAR amplification in the presence of 
numerous primers, the combination producing high amplification effi
ciency. 2) PEDAR occurs at the electrochemical interface to detect 
exosomal miRNAs. This feature has the advantage of enabling auto
mated and programmable one step amplification. 3) In this biosensor, 
PEDAR can be directly and easily generalized for accommodating the 
detection of a diverse number of miRNAs by changing the capture probe 
sequence and its complementary DNA probe. 4) The electrochemical 
biosensor touts intrinsic benefits of simple operation, low cost, and high 
selectivity to the level of discriminating a single base variation in target 
miRNAs. Its portability lends this instrumentation to the development of 
POCT (Jin et al., 2020). In future work, a split-probe strategy (Choi et al., 
2018) and binary hairpin probes (Marras et al., 2019) for miRNAs 
binding will be introduced to further reduce the possibly of non-specific 
binding in the target binding process. In addition, nano-architecture 
frameworks (Masud et al., 2019) and anti-fouling materials (Sabaté 
Del Río et al., 2019) will be introduced to improve the performance of 
the electrochemical sensing interface. Overall, the proposed electro
chemical biosensor demonstrates significant potential for detecting 
exosomal miRNAs in real samples as well as for use in early tumor 
diagnosis and screening. 
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Fig. 4. (A). The DLS result of MCF-7 cells- 
derived exosomes. Inset: The TEM imaging 
of MCF-7 cells-derived exosomes. (B). Ct 
values of exosomal miR-21 and U6 snRNA 
derived from MCF-7 cells. (C). Measure
ments of exsomal miR-21 from MCF-7 cells 
and MCF-10A cells by the electrochemical 
biosensor and PCR method. The same 
amount of exosomes from each cell were 
used for miR-21 analysis for comparison. 
(D). The detection of exosomal miR-21 in 
serum samples from breast cancer patients 
and normal controls using the PCR method 
and the electrochemical biosensor. ****P <
0.0001 (Two-tailed t-test).   
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