Chinese Chemical Letters 32 (2021) 3474-3478

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Communication
An electrochemical biosensor based on DNA “nano-bridge” for R)
amplified detection of exosomal microRNAs s

Jing Zhang®* Meifeng Hou?, Guanyu ChenP, Huifang Mao? Wengian Chen?®,
Wenshen Wang?, Jinghua ChenP*

2 College of Life Sciences, Fujian Agriculture and Forestry University, Fuzhou 350002, China
b Department of Pharmaceutical Analysis, The School of Pharmacy, Fujian Medical University, Fuzhou 350108, China

ARTICLE INFO

ABSTRACT

Article history:

Received 4 February 2021
Revised 7 March 2021
Accepted 30 April 2021
Available online 10 May 2021

Keywords:

Electrochemical biosensor
DNA “nano-bridge”
Hybridization chain reaction
Exosomal miRNAs

Signal amplification reaction

Exosomal miRNAs, as potential biomarkers in liquid biopsy for cancer early diagnosis, have aroused
widespread concern. Herein, an electrochemical biosensor based on DNA “nano-bridge” was designed and
applied to detect exosomal microRNA-21 (miR-21) derived from breast cancer cells. In brief, the target
miR-21 can specifically open the hairpin probe 1(HP1) labeled on the gold electrode (GE) surface through
strand displacement reaction. Thus the exposed loop region of HP1 can act as an initiator sequence to ac-
tivate the hybridization chain reaction (HCR) between two kinetically trapped hairpin probes: HP2 immo-
bilized on the GE surface and biotin labeled HP3 in solution. Cascade HCR leads to the formation of DNA
“nano-bridge” tethered to the GE surface with a great deal of “piers”. Upon addition of avidin-modified
horseradish peroxidase (HRP), numerous HRP were bound to the formed “nano-bridge” through biotin-
avidin interaction to arouse tremendous current signal. In theory, only a single miR-21 is able to trigger
the continuous HCR between HP2 and HP3 until all of the HP2 are exhausted. Therefore the proposed
biosensor achieved ultrahigh sensitivity toward miR-21 with the detection limit down to 168 amol/L,
as well as little cross-hybridization even at the single-base-mismatched level. Successful attempts were
also made in the detection of exosomal miR-21 obtained from the MCF-7 of breast cancer cell line. To
our knowledge, this is the first attempt to built horizontal DNA nano-structure on the electrode surface
for exosomal miRNAs detection. In a word, the high sensitivity, selectivity, low cost make the proposed
method hold great potential application for early point-of-care (POC) diagnostics of cancer.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

The exosomes, secreted actively by cells, is extracellular vesicle
with lipid bilayer membrane and diameter 40-160 nm (~100 nm
on average) [1], carrying a lot of genetic information of mother
cell, such as protein, lipid, RNA, DNA. It plays an important role
in many physiological and pathological processes, including growth
and migration of tumors, cell differentiation, antigen presentation,
etc. [2-5]. Moreover, its unique bilayer membrane structure makes
it more stable than commonly used biomarkers in liquid biopsy
technology, such as circulating tumor cells (CTCs), circulating tu-
mor DNA (ctDNA). It is reported that the blood stored in cold stor-
age for 30 years can still be used to isolate exosomes successfully.
At the same time, the bilayer membrane can effectively protect its
contents from degradation of enzymes and enrich them properly
to reduce the difficulty of detection [6,7]. In addition, exosomes,
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which are widely existed in blood, saliva, urine, ascites, milk and
other body fluids [8], are more abundant and easier to enrich than
CTCs and ctDNA. In brief, exosomes and their contents [9], espe-
cially exosomal microRNAs [10-16], are more promising than tra-
ditional biomarkers in tracking the dynamic changes of tumors in
real time and improving the efficiency of cancer screening and di-
agnosis.

At present, the most frequently used methods for detecting
exosomal microRNA are northern blot hybridization [17] or re-
verse transcription-polymerase chain reaction (RT-PCR) [18]. How-
ever, these methods require either a large amount of samples and
time, or complex operation and high cost, which hinder them from
widely popularization. The electrochemical biosensor possessing
the characteristics of fast analysis, low cost, low energy consump-
tion, easy miniaturization and integration, is more in line with
the requirements of point-of-care test (POCT) for large-scale early
screening of cancer. Consequently, a large number of researchers
have designed multiple electrochemical biosensors for the detec-
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tion of exosomal miRNAs [19], For example, Boriachek et al. used
complementary DNA-functionalized magnetic beads to capture the
target miRNA sequence to form a hybrid double chain. The hybrid
double chain releases heat and unwinds. The miRNA is detached
and directly adsorbed on the surface of SPE-Au through the affinity
of RNA-gold. Finally, the redox system of [Fe(CN)g]*~/*~ was used
to detect the level of exosomal miRNA on the surface of SPE-Au
[20]. Zhang et al. based on a bipedal “DNA walker” (single-stranded
DNA) and a toehold sequence-mediated DNA strand replacement
reaction to construct a signal cascade amplified ratio electrochem-
ical biosensor to achieve efficient detection of exosomes miR-21
[21]. Nevertheless, considering the extremely low level of exoso-
mal microRNAs [22-23] and the complexity of clinical samples, it
is of great demand to improve the sensitivity and specificity of the
electrochemical biosensor for real applications in cancer diagnosis.

It is noteworthy that the rapid development of DNA self-
assembly technology provides a new idea for the construction
of ultra-sensitive electrochemical biosensors [24-30]. Through
Watson-Crick base pairing, the rational designed DNA sequences
can assemble into various shapes of nanoscale architectures with
good thermal stability and enzyme tolerance. In recent years, sci-
entists have proposed a variety of biosensors based on DNA self-
assembly technology and applied them to the sensitive detection
of microRNAs [31-35]. For example, Yuan et al. successfully built
quite long DNA duplex on the surface of electrodes using target
triggered hybridization chain reaction (HCR), and realized simulta-
neous detection of two kinds of microRNAs with increased sensi-
tivity [36]. Yu et al. have fabricated a gold nanoparticles (AuNP)
network on the electrode surface through integrating duplex-
specific nuclease-assisted target recycling with catalytic hairpin as-
sembly reaction for atto-molar (amol/L) detection of microRNA-
141 [37]. These sensors above significantly improve the sensitiv-
ity of microRNAs detection. However, both the long DNA duplex
and the AuNP network structure are not stable enough because
they are connected to the electrode only through a single strand
of DNA. Moreover, since both of the nanostructures adopt a verti-
cal arrangement perpendicular to the electrode surface, a part of
signal molecules on them are far away from the electrode, result-
ing in limited signal amplification efficiency. Fortunately, Helmig
et al. have anchored a large number of DNA hairpin probes acted
as “piers” on the DNA origami structure and then constructed a
DNA “nano-bridge” over 200 nm long by utilizing HCR. The “nano-
bridge” is extremely stable due to its numerous “piers”. Further-
more, it is very conducive to the efficient amplification and trans-
mission of signals because its transverse arrangement parallel to
the assembly interface made all of the signal groups close to the
electrode surface [38]. Based on the advantages of this kind of
“nano-bridge”, Chao et al. designed a DNA navigation system. By
accurately “anchoring” the DNA hybridization chain reaction to the
DNA origami structure, a DNA nanobridge “pier” was constructed
to realize the design along the nano-interface the molecular cas-
cade of pathways, combining this stable DNA molecular structure
with intelligent computing, can provide new research directions for
single-molecule intelligent sensing and disease diagnosis and treat-
ment [39].

Inspired by the above research, the electrochemical sensing
method based on DNA “nano-bridge” was developed to detect exo-
somal miR-21 which was always elevated when breast cancer was
present. In short, two kinds of hairpins probes caught in a kinetic
trap, one is modified on the (gold electrode) GE surface and the
other is in solution, can coexist without an initiator. In the pres-
ence of target miR-21, the partially “caged” initiator sequence by
the stem region of another hairpin probe is liberated and then trig-
gers the cross-opening of the first two kinetically trapped hairpins,
leading to the formation of DNA “nano-bridge” as well as the intro-
duction of considerable signal reporters. Compared with the other
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Fig. 1. The principle of the electrochemical biosensor.

DNA nano-structure vertical to the electrode surface in previous
electrochemical methods, the proposed DNA “nano-bridge” spread
on the electrode surface possesses plenty of “piers” and is more
stable to ensure the reliability and repeatability of assay. More-
over, the signal groups labeled on the DNA “nano-bridge” is very
close to the electrode surface, which increases the efficiency and
dependability of signal transmission and lower false positive and
false negative probability. In addition, DNA “nano-bridge” carry-
ing substantial negative charges due to the negative charged DNA
phosphate backbone, which may prevent the interference from the
substance with the same negative charge in the real clinical sam-
ples, for example, DNA, protein, etc. To our knowledge, DNA nano-
structure is first assembled horizontally on the electrode surface
for exosomal miRNAs detection. Combined with the advantages of
electrochemical biosensors such as ultra-sensitivity, cost-effective,
the designed method may offer new perspective for cancer early
point-of-care (POC) diagnosis.

As seen in Fig. 1, two kinds of DNA hairpin probes named HP1
and HP2 are firstly immobilized on the gold electrode (GE) sur-
face through Au-S bond. Both of the probes consist of the same
stem and loop sequences but different toehold region specifically
selecting the target miR-21 and another hairpin probe with biotin
modification termed biotin-HP3, respectively. When miR-21 exists,
HP1 is opened to form a HP1- miR-21 duplex, resulting in the loop
domain of HP1 exposed. Upon addition of biotin-HP3, it combines
with the uncovered loop part of HP1 and makes its own loop re-
gion available for hybridization with proximal HP2 on the GE sur-
face. As a result, cascade hybridization chain reaction (HCR) be-
tween kinetically trapped HP2 and biotin-HP3 is triggered, result-
ing in the formation of a DNA “nano-bridge” structure with a large
amount of biotin molecule on the GE surface. By adopting affinity
reaction between biotin and avidin, the generated “nano-bridge”
are linked to massive horseradish peroxidases, which can catalyze
the redox reaction of 3,3’,5,5'-tetramethyl benzidine (TMB)-H,0,
efficiently and produce a significant current signal. Theoretically,
only one target miR-21 can induce all of the HP2 to assemble into
vast DNA “nano-bridge” with enough biotin-HP3, giving rise to a
considerable catalytic current signal. Therefore, the target miR-21
can be detected ultra-sensitively by monitoring the current signal.
Conversely, in the absence of miR-21, HP1 will not be opened and
then activate HCR between HP2 and biotin-HP3 to self-assemble
into DNA “nano-bridge”, leading to negligible current signal.
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Fig. 2. (A) AFM imaging of the DNA “nano-bridge”. (B) The EIS of various electrodes
in 100 mmol/L KCl solution with 5 mmol/L [Fe(CN)s]3~/4~ (1:1): (a) bare electrode,
(b) HP1/HP2 modified electrode, (c) HP1/HP2 modified electrode with addition of
biotin-HP3, (d) HP1/HP2 modified electrode with addition of miR-21, (e) HP1/HP2
modified electrode with addition of biotin-HP3 and miR-21. Insert: The equivalent
circuit of EIS. In the circuit, electronic components Ry, R, Cy and W; represent
solution resistance, electron transfer resistance, solution interface capacitance and
diffusion impedance, respectively. (C) The CVs of various electrodes in TMB-H,0,
solution: Curves a-e are the same as Fig. 2B. (D) The current-time curves for differ-
ent concentrations of miR-21 (from a to i): 0 fmol/L, 1 fmol/L, 10 fmol/L, 100 fmol/L,
1 pmol/L, 10 pmol/L, 100 pmol/L, 1 nmol/L and 10 nmol/L.

In order to verify the formation of DNA “nano-bridge”, atomic
force microscope (AFM) imaging was carried out to test the prod-
uct of HCR reaction of miR-21-HP1-(HP2-HP3)n. As shown in
Fig. 2A, a curved DNA long-chain structure with a length of more
than 400 nm can be observed in the field of vision (as implied by
the red arrow in the figure), indicating the HP1, HP2 and biotin-
HP3 can self-assembly into a long DNA “nano-bridge” successfully
when the target miR-21 exists.

First, electrochemical impedance spectroscopy (EIS) was used
to confirm the feasibility of the proposed biosensor. The results
of the EIS are fitted with equivalent circuits, and the interface
characteristics of the surface modified electrode are reflected by
the electronic transfer resistance (R.) of the equivalent circuit
[40,41]. The negligible R (curve a) of the bare GE, as seen in
Fig. 2B, exhibits a strong electron transfer capability for process
of [Fe(CN)g]*>/4~. On account of the negatively charged phos-
phate backbones, [Fe(CN)g]*~/4~ is far away from the electrode sur-
face, making the Rct of the biosensor constructed with HP1 and
HP2 modified electrodes slightly increase (curve b), which in turn
proves that HP1 and HP2 are successfully modification of the elec-
trode. The R¢ value exhibits only a slight increase when biotin-
HP3 is added in the above electrode (curve c), meaning that the
cascade hybridization reaction does not occur between the three
hairpin probes. Meanwhile, R.¢ changes little after the target miR-
21 was dropped on the HP1/HP2/GE (curve d). However, the value
of R increases dramatically (curve e) when HP1, HP2, biotin-HP3
and miR-21 coexisted, because only miR-21 can act as an initiator
to trigger HCR reaction, leading the formation of the DNA “nano-
bridge”, and tons of DNA strands are attached to the electrode sur-
face. In short, the EIS showed here demonstrate the feasibility of
the sensor.

To further confirm the feasibility of the sensing method of elec-
trochemical biosensor, the cyclic voltammetry (CV) curves of dif-
ferent modified electrodes in TMB-H,0, and avidin-HRP solution
were scanned. As shown in Fig. 2C, we can see two pairs of redox
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peaks when the bare electrode was immersed into TMB-H,0, so-
lution (curve a). After surface modification of HP1 and HP2 (curve
b), the redox current shows little change. Moreover, the current in-
tensity of HP1/HP2 modified electrode was almost unchanged by
adding miR-21 (curve c) or biotin-HP3 (curve d). However, when
miR-21 and biotin-HP3 (curve e) were added to HP1/HP2 modi-
fied electrode simultaneously, the current signal increased sharply,
which ascribes to the initiation ability of miR-21 for DNA “nano-
bridges” self-assembly, along with a large number of biotin adhere
to the GE surface. All above results are consistent with those of EIS
and further suggest that the sensing strategy is feasible.

Experimental parameters were optimized to obtain the op-
timal performance. The concentration ratio R of HP2 to HP1
(R = Cypy:Cypp) directly affects the length of DNA “nano-bridge”
and then the detection sensitivity of the biosensor. Therefore, first
of all, R is analyzed experimentally. As shown in Fig. S1A (Support-
ing information), the catalytic current increases with the increase
value of R, reaches its maximum at R = 30, and then decreases
with the increase of R value. Therefore, R = 30 was used for sub-
sequent experiments. Subsequently, the effect of incubation time of
biotin-HP3 on the length of DNA nanobridge was investigated. As
shown in Fig. S1B (Supporting information), the catalytic current
reaches its maximum at 60 min. Therefore, 60 min was chosen as
the optimal reaction time for biotin-HP3.

Under the optimized experimental conditions, the relationship
between the concentration of miR-21 (C) and the catalytic current
intensity (I) of the biosensor was investigated by chronoamper-
ometry. As illustrated in Fig. 2D, I increases with the logC from
1 fmol/L to 10 nmol/L. The regression equation (Fig. S2 in Sup-
porting information) is I (nA) = 617.6logC + 478.2 with a cor-
relation coefficient of 0.9919. The LOD is calculated to be 168
amol/L by the 30 rule, as o is the standard deviation of the back-
ground signal [42]. As expected, the LOD of this method is far less
than many recent approaches (Table S2 in Supporting information)
[20,21,24,27,29,30,34,35,43-51], indicating the excellent sensitivity
for exosomal microRNA detection. Compared with the traditional
sandwich DNA biosensor, the biosensor proposed here shows bet-
ter signal efficiency and stability (Fig. S3 in Supporting informa-
tion). Although some assays based on electrochemistry, exhibited
higher sensitivity than our method, those works require either nu-
cleic acid analogues or metal nano-particles, which may need strict
control of reaction conditions and high cost. In addition, some
assays based on surface enhanced raman scattering (SERS) and
surface plasmon resonance (SPR) also show lower LOD than our
method. However, due to the lack of uniform and repeatable SERS
substrates, the reliable quantification of miRNA using SERS is hin-
dered [44], while the SPR technology is susceptible to the interfer-
ence of factors such as the composition of samples and environ-
ment temperature [52].

In order to evaluate the selectivity of the biosensor to miR-21,
the current response values of single base mismatch target (SMT),
double bases mismatch target (DMT), three bases mismatch tar-
get (TMT), non-complementary target (NCT) and the target miR-21
were investigated under the same conditions. As shown in Fig. 3A,
the current intensity induced by miR-21 is significantly higher than
that induced by mismatch sequences. Moreover, the sensor can
distinguish different types of mismatches and has good selectivity.
The proposed approach exhibits excellent selectivity on account of
the good discriminative capability of HCR.

In order to clearly demonstrate the reproducibility of the sens-
ing method, 1 pmol/L miR-21 were analyzed by identical and dif-
ferent batches of biosensors for 5 times, respectively. After that,
the intra-assay coefficients of variation was 3.74% and inter-assay
coefficients of variation was 5.65% (Table S3 in Supporting infor-
mation). Incubate the used electrode in 90 °C water for 5 min, and
then rinse it with deionized water several times to revive the sen-
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Fig. 4. Exosomal miR-21 detection by the proposed electrochemical biosensor and
PCR method.

sor. We found that after five cycles of the regeneration process, the
signal was only reduced by 8.3% compared to the initial response.
The above results show that the biosensor has good stability and
regeneration ability.

To verify the application of the biosensor in the detection of ex-
osomal miRNAs, we used differential centrifugation to determine
the content of exosomal miR-21 isolated from the culture medium
of breast cancer cell line MCF-7. The morphology and proteins
of the exosomes separated by ultra-centrifugation were character-
ized. Firstly, the transmission electron microscope (TEM) imaging
showed the cup-shaped exosomes with the diameter of ~100 nm in
Fig. 3B, which coincides with the previous literatures [53,54]. Sec-
ondly, the exosomal membrane proteins were detected by western
blot (WB). Fig. 3B insert shows clear immunoreactive bands corre-
sponding to TSG101 and EpCAM proteins of exosomes, respectively,
which was consistent with the parent cells and previous report
[24,41,55,56]. In a word, the exsomes can be obtained successfully
by ultracentrifugation and be used for exosomal miRNAs detection.
Finally, the constructed electrochemical biosensor was used for the
quantification of exosomal miR-21 derived from MCF-7. The results
were basically consistent with those of PCR (Fig. 4), confirming the
practical value of the sensor we designed to detect exosomal miR-
21.

All in all, instead of vertical to the electrode surface, the DNA
“nano-bridge” constructed here was spread on the surface and be
applied in the development of an electrochemical biosensor for
amplified detection of exosomal miR-21 for the first time. Due to
the numerous “piers”, the DNA “nano-bridge” possesses excellent
stability, resulting in high reproducibility and reliability of the test-
ing results. Furthermore, this horizontally built DNA nano-structure
enables the signal groups on it close to the electrode surface,
which increases the efficiency and dependability of signal trans-
mission. At the same time, the tremendous DNA phosphate back-
bone of DNA “nano-bridge” can hinder the interference from the
real clinical samples, leading to low background signal. In addi-
tion, cascade signal amplification of HCR makes the electrochem-
ical biosensor to displaying a high degree of sensitivity, and the
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LOD can be reduced to 168 amol/L. To further improve its perfor-
mance, further research is needed. For instance, DNAzyme can be
used instead of HRP enzyme to reduce testing costs and deduct
complicated labeling procedure. And the toehold region of HP1 can
become a locked nucleic acid (LNA) modification area to further in-
crease the discriminative ability of the proposed biosensor. In brief,
the approach described here lays a foundation for the subsequent
construction of sensors that can really be applied to early POCT
diagnosis.
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