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Extracellular vesicles (EVs) derived from cancer cells are considered as ideal biomarker for liquid biopsy
in cancer diagnosis, and are stable and abundant. Electrochemical methods for the detection of EVs are
preferred over conventionalmethods such asWestern blotting and enzyme-linked immunosorbent assay
for their high sensitivity and real-time detection. This article summaries studies proposing the
electrochemical methods utilizing immunological and molecular methodologies for detecting EVs
derived biomacromolecules such as miRNAs and transmembrane protein for cancer diagnosis. Moreover,
the electrochemical detection methods are compared and future prospects for the development of
electrochemical methods for EVs detection are concluded.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
1. Introduction

Extracellular vesicles (EVs) are heterogeneous vesicles shed by
a variety of mammalian cells, especially dividing cancer cells, as
well as normal cells [1–5]. Biofluids contain a large number of EVs
that can shuttle between parental cells and other cells. Initially,
under-appreciated as “cell dust’” and as a mechanism to dispose of
cellular components, EVs are now considered abundant and stable
sources of biomacromolecule, including proteins, mRNA/miRNA
and DNA, thus serving as cellular surrogates [6–10]. These
biomacromolecules are key component of the tumor microenvi-
ronment and participate in adaptation and regulation of immunity,
involved in the regulation of pathological angiogenesis, including
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tumor angiogenesis, tumor growth and metastasis, which verify
EVs have the significant advantages in cancer monitoring. Tumor-
associated vesicles can be used as effective surrogate biomarkers to
define tumor type, stage and underneath mutations, as well as to
monitor treatment response [11–15]. Specifically, EVs provide a
minimally invasive avenue for obtaining information from tumor
cells, and can be longitudinally monitored by repeated sampling
[14].

As EVs are too small to be detected, it is necessary to find more
sensitive methods for their detection [8]. Conventional detection
techniques such as Western blotting and enzyme-linked immu-
nosorbent assays (ELISAs) are commonly detection technologies.
However, they require large amounts of samples, and become
impractical for clinical research needs, notably serial analyses,
large patient cohorts, or limited specimens in biorepositories [16–
18]. Electrochemical biosensors are a subclass of chemical sensors
that combine sensitivity, as indicated by low detection limits and
real-time, of electrochemical transducers with high specificity of
biological recognition processes [19–21]. These devices contain
biometric elements (enzymes, proteins, antibodies, nucleic acids,
cells, tissues or receptors) that, upon selective reaction with
analyte of interest, produce electrical signals related to the
concentration of the analyte being studied (Fig. 1) [22].
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Illustration of electrochemical biosensor.
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This article reviews the biogenesis of EVs and the recently
emerged electrochemically based methods for quantitative detec-
tion of EVs. Highlight on pertinent applications of EVs in the
diagnosis and treatment of diseases, such as screening of EVs as
potential tumor markers.

2. EVs biogenesis

EVs include exomeres, microvesicles, exosomes, apoptotic
bodies, blebs and argosomes, and are classified by size, content,
origin and function [23], as shown in Table 1. Exomeres are a
recently discovered extracellular nanoparticles with unknown
biological function, rich in argonaute and amyloid precursor
protein [24,25]. Exosomeswere first proposed by Trams et al. in the
1980s. Theywere first discovered in the supernatant obtained from
sheep red blood cells, cultured in vitro, with vesicle structures from
40 nm to 200 nm. The exosomes are composed of a phospholipid
bilayer that encapsulates the cytoplasm and contains various
components of the parental cells, including proteins, DNA, RNA,
and variety of other small molecules. There are differences in the
composition of exosomes from different cell sources, but they have
evolutionarily conserved protein components, including integrins,
transmembrane proteins, and membrane transport and fusion
proteins, which are able to reflect their biological origin to some
extent [26–29]. Argosomes are exosome-like vesicles containing
morphogens that form a concentration gradient in the tissue, and
communicate cell position by participating in signal transduction
during the development of multicellular organisms. They are
released from the basolateral membrane of discoid cells of
drosophila, which promotes development through proliferation
of epithelial cells and can participate in the direct transfer of
substances between donor and recipient cells [23]. Apoptotic blebs
are developed by an increase in hydrostatic pressure after cell
contraction. The breakup of cell cytoskeleton results in outward
bulging of the cytoplasmic membrane, which upon separation
forms apoptotic blebs. Apoptotic blebs are packed with cellular
organelles and chromatin to form the basis of fragmentary
membrane-clad apoptotic bodies. Microvesicles are EVs between
Table 1
Main differences between extracellular vesicles.

Vesicle Size
(nm)

Content Origin

Exomere <50 Non-
membranous
nanoparticle

Released by cells

Exosomes 40–
200

Multivesicular
bodies

Vesicles extruded by reverse endocytosis

Microvesicles 200–
2000

Extracellular
vesicles

Regulated release of outward budding of
plasma membrane

Argosomes / Morphogens Released from the basolateral membrane o
disc cells of Drosophila melanogaster.

Apoptotic
blebs

50–
500

Protrusive
blisters

Increased hydrostatic pressure following
contraction

Apoptotic
bodies

1000–
5000

Organelles
within the
vesicles

Programmed cell death
100 nm and 1000 nm in size, formed by the regulated release of
outward bulging of the plasma membrane. Currently, the best
characterized EVs are exosomes and microvesicles. Table 1
summarizes the differences between exomeres, exosomes, micro-
vesicles, argosomes, apoptotic blebs and apoptotic bodies [23–
25,30,31]. The term exosomes is often used to refer to a mixed
population of small EVs (sEV) without further proof of their
intracellular origin, however, published data cannot be used to
determine their precise specificity [32]. Therefore, we choose here
to use the generic term EV.

In recent years, researchers have been able to study different
types of cell-derived EVs and extracted EVs from different body
fluids, including plasma, serum, urine, and so on. EVs biosynthesis
(Fig. 2) is a rigorous process regulated by a variety of signaling
molecules [33]. Initially, receptors on the cell surface are activated,
multivesicular bodies (MVBs) fusewith plasmamembrane, and the
vesicles are released extracellularly. EVs have become an
enchanting research target in recent years due to their unique
biophysical and biological characteristics. For example, they are
small size in diameter, much smaller than cells (10� 30mm), but
larger than proteins, so they can form a highly heterogeneous
constituency. Interestingly, these properties also make it difficult
to define and isolate EVs. In particular, traditional analytical tools
are trammeled to efficiently and effectively detect EVswith greater
clinical utility.

3. Detection methods for extracellular vesicles based on
electrochemical biosensors

As mentioned earlier, the biomarkers in exosomes are mainly
proteins and nucleic acids. Proteins are mainly concentrated in the
detection of membrane proteins, and nucleic acids are mainly
concentrated in the detection of microRNAs. Therefore, we have
classified the markers according to the detection target.

3.1. Nucleic acids

The transport of nucleic acids inside the exosomes can play an
important role in functioning of a multicellular organism [34].
Initial analyses of nucleic acids from isolated exosomes identified
microRNAs (miRs) and mRNAs as the major components of
exosomal cargo [35]. Exosomal miRNAs have been under most
attention among exosomal nucleic acids as cancer diagnosis
biomarkers due to their stability against RNase-dependent
degradation [36,37].

miRNAs are a small family of non-coding RNA molecules
(approximately 22 nucleotides) that are an important component
of EVs. miRNAs play a key regulatory role in post-transcriptional
Function References

Potent signaling and growth promoting activities [24,25]

Cellular communication, drug delivery system, diagnostic
tools, etc.

[23]

the Intercellular communication, progression of diseases,
diagnostic tools

[30]

f wing Involved in signal transduction to convey cellular position
during development in multicellular organisms

[23]

cellular Form the basis of fragmentary membrane-clad apoptotic
bodies

[23,31]

phagocytosed by macrophages and are cleared locally [30]
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Fig. 2. Illustration of exosome biogenesis and their biomarkers. Copied with permission [33]. Copyright 2019, Wiley Publishing Group.
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gene expression in the pathogenesis of many chronic diseases,
including cancer. miRNAs in EVs are involved in tumor progression
by regulating tumor microenvironment, angiogenesis, immune
escape, and metastasis [38,39]. Boriachek and coworkers reported
a simple, non-amplified electrochemical method for detection of
cancer-derived exosomal miRNAs in human serum samples (Fig. 3)
[40]. Firstly, they captured the target miRNA by hybridizationwith
biotinylated complimentary probes attached to commercially
available streptavidin coatedmagnetic beads. The capturedmiRNA
species were heat released from the hybrid and their level was
subsequently monitored by the direct adsorption onto SPE-Au via
RNA-gold affinity interaction, followed by differential pulse
voltammetry (DPV) response in the presence of [Fe(CN)6]4�/3�
[(Fig._3)TD$FIG]

Fig. 3. Schematic representation of the assay for detection of exosomal miRNA-21 in ca
Chemistry.
redox system. Finally, the level of adsorbed miRNAs was detected
by electrochemical method. The detection limit was as low as
1.0 pmol/L and the relative standard deviation (%RSD) was < 5.5%.
This method showed excellent detection efficiency.

In order to avoid the drift of related signals caused by
environmental influences in electrochemical tests, Luo and his
collaborators studied a "Y"-like structure mediated by a locked
nucleic acid (LNA)-assisted strand displacement reaction (LSDR). A
proportional electrochemical DNA biosensor can detect exosomal
miRNA-21 (miR-21) (Fig. 4) [41]. The LNA-assisted strand
displacement reaction on the "Y"-shaped structure is activated
in the presence of miR-21, and the "Y"-shaped structure is then
transformed into a hairpin structure, with methylene blue (MB)
ncer serum samples. Copied with permission [40]. Copyright 2018, Royal Society of
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Fig. 4. Schematic illustration of ratiometric electrochemical biosensor for exosomal miR-21 detection. Copied with permission [41]. Copyright 2020, Elsevier Publishing
Group.
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signal turned on and ferrocene (Fc) signal turned off. The
electrochemical detection of exosomal miR-21 is achieved by
changing the current ratio of MB to Fc, and the detection limit
(LOD) can reach 2.3 fmol/L [41].

3.2. Protein

Exosome membrane surface proteins can reflect the character-
istics and state of the cells from which they are derived and have
advantage of being directly detectable without lysis. It is therefore
important to use this property to develop a detection method for
tumor surface specific proteins. Different methodologies for
extracellular vesicles detection by tumor surface specific proteins
were summarized in Table 2 [16–18,42–54]

3.2.1. By antibody
Antibodies are specific proteins that are synthesized and

secreted by plasma cells after humans or animals are stimulated
by antigenic substances (such as bacteria or their toxins, viruses).
Because of their specificity and affinity for the target, antibodies
are considered the first choice of molecular recognition units,
which has also made them an excellent probe in the development
of biosensors [55]. Various electrochemical assays have been
developed over the past several years for the detection of EVs.
Yadav suggested a streptavidin-modified screen-printed electrode
to achieve highly sensitive detection of disease-specific exosomes
(Fig. 5) [18]. First, four functionalized transmembrane biomarkers
Table 2
Comparison of different methodologies for extracellular vesicles detection.

Method Target

Alternating current electrohydrodynamic HER2, CD9
Nano-plasmonic sensor CD24, EpCAM
Lateral flow immunoassay CD9, CD63, CD81
Microfluidic ExoSearch chip CA125, EpCAM, CD24
Integrated magneto electrochemical sensor CD63
magnetic nanobead HER2, CD63
Electrochemical sandwich immunosensor CD9
Sandwich electrochemical sensor CD9
Sandwich immunoassay and redox cycling EpCAM
Aptamer-colorimetric profiling CD63
NTH-assisted electrochemical aptasensor HepG2
Luminescence resonance energy transfer CD63
Metal nanoparticles-electrochemical EpCAM
Aptamer-based electrochemical CD63
Electrochemical biosensor based on click chemistry CD63
Hemin/G-quadruplex-electrochemical aptasensor CD63
(CD9) were used to capture exosomes with avidin-modified
screen-printed electrodes, followed by use of cancer-specific
antibodies, human epidermal growth factor receptor 2 (HER-2)
antibodies, to detect tumor-specific exosomes in captured lipo-
somes, allowing quantitative detection of HER2-positive breast
cancer cells. Thismethod showed excellent specificity for HER-2(+)
BT-474 cell-derived exosomes, with detection limits as low as
4.7�105 exosomes/mL, and relative standard deviation < 4.9%
(n = 3). Screen-printed electrodes are inexpensive, simple and
sensitive system for miniaturization and real-time analysis of
exosomes. This simple and inexpensive electrochemical method
has the potential to be used for future clinical bioassays.

Doldan and co-workers developed an electrochemical sand-
wich immunosensor based on surface marker-mediated signal
amplification for determination of exosomes (Fig. 6) [47]. The
rabbit anti-human CD9 antibody was immobilized on a gold
electrode, and then the surface protein for the captured exosomes
was detected by a horseradish peroxidase (HRP)-labeled detection
antibody. The generated electrical signal by the treatment with
tetramethyl benzidine (TMB) was estimated for quantitative
detection of the exosomes. The immune sandwich sensor has
detection sensitivity as low as 200 exosomes/mL, and works well
even at sample volumes as low as 1.5mL. The linear range spans
almost four orders of magnitude and demonstrates the ability to
detect exosomes in real samples (diluted serum). The above-
mentioned biosensor can be used in future miniaturization and
integrated processing of semi-automatic equipment.
Combination method Detection limitation References

Antibody 2.76�106 EVs/mL [42]
Antibody 3�106 EVs/mL [43]
Antibody 8.54�108 EVs/mL [44]
Antibody 7.5�105 EVs/mL [45]
Antibody 3�107 EVs/mL [16]
Antibody 1.2�106 EVs/mL [46]
Antibody 2�105 EVs/mL [47]
Antibody 4.7�105 EVs/mL [18]
Antibody 5�103 EVs/mL [48]
Aptamer / [49]
Aptamer 2.09�104 EVs/mL [50]
Aptamer 1.1�106 EVs/mL [51]
Aptamer 50/sensor [52]
Aptamer 1�106 EVs/mL [53]
Aptamer 9.6�103 EVs/mL [17]
Aptamer 9.54�102 EVs/mL [54]
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Fig. 5. Schematic representation of the sandwich assay for detection of disease-specific exosomes. The exosomes were isolated from the cell culture media and spiked in
buffer or serum. Biotinylated CD9 antibodies were then immobilized on extra avidin-modified screen-printed carbon electrodes by using biotin avidin coupling chemistry.
The subsequent addition of exosomes (spiked in buffer or serum) on the electrode surface was captured by surface-bound CD9 antibodies. The disease-specific HER-2(+)
exosomes were finally detected by the HER-2 antibody. Copied with permission [18]. Copyright 2016, Wiley Publishing Group.
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Fig. 6. “Signal-Off” and “Signal-On” Strategies. Copied with permission [47].
Copyright 2016, ACS Publishing Group.
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Fig. 7. Integrated magnetic-electrochemical exosome (iMEX) platform. (A) Sensor
schematic. The sensor can simultaneously measure signals from eight electrodes.
Small cylindrical magnets are located below the electrodes to concentrate
immunomagnetically captured exosomes. (B) Circuit diagram. The sensor system
has eight potentiostats, an 8-to-1multiplexer, an analog-to-digital converter (ADC),
a digital to-analog converter (DAC), and a micro-controller unit (MCU). Each
potentiostat has three electrodes: reference (R), counter (C), and working (W). (C) A
packaged device. The device has a small form factor (9� 6 � 2 cm3). (D) Schematic
of iMEX assay. Exosomes are captured on magnetic beads directly in plasma and
labeled with HRP enzyme for their electrochemical detection. The magnetic beads
were coatedwith antibodies against CD63, an enriched surfacemarker in exosomes.
The working (W) and counter (C) electrodes were made of gold (Au), and the
reference electrode (R) was made of silver/silver chloride (Ag/AgCl). Eight channels
are simultaneously monitored for high-throughput analysis. HRP, horseradish
peroxidase; TMB, 3,30 ,5,50-tetramethylbenzidine. Copied with permission [16].
Copyright 2016, ACS Publishing Group.

H. Xie et al. / Chinese Chemical Letters 31 (2020) 1737–1745 1741
Integrated approach can also be used in the detection of EVs. For
example, Jeong and co-workers acquired a portable integrated
magnetic-electrochemical exosomes (iMEX) biosensor based on
multiple exosomal proteins detection (Fig. 7) [16]. The new iMEX
biosensor uses a multi-channel design to simultaneously detect
eight specimens in 1 h, requiring only 10mL of plasma per
specimen. Exosomes were first captured from the patient samples
by immunomagnetic methods and then analyzed by electrochem-
ical reactions. This method for combining magnetic enrichment
with enzymatic amplification enables a high throughput mea-
surement of ex vivo exosomes with highly improved sensitivity.
The detection limit for the iMEX biosensor was 3�104 exosomes,
about 100 times higher than the ELISA.

In order to improve the sensitivity of the biosensor,Mathewand
co-workers reported an electrochemical detection method that
combines sandwich immunoassay and enzyme-linked assays, with
a combination of redox cycles on nano-finger electrodes to detect
prostate tumor-derived extracellular vesicles (tdEVs) (Fig. 8) [48].
The combination of enzymatic amplification with a redox cycle
between the nanoscale interdigital electrodes, confer higher
detection sensitivity to the system. In addition, high specificity
was achieved by two independent selections in sandwich
immunoassays. The detection limits for this assay was as low as
5 tdEVs/mL, with linear response range distributed over 6 orders of
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Fig. 8. Schematic illustration of tdEVs sensing using a sandwich immunoassay and redox cycling on nIDEs resulting in two-level selectivity and two-level amplification. tdEVs
are captured using C-AE tethered to electrodes (first level of selectivity). The binding of R-AE to the tdEVs completes the antibody-antigen-antibody sandwich (second-level
selectivity), afterwhich the enzymeALP is introduced using a biotin-SAV interaction. ALP provides an enzymatic amplification of pAPP to pAP by substrate cleavage (first-level
amplification), which was followed by an electrochemical signal amplification via oxidation of pAP to pQI and subsequent redox cycling thereof between the nIDE electrodes
(second level amplification). Copied with permission [48]. Copyright 2019, ACS Publishing Group.
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magnitude (10-106 tdEVs/mL), exhibiting an excellent linear range
with naturally occurring exosomes in the blood of the cancer
patients. Moreover, there was a large overlap in the concentration
range, and the assay was performed in a lab-on-a-chip format,
allowing analysis of a small number of samples in the (low)
microliter range, providing a new opportunity for future detection
of clinically relevant concentrations of exosomes even from
fingertip blood. This assay has the potential to be developed in
the future as a portable, instant care sensing device that can be
used for a wide range of disease screening.

3.2.2. By aptamer
Aptamers are a type of oligonucleotide single-stranded

oligonucleotides that are obtained from in vitro screening by
exponential enrichment of ligand evolution technology (SELEX),
and can bind to target molecules with high affinity and specificity.
Compared with traditional antibodies, aptamers have the advan-
tages of small size, stable chemical properties, and high cost-
effectiveness as recognition elements in biosensors. More impor-
tantly, the aptamer provides significant flexibility and convenience
in structural design, which makes the new biosensor exhibit high
sensitivity and selectivity [56]. Therefore, aptamers are alsowidely
used in electrochemical biosensors. Previous study reported a
sensor chip containing eleven individual round gold electrodes
that enable multiple readouts and multiple analyses of exosomes
[(Fig._9)TD$FIG]

Fig. 9. Schematic representation of the two-step isolation and analysis of exosomes and
sensors, b) electrochemical detection of the captured exosomes/microsomes with Cu an
Group.
using electrooxidation of nanoparticles (Fig. 9) [52]. Initially, the
surface of the electrode was modified with a thiolated anti-EpCAM
aptamer, to allow efficient capture of the exosomes. Then, using
copper (CuNPs) and silver (AgNPs) metal nanoparticles as probes,
the thiol-conjugated anti-EpCAM aptamer and the anti-PSMA
aptamer were modified, and the obtained metal nanoparticles
(MNPs)-aptamer were affixed. The compound was then incubated
with exosomes captured by the chip, and the expression levels of
EpCAM and PSMA on the exosomes were compared. This method
for detecting and characterizing exosomes by identifying and
labeling specific protein markers expressed on exosomes by direct
electrooxidation of labeled MNPs has the advantage of being
simple, rapid, cost-effective, and requires only a small amount of
sample (25mL). In addition, the method is versatile and can be
used to detect exosomes from different sources by altering the
capture agent on the electrode, and the identifier conjugated to the
MNP. This electrochemical detection method can be used for early
diagnosis of cancer.

In order to establish a simpler sensing method, Zhou and co-
workers reported an aptamer biosensor based on the electro-
chemical method using transmembrane protein CD63 to detect
exosome from liver cancer cells (Fig. 10) [53]. In their method, an
aptamer specific for the exosome transmembrane protein CD63
wasfirst immobilized on the surface of the gold electrode, and then
the probe chain, previously labeled with the redox moiety was
microsomes. a) capture step where vesicles are immobilized on aptamer-modified
d Ag nanoparticles. Copied with permission [52]. Copyright 2019, Wiley Publishing
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Fig.10. Schematic illustration of aptamer-based exosome detection. (A) The device is composed of an Au electrode array patterned on a glass surface, alongwith a PDMS layer,
which defines the flow chamber. Aptamers specific for CD63were immobilized onto the Au electrodes prior to use. (B and C) MB-labeled probing strands then hybridizewith
the aptamers anchored on the surface and emit an electrochemical signal (blue curve in Fig. C). Exosomes interact with DNA duplexes via CD63 proteins, displacing the
antisense strand and decreasing the electrochemical signal (C). The change in redox signal is proportional to the concentration of exosomes in solution. Copied with
permission [53]. Copyright 2016, Elsevier Publishing Group.

[(Fig._11)TD$FIG]

Fig. 11. Schematic illustration of NTH-assisted electrochemical aptasensor. (a)
Aptamer-containing NTHs were immobilized via three thiol groups onto the gold
electrodes for direct capture of exosomes in suspension. R: reference electrode area;
W: working electrode area, with a diameter of 4mm; C: counter electrode area. (b)
Facile self-assembly of DNA nanotetrahedra from four single-stranded DNA
sequences were mixed in equal concentrations, followed by heating at 95 �C for
2min and “snap-cooling” at 4 �C for 1min. (c) Redox signal changes after aptamer
immobilization and after incubation with exosomes. One drop of 5mmol/L
K3 [Fe(CN) 6]/100mmol/L KCl can cover the entire electrode area for signal
generation and amplification. Copied with permission [50]. Copyright 2017, ACS
Publishing Group.
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then hybridized to the adaptation, anchored to the electrode
surface on the body molecule. The antisense nucleic acid strand
labeled with methylene blue was then paired with the aptamer
strand, and the exosomeswere added to the biosensor. At this time,
the aptamer was bound to the CD63 protein on the surface of the
exosomes, thereby detection of the released exosomes was
achieved by using a probe labeled with methylene blue and
changing the redox signal. The aptamer biosensor has a detection
limit of 1�106 exosmes/mL, which is 100 times lower than the
standard immunoassay ELISA, and extends linearly to 1�108

particles/mL. This method can be easily read without labeling or
washing, and has higher sensitivity than the conventional
immunoassay methods. This method can be used in the future
to monitor the kinetics of exosomes released from cancer cells or
damaged cells.

For sensitive and efficient quantification of tumor-derived
exosomes, Wang and co-workers invented a nanotetrahedron
(NTH)-assisted aptamer biosensor for direct capture and detection
of liver-derived exosomes, by combining the nanostructures of
DNA with aptamer technology and portable electrochemical
devices (Fig. 11) [50]. The aptamer LZH8, also known as cell viable
cells, was produced bymodified in vitro selection (called cell-LIVE)
that contains an extended nucleotide and four regular nucleotides.
In contrast to the experimental control, cancerous hepatocytes
(Hu1545) showed superior binding selectivity on target hepatoma
cells (HepG2). Moreover, the NTH structures, composed of self-
assembled four single-stranded sequences, were used to improve
specificity and capture efficiency, and can be combined with
electrochemically detected aptamer sensors. The aptamer-
functionalized electrode was then incubated with isolated
exosomal suspension, at which point the immobilized aptamer
can be directly and specifically captured by the exosomes. The
detection limit for the LZH8-dependent aptamer sensor was
3.96�105 exosomes/mL, while the detection limit for the NTH-
dependent aptamer sensor was 2.09�104 exosomes/mL. This
method provides a proof of concept for sensitive and efficient
quantification of tumor-derived exosomes and also lays the
foundation for quantitative study of exosomes in more complex
body fluids.
Recently, An and co-workers used a signal-amplified DNA
hybridization chain reaction (HCR) to establish an electrochemical
aptamer biosensor based on click chemistry, to achieve ultrasen-
sitive detection of tumor exosomes (Fig. 12) [17]. The CD63
aptamer was first immobilized on a glassy carbon electrode, to
capture the exosomes, and then the functionalized lipid electro-
phile 4-oxo-2-nonene alkyne (alkynyl-4) was reacted by the
reaction between an amino group and an aldehyde group, which
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Fig. 12. Schematic illustration of the proposed aptasensor for exosome detection based on click chemistry and HCR for signal amplification. Copied with permission [17].
Copyright 2019, Elsevier Publishing Group.

[(Fig._13)TD$FIG]

Fig. 13. Illustration of the label-free electrochemical aptasensor for highly sensitive detection of exosomes. Copied with permission [54]. Copyright 2019, Wiley Publishing
Group.

1744 H. Xie et al. / Chinese Chemical Letters 31 (2020) 1737–1745
conjugates the molecule to the exosomes. The alkynyl-4-ONE
showed high reactivity toward proteins, and was used to modify
exosomes derived fromMCF-7 cells, followed by conjugation of an
azide-labeled DNA probe as an anchor through a copper(I)-
catalyzed click chemistry reaction. The azide-labeled DNA probe
was attached as an anchor to the exosomes. By adding auxiliary
DNA, the HCR forms a long self-assembling DNA linker that can be
used for signal amplification, while a large number of linked
horseradish peroxidase (HRP) molecules can catalyze o-phenyl-
enediamine (OPD) and H2O2 reaction. Finally, the concentration of
exosomes was quantified by monitoring the electrochemical
reduction current of 2,3-diaminophenazine (DAP). Under the
optimum conditions, the LOD for this method was 96 particles/mL,
and the detection range was 1.12�102 particles/mL to 1.12�108

particles/mL. In addition, it was resistant to interference from
serum proteins, and the mentioned characteristics for this method
show that it also has great potential for quantitative analysis of
tumor exosomes in clinical diagnosis.

Taking into account the specificity of the aptamers and
advantages of rolling circle amplification (RCA), our group has lately
reported an immunochemical aptasensor for sensitive detection of
gastric cancer-derivedexosomes,bycombiningheme/G-quadruplex
system with RCA (Fig. 13) [54]. First, gastric cancer cells or cancer
overexpressed protein aptamers were screened to obtain gastric
cancer exosomes specific aptamer, which was used as a detection
probe. Next, anti-CD63 bound to the exosomal surface marker was
used as a capture probe to capture different kinds of exosomes.
Among these exosomes, only gastric cancer exosomes can trigger
RCA to generate a large number of G quadruplets. The unit was
generated and the resulting product was incubated with heme to
form a heme-G-quadruplex structure, which in turn catalyzed the
H2O2 system to produce an electrochemical signal. The aptasensor
exhibited high selectivity and sensitivity to gastric cancer exosomes
and can be used to detect plasma of gastric cancer patients. The
detection limit obtained by the experiment was 9.54�102 exo-
somes/mL, and the linear response range was 4.8� 103 exosomes/
mL to 4.8� 106 exosomes/mL. Since the expression of MUC1 is a
usefulmarker, this high selectivity and sensitivity aptasensor can be
used for the diagnosis and prognosis of gastric cancer, especially
predicting poor prognostic factors associated with lymphatic
metastasis in early gastric cancer.

4. Conclusion and future directions

In this review, we discussed the electrochemical biosensors’
advantages, such as enhanced capture, reduced assay time and
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matrix effect, as well as simplified and inexpensive device
manufacturing for detection of EVs. The electrochemical bio-
sensors have great advantage in EVs detection field and can have
potential implications in cancer screening, prediction of patient
prognosis and therapeutic applications. But it still faces the
challenge of surface functionalization, sample matrix effects and
reproducibility problems. Therefore, the interfacial engineering
investigation, preconcentration of exosomes, and stable electrode
and nanoparticles, will be the potential breakthrough strategy [57].

It is well known that DNA, lipids, and peptides can also be used
as biomarkers for the detection of EVs [58–61]. However, there
have been no reports on EVs electrochemical detection, but their
detection based on other biosensor methods have been reported
[62–66]. By using these reviewed advanced technologies, research
in related fields such as tumor source, tumor stage [67], and tumor
specificity [68] can successfully be performed.
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