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Due to their high specificity and affinity towards various targets, along with other unique advantages
such as stability and low cost, aptamers are widely applied in analytical techniques. A typical aptamer-
based electrochemical biosensor is composed of a aptamer as the biological recognition element and
transducer converting the biologic interaction into electrical signals for the quantitative measurement of
targets. Improvement of the sensitivity of a biosensor is significantly important in order to achieve the
detection of biomolecules with low abundance, and different amplification strategies have been

Iéfgc"::;g;;mical explored. The strategies either employ nanomaterials such as gold nanoparticles to construct electrodes
Aptasensor which can transfer the biological reactions more efficiently, or attempt to obtain enhanced signal through

multi-labeled carriers or utilize enzyme mimics to catalyze redox cycling. This review discusses recent
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advances in signal amplification methods and their applications. Critical assessment of each method is

Nanomaterials

DNA nanotechnology also considered.
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1. Introduction

Electrochemical biosensing principles can be classified into four
categories including amperometry, potentionetry, conductometry
and impedance [1,2]. Biosensors using electrochemical biosensing
principles such as electrochemical biosensors, electrochemilumi-
nescence (ECL) biosensors and photochemical biosensors have
been widely reported for decades and a series of novel biosensors
consisting of antibodies and aptamers as sensing components have
been developed [3-7]. Aptamers are single-strand DNA or RNA
ligands obtained through an in vitro process named systematic
evolution of ligands by exponential enrichment (SELEX) which is
aimed at selecting nucleotide sequences specific to different
targets ranging from metal irons, organic molecules to proteins
and cells from a random library [8-18]. Aptamers exhibit several
unique advantages compared with antibodies. They are chemically
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synthesized and can be modified with various functional groups to
produce physical signals, to improve their stability or to achieve
efficient immobilization [19-24]. And unlike antibodies, the
refolding ability of aptamers is not influenced by extreme change
of temperature or pH, which makes them easy to handle or store.
Due to those unique properties mentioned above, aptamers have
been widely applied in different analytical equipment [25-34]. A
typical aptamer-based electrochemical biosensor which employs
aptamer as the biological recognition element and utilizes
transducer converting the biologic interaction into electrical
signals for the quantitative measurement of targets is shown in
Fig. 1 [35-39].

Although aptamer-based biosensors using electrochemical
biosensing principles hold many advantages such as high
selectivity, low cost and rapid response, it has been noted that
efficient detection is a bottleneck as some of the detection targets
are either with low abundance or have difficulty to isolate from
biological samples [40-43]. Therefore, exploring electrochemical
biosensors with high sensitivity and selectivity is in urgent need
and a large amount of signal amplification strategies have been
developed. Enzymes, dyes perform strong chemical signals and
biomaterials such as polymeric nanocomposites, carbon-based
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Fig. 1. Basic analytical principle of a typical aptamer-based electrochemical biosensor. wM: mol/L. Copied with permission [39]. Copyright 2008, American Chemical

Society.

nanomaterials, metallic nanoparticles and nanowires have been
ultrasensitive biosensors [44-46]. These materials are employed to
assist constructing electrodes which can transfer the biological
reactions more efficiently, or attempt to obtain enhanced signal
through multi-labeled carriers, or catalyze redox cycling to
produce amplified electrical signals. Some nanomaterials can also
serve as tracers themselves based on their direct electrochemical
characteristics. Here we introduced five categories of materials
employed in the electrochemical aptasensors including gold
materials, carbon nanomaterials, enzymes, nucleic acids and
polymers. We hope this review could inspire researchers to
overcome the drawbacks of previous methods and to design more
simple, practical and repeatable biosensors for clinical applica-
tions.

2. Amplification strategies based on different signal
amplification materials

2.1. Gold and other metallic nanomaterials

Gold nanomaterials possess extraordinary properties such as
high specific surface area and being easy to modify, making them
the excellent choice to either be the carriers for labeling or serve as
electroactive tracers themselves. The good biocompatibility,
chemical inertness and rapid response gold nanomaterials have
been taken advantage of to amplify signal of biorecognition event
[47-50]. Gold nanomaterials can be employed as vehicles to carry
aptamer probes [51-56]. For example, carcinoembryonic antigen
(CEA) is a highly glycosylated protein over-expressed on a large
variety of cancer cells. Shu and co-workers constructed a sandwich
structured by means of the CEA-specific aptamer and 6-(ferro-
cenyl)hexanethiol (Fc) modified gold nanoparticles (AuNPs), CEA
and Au electrode gold. They performed differential pulse (DPV) to
quantify the concentration of CEA. Human epidermal growth
factor receptor (HER2) is also an effective biomarker overexpressed
in several cancer cells especially breast cancer cells [57]. Zhu and
co-workers developed a ultrasensitive sensor based on hydrazine-
AuNP-aptamer structure to detect both HER2 protein and HER2-
positive cells, wherein AuNP was used to immobilize aptamers and
to achieve signal amplification through AuNP-promoted silver
enhancement (Fig. 2). This novel aptasensor offered a detection
limit of 26 cells/mL and could be applied to a variety of biomarkers
and cells [58].

Gold nanomaterials can also be immobilized with tags to
achieve signal amplification of one single reaction. Silver particles
have been reported to enhance assay sensitivity through a
technology named silver staining in which silver particles are
precipitated on the gold nucleus [59-62]. For example, mitochon-
dria released-cytochrome c can induce a series of biochemical
reactions including apoptosis. The research on cytochrome c is of
significant importance to reveal the mechanism and regulation of
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Fig. 2. Gold nanoparticle-assisted electrochemical aptasensor for the detection of
HER2 protein and HER2-overexpressed cancer cells. Copied with permission [58].
Copyright 2013, American Chemical Society.

the apoptosis pathways and their potential therapeutic values [63].
Ocafa and co-workers developed an aptamer-antibody interac-
tion-based biosensor for cytochrome c detection. The addition of
cytochrome ¢ would lead to the formation of an aptamer/target/
antibody sandwich structure on electrode surface, which caused
the change in interfacial charge transfer resistance (R.). Then
streptavidin gold nanoparticles with silver enhancement treat-
ment were introduced to further increase the R, and reached a
detection limit of 12 pmol/L [59].

Furthermore, gold nanoparticles or hybrid nanomaterials con-
sisted of gold nanoparticles [64] and other metallic nanomaterials
including copper sulfide nanosheets [65], Zinc oxide nanopencils
[66], and platinum nanoparticles [67] have been reported as
nanoscale electrodes to electrically communicate between bulk
electrode materials and reaction mixture [68,69]. Suand co-workers
constructed a dual-target aptasensor based on gold nanoparticles-
decorated MoS, coupled dual signaling detection strategy. The
presence of adenosine triphosphate (ATP) and thrombin (a
multifunctional serine protease generats at site of vascular injury
converting circulating fibrinogen to fibrin monomer and has a host of
direct actions on cells [70]) could induce structure switching of the
aptasensor and lead to the ferrocene close or the methylene blue far
from the electrode surface (Fig. 3) [68].

Besides gold nanomaterials, iron and iron-oxide magnetic
nanoparticles [71,72] and nanoporous PtTi [73] have also emerged
as potential candidates as carries for immobilizing aptamers or
signal groups. For example, Fang and co-workers reported an
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Fig. 3. Gold nanoparticles decorated MoS, nanocomposites served as carriers for labeling applied in dual-target electrochemical aptasensor. Copied with permission [68].

Copyright 2016, American Chemical Society.

electrochemical aptasensor to detect proteins in whole blood using
plasma-polymerized 4 vinyl pyridine (PP4VP) modified ferriferous
oxide (Fe304) and three-dimensional graphene nanocomposite. In
this aptasensor, the immobilization of aptamer was promoted by
amino groups contained in the three-component nanocomposite
[71].

As several metallic nanoparticles (Au, Ag, etc.), especially
bimetallic core-shell nanoparticles, exhibit an extraordinary
catalytic behavior in the meantime and yield large surface area,
nanomaterials are also applied as efficient catalysts to avoid
instability at finite temperature and pH caused by using biological
materials like enzymes (Fig. 4) [74-78]. For example, Mazloum-
Ardakani and co-workers reported a tumor necrosis factor-alpha
aptasensor employing graphene oxide nanosheets supported
Ag@Pt nanoparticles as the nanocatalyst. The detection limit of
this aptasensor was 2.07 pg/mL and the practicability was verified
using human serum samples [76].

Although gold and other metallic nanomaterials such as
nanosheets, nanorods, core-shell nanoparticles, and metal-organic
frameworks (MOFs), a type of zeolite-like crystalline porous
material with metal ions as nodes and organic ligands as linkers to
form 3-D frameworks [79-81], have many advantages over
traditional approaches, there still remains the problem of electrical
instability as metallic nanoparticles are susceptible to salt
concentrations. Thus, proper surface modifications on nano-
particles are indispensable to resist salt induced aggregation.
Second, when gold and other metallic nanomaterials are used as
carriers, further studies are required to ensure the diffusional
limitation inside the nanostructures would not affect the biosen-
sor. And the uniformity, distribution and shape of these
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Fig. 4. Gold nanoparticles participated electrocatalysis applied in electrochemical
aptasensor. Copied with permission [78]. Copyright 2016, American Chemical
Society.
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nanomaterials need to be well established to increase the
efficiency [45]. Moreover, it is important to minimize the non-
specific adsorption to lower the background.

2.2. Carbon nanomaterials

Carbon nanomaterials including carbon nanotubes (CNTs),
graphene and graphene oxide (GO) are frequently used as
supporting electrode matrices in electrochemical biosensors
owning to their large surface area, remarkable mechanical,
chemical and electrical properties [82-86]. Carbon nanomaterials
modified electrodes then provide solid supports for the immobili-
zation of biorecognition units such as antibodies and aptamers
[87-91]. The immobilization strategies could be divided into
covalent and non-covalent functionalization. In the former
method, carbon nanomaterials are oxidized to introduce carbox-
ylic groups to bind aptamers via amine bond formation. While
physical adsorption or bifunctional linker groups are employed in
the latter method [92-94]. Moreover, the large surface-to-bulk
ratio nanomaterials provided to capture biomolecules including
enzyme and aptamer were also utilized to fabricate protein
biosensors [95,96]. Chen and co-workers developed a sandwich-
type aptasensor for the determination of mucin 1 (MUC1), which is
a high molecular weight and cell surface glycoprotein with the
ability to identify breast cancer in the early stages [95]. They used
poly(o-phenylenediamine)-AuNPs hybrid film as the carrier for the
immobilization of the primary aptamer and AuNPs/Si0O,@MWCNTs
(multi-walled carbon nanotubes) to enhance the surface area for
stabilizing the secondary aptamer assembly. The aptasensor was
proved to be of good stability and reproducibility with a detection
limit of 1 pmol/L. Jing Li and co-workers established an aptasensor
for thrombin detection. Carbon nanotubes (CNTs) labeled with
aptamer and horseradish peroxidase (HRP) were used as a probe to
combine thrombin. In the presence of H,0,, postelectropolyme-
rization of the precipitates was produced by the enzymatically
biocatalyzed reaction between HRP and 3,3-diaminobenzidine
(DAB) producing amplified signal. The detection limit of thrombin
was 0.05 pmol/L [96] (Fig. 5).

Recently, carbon nanomaterials have been reported to support
metallic nanoparticles with catalytic activity [97-101]. For
example, Shokoh and co-workers fabricated a dopamine apta-
sensor using functionalized carbon nanomaterials to support silver
nanoparticles (AgNPs) to amplify signals [97]. Aptamer specific to
dopamine (a neuroactive chemical released by a unique set of
amacrine cells with either inhibitory or excitatory activity [102])
was immobilized based on the attachment between the amino
groups of the chitosan trapped in the AgNPs/CNTs/GO
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Fig. 5. Carbon nanomaterials based-amplification applied in applied in electro-
chemical aptasensor. Copied with permission [96]. Copyright 2015, American
Chemical Society.

nanocomposite and the phosphate groups of the aptamer. The
formation of target-aptamer complexes would lead to the
inhibition of electrocatalytic activity of AgNPs, leading to the
decrease in the peak currents. This aptasensor was fast, simple and
sensitive with the detection limit of 700 + 19.23 pmol/L.

Other novel biosensors such as single-walled carbon nanotubes
(SWCNTs) based cocaine aptasensor which utilized the character-
istic of SWCNTs possessed stronger interaction with ssDNA than
that with dsDNA [103], chloramphenicol aptasensor which was
developed by combining MWCNTSs, mesoporous carbon and three-
dimensional porous graphene [104], etc. were also reported lately.

It is clear that carbon nanomaterials-assisted aptasensors offer
numerous advantages owning to their excellent physical and
electrical properties, low costs and easy operation. However, the
performances of these aptasensors are discrepant from each other
due to the difficulty to well control the chirality, diameter, level of
agglomeration of CNTs, and/or the impurities and substrate of
graphenethe [82]. And the interaction between aptamers and
carbon nanomaterials should also be investigated to make full use
of their signal amplification ability [105,106]. In brief, carbon
nanomaterials-based biosensors are still in the preliminary stages
and efforts including increasing the reproducibility, biocompati-
bility and nanotoxicity are necessary to drive the development of
these detection platforms towards broader application areas [107].

2.3. Quantum dots

Quantum dots (QDs) are colloidal nanocrystalline semicon-
ductors with 1~10 nm in size mainly formed by cationic groups
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[I-VI, 11I-V, and IV-VL. QDs contain three major kinds including
homogeneous structures, core-shell structures and ternary struc-
tures [108]. Due to their prominent electrochemical properties and
other advantages such as miniaturization, good biocompatibility,
controllable morphology, low power requirements and low cost,
QDs have been served as transduction layers or labels for signal
amplification in aptamer-based biosensing [109-112].

There are four primary methods to immobilize aptamers onto
QDs. The first one is through self-assembly between aptamers and
QDs. The second is based on specific interactions such as biotin-
streptavidin interaction [113,114]. Aptamers can also be attached to
QDs via hybridization to complementary sequences modified on
the surface of the nanoparticles [115]. For example, Yuan Zhao and
co-workers designed a simple magnetic electrochemical aptasen-
sor for the detection of prostatic specific antigen (PSA) in human
serums using Ag/CdO NPs as electroactive labels. As shown in
Fig. 6, they assembled aptamer-modified Ag/CdO NPs on the
surface of superparamagnetic Fe3O4/graphene oxide nanosheets
(GO/Fe304 NSs) through the hydrophobic and m-m stacking
interaction of aptamers and GO NSs firstly. With the concen-
trations of PSA increasing, the high affinity of aptamers to PSA
enabled the separation of Ag/CdO NPs from GO/Fe30,4 NSs, making
the change of electrochemical signal. Ag/CdO possessed superior
electroactive properties and efficient electron transfer, which
might amplify the detecting signal [116]. Last but not least is
covalently binding [117]. Liu and co-workers fabricated an
ultrasensitive cancer cell biosensor based on aptamer-DNA
concatamer-QDs probe. Aptamers were first immobilized on
QDs through amidation reaction to form the cancer detection
probe. Signal amplification was accomplished through adding two
designed nucleotide sequences to hybridize with the probe to
construct aptamer-DNA concatamer-QDs formation. The aptasen-
sor had a low detection limit of 50 cell/mL. Moreover, this
aptasensor could distinguish cancer cells from normal cells so it
held a great potential for cancer diagnosis [118].

Nowadays, the applied research of QDs in aptamer-based
electrochemical detection has been developed rapidly [119-122].
However, the selectivity and reproducibility of these aptasensors
towards real samples still need to be verified. And non-specific
adsorption on the electrode surface may affect some of the
aptasensors which measure targets according to the suppression of
the voltammetric signal of QD ions. Another limitation of QDs-
assisted aptasensors is the facility request as the synthesis of QDs is
usually performed at high temperatures [123].
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Fig. 6. Ag/CdO NP assisted-amplification applied in magnetic electrochemical aptasensor for PSA detection. Copied with permission [116]. Copyright 2019, American

Chemical Society.

1596



L. He, R. Huang, P. Xiao et al.
2.4. Nucleic acid

In nucleic acid-based signal amplification strategies, molecular
biological technologies such as rolling circle amplification (RCA),
strand-displacement amplification (SDA) [124], hybridization
chain reaction (HCR) [125], PCR and DNA origami are involved
to generate repetitive oligonucleotide sequences which are able to
incorporate detectable elements [126-130]. Rolling circle amplifi-
cation (RCA) uses a circular DNA template and special polymerases
to synthesize long single stranded DNA or RNA [131]. The RCA
production gives rise to tens to hundreds of tandem repeats
complementary to the template. The most common approach of
RCA-assisted methodologies is using RCA produces as carriers to
load numerous electrochemical tracers to amplify the electrical
signals [132,133]. For example, Fan and co-workers reported a
label-free electrochemical aptasensor for the detection of throm-
bin. The RCA produce contains tens to hundreds of tandem repeats
complementary to the template. The present of thrombin could
trigger RCA process to generate poly adenine production for the
adsorption of AuNPs. Then the AuNPs electrocatalytic reduction
toward H,0, was measured. The aptasensor showed a detection
limit of 35 fmol/L and had a great potential for clinical diagnosis
applications [134]. Moreover, as RCA generates long DNA with
numerous tandem copies, Yang and co-workers fabricated an
aptamer network-modified electrode interface to achieve efficient
capturing and detection of CTCs. The network interface produced
via RCA contained repeated aptamer segments and could capture
CTCs in a multivalent cooperative manner, which demonstrated it
potential application in monitoring CTCs in blood [135].

Moreover, copper nanoparticles (CuNPs) [136], CdS nano-
particles [137,138], and electrochemical active compounds are
also employed as signal-reporting units for signal amplification
[139]. Zhu and co-workers combined RCA with CuNPs to develop
an ultrasensitive aptasensor for the detection of prostate specific
antigen (PSA). Different pulse stripping voltammetry was used to
detect the copper ions released from poly(thymine)-templated
CuNPs. Besides, large amounts of oligonucleotide sequences
generated through nucleic acid amplification technologies can
also be used as signal units (Fig. 7). The aptasensor achieved a
remarkable detection limit of 0.020 fg/mL and had potential for
clinical practice [136].

Hybridization chain reaction (HCR) mimics molecular chain-
growth polymerization to generate long double-strand DNA [140].
HCR opens up avenues for meeting the requirement of efficient
signal amplification for biosensor due to its kinetics-controlled
reaction, high sensitivity and selectivity [141]. Similar with RCA,
HCR productions can also be used to load electrochemical tracers.
Methyl blue (MB), enzymes like HRPs and alkaline phosphatase
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Fig. 7. Rolling circle amplification-based aptasensor for the detection of prostate
specific antigen. Copied with permission [136]. Copyright 2016, American Chemical
Society.
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(ALP) [125,142,143], artificial mimicking enzymes such as hemin
[144], metal nanoparticles with catalytic behavior, and electro-
active cation like [Ru(NH3)s]** [145-147], are widely employed as
signal-reporting units for signal amplification. An and co-workers
reported an ultrasensitive aptasensor for the determination of
exosomes, which were lipid bilayer membrane vesicles secreted by
various kinds of cells able to guide pathological and physiological
processes. By combining the ability of HRP molecules to catalyze
the reaction of o-phenylenediamine and H,0, and HCR to achieve
signal amplification, the aptasensor allowed the sensitive detec-
tion of targets ranging from 10? exosomes/mL to 108 exosomes/mL.

Despite the fact that molecular biological technologies offer
remarkable advantages including efficiency, programmability,
biocompatibility, without toxicity and immunogenicity, it still
possessed several problems. For example, The limitation of HCR is
low sensitivity and low catalytic rate for the formation of DNA
concatemers [44]. And the steps to prepare circular templates for
RCA is also expensive and time-consuming [40].

2.5. Enzymes

Enzymes have been widely employed in electrochemical
detection due to their catalytic activity and substrate specificity.
Various nucleases have been used for target recycling to increase
the signal/target ratio [148]. Endonuclease [149,150], exonuclease
[151-154] and deoxyribonuclease [155-157] are three representa-
tive kinds of nucleases applied in aptasensors. For example, Zhao
and co-workers achieved ultrasensitive detection of thrombin
combining DNA ligase-catalyzed ligation of thrombin-specific
aptamer with an extension strand and exonuclease IllI-catalyzed
selective degradation of probe DNA (Fig. 8). The electrochemical
biosensor they described exhibit excellent performance with a
detection limit of 33 fmol/L. Moreover, the biosensor had the
ability to distinguish thrombin in serum samples and might hold
the potential in clinical applications [158].

Besides target recycling method, polymeric enzyme formed by
a number of enzyme molecules is also used to enhance analytical
sensitivity. For example, Xiong and co-workers presented an AFP
(alfa-fetoprotein) aptasensor based on HRP-functionalized Envi-
sion antibody complex. The immunocomplex formed on the
electrode surface allowed large amounts of HRP to amplify
electrocatalytic signal [159].

Furthermore, artificial mimicking enzymes such as hemin,
[160,161], catalytic/electroactive nanoparticles [162-164] have
been explored for biosensing due to their high stability and are
easier to syntheses and modify than natural enzymes. Hemin is the
catalytic center of many artificial mimicking enzymes. Hemin
conjugated G-quadruplex [165-169], graphene sheet [170], and
other nanomaterials [81] have been widely used to achieve
ultrasensitive assays. Meanwhile, researchers have also draw
attention to metallic alloy and semiconductor nanomaterials
exhibit enzyme-like activities [171-173].

Nuclease-based amplification holds several advantages includ-
ing easy to design, simple in construction, rapid reaction and
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Fig. 8. Exonuclease based aptasensor for the detection of thrombin. Copied with
permission [158]. Copyright 2014, American Chemical Society.
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suitable for homogenous assay. However, this kind of aptasensor is
susceptible to sample matrix. It is strictly to establish optimal
buffer systems as the enzyme reaction during detection process
may be influenced by impurities in the sample.

2.6. Polymers

Owing to the rapid development of nanotechnologies, research-
ers are now able to design complicated and optimized soft
structures with synergistic properties [ 174]. Polymers such as poly
(ethylene glycol) exhibit remarkable properties such as respon-
siveness to electronic, optical, mechanical, magnetic and thermal
stimulation have been widely applied to the clinical and
biochemical analysis [175-179]. For example, Min You and co-
workers developed a novel sandwich assay electrochemical
biosensor to detect AO using molecularly imprinted polymers
(MIPs) and aptamer as the recognition element. In the work, the
ApO was captured by the film of MIPs and the ApO-specific
aptamer, forming a MIPs/target/aptamer sandwich structure.
Small amount of ApO could trigger the electrochemical reaction
and amplified electrochemical signal could be generate by the
sandwich structure [180].

Jifan Li and co-workers also developed a dual binding site and
dual signal amplifying electrochemical aptasensor to detect
carcinoembryonic antigen (CEA). In their experiment, self-poly-
merized dopamine (PDA)-decorated Au coordinated with Fe-MOF
(Au@PDA@Fe-MOF) and aptamer were employed as electrochemi-
cal labels. This aptasensor offered excellent electrochemical
performance because of a detection limit of 0.33 fg/mL (Fig. 9)
[181]. Ali R. Jalalvand established a novel and efficient aptasensor
to detect prostate specific antigen (PSA). Aptamer against PSA was
immobilized onto Au nanoparticles/fullerene Cgo-chitosan-ionic
liquid/multiwalled carbon nanotubes/screen printed carbon elec-
trode which was used as aptasensor to detect PSA. The aptasensor
has high surface-to-volume ratio and good in-plane conductivity at
the existence of MWCNTs and Cgg, and the amount of immobilized
AuNPs was increased by the CS-IL which made effective signal
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amplification [182]. Hui-Min Wang and co-workers built a novel
label-free aptasensor to detect thrombin (TB). The aptasensor was
constructed based on palladium nanocones (Pd NCs)/amine-
terminated polyamidoamine (PAMAM)/glassy carbon electrode
(GCE) as platform coupled with tripropylamine (TPA) system, and
aptamer against TB was modified on Pd NCs as capture probe. In
the aptasensor, Pd NCs were functionalized with mercaptoethanol
(MCH) and attached onto the PAMAM/GCE. PAMAM could amplify
electrochemical signal and the electrochemical intensity of the Pd
NCs/TPA system showed about 2.5 times enhancement than that of
the bare GCE [183].

Polymers are often used together with other materials usually,
such as metallic nanomaterials, carbon nanomaterials, quantum
dots. Polymers can provide large specific surface area and have
favorable biocompatibility. More materials can bind on polymers
by the help of these properties which may make other materials
using their own strengths and may produce lots of signals. Also,
polymers can accelerate electron conductivity and enhance
electrochemical intensity further. Therefore, polymers will provide
a promising approach to develop efficient biosensors associated
with other materials for researchers.

2.7. Combined application of several materials

Recently, in order to acquire the amplified signal, each material
cannot be avoided in combination with other materials
[71,95,102,181,182]. Each material plays its own properties in
the same detecting method. For example, Yue Zheng and co-
workers designed a green and ultrasensitive electrochemical
biosensing strategy for detecting K562 cells. First, new electrode
modification composite, graphene (GR)-poly diallyldimethylam-
monium chloride (PDDA)/L-Cysteine (.-Cys), was fabricated as the
capture electrode. Second, aptamer-DNA concatamer-CdTe QDs
was used as signal amplification probes. In the strategy, HCR could
produce tens to hundreds of repetitive sequence that acts as
carriers to load numerous CdTe QDs to amplify the electrical
signals. CdTe QDs had been served as labels for signal amplification
in this biosensing. L-Cys contained nitrogen and oxygen elementsin
which could adsorpt heavymetal ions such as Cd?* and Pb?* in the
solution strongly. And, PDDA could increase the specific surface
area of the electrode by capturing much more signal recognition
material. The schematic was showed in Fig. 10 [184].

Lingling Xu and co-workers constructed a sandwich-type
electrochemical aptasensor for the detection of carcinoembryonic
antigen (CEA) [185]. The aptasensor contained two kinds of
nanomaterials. Firstly, graphene oxide was combined with hemin
and modified gold nanoparticles (Hemin-rGO-AuNPs) as the
sensing nanomatrix, and the CEA,,; was immobilized on
Hemin-rGO-AuNPs for capturing CEA. The redox reaction of hemin
on the electrode surface could produce powerful signal. Secondly,
horseradish peroxidase-modified organic-inorganic hybrid nano-
flowers linked to gold nanoparticles (HRP-Cus(PO,4),-HNF-AuNP-
CEA,pt2) were used as nanocarriers. At the existence of 4-chloro-1-
naphthol (4-CN) and H,0,, both HRP-Cu3(PO4),HNF and Hemin-
rGO-AuNPs were catalyzed to start precipitation reaction to
produce a layer of precipitate film. The precipitate film would
impede the electron transmission and decrease current signal
obviously. LeLe Li and co-workers designed a highly sensitive and
selective electrochemical aptasensor for the detection of strepto-
mycin based on a dual signal amplification system [186]. Initially,
Pt and Sn nanoparticles were modified on TiO, nanorods to form
Pt-Sn@TiO,. Then, Pt-Sn@TiO, was immobilized on glassy carbon
electrode and a DNA with a complementary sequence to a
streptomycin aptamer (cDNA) was captured on the electrode.
Next, the streptomycin aptamer would be hybridized with cDNA.
Followed, with the adding of streptomycin and RecJ¢ exonuclease,
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Fig.10. A novel supersandwich cytosensor using aptamer-DNA concatamer-QDs and GR-PDDA/L-Cys for detecting K562 cells. Copied with permission [184]. Copyright 2018,

Elsevier.

both the streptomycin-aptamer complex and the cDNA were
cleaved from the electrode, producing the electrochemical signal.
RecJs exonuclease would make streptomycin release from the
streptomycin-aptamer complex and the streptomycin would
combine with aptamers on the electrode again. In this system,
the Pt-Sn@TiO, composite could enhance the oxygen reduction
current because of the large specific surface loaded with
biomolecules and excellent electrocatalytic activity which ampli-
fied the detecting signal. The cyclic amplification mechanism
initiated by streptomycin and Rec]s would lead to a 0.85-fold
enhancement of the oxygen reduction peak current. These two
factors made the detecting signal amplified (Fig. 11).

Jiaxin Zheng and co-workers built a triple-amplified electro-
chemical aptasensor for the detection of MUC1. The aptasensor
was established based on exonuclease III (Exo Ill)-assisted with
strand displacement reaction and enzyme catalytic strategy. First,
Exo III could make MUC1 and aptamer recycled during the cycle I,
produce the single stranded DNA-1 (S-1). S-1 would be introduced
to the hybride reaction on the electrode. During the cycle I, strand
displacement reaction was triggered by hairpin DNA-2 (H-2) on the
electrode. Then, the AuNPs-DNA-enzyme conjugates as signal

- : BS® L
Pt-Sn chitosan ﬁ : SAOPAAA.
TiO; Nanorods Pt-Sn@TiO, I’
H,0
on- 4 o, l
DPV e “-'_‘ %
[~ »
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probe could be combined on the electrode conjugating with H-2
which produced signal. In this strategy, two factors amplified the
signal. On one hand, AuNPs-DNA-enzyme conjugates amplified
signal by catalyzing the H,0,-TMB system; on the other hand, the
target triggered the Exo Ill-assisted cycling and strand displace-
ment reaction which made vast of S-1 produced resulting in signal
amplification (Fig. 12) [187].

In these examples described above, all materials gave their
advantages to amplify electrochemical signal. Metallic nano-
particles and metal oxide nanomaterials have high biocompatibil-
ity, high conductivity, distinctive electronic and electrocatalytic
properties, and sensor activities which can be used as carriers of
biomolecules or be used to amplify the signal. The carbon materials
have their unique properties such as high electrical conductivity,
large surface area, good mechanical and chemical stabilities and
can be modified with functional groups easily for detecting targets.
Polymer nanomaterials can be combined with biomolecules
through covalent bond, increase electrochemical signal transduc-
tion, and have high recognition in bioanalyses. The collaboration of
these materials with enzymes or DNA can improve the analytical
performances of the designed methods by the synergistic effect.

_"g_ﬁ lease

Fig. 11. A electrochemical aptasensor for the detection of streptomycin based on dual signal amplification system. Copied with permission [186]. Copyright 2019, Elsevier.
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Fig. 12. A triple-amplified electrochemical aptasensor for the detection of MUC1.
Copied with permission [187]. Copyright 2019, Elsevier.
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3. Current challenges and future outlook

Although tremendous developments and routine applications
have been made, aptamer-based electrochemical biosensing are
confronted with several challenges. Although most of the
aptasensors mentioned above exhibit excellent performance in
laboratory, it is difficult to detect target molecules in real sample
[127]. The reasons of failure in the practical application include
cost, not viable to generalize due to their complicated design and
high requirement for equipment, and most importantly, the
sensor-to-sensor variability of their properties and ultimately
their analytical performance [188]. For instance, although nano-
materials like metallic nanoparticles and carbon nanomaterials
have been proved to be excellent materials in various areas, it still
requires large amounts of investment to transform academic
research to cost-effective products. And the sensor-to-sensor
variability caused by the structure and physicochemical properties
of nanomaterials and enzymes are inevitable. Moreover, real
biological samples are far more comprehensive compared with the
samples used in laboratory, which makes the remarkable stability,
sensitivity and reproducibility achieved by reported electrochemi-
cal aptasensors obtained under optimal conditions difficult to a
transcribe.

The development of products fit for universal popularization
and application demands the establishment of standard for
effective and low-cost molecular biological technologies and the

Table 1
Summary of different signal amplification strategies.
Strategies Examples Limit of detections Linearity ranges Ref.
Metallic and metallic AuNPs-decorated MoS, nanocomposites based aptasensor to ATP: 0.74 nmol/L ATP: 1 nmol/L ~ 1 x 107 nmol/L Thrombin:  [68]
oxide nanomaterials detect thrombin and ATP Thrombin: 0.0012 0.01 nmol/L ~ 1 x 10* nmol/L
nmol/L

Gold atomic cluster based aptasensor to detect 7.94 x 10~ amol/L 0.01 amol/L ~ 1 x 10® amol/L [69]
lipopolysaccharide
Ag@Pt core-shell nanoparticles combined graphene oxide to 2.07 pg/mL 0.0 pg/mL ~ 60 pg/mL [76]
detect tumor necrosis factor-alpha

Carbon nanomaterials A electrochemical aptasensor based on PoPD-AuNPs hybrid 1 pmol/L 1 x10% pmol/L ~ 1 x 10° pmol/L [95]
film as carrier and AuNPs/SiO,@MWCNTs as tracing tag was
used to detect MUC 1
MWCNTs modified glassy carbon electrode for the 80 fmol/L 100 fmol/L ~ 4 x 10° fmol/L [99]
determination of thrombin
Catalytic labeled aptamer immobilized MWCNTs combined 8 cells/mL 1.0 x 10" cells/mL ~ 5.0 x 10° cells/mL [100]
AuNPs to detect cancer cells

Quantum dots Ag/CdO NPs-quantum dot based electrochemical aptasensor 28 pg/mL 50 pg/mL ~ 5.0 x 10* pg/mL [116]
to detect PSA
Aptamer-DNA concatamer-QDs combined MWCNTSs 50 cells/mL 1.0 x 10? cells/mL ~ 1.0 x 10° cells/mL [118]
@polydopamine@AuNPs to detect cancer cells
A electrochemical aptasensor based on silica nanoparticles 10 amol/L 10 amol/L ~ 1.0 x 10% amol/L [120]
and quantum dots to detect epithelial cell adhesionmolecule
(EpCAM)

Nucleic acid HCR based signal amplification for the determination of 9.6 x 10* particles/mL 1.12 x 10° particles/mL ~ 1.12 x 10" [125]
tumor exosomes particles/mL
RCA triggered poly adenine-AuNPs production for label-free 35 fmol/L 100 fmol/L ~ 1 x 107 fmol/L [134]
electrochemical detection of thrombin

Enzymes Electrochemical aptasensor for thrombin detection based on 20.3 fmol/L 100 fmol/L ~ 1 x 10° fmol/L [154]
the recycling of exonuclease Il and double-stranded DNA-
templated copper nanoparticles assisted signal amplification

Polymers A dual binding sites and dual signalamplifying 0.33 fg/mL 1 fg/mL ~ 1 x 10° fg/mL [181]
electrochemical aptasensor of self-polymerized dopamine
decorated Au and coordinated with Fe-MOF (Au@PDA@Fe-
MOF) for the detection of carcinoembryonic antigen (CEA)
A novel and efficient aptasensor based on aptamer-Au EIS: 0.5 pg/mL 1 pg/mL ~ 200 pg/mL [182]
nanoparticles/fullerene Cgo-chitosan-ionic liquid/ DPV: 1.5 ng/mL 2.5 ng/mL ~ 90 ng/mL
multiwalled carbon nanotubes/screen printed carbon
electrode for detecting prostate specific antigen (PSA)

Combined application of A novel supersandwich cytosensor using aptamer-DNA 60 cells/mL 1.0 x 10? cells/mL ~ 1.0 x 107 cells/mL [184]

several materials concatamer-QDs and GR-PDDA/L-Cys for detecting K562 cells

A electrochemical aptasensor for the detection of 0.02 + 0.0045 nmol/L  0.05 nmol/L ~ 1.5 x 10> nmol/L [186]
streptomycin based on dual signal amplification system
A triple-amplified electrochemical aptasensor for the 0.04 pg/mL 0.1 pg/mL ~ 1.0 x 104 pg/mL [187]

detection of MUC1
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synthesis methods for nanomaterials. It is still a long way to go for
the aptamer-based electrochemical biosensing to overcome
accuracy, stability and other problems before applied in practice.
There is no doubt that with the solution of the above challenges,
aptamer-based electrochemical biosensing will make distin-
guished contributions in clinical research.

4. Conclusion

In this review, we have summarized various kinds of
amplification strategies to improve the sensitivity of electrochem-
ical aptasensors (Table 1). Novel nanomaterials such as gold
nanomaterials and carbon nanotube, molecular biological tech-
nologies and enzymes are commonly applied as high-performance
electrode-supporting materials, or label carriers, or electroactive
tracers, or to achieve target recycling. The use of these strategies
has led to the unprecedented success in improving the perfor-
mance of aptamer-based electrochemical biosensing. And the
application of these ultrasensitive aptasensors to real samples will
undoubtedly show great potential in clinical diagnosis.
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