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Abstract: This article reviews the progress of diversity of electrochemical aptasensor for target an-
alytes detection. The immobilization strategies of aptamers on an electrode surface are addressed.
The aptasensors are also introduced in compliance with the assay platforms. Many electrochemi-
cal aptasensors are nearly identical to conventional immunochemical approaches, sandwich and
competition assays using electroactive signaling moieties. Others are “signal-on” and “sign-off”
aptasensors credited to the target binding-induced conformational change of aptamers. Label-free
aptasensors are also highlighted. Furthermore, the aptasensors applied for clinically important
biomarkers are emphasized.
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1. Introduction

The procedure for the in vitro selection of aptamers is called the systematic evolution
of ligands by exponential enrichment (SELEX; Scheme 1) [1]. The first reports about SELEX
were published by Gold’s and Szostak’s groups in 1990 [2,3]. The SELEX launches with
the creation of a multiple library of DNA or RNA molecules. The library is subsequently
imported into a target ligand and the sequences, which reveal affinity towards the target
molecule and are isolated from the unbound sequences. The bound sequences are then
collected and subjected to PCR amplification for the following rounds of enrichment. Mul-
tiple rounds have been attained until the library reach to set of convergent sequences with
affinity for the target molecule. Since aptamers were found in the 1990s, they have attracted
substantial attention and have been utilized in many fields [4]. The antibody-based plat-
form can detect many targets, but it is always hampered by the antibody preparation time,
antibody equilibrium, and the effect of the modification on the antibody. The monoclonal
antibodies production is very expensive processes [5]. Moreover, immunoassays must be
validated in every new batch. Seeking alternatives to antibodies is of enormous importance.
Antibodies as proteins are easily denatured and shed their tertiary structure at high temper-
atures; however, oligonucleotides are more thermally stable and keep their structures over
repeated cycles of denaturation/renaturation [6,7]. The aptamer modification by different
chemical reactions improve their stability and nuclease resistance [8,9]. The aptamers may
be directly chosen in vitro against different targets, from small molecules to proteins and
even cells [10]. These advantages make it feasible for them to be used as a recognition
probe to substitute antibodies in the diagnostic field. Great attention has been paid to
these biosensors, due to their simple utility, accessibility, and real-time outputs. Therefore,
sensors that use aptamers as their bio-recognition elements have found applications in
diverse fields [11].

Diagnostics 2021, 11, 104. https:/ /doi.org/10.3390/ diagnostics11010104

https://www.mdpi.com/journal /diagnostics


https://www.mdpi.com/journal/diagnostics
https://www.mdpi.com
https://orcid.org/0000-0002-8023-7176
https://doi.org/10.3390/diagnostics11010104
https://doi.org/10.3390/diagnostics11010104
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/diagnostics11010104
https://www.mdpi.com/journal/diagnostics
https://www.mdpi.com/2075-4418/11/1/104?type=check_update&version=2

Diagnostics 2021, 11, 104

2 of 33

constant

constant
Isequence rarlggr?esoe?nﬁ;rce sequence /
5 | 3
Random DNA Library (>10"%
c’p# In vitro transcription
A.::' i for RNA library

targets on solid supports
or free targets

#*® . riched pool of

L 34 i i
o r SELEX Separation selected nucleic acids
Sam -purification of SSDNA
a0 C -In vitro transcription
Washing out
»o

-PCR Amplification
-RT-PCR

Cloning and Sequencing E Binding studles
last round _>(selected aptamer pool) (individual aptamers)

Scheme 1. Systematic evolution of ligands by exponential enrichment (SELEX).

A biosensor that is structured from aptamers as a recognition element is called an
aptasensor. The electrochemical aptasensor was introduced for the first time in 2004 [12].
Up to now, the best-investigated aptamers are those for thrombin [13-17]. A promising
scope for the new era of diagnostics could be offered by the electrochemical biosensors.
The principle of function depends on the change in the current, impedance, or potential,
in response to the recognition event at the transducer of the sensor [18-22]. The electro-
chemical detection advantages are low-cost, fast, multi-analyte analyses, readily amenable
for miniaturization, as well as being robust and compatible with novel microfabrication
technologies and real time detection. These advantages offer the desired characteristics for
point-of-care tests for monitoring of clinical analytes.

2. Immobilization Chemistry of Aptamer onto the Electrode Surface

The immobilization strategies require the strong linkage of the recognition element
to the electrode transducer. The aptamer is frequently tagged with a thiol group, which
binds to gold surfaces through Au-S bonds [23]. Mercaptohexanol (MCH) is then added
to displace the nonspecifically adsorbed portions of the aptamers and guarantees their
vertical orientation, due to the repulsion between the negative alcohol terminus and the
negatively charged DNA backbones [24]. The MCH could be subsequently introduced or
co-immobilized simultaneously [25]. The DNA loading should be as large as possible for
sensitive detection, while at the same time as low as necessary to allow correct folding
and avoid steric hindrance. The linker length between the aptamer and its thiol tag must
be tuned to enable optimal folding and binding. As a general rule, the longer the alkyl
chain, the greater the antifouling properties, but also the more insulating the alkanothiol
layer [26,27]. This contributes to a thinner and compact coating layer. The thiol tag is
generally introduced at the 5" end via a C5 linker, to allow sufficient space for aptamer
folding and target binding. [28].

Co-immobilization is used as a standard technique. However, the use of MCH has
several drawbacks that can lead to the non-reproducibility of manufacture, decreased
target binding, and nonspecific binding of interfering molecules that hampers the direct
contact with the target analyte and leads to false responses. Self-assembled monolayers
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are far from ideal and have various types of defects. MCH forms less orderly and more
labile monolayers [29], with significant heterogeneity, multilayers, and pinholes, due to
the short length of its alkyl chain. In addition, filling with MCH caused a lateral diffusion
of previously immobilized aptamers forming DNA islands. The defects of the monolayer
negatively influence the conformations of the immobilized aptamers and thus impede the
target binding [30].

Alkanethiols cannot completely inhibit electrode fouling, and some fouling agents
such as proteins, phenols, amino acids, neurotransmitters, and others, could significantly
affect the analytical performance of the biosensor—e.g., sensitivity, reproducibility, stability,
and complete reliability—hence, appropriate antifouling approaches will be needed to
minimize fouling effect [31].

The aptamer is generally immobilized by a covalent bond between the aptamer and
the electrode surface. The reaction of carboxylic acids and primary amines to form covalent
amide bonds can be used in the fabrication of aptasensor [32]. One of the most frequently
encountered reaction strategies for the aptamer immobilization is the covalent bonding
between the aptamer and the electrode surface via a carbodiimide-mediated reaction.
The immobilization methods based on diazonium functionalized surfaces by means of
electrochemical grafts have been widely used [33-39], to obtain stable functionalized
conductive surfaces for the immobilization of biomolecules.

Click chemistry with an alkyne-azide cycloaddition reaction offers a strong and
attractive alternative to traditional chemistry due to its quick and easy purification, bio-
compatibility, regiospecificity, reactivity and high productivity [40]. The electrode surface
is covalently grafted with propargyl acetic acid. The propargyl groups on the electrode can
be attached to azide-terminated aptamers by Cu (I)-based click chemistry [41]. As a plat-
form for the immobilization of the aptamer, 10-azidoundecan-1-thiol was self-assembled
on an Au surface, followed by the covalent attachment of an alkynyl functionalized ap-
tamer [42]. In the same way, the aptamers were immobilized onto organized mixed layers
of diazonium salts using click chemistry. The electrode surface was first modified by electro-
grafting of a protected layer of 4-((trimethylsilyl) ethinyl) benzene followed by a second
layer of p-nitrobenzene by electrochemical reduction of its corresponding diazonium salts.
After deprotection, active ethinyl groups were obtained which reacted effectively with
an aptamer, having an azide function in the presence of a copper (I) catalyst, forming a
1,2,3-triazole covalent bond [43]. Copper-free click chemistry on the surface of the acid-
functional graphene oxide was also mentioned [44]. The electrically addressable covalent
immobilization of probes using click chemistry was used for the simultaneous detection
of multiple targets [45]. The common surface immobilization methods for aptamers are
shown in Scheme 2.
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Scheme 2. The common surface immobilization methods for aptamers. (A) SAM chemistry, (B)
biotin-streptavidin bonding, (C) amide coupling and (D) click chemistry.

The signal generated is generally dependent on the probe loading. Gold nanoparticles
(AuNPs) are widely utilized to increase the active surface area of the electrode, allowing
high loading of immobilized aptamers, and increasing the sensitivity of the sensor. Another
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interesting approach is the immobilization of aptamers onto new materials, such as gold
films/particles, silicates and silicon oxide surfaces, quantum dots of carbon nanotubes and
carbohydrates or dendrimers [46]. The dendrimers have great stability and relatively large
surface area compared to the flat electrode [47,48], using glutaraldehyde for the crosslink-
ing of avidin on a dendritic surface, hence the immobilization of biotinylated aptamers.
Magnetic bead-based assays are of interest and widely used in clinical laboratories due
to their compatibility with automation/microfluidics. Multi-walled carbon nanotubes
(MWCNT) have been used as modifiers to screen-printed carbon electrodes to immobilize
the 5’amino aptamer sequence which has better characteristics than bare SPCE [14].

3. Electrochemical Aptasensors Configuration

The direct apta-assay formats are concerned with the molecular recognition of the
target using the cognate aptamer immobilized onto the sensing interface. For example, a
thiol terminated aptamer was immobilized on an Au electrode. After the thrombin (Tb)
binding event, the Tb was detected by evaluation of the thrombin catalyzed reaction that
produces p-nitroaniline [49]. The main disadvantage of such an approach is the high
detection limits and the limited selectivity of the sensing layer. The biosensing assays could
be improved using other different configurations; including sandwich-type, displacement-
type and folding-based electrochemical aptasensors. This section discusses advances in
the electrochemical aptasensors for target molecules monitoring, focusing on effective
detection strategies for the formation of sandwich structures, and EIS measurement of
the change of charge transfer resistance, which is related to the target molecule level,
and the aptamer conformation change causing the electrochemical signal on/off of the
electroactive markers.

3.1. Sandwich-Type Electrochemical Aptasensors

The sandwich-type construct involves antibody—aptamer sandwich sensing layers; the
antibody is used as a capture element and aptamer as a reporter probe or vice versa. The
signaling antibody is usually conjugated with a redox label, such as methylene blue (MB),
ferrocene (Fc) or horseradish peroxidase (HRP) which can be detected using electrochemical
techniques. [50,51].

The sandwich format generally offers higher selectivity as compared to single-receptor
approaches, due to the involvement of a pair of receptors; the capture and reporter. In ad-
dition, the sandwich format promotes a wide variety of amplification strategies, which can
be divided into two broad categories: depending on the nature of synthetic receptors or on
the unique advantages of nanoparticles. In addition to DNA amplification, strategies based
on the extension of the reporter aptamer with a proper primer thus provoke isothermal
and linear RCA [52,53] nucleic acid nanomachines such as DNA walkers [54]. Scheme 3
shows the formation of sandwich-types structures for aptasensing assay.

su bstUduct Substrate  product Substratevprod uct

WG
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Scheme 3. Formation of sandwich-types structures of aptasensing assay.
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3.2. Displacement-Type Electrochemical Aptasensors

In the displacement assay, the authentic target molecules compete with labeled target
molecules for specific binding sites on the sensor surface. It was observed that labeled
target molecules used as biocomponents in the displacement test exhibited less affinity
than authentic targets towards the binding sites of aptamers [55]. This phenomenon
was exploited by labeling the thrombin by peroxidase, thus modifying its structure and
allowing it to be replaced by unmodified thrombin. In this format, the peroxidase-labeled
thrombin was first captured by self-assembled monolayers (SAMs) of thiolated aptamer on
the surface of the Au electrode. The sensor was then incubated with thrombin. The HRP
confined to the electrode surface, was measured electrochemically by a H,O, peroxidase
catalyzed reaction [56]. Scheme 4 shows the displacement-type electrochemical aptasensor.

. Labeling Reagent (inorganic redox probe, enzyme, NPs, etc)
Substrate  product

labelled target
. target
—_— —_—

Displacement assays

Scheme 4. Displacement-type electrochemical aptasensor.

3.3. Folding-Based Electrochemical Aptasensor

For decades, biomolecular recognition has prompted tremendous efforts to adapt
biomolecules to the universal platform of molecular sensing. However, biosensors are
almost completely unable to play their potential as a reagent-free real-time analysis device.
The fundamental obstacle to the wider success of biosensors is that most biomolecules
cannot generate easily measurable signals after binding to the target. For example, the
antibody will not change its shape when it binds to the recognition target. Therefore, it
has proven difficult to convert biomolecule binding events into measurable output signals,
especially signals that are generated by the binding of many potentially interfering species
in typical biological samples.

A potential solution to solve the problem is based on the binding of electrode-bound
DNA probes to induce folding. In this sense, a series of electrochemical nucleic acid
sensors using target-sensitive DNA structures with appropriate redox markers can monitor
aptamer conformational changes by measuring electrochemical signals, which are directly
dependent on the distance between the redox label and the electrode surface [57-60]. In
an early work by Radi et al., a “Switch-on” aptasensor for the detection of thrombin was
designed [57]. A thrombin binding aptamer with redox active Fc and thiol at the chain ends
was self-assembled on the Au electrode by the S-Au bond. After thrombin interaction, the
Fc-labeled aptamer changed its structure from random coil configuration of the aptamer
to quadruplex, bringing the Fc label close to the electrode surface to facilitate the electron
transfer between the Fc and the surface, as evidenced by the CV and EIS measurements.
Scheme 5 illustrates the folding-based electrochemical aptasensor.

Another electrochemical “Switch-off” aptasensor for the detection of thrombin was
designed by Plaxco et al. [58]. A 32-base thrombin aptamer modified with thiol and MB at
both ends was self-assembled on an Au electrode surface. When Tb was combined with
the MB labeled aptamer, the MB marker was distant from the electrode surface and directly
led to the weakening of the electrochemical signal.
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Scheme 5. Folding-Based Electrochemical Aptasensor.

4. Principles of Electrochemical Transduction Techniques

One of the biosensor components is the transducer, which converts the recognition
event due to the interaction of the analyte with the recognition element into a measur-
able sign. The most important electroanalytical techniques are potentiometry, coulometry,
voltammetry, amperometry, and electrochemical impedance spectroscopy (EIS). The elec-
trochemical transducer is related to the reaction that involves electrons transfer. Therefore,
electrochemical measurements can only be achieved with redox labels that can be attached
to the target, recognition element, or soluble redox mediators, which diffuse onto the
electrode surface to be reduced or oxidized by heterogeneous electron transfer. The redox
probe includes redox enzymes, inorganic catalysts, or nanoparticles. The diffusion kinetics
of the redox mediator to the electrode is influenced by the surface state of the transducer.
Thus, the binding of the analyte affects the diffusion efficiency, electron transfer, and fi-
nally the detected signal. Other transduction approaches are connected to the intrinsic
electroactivity of guanine-rich guanine aptamer on a graphite pencil electrode [61].

Nanoparticles can charge several units of electroactive species (ferrocene or thionine
(Th)), and are thus used for signal amplification [62]. An efficient strategy is to load one
or more enzymes (natural peroxidase and G-quadruplex/hemin (GQH) DNAzyme) as
biocatalysts onto nanomaterials to improve the sensors’ sensitivity through enzymatic
electrochemical processes; for example, a signal enhancement has been achieved by PCN-
224-Pt nanoelectrocatalysts, natural HRP, and GQH HRP-mimicking DNAzymes catalyzing
the oxidation of HQ with H,O, [63]. Natural redox enzymes could be replaced by catalytic
nanomaterials as reporter molecules. In this respect, the nanoparticles CuO [64] and Pd-
Au [65] show hydrogen peroxide reduction activity. Although they have the best stability
against temperature and pH changes, their peroxidase activity is lower than that of the
natural counterpart.

5. Electrochemical Aptasensors for Clinical Application
5.1. Electrochemical Aptasensors for Cardiac Biomarkers

Cardiovascular disease (CVD) is one of the most common causes of death. Urgent
treatment of patients with chest pain is crucial. The practical tests are the measurement of
aspartate aminotransferase (AST), lactate dehydrogenase (LDH), creatinine kinase (CK-MB)
and troponin, which are the main biomarkers of myocardial infarction (MI). Therefore, a
portable, fast, and inexpensive biosensor device for the detection of cardiovascular diseases
is a highly necessary element to monitor the onset and progression of cardiovascular disease
quickly and accurately [66]. Troponin contains a combination of three protein subunits
(troponin T (Tnt, ~35 kDa), troponin I (Tni, ~30 kDa) and troponin C (Tnc, ~18 kDa)) [67,68].
The increased troponin levels in patients, along with other clinical features, are the best tool
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for the rapid diagnosis of MI. Other important diagnostic biomarkers of MI are myoglobin
(Mb) [4-6,69-71] and brain natriuretic peptide (BNP) [72-74] and so on.

An electrochemical aptasensor for cardiac troponin I (cTnl) was designed [75]. The
FC-modified silica nanoparticles Fc-SiNPs were synthesized for use as a redox probe and
the ¢Tnl -aptamer was immobilized on the surface of the Au electrode. The self-assembled
aptamer monolayer allows easy access of Fc-S5iNPs to the electrode surface, resulting in an
enormous current response. On the other hand, the specific interaction between c¢Inl and
aptamer prevents the approach of Fc-SiNPs, leading to considerable decrease in the peak
oxidation current of SWV.

The aptamer-based electrochemical detection of cITnl was also described [76]. The gold
nanoparticles AuNPs were electrodeposited onto Ti foil. Then, the SH-functionalized DNA
aptamer was immobilized onto the AuNPs/Ti electrode surface [77]. A similar aptasensor
is composed of an array of Au nanodumbbells, synthesized using putrescisin as a form
directing agent at the surface [78] to immobilize Tnl 76-mer on the transducer to detect Tnl.
The DPVs in the presence of ferro/ferricynaide anions was used to monitor the signal. The
ferro/ferricynaide anions have a certain proximity to the aptamer surface and generate
a certain peak current, due to the net negative charge of the phosphate backbone. On
the other hand, Tnl also has a net negative charge and the combination of Tnl and the
aptamer resulted in an increase in the negative surface charge of the aptamer, repelling
ferro/ferricynaide anions from the sensor surface. In this way, both aptasensors act as a
signal-off device [77,78].

An SPCE-based sandwich aptamer for the detection of cTnl has been designed [79].
The SPCE was functionalized using AuNPs that were electrically deposited onto the SPCE,
and a 2,2":5',2”-terthiophen-3-carboxylic acid monomer (TTCA) was electrically polymer-
ized to provide a modified carboxylic surface. Following activation by the EDC/NHS, the
amine-modified aptamer (Tro4) was covalently immobilized on the SPCE to act as a capture
probe. After binding of cTnl to the aptamer (Tro4), the hydrazine modified aptamer (Tro6)
as a capture probe was later incubated with the electrode, and the amperometric signals
were recorded in HyO, solution. The aptasensors produced exhibited high analytical
performance with a detection limit well below existing cut-off values.

A troponin I aptasensor (GC/N-prGO-aptamer) was manufactured. The initial stages
involved the syntheses of O-(2-aminoethyl) polyethylene glycol modified pyrene (py-
PEG12-OH) Py-PEG, the reduced graphene oxide (rGO) from the GO precursor using
hydrazine reduction, and the porous doped N reduced graphene oxide (N-prGO). The
GCE has been modified by drop casting to provide the GC/N-prGO electrode. The GC/N-
prGO electrode was further modified by 1-pyrenecarboxylic acid and pyrene-PEG. The
aptamer Tro4 was immobilized by activating the carboxyl groups by EDC/NHS. In the final
stage, a troponin I aptasensor (GC/N-prGO-aptamer) was manufactured for the detection
of ¢Tnl, by DPV of [Fe(CN)g]*~ [80]. The aptamer-MoS; nanoconjugates was proposed as
a sensing platform for the detection of cTnl [81]. For comparison, Au@Sio2 AuNPs were
also used to detect cInl by EIS.

A sandwich-type aptamer-based nanoprobe is created from GQH DNAzymes/dAPT/
HRP/AU@PtNP /Fe;0,@UiO-66 and AU@PtNP, assembled on Fe;0,@UiO-66 via free
amino groups, followed by thiol-modified aptamers (SH-2G-Tro4 and SH-2G-2G-2G-TH-
2G) integrated with the double G-G sequence quadruplex, anchored to Au@PtNPs by thiol-
metal interactions [82]. The HRP was then decorated with AU@PtNP, and the DNAzyme
GQH mimicking catalytic HRP was assembled in the presence of hemin and potassium ions.
Next, the dAPT-bound thiol NTH DNA (Tro4 and Tro6) was immobilized on the Au sur-
face by Au-S interactions to capture cInl. The GQH DNAzyme/dAPT/HRP/Au@PtNP/
Fe304@UiO-66 nanoprobe has a high affinity for the recognition of ¢cTnl and amplification
of the current signal by catalyzing the oxidation of hydroquinone (HQ) to benzoquinone
(BQ) with H202

An approach based on the specific recognition between cITnl and the aptamer of
cTnl and terminal deoxynucleotidyl transferase (TdT)-mediated signal amplification was
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described. [83]. The Au electrode was modified with probe 2 (P2), in the presence of cTnl,
the aptamer of cTnl that in probe 1 (P1)/aptamer complexes bond with cTnl specifically
and release the free P1. P1 would bind with P2, resulting in the formation of 3'-OH of DNA.
In the presence of terminal deoxynucleotidyl transferase (TdT) and dTTP, TdT mediated P1
to extend and formed the structure of poly T. Thereafter, MB-poly A hybridized with the
extended poly T and generated an electrochemical signal. This sensor was also successfully
applied to the detection of cTnl in numerous spiked biological samples.

A label-free electrochemical detection of Mb was also realized using aptamer function-
alized rGO/CNT nanostructured electrodes by measuring its direct electron transfer [84].
For the detection of Mb, an electrochemical aptasensor has been formulated from the
Y-shaped structure of the aptameric double conjugated wire (DApt), aptamer (CS), Au
electrode, and the exoonuclear I (Exo I) [85]. In the absence of Mb, the Y-shaped structure
remains intact and a weak electrochemical signal is observed. After the target addition, the
DApt detaches from the CS and connects to the Mb, causing the Y structure to be removed,
and an enhanced signal can be recorded after the addition of Exo I. The electrochemical de-
termination of Mb was demonstrated by measuring the direct electron transfer of the redox
active Mb on an aptamer-functionalized black phosphorus nanostructured electrode [86].
Poly-l-lysine (PLL) has been used to functionalize the black phosphorus nanosheets to en-
hance the binding with the anti-Mb DNA. An electrochemical aptasensor has been prepared
from graphene-conjugated AuNPs (TCPP-Gr/AuNPs) and meso-tetra (4-carboxyphenyl)
functionalized porphyrin which provide a large surface area to effectively immobilize the
myoglobin binding aptamer (Mb-BA) for Mb detection [87]. A label-free aptasensor was
successfully built by grafting Mb-binding-aptamer (MBA) onto AuNPs/arginine-glycine-
aspartic/carboxylated graphene/GCE (Au/RGD/GR-COOH/GCE) surface [88] and was
employed for Mb detection by DPV. The Mb-aptamer, immobilized on the surface of a
composite of PtSn nanoparticles and carbon nanotubes (PtSnNP/CNTs) on GCE, was used
for the electrochemical detection of Mb [89]. The amperometric detection was based on the
suppression of the electron transfer of the hexcyanoferrate used as a redox probe which
was induced by the conformational change of Mb-aptamer in the presence of Mb. A boron
nitride nanosheets (BNNSs) decorated with gold nanoparticles (AuNPs/BNNSs) were
used to construct an aptasensor for the detection of Mb [90]. The BNNSs were deposited
on the fluorinated tin oxide (FTO) electrode, and the AuNPs were then deposited on the
BNNS/FTO electrode. The thiol-functionalized aptamer (Apt) was immobilized by Au-S
covalent bond with the AuNPs/BNNSs/FTO electrode. The redox [Fe(CN)g]?/4~ probe
was used to observe the change in oxidation current, while Mb target was bound to the
sensor surface.

Impedimetric aptasensing for Mb and c¢Tnl has utilized nanodiamond heteronos-
tructure (NDs) and hydrogen-substituted graphidine (HsGDY) [91]. The HsGDY@NDs
nanostructure can immobilize several chains of aptamers to detect the target biomarkers.
An aptamer with a unique affinity was used to build a label-free electrochemical aptasensor
super-sandwich for the detection of Mb, based on target-induced aptamer displacement.

Multi-analyte detection of cardiac biomarkers, cerebral natriuretic peptide (BNP-32),
and cardiac troponin I (cTnl) was performed using electrochemical aptasensors [41]. The
Au electrode was modified with polyethyleneimine/reduced graphene oxide films. The
covalent grafting of propargylacetic acid incorporated propargyl groups on the electrode
to which the azide-terminated aptamers can be immobilized using Cu (I)-based click
chemistry. The modification of aptasensors with pyrene anchors carrying poly (ethylene
glycol) units avoided the biofouling.

The properties of different cardiac biomarkers aptasensors are displayed in Table 1.
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Table 1. Performance and detection methods of different electrochemical cardiac aptasensors.
Cardiac e oe . . . Limit of Detection
Biomarker Sensor Specification Method Sensing Strategy Sample Matrices Detection Rang (LOD) Ref.
personal glucose antibody-Mb-
Mb polystyrene microplate meter (PGM) readout Szz?xiii serum samples 50 pM-200 nM 50 pM [71]
cInl Au electrode/thiolated apt. SWYV, Fc-SiNPs label-free buffer 1-10,000 pM 1.0 pM [75]
¢Tnl AuNPs, Ti Foil /HS-apt. DPV, [Fe(CN)g|>~/4~ Label-free h“gz;‘;ssum 1-1100 pM 0.18 pM [76]
Au electrode/macroporous Au 3—/4— . spiked human serum 1 1
cTInl nanostructure, Apt. DPV, [Fe(CN)g] label-free samples 0.05-5.0 ng mL 23 pg mL [77]
array of Au nanodumbbells/76-mer Tnl DPV } 1 1
Tnl aptamer [Fe(CN)e]3~/4- label-free blood serum samples 0.05-500 ng mL 8.0 pg mL [78]
Tnl SPCE/AuNPs/electropolymerized amperometry, apt. pair-based serum 1-100 pM 1.0 pM [79]
conductive polymer/Apt. hydrazine, HyO, sandwich type (0.024-2.4 ng/mL) (24 pg/mL)
cTnl GC/N-prGO/COOH/PEG-apt. DPV Label-free serum, saliva 0.001-100 ng mL~! 0.88 pg mL~! [80]
Tnl Apt.—MoS2 nanosheets EIS, label-f human blood 10 pM to 1.0 uM 0.95 pM [81]
cin Au@SiO2@Au/aptamer- [Fe(CN)g]>~/4~ abel-ree samples 10 pM-10.0 uM 1.23 pM
DNA nanotetrahedron (NTH)/dual-apt.
(dAPT), magnetic metal organic DPV hydroquinone, - 1 1
cTnl frameworks (mMOFs), Fe;0,@UiO-66, H,0, sandwich-structure human serum 0.01-100 ng-mL 5.7 pg mL [82]
Au@Pt NPs
cInl Au electrode/apt. probe 2 (P2) SI\V/Y];/ sandwich-structure human ::11;3:1' umne 0.5-100 ngmL~! 0.04 ngmL~! [83]
cv
Mb apt./rGO/CNT nanohybrid electrodes 4178t electron label-free buffer 1ng/mL—4 pg/mL ~0.34ng/mL [84]
Mb
Y-shape structure of dual-aptamer DPV
Mb (DApYH- [Fe(CN)e]3~/4- label-free human blood serum 100 pM—40 nM 27 pM [85]
apt.-black phosphorus nanostructured direct electron 1 pg mL~1-16 ug 1
Mb olectrode Ccv transfer Mb serum samples L1 0.524 pg mL [86]
meso-tetra (4-carboxyphenyl)
porphyrin-AuNPs(TCPP- electron transfer by human serum 2.0 x 107 1-7.7 x _12
Mb Gr/AuNPs)/apt. brv Mb samples 1077 M 6.7 x 107" M [871

Mb
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Table 1. Cont.
Cardiac e . . . Limit of Detection
Biomarker Sensor Specification Method Sensing Strategy Sample Matrices Detection Rang (LOD) Ref.
SWV signal on/off, 1.0 x 10711-1.0 x
Lys Au electrode/Lys apt. Fe, [Ru(NH3)g** label-free human serum 107 M 0.8 pM [88]
: Amperometry, conformational Spiked human serum 0.01-1 and 10
Mb GCE, PtSnNP CNTs/Mb-apt. [Fe(CN)P—/+ change samples AM-200 "M 22+0.1pM [89]
DPV human serum
Mb Apt/AuNPs/BNNSs/FTO [Fe(CN)sP—/4- label free Hb, GOx, Ins., SOx 0.1-100 pg/mL 34.6 ng/mL [90]
cTnl
¢Tnl EIS 0.00001-100 ng mL~! cInl
HsGDY@NDs/apt.strand 3_/4— label-free human serum ' & 9.04 fg mL~! Mb [91]
Mb [Fe(CN)g] Mb 9.04 fo mL-1
0.01-1000 pg mL ! vEE




Diagnostics 2021, 11, 104

11 of 33

5.2. Electrochemical Aptasensors for Alzheimer’s Disease (AD) Biomarkers

Alzheimer’s disease (AD) is the most common neurodegenerative disorder and re-
mains incurable. Reliable measurements of AD biomarkers such as tau protein, 3-amyloid
protein (A) and apolipoprotein E4 may speed up the early diagnosis of AD. Early diag-
nosis and intervention are crucial to delay the onset and progression of the disease. The
AD is often associated with a low level of adenosine triphosphate (ATP). Therefore, the
detection of ATP is also a credible AD biomarker.

The detection of Tau381 is carried out using a label-free electrochemical aptasensor.
The aptamer has been immobilized on a graphene/thionine/gold nanoparticles/glassy
carbon electrode [92]. The thionine, conjugated the carboxylic graphene with the gold
nanoparticles, generated the electrical signal. The tau antibody (anti-tau) and an aptamer
specific to tau-381 were used to build a sandwich-type sensor for the detection of tau-
381 [93]. The cysteamine-stabilized AuNPs was utilized for the amplification of DPV
signals recorded in response to the tau-381. Similarly, the detection of the oligomers
(ABO) was performed by an antibody—-aptamer sandwich assay [94]. The antibodies of the
ABO and aptamer were used as recognition elements and detection probes, respectively.
The signal amplification by high loading of Th on the AuNPs ensures a low limit of
detection. An aptasensor has been developed for screening of the Ap [95]. The RNA
aptamer was immobilized on a gold leaf nanostructure. The A3 bonding with the aptamer
was monitored by the ferro/ferricyanide redox probe. An ssDNA aptamer, receptor specific
to ABO, was also self-assembled to the Au rod electrodes through Au-S interactions to
construct EIS-based aptasensors for ABO assay [96]. A sandwich-type aptasensor based
on metal-organic structures (MOFs) as signal probes has been developed for the detection
of ABO [97]. A modified aptamer-attached gold nanoflower (AuNF) electrode has been
used for the capture of targets and aptamer-labeled gold nanoparticles/cu-MOF conjugates
(AuNPs/cu-MOF) for the generation of signal.

The detection of a-syn, an oligomeric biomarker linked to Parkinson’s disease and
AD, has been described [98]. The complementary aptameric band (CS) has been directly
immobilized at the Apt site on the electrode surface to prevent the self-accumulation of
a single-chip Apt strip complex and retains the Apt activity. In the absence of the x-syn
oligomer, TdT expands the length of Apt and CS, thereby enhancing the accumulation of
MB as a redox agent on the electrode surface resulting in a high current signal.

A multi-electrode array (MEA) of Au microelectrodes modified with 3D electrode-
posited nanostructures (3D-GMEs) was used to immobilize the thiol and Fc-modified
stem-loop oligonucleotide aptamers receptors specific to ABO or ATP [99]. The aptamer
stem loop receptor for ABO has a closed structure, with the Fc closely approaching the
electrode surface, facilitating electron transfer, and causing a high blank current signal.
After attaching the APO target to the aptamer receptors, the stem loops were changed and
pulled the end of the Fc-labeled DNA away from the surface, thereby blocking electron
transfer and resulting in the signal-off. Afterwards, a predefined set of microelectrodes was
regenerated by electrochemical desorption to allow the attachment of a second aptamer
receptor for ATP. The binding of the ATP to the sensor caused an increase in signal, corre-
sponding to an activated current signal due to a conformational change, which caused the
aptamer with its ferrocene redox group to bend closer to the electrode surface.

The specifications and electrochemical performance of aptasensors for AD biomarkers
are collected in Table 2.
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Table 2. Specifications of electrochemical aptasensors for Alzheimer’s disease (AD) biomarkers.

. e e Sensing . . Limit of Detection

AD Biomarkers Sensor Specification Method Strategy Sample Matrices Detection Rang (LOD) Ref.
DPV 10 patients’ serum
tau 381 apt./carboxyl Gr/th./ AuNPs GCE Th. redox probe label-free samples 1.0-100 pM 0.70 pM [92]
. . g EIS, CV, DPV .
tau 381 tau antibody (anti-tau)/apt.specific AuNPs signal Apt-antibody AD patients serum 0.5-100 pM 0.42 pM [93]
to tau-381 e 2 sandwich
amplification
B oligomers . : artificial
ABO antibodies/nanocomposite Th. t EP)Y rob anzgg% 1pt' cerebrospinal fluid 0.5-30 nM 100 pM [94]
AuNPs/apt. - redox probe S ¢ (CSF)
ABO SAM ssDNA apt./Au electrode [Fe( CIFT)I S]37 /4 label-free artificial CSF 0.1-500 nM 0.03 nM [96]
6
DPV . i
ABO AuNFs/GCE/HS-apt. MOFs signalprobe sandwich artificial CSF 1 nM-2 uM 0.45 nM [97]
. DPV human serum
a-synuclein Apt./SAM MB label-free samples 60 pM-150 nM 10 pM [98]
nanostructured
ApO . . Amperometry . ) . ) i 1 pM-200 nM 0.3 pM

ATP multielectrode arrays (MEAs); Fe signal-on/signal-off artificial CSF 0.01 nM=1000 nM 0.002 nM [99]

dual-apt.
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5.3. Electrochemical Aptasensors for Infectious Disease Biomarkers

The spread of infectious diseases around the world threatens humanity. Early detec-
tion of infectious pathogens or their markers is essential for clinical diagnosis. Detection
methods for infectious pathogens are time-consuming and require expensive equipment
and qualified personnel. Aptamer-based technologies are promising diagnostic tools that
combine rapid pathogen detection, simplicity, ease of use, operational efficiency, accu-
racy, and cost-effectiveness with the trend towards portable platforms suitable for field
testing [99,100].

The release of interferon (IFN)-y by T-cells in the blood is used for the diagnosis
of tuberculosis (TB). A DNA aptasensor specific for IFN-y is formed from an A hairpin
containing an IFN-y binding aptamer which has been thiolated, conjugated to methylene
blue (MB), and immobilized on an Au electrode [101].

The IFN-y bonding triggered the aptamer hairpin to unfold, displacing the redox MB
molecules away from the electrode and lowering the electron transfer efficacy as measured
by SWV. The bovine gamma interferon (Bol[FN-y) was also assayed [102]. A graphene-
based FET monolayer structure is integrated on a PDMS substrate with an IFN-y aptamer
attached to the graphene [103]. A charge distribution in the electrolyte has been changed
by the target, resulting in an increase in electron transfer efficiency. The silicon nanowires
SiNWs were coated with gold and were further functionalized with thiolated aptamers
specific for IFN-y to improve the sensitivity of the IFN-y detection, [104].

A microsystem of several Au electrodes for the simultaneous determination of two
cytokines, IFN-y and TNF-«, was constituted [105]. The aptamers, specific to either IFN-
v or TNF-a, were thiolated for assembly on Au electrodes and functionalized with an
MB redox reporter for signal transduction. An adsorption/desorption cycle was used
to assemble MB-functionalized aptamers onto individually addressable electrodes. The
secreted IFN-y and TNF-« were monitored by performing SWV at individually addressable
electrodes. This platform was applied to monitor the rate of cytokine release from primary
T cells and monocyte cell lines.

Clostridium perfringens is a common pathogen that is easily viable and escapes
detection. A molecular beacon was formed from the labeled graphene/GCE and the
nanocomposite ADH/hemin/G-quadruplex/Fe;O4 [106]. The beacon forms a hairpin
and obstructs the binding of the aptameric streptavidin (SA), whereas the target DNA
opens the hairpin and exposes the aptamer region of the streptavidin (SA) to capture the
nanocomposite SA/ADH /hedin/G-quadruplex/Fe3O4. SA/ADH/hedin/G-quadruplex
serves not only as HRP imitating DNAzyme, but also as NADH-oxidase and NADH-
peroxidase imitating DNAzyme. Therefore, in the presence of HyO, and NADH, hemine /G-
quadruplex and DHA effectively catalyze the conversion of alcohol to acetaldehyde and
enhancing the DPV signal.

An aptasensor based on the specific interaction between AuNPs, polyethyleneimine
(PEI), aptamer NS1 and the NS1 protein, has been proposed for the detection of the NS1
protein of the dengue virus [107]. The well-dispersed AuNPs attached to the surface of
the electrode repel the [Fe(CN)g]~3/~* anions from the interface, thus reducing the current
signal as compared to the bare electrode. The cationic PEI caused the aggregation of the
AuNPs, opening up access to the electrode surface, and increasing electron transfer. The
NS1-aptamer has formed an aptamer/polymer duplex, reducing the current signal. The
analyte (NS1) is freed from the aptamer as an aptamer-aptamer duplex and forms a more
stable aptamer /target complex, followed by a significantly higher current signal.

The specifications and electrochemical performance of aptasensors for infectious
disease biomarkers are compiled in Table 3.
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Table 3.

Specifications of electrochemical aptasensors for infectious disease biomarkers.

Infectious Disease

Limit of Detection

Biomarkers Sensor Specification Method Sensing Strategy Sample Matrices Detection Range (LOD) Ref.
SAM DNA hairpin conformational .
IFN-y TEN-y-apt./MB/ Au electrode SWV changes serum proteins 0.06-10 nM 0.06 nM [101]
pristine buffer
bovine interferon SAM IFN-y-binding apt. MB SWV conformational ristine buffer,blood ~ 1-230 ng/mL 01 nM [102]
gamma (BoIFN-y) Y ng apt: change pristine er, bloo & blood
0.9 nM
change in charge
IFN-y IFN-y apt./Gr surface conductance distribution in BSA, papain 0 nM-5 uM 83 pM [103]
electrolyte
nanowire
. 3 pg/mL for 5000
IFN-y SiNWs/ Au/thiolated apt. SI\V/Y];/ C}f;):f(;rr;;tiﬁﬁa; . blood serum cells—planar 06184 rrllg//rrnnllj ’ [104]
8¢ 90 pg/mL for 30,000 ©ng
cells
5 micropatterned Au electrodes . -

IFN-y arrays/cytokine-binding SWV conformational immune cells 0.0-100 ng/mL (58 10 ng/mL (0.58 nM) [105]

TNF- « . -1 . change nM)

apt./microfluidic device
. capture probe, streptavidin (SA), . .
C. perfringens hemin/G-quadruplex/FezO4 DPV sandwich Real biological 10712210 M 10712 M [106]
pathogen . samples
nanocomposites

NS-1 protein Pencil electrode (@Y label-free, structural ~ spiked human serum 3-160 ng mL~! 03 ng mL-! [107]

(PE)/(BE)/PEI/AuNPs/apt.

[Fe (CN)6] 3/~

switching

sample
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5.4. Electrochemical Aptasensors for Cancer Diagnosis

Tumors are caused by the infinite proliferation of normal cells in a living body and
are a serious threat to human health. A tumor marker is a class of substances produced
by the development of tumor cells that release during tumor proliferation. Polymerase
chain reaction (PCR) and immunohistochemistry techniques are commonly used to detect
tumor biomarkers, but are generally laborious and time-consuming. The electrochemical
method has the advantages of simplicity, low cost, and high sensitivity. Aptamer-based
biosensors have been successfully developed to detect tumor biomarkers using outstanding
aptamer characteristics such as appropriate synthesis and controlled modification, high
binding affinity and specificity, good stability, low toxicity, rapid tissue penetration and low
batch-to-batch variability; enhancing detection sensitivity by applying amplification [108].

5.4.1. Electrochemical Aptasensors for Circulating Tumor Cells (CTCs)

CTCs have been revealed to be an important key to tumor metastasis; therefore, their
detection plays a fundamental role in the diagnosis and prediction of cancer [109].

An aptasensor was made from two cell specific aptamers, TLS1c and TLS11a, to
recognize MEAR cancer cells [110]. Both aptamers are attached to the GCE surface via
linkers; TLS1c via a flexible linker and TLS11a via a rigid linker. The double-modified
GCEs ss-TLS1c/ds-TLS11a allow better recognition than those modified with only one
type of aptamer alone or ds-TLS1c/ds-TLS11a with both rigid linkers.

An impedimetric cytosensor for CTCs detection was outlined [111]. The cytosensor
has specific recognition for epithelial cell adhesion molecules over-expressed on the cell
membrane and the EpCAM aptamer. MCH interspaces on the Au electrode were filled
by capture probe. The CTCs in a real blood sample can be easily distinguished by the
cytosensor. In addition, the cytosensor can be reused by cleaving the deoxyuridines (dUs)
of the aptamer.

A nanochannel-ion channel hybrid structure for CTC detection has been estab-
lished [112]. The PAA membrane was clamped between two plastic films of poly (dimethyl-
siloxane) (PDMS) and placed between two-half of electrolytic cell. The aptamer sgc8c probe
was then immobilized on the lateral surface of the ion channel, which can strongly bind
to the transmembrane receptor protein tyrosine kinase 7 expressed on the membrane of
CCRF-CEM cells. Thus, the trapped CCRF-CEM cells block the ion flow through the ion
nanochannel. The CCRF-CEM cells are liberated from the AAP by benzonase nuclease,
resulting in the recovery of the ion flow through the nanochannel-ion channel hybrid. The
variation of the ion flow can be monitored by the LSV technique, enabling the label-free
detection of CTCs.

An efficient method to detect human leukemic lymphoblasts (CCRF-CEM) using
aptamer-modified Au nanowire arrays (AuNWs) has been reported [113]. The AuNWs
were electrodeposited using anodic aluminum oxide (AAO) as the template. The AuNW-
aptamers have higher specificity and capability to capture the target cells. Moreover, the
captured CCRF-CEM cells can be freed from AuNWs by an electrochemical desorption
process.

An electrochemical cytosensor has been developed to detect CTCs using reduced
GrO/AuNPs composites as the support [64]. The MCF-7 CTCs were detected by cytosensor
with efficient recognition between the specific mucin 1 protein (MUC-1) over-expressed
on MCEF-7 cell membranes and the MUC-1 aptamer. The nanozyme CuO served as a
signal-amplifying nanoprobe in the cytosensor to detect CTCs.

A multiplexed sensor for the monitoring of CTCs has been demonstrated [62], us-
ing the specific aptamer-functionalized AuNPs-Fe304-GS capture probes and the ap-
tamer/electroactive species-loaded AuNP as amplification signal probes. The specific
aptamers immobilized on the AuNP array-decorated magnetic graphene sheets enable
efficient recognition and capture of the target CTC cells and the electroactive species-loaded
AuNPs lead to significant signal amplification, thus results in the successful monitoring of
two rare CTCs.
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An aptasensing platform was used to quantify CTCs [114]. The MB-modified, rod-
loop-shaped aptamers were used as a recognition element for the K562 cells. Thiolated
complementary strands hybridized with MB aptamers to form double-stranded DNA
(dDNA) which were then self-assembled on the surface of AuNP-modified Au electrode,
leading to a marked MB signal. In the presence of K562 cells the Mb-aptamers recognise
and bind with the cells, causing the MB-aptamers to disassemble from the GE surface and
resulting a signal-off MB signal.

An electrochemical assay for detecting CTCs has been reported [115]. Anti-epithelial
cell adhesion molecule (EpCAM) antibody modified with Fe3O4 magnetic nanospheres
(MN5s) were utilized to capture breast cancer cell MCF-7. Aptamers can be linked onto
LiFePO4/Au via the Au-S bond and then the LiFePO4/Au-aptamer complex can ef-
fectively capture the MUC1 protein that is over-expressed on the cell surface of MCF-
7. The AuNPs modified LiFePO, LiFePO4/Au) composite was chosen to generate the
electrochemical signal by the reaction of phosphate in LiFePO, with molybdate to form
redox molybdophosphate.

An electrochemical aptasensor based on dual signal amplification by CeO2@Ir nanorods
(Ce@IrNRs) and enzyme-free DNA walker, was developed for the simultaneous detection
of CTCs [116]. A membrane protein MUC1-targeting aptamer was used to recognize and
capture MCF-7 cells. The deoxyuracils of the aptamer were hydrolyzed by uracil DNA
glycosylase to isolate the captured cells. The Ce@IrNRs had high peroxidase activity,
and the enzyme-free DNA walker released more signal probes combined with Ce@IrNRs,
resulting in amplification of the signal.

A direct amplification-free method for the detection of CTCs using MCF-7 as a model
has been proposed, using ferroceneboronic acid (FcBA) and 4-mercaptophenylboronic
acid (MPBA) as the recognition element and signal probe, respectively [117]. FcBA can
be measured by DPV, and the AuNPs aggregation could be triggered by MPBA. The
CTCs captured by magnetic bead-modified aptamer (Apt-MBs) can sequester FcBA or
MPBA molecules by the formation of boronate ester bonds, leading to a decrease in the
electrochemical signal of FcBA by avoiding MPBA-triggered AuNDPs aggregation. The
overexpression of sugar groups on the CTCs surface made it possible to avoid the use of
additional antibodies or aptamers to recognize the captured cells.

The specifications and electrochemical performance of aptasensors for CTCs are
gathered in Table 4.
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Table 4. Specifications and electrochemical performance of CTCs aptasensors
e e Sensing Sample Matrices/ . Limit of Detection
CTCs Sensor Specification Method Strategy Interferents Detection Range (LOD) Ref.
. single MEAR
dual-apt. TLS1c, TLS11/amide Drv g
MEAR cancer cells bond /GCE [Fe(CN)g /4~ label-free blood cells 1—14 MEAR cells cell/10 :Zﬂsle blood [110]
CTCs EpCAM apt./MCH/ Au electrode [Fe( CNE)I 5]3, e label-free real blood sample 30-1 x 10 cells L1 10 cells mL~! [111]
6
acute leukemia Apt./array k562 cells, Ramos 1 x 102-2 x 10° cells 1
CCRF-CEM nanochannel-ionchannel hybrid Lsv label-free cells mL~! 100 cells mL [112]
MCF-7 circulating MUC-1 apt./rGO/AuNPs DPV 50-7 x 103 cells 1
tumor cells composites CuO NPs, H,O, label-free serum sample -1 27 cells mL [64]
Ramos, CCRF-CEM Apt.—AuNPs Array/Magnetic Gr SWASV 4 c?l?sfn rﬁi_l
7 - L : _ - -1
cells Nanosheets multlplgxed label-free human whole blood 5-500 cells mL CCRF-CEM cells [62]
detection 1
3 cells mL
Alternating current ) 6
CTCs AuNPs/Au electrode, MB-apt. voltammetry (ACV) signal-off U937, Jurkat cells 11071 >i110 cells 23 cells mL~! [114]
K562 cell MB mL
SWv
Breast cancer cell Fe304 magnetic nanospheres molybdophosphate antibody-aptamer 1 1
MCE-7 (MNs)/EpCAM antibody (PM012040) redox sandwich type whole blood samples 3-10,000 cell mL 1 cell mL [115]
label
dual signal,
MCF-7 cells Membrane protein MUCI-targeting (Ce@IrNRs) enzyme-free DNA whole blood samples  2-2 x 10° cells mL ™! 1cell mL~! [116]
apt. enzyme-free DNA walker
walker
CTCs bPv
MCE-7 Apt. magnetic beads MBs ferroceneboronic acid label-free strategy blood sample 5072 x 10* cells 50 cells [117]

(FcBA)
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5.4.2. Electrochemical Aptasensors for Carcinoembryonic Antigens (CEAs)

CEAs are generally found at very low levels in the blood of healthy individuals, how-
ever levels can be elevated in certain types of cancers such as colon and rectal, pancreatic,
breast, ovarian, or lung cancer, allowing CEAs to be used as tumor markers in clinical
tests [118]. A simple sandwich electrochemical aptasensor for the detection of CEA has
been developed [119]. The thiol-terminated CEA aptamer-1 (Aptl) has been self-assembled
on the Au electrode to capture the CEA target, which is capable of binding the capped
AuNPs-Apt2 conjugates. The DPV response of Fc was exploited to measure the CEAs.

An electrochemical aptasensor has been manufactured for CEA detection [120]. The
CGE with electrodeposited AuNPs was used for the immobilization of CEAaptl by Au-S
affinity. The thiol-terminated CEAapt2 (CEAapt2) and toluidine blue (Tb) with dendritic
Pt@ AuNWs resulted in the formation of the AuNWs-CEAapt2-Tb bioconjugate. After CEA
capture, the bioconjugate completed the sandwich pattern. The response was enhanced
due to the favorable catalytic capacity of the dendritic Pt@ AuNWs with peroxidase mimetic
activity towards H,O, reduction, accelerating Tb electron transfer.

A regenerable electrochemical aptasensor was reported for the parallel detection of
mucin 1 biomarkers (MUC1) and CEA [121]. The DN A1 was the first self-assembled Au
electrode. The sulthydryl-modified DNA1 as a coupler was designed to be complementary
to DNA2 (MUCI1 aptamer) and DNA3-MB (CEA aptamer). Therefore, DNA2 and DNA3-
MB can be immobilized on the Au electrode by hybridization with DNA (DNA1) to form
the detection interface (Au/DNA1/MCH/DNA2/DNA3-MB/Au). The MB was relatively
far from the electrode surface and electron transfer was impeded. After MUC1 bonding, the
MUC1-aptamer complex was dissociated and transferred to the solution, and the distance
between the remaining redox probe and the electrode surface was shortened to facilitate
electron transfer. When the target ACE was introduced, the DNA3-MB/ACE complex was
separated from the DNA-ds and the MB signal was therefore reduced. Therefore, MUC1 or
ACE detection was performed by monitoring the MB signal changes.

A label-free aptasensor for CEA based on ternary nanocomposite of gold, hemin
and graphene on the glassy carbon electrode has been envisaged [121]. The aptamer
was assembled on the AuNDPs on the electrode surface by covalent bonding of Au-S. The
hemin absorbed by the graphene nanoparticles acts as an in-situ probe, due to its excellent
redox properties. The current changes caused by the CEA specifically attached to the
aptamer-modified electrode are exploited as a signal for CEA detection.

A bipolar electrode system (BPE) using Prussian blue (PB) has been proposed for the
electrochromic detection of CEA [122]. The CEA aptamer was pre-anchored on the anode
pole to capture the CEA through a strong link. The presence of CEA as a high molecular
weight protein on the electrode surface significantly hindered the interfacial electron transfer
kinetics of the redox probe ([Fe(CN)6]*>~/47) and led to lower electrochemical currents which
reduced the amount of PB deposited at the BPE cathode. The amount deposited depended
on the concentration of CEA and could be observed with the naked eye. This electrochromic
platform provides a fast and visual method for the detection of CEAs.

A triple signal amplification strategy was applied to detect CEAs [123]. Aptamer and
hairpin-shaped oligonucleotide functional gold nanorods (HO-GNRs) were as used as the
recognition element and signal amplifier, respectively. The HRP and HO aptamer with
biotin on terminal 3 and thiol on terminal 5’ were carried by the GNR. When the target
binds to the looped parts of HO, its loop structure is opened and exposes the biotin to react
with the pre-immobilized streptavidin. The HRP/H;O;/o-Phenylenediamine catalytic
reaction cycle triggered a significant electrochemical signal.

An impedimetric aptasensor has been proposed for CEA analysis [124]. Pt Pd
nanowires (PtPANWs) were used as nanocarriers to significantly immobilize CEA ap-
tamers. Next, two DNA hairpins, H1 and H2, were inserted to activate the chain hybridiza-
tion reaction (HCR) using the DNA initiator, resulting in the formation of a long DNA
scaffold. Meanwhile, molecules mimicking the enzyme, manganese (III) meso-tetrakis
(4-n-methylpyridiniumyl)-porphyrin were incorporated into the resulting DNA, gener-
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ating the MnTMPyP-dsDNA complex with peroxidase-like activity. Under biocatalysis
of 3,3-diaminobenzidine (DAB) by MnTMPyP-dsDNA a non-conductive IPS is formed,
resulting in a significantly amplified impedance signal due to the high barrier to electron
transfer between the electrode interface and the redox probe.

An enzymatic polymerisation strategy based on a pair of specific DNA aptamers
has been set up for the CEA analysis [125]. One aptamer is thiolated at the 3’ end and
immobilized on the Au electrode as a capture probe, while the other has a thiol group
at its 5’ end and is modified with AuNPs to form a nanoprobe. The two aptamers can
“sandwich” the target, and then the terminal deoxynucleotidyl transferase (TdT) catalyzes
the binding of the biotin-labeled dNTPs to the 3’-OH terminals of the DNA aptamer on
the nanoprobe, which bind to many avidin-modified horseradish peroxidases (Av-HRP),
resulting in a huge amount of HRP-catalyzed reduction of the peroxide.

A hybrid material composed of molybdenum selenide, graphene and gold nanoparti-
cles (MoS, /graphene/ AuNPs) has been used to construct an aptasensor with high-aptamer
loading for the CEA determination. The thiol-labeled CEA-binding aptamer was bound to
the electrode through Au-S bonds to recognize the CEA [126].

A label-free impedimetric aptasensor has been proposed for the detection of CEA
based on the interaction between CEA and an aptamer immobilized on the surface of a
mesoporous silica nanoparticle/gold nanoparticle (AuNPs/AMCM)-modified GCE [127].
The MCM was functionalized by amino groups, and then AuNPs were embedded into the
amino-functionalized MCM—-41 (AMCM). Using the EIS method, the developed aptasensor
was successfully applied for CEA detection.

Aptasensors based on aptamer-embedded zirconium-based metal-organic framework
composites (509-MOF@Apt) were developed to detect various target molecules: thrombin,
kanamycin, and CEAs [128]. The platform created depends on the conformational changes
resulting from the bonding interactions between aptamer strands and targeted molecules.

To prepare an aptasensor for CEA detection, the antibodies against CEA covalently
conjugated with the graphene oxide (GO) surface were initially immobilized onto the GCE
surface [129]. Antigens (CEAs) and gold nanorods (GNR) modified with the CEA aptamer
were collected sequentially on the surface of the GCE in a sandwich format. The molybdate
reacted with the phosphate groups of the aptamer backbone to form an electroactive
molybdophosphate precipitate on the surface of the GCE, leading to a highly amplified
signal. The redox current was ascribed to electron-transfer between different states of Mo
in the formed molybdophosphate (PMo1,04) precipitates.

An integrated signal probe (ISP)/aptasensor based on AuNPs was used for dual
analyte detection of Mucin 1 (MUC1) and CEAs [130]. Two different aptamer probes
labeled with MB and Fc were used as Signall (sP1) and Signal2 (sP2) probes. As a result,
the structural switching of DNA induced by the binding of targets to aptamers made
it possible to detect MUC1 and CEA individually or simultaneously by monitoring the
electrochemical responses of MB and Fc.

An aptasensor based on the zirconium metal-organic framework nanocomposite (ZR-
MOF, UiO-66) incorporated with silver nanoclusters (AgNCs) using CEA-targeted aptamers
as a template (AgNCs@Apt@UiO-66) has been reported [131]. An aptasensor based on the
redox-active molybdophosphate, in combination with a rolling circle amplification (RCA)
was also used for the detection of CEA. AuNPs were used as a carrier for the aptamer and
primer loading. The sandwich structure of anti-CEA /CEA /AuNP-aptamer-primer on a
GCE enabled an efficient RCA reaction. SWV was applied to record the current signal.

An impedimetric aptasensor for the CEA was based on cascade catalysis for signal
amplification. First, Cu-based MOF nanocarriers were loaded with Pt nanoparticles (PtNPs),
obtaining Pt@CuMOFs with peroxidase-like activity [132]. Next, the G-rich CEA aptamer,
hemin, and GOx were immobilized on Pt@ CuMOFs. Then, the CEA aptamer was switched
to hemin/G-quadruplex (hGq), resulting in Pt@CuMOFs-HGQ-GOx as signal probes. The
addition of 3,3-diaminobenzidine (DAB) and glucose catalyzed the oxidation of glucose
and generated H,O; in situ. Meanwhile, Pt@CuMOFs and hGq with mimicking peroxidase
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activity catalyzed the decomposition of H,O,, which, accompanied by the oxidation of
DAB and the formation of insoluble non-conducting precipitates, led to a substantially
enhanced electrochemical impedimetric signal.

An aptasensor based on graphene quantum dot ionic liquid-Nafion (GQDS-IL-NF)
composite film and Pb?* dependent DN Azyme assisted recycling for CEA determination
has been described [133]. The heightened sensitivity of the aptasensor was based on the
signal amplification protocol. In the presence of CEA, hairpin DNA recognized the target
and then formed a CEA-aptamer complex. The DNAzyme sequence hybridized with MB-
labeled substrate chain. In the presence of Pb?*, the complementary pair of double-stranded
DNA was cleaved, the CEA-aptamer complex was freed, and a DNAzyme-assisted signal
amplification reaction was conducted, yielding many MB substrates. Next, the GQDs-IL-NF
composite film was dispersed on the surface of the CEAs to interact with the MB substrates
in a non-covalent 7— stacking interaction, producing a large initial electrochemical signal.

A sandwich-type aptasensor for the detection of CEAs has been constructed using
hemine/G-quadruplex conjugated peptides (HGQ-peptide) and porous Pd nanoparticles
(PANPs) [134]. The hGQ-peptide displayed an improved catalytic activity over unmodified
HGQ. The porous PANPs served as a carrier for effective immobilization of HGQ-peptide
hybrids, aptamers, redox-active toluidine blue (Tb), and alcohol dehydrogenase (ADH),
leading to the generation of D’ADH/TB/HGQ-peptide/aptamer/PdNPs as bioprobes. Upon
the specific reaction between the aptamer and CEA, the bioprobe showed a very efficient
signal amplification obtained by the cascade enzymatic reaction catalyzed by the bioprobe.

In order to detect CEA, a label-free and lectin-based sandwich electrochemical aptasen-
sor has been specifically developed using the characteristics of CEA, HRP and concanavalin
A (ConA) [135]. The DNA aptamer specifically captured the CEA target to the Au electrode
surface. The HRP binds to ConA through sugar-lectin interactions. The DPV signal was
measured in the presence of hydroquinone (H>Q) and H,O5.

Table 5 gathers the electrochemical aptasensing assays performances for CEA.

5.4.3. Electrochemical Aptasensors for Exosomes

Exosomes are endosome derived extracellular vesicles of 30-120 nm size ranges.
Exosomes serve as mediators of cell-cell communication by the transmission of bioactive
molecules such as nucleic acids, proteins, and lipids into receptor cells. Exosomes exist
in the tumor medium, indicating a function in facilitating tumorigenesis by regulating
angiogenesis, immunity, and metastasis. Circulating exosomes can be used as non-invasive
liquid biopsies and biomarkers for the early detection, diagnosis, and treatment of cancer
patients [136].

Electrochemical aptasensors for exosome dosages have used an aptamer against
CD63 [137]. The CD63 binding aptamer has been used for the capture or detection of exo-
somes secreted by different cancer cells such as breast (MCF-7) and liver (HepG2) cell lines.
Direct electrochemical aptasensing has been developed for exosome detection using an im-
mobilized aptamer specific to capture exosomes. The approach was based on blocking the
access of electron transfer from a soluble probe to the electrode surface [138]. In this format,
the oriented immobilization of the aptamer on Au with fine spacing through a tetrahedral
DNA nanostructure, improves the accessibility of the exosomes to the recognition element
and therefore the sensitivity of the test, yielding a much lower LOD than that obtained
with an aptamer immobilization using classical SAM.

A displacement test involving immobilization of the aptamer in the form of a duplex,
hybridized with one or more strands of antisense DNA has been developed [139,140].
Recognition of the exosomes causes the release of the detected complementary strands. In
this case, it is necessary to design the hybridization strands to be complementary to the
aptamer in the region directly involved in target recognition and to label the displaced
strand with an electroactive marker. As a result, the recognition event produces a decrease
in the voltammetric signal of the marker in response to the exosome target.
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Table 5. Specifications and electrochemical performance of aptasensors for carcinoembryonic antigen (CEA).
g e . . . Limit of Detection
Sensor Specification Method Sensing Strategy Sample Matrices Detection Range (LOD) Ref.
DPV . .
aptl/Au Fe sandwich-type human serum spiked 1-200 ng/mL 0.5ng/mL [119]
dendritic Pt@ AuNWs DPV . 1 1
nanocarriers,/ thiol- CEA apt. 2 Tb, Pt@AUNWs H,O, sandwich-type human serum sample 0.001-80 ng mL 0.31 pg mL [120]
Au/DNA1/MCH/DNA2/DNA3- . 10-100 nM (MUCT1) 0.13 nM (MUC1)
SWV tumor necrosis factor-« 1 1
MB label-free . 30-300 ng mL 2.75ng mL [121]
MB (TNF-«), thrombin
electrode (CEA) (CEA)
human serum albumin
aptamer/hemin and graphene DPV ) HSA, thrombin (TB), 1 1
nanosheets (AuNPs-HGNs)/GCE electron transfer of hemin label-free lysozyme 0.0001-10 ng mL 40 fg mL (1211
(LYS), insulin (INS)
MCH/ITO/A.u film CEA EIS human serum; AFP, BSA, ]
apt./anode pole bipolar electrode structural change . 1-10 ng mL - [122]
(BPE) PB thrombin
hairpin oligonucleotide apt./Au DPV 8 human serum samples
nanorods/Gr-streptavidin HRP, H,O, switch-on 1 . npes, g Pg mL~1-50 ng mL™! 1.5pg mL! [123]
. T ung diseases patients
nanomatrix/GCE o-Phenylenediamine
EIS 0.1-0.5ng mL~! and 1
PtPANWSs/CEA apt. oxidation DAB label-free human serum samples 140 ng -1 0.030 pg mL [124]
BSA /aptamer/AuNPs DPV structural change HAS, IgE, AFP, 0.1pg mL~1-100 ng ]
/MoSe2-Gr/GCE [Fe(CN)6]3~/4- switch-on Thrombin, LDI. mL-1 0.03 pg mL [125]
amine-Apt./ AuNPs/Mesoporous EIS patient, healthy human 1.0 x 1073-100.0 ng 4 1
Silica Films/GCE [Fe(CN)6]3—/4~ structural change serum samples mL~! 9.8 x10"% ng mL [126]
CEA
0.40 pg mL~1,
EIS conformational changes, 1 thrombin
509-MOFs@Apt. strand [Fe(CN)e]>/4+ label-free human serum sample 0.001-0.50 ng mL 0.37 pg mL-1, [127]
Kanamycin
0.21 pgmL~!
—1_
GCE/Au nanorods/Antibody redox-active PMo1,04g sandwich-type human serum samples 0-1pg 211}1 10ng 0.05 pg mL~! [128]
SWV 1-1pg mL~!
DNA structural (CEA), 0.517 ng mL~! (CEA),
MCH/apt./(ISP)/ AuNPs/GCE 1\}/11(}:3 switching HAS, HIgG 5 AM-1 (M 1.06 nM (MUC1) [129]
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Table 5. Cont.
e e . . . Limit of Detection
Sensor Specification Method Sensing Strategy Sample Matrices Detection Range (LOD) Ref.
EIS 0.01—10 ng mL~! (EIS, 8.88 (EIS) 4.93 (DPV)
Zr-MOF AgNCs@Apt@UiO-66, g ) DPV) pgmL~!
AgNCs@CEA-apt. [S)II)’I\{/, label-free human serum samples 1.0-250 ng mL-1 03 ng -1 [130]
(SPR) (SPR)
SWV
GCE/AuNP-apt redox-active PMo1,04 sandwich-type human serum samples 0.5 pg mL~1-1 ng mL~1 0.1 pg mL™1 [131]
pt rolling circle amplification yp p 2 P8 & P8 -
(RCA)
EIS 0.05 L-1-20
GCE/apt./CuMOF/Pt 3DAB, insoluble precipitates sandwich-type human serum samples WP gr;nL_l ng 0.023 pg mL~! [132]
(IPs)
GQDs-IL-NF/glassy carbon DPV serum samples; CEA 0.5fg mL~1-0.5 ng
i S g 24 o _ ; ’ . —U. -1
electrode/single-stranded DNA MB, Pb DNAZy.m e- signal label- free PSA, BSA, MUC1 mL~1 0.34 fg mL [153]
amplification
ADH/hemin/G-quadruplex Drv . serum sample; AFP, BSA, 1 1
(hGQ-peptide) /apt./PdNPs/GCE Tb, ADH sandwich-type Hb 0.0001-100 ng mL 20 fg mL [134]
human blood serum
DPV label-free, ) 1 1
MCH-Apt./Au HRP label sandwich-type samples; BSA, HSA, 5-40 ng mL 3.4ngmL [135]

v-glubulin, AFP, CRP
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Exosome recognition can also be transformed into a DNA detection assay by deriva-
tizing exosomes once trapped on the detection layer with a DNA sequence by click chem-
istry [141]. The ssDNA is then detected by the HCR, using a biotin-hairpin as a probe. The
detection of elongated DNA products is achieved by measuring the peroxidase activity
of the streptavidin—peroxidase conjugate used as a reporter. Another design based on
a recognition event which occurs in solution was also described. The capture aptamer
is hybridized with an oligonucleotide which is liberated upon exosome binding. These
strands are detected on an ITO electrode using doxorubicin as an electroactive probe by an
exonuclease Ill-assisted recycling assay [142].

The electrochemical detection of HepG2-derived exosomes was based on their enrich-
ment with functionalized anti-CD63 immunobeads, followed by recognition by the DNA
chain containing the CD63 aptamer region and a cascade-mediated strand displacement
reaction [143]. The on-chip isolation and in situ electrochemical analysis for exosomes
steps have been integrated into a microfluidic platform for rapid and simple analysis of
exosomes in clinical samples for cancer diagnosis [144].

Table 6 demonstrates performance of electrochemical exosome aptasensing assay.

5.4.4. Electrochemical Aptasensors for Circulating Tumor Cells Biomarkers

Epithelial cell adhesion molecule (EpCAM) is a common biomarker of circulating
tumor cells and has an important role in tumor metastasis [145]. It is very difficult to detect
EpCAM due to its extremely low concentration in peripheral blood.

An electrochemical aptasensor has been successfully developed for EpCAM detec-
tion [146]. The Au electrode has been modified by an aptamer acting as the capture probe
for Epcam target, which can then be recognized by a second aptamer acting as a signal
reporter. To amplify the signal, a silica/CdSe nanoparticle complex has been devised; silica
nanoparticles serve as loading carriers for several CdSe quantum dots capable of binding to
a second aptamer via biotin-streptavidin interactions. The EpcCAM molecule can couple
to many CdSe quantum dots (CT) to significantly enhancing the SWV signal.

An amperometric aptasensor has been suggested for the detection of EpCAM [147],
based on the cooperation of the EpCAM-mediated DNA recycling amplification, the specific
recognition of the aptamer EpCAM, and EpCAM binding. The 5'-terminal of the Hairpin 1
probe (Hp1) was modified by the thiol group (5'-SH) and self-organized on the Au electrode
surface. After EpCAM addition, the probe A (a 15-sea) is released from the aptamer/probe
A complex and then hybridizes with the toehold domain of Hp1. This causes another
toehold to be exposed for subsequent hybridization with hairpin probe 2 (Hp2) to move the
A probe in the presence of Hp2 labeled with MB. The released probe A is then re-hybridized
with another Hp1 to begin the next round of DNA recycling amplification using probe A,
resulting in the formation of many strands of MB-labeled DNA on the electrode surface
and an amplified current signal.

The nanospheric (CNS)-based aptasensing has been shaped to measure human colon
cancer cells DLD-1 through the process of recognition of the MUC-1 aptamer to MUC-1
glyprotein on the cellular membrane that can be used for monitoring the adhesion of DLD-1
cells [148]. The MUC-1 aptamer was bound to the surface of the CNS/GCE activated by
carbodiimide chemistry. The MUC-1 aptamer/CNSs/GCE acts as a capture probe for
MUC-1. The generated signal was measured by the EIS.

A label-free aptasensor for the detection of Mucin 1 (MUC1), has been suggested [149].
The Au electrode was modified by direct immobilization of thiolated single-stranded anti-
MUC1 DNA aptamers which were also labeled at the terminus end with MB. The single
strands of DNA are twisted into a hairpin structure which allows direct electron transfer
between the MB and Au electrode. The MUC1 bond has changed the conformation of
the aptamer, which pushes the redox MB center away from the electrode surface, thus
decreasing the detection signal.

A cytosensing technique for the simultaneous multiplex detection of acute myeloid
leukemia cells and acute lymphocytic leukemia cells was designed. The design involves
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the assembly of a multilayer graphene—Au nanoparticle with a dual aptamer function and
the use of hybrid electrochemical nanoprobes co-functionalized with an HRP redox marker,
cell-targeted nucleic acid aptamers, and the cells being placed between the nanoprobes and
the electrode interface [150]. The multifunctional hybrid nanoprobes target specific cells,
amplify electrochemical signals, and generate various signals for the multiplex detection of
acute myeloid leukemia cells and acute lymphocytic leukemia cells.

Table 7 presents the specifications and the electrochemical performance of aptasensors
for circulating tumor cells biomarkers.
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Table 6. Specifications and electrochemical performance of aptasensors for exosomes.
e e . . . Limit of Detection
Exosomes Sensor Specification Method Sensing Strategy Sample Matrices Detection Range (LOD) Ref.
) Electrogenerated 5 6
MCEF-7 exosomes Apt./2D Ti3C2 MXenes chemiluminescence sandwich-type serum > 1.0 - % 1? 125 particles pL.~! [137]
nanosheets (ECL) particles pL
hepatocellular Apt.-nanotetrahedron (NTH) SWV . . 10°-1012 4
exosomes SAM/ Au electrode [Fe(CN)g]~3/—4 sandwich-type membrane proteins exosomes/mL 1> 10%/mL [138]
exosome transmembrane
protein CD63 apt./Au SWV . . 3 . 6 .
exosomes electrode array, microfluidic MB redox label switch-off fetal bovine serum 1 x 10° particles/mL 1 x 10° particles/mL [139]
system
DPV MCE-7 cell, HeLa
tumor exosomes 3_ " een ] J 1000-120,000 .
LNCaP cells DNAs/Au electrode Ru(NH3)6 turn-off” signal cell-derived particles/ L 70 particles/uL [140]
signal reporter exosomes
DPV
CD63 apt./GCE/Cu HRP, 1.12 x 10? to 1.12 x .
Exosomes (I)-catalyzed click chemistry ~ o-phenylene-diamine label-free human serum 108 particles/pL 96 particles/uL. [141]
(OPD), H,O,
brv label-free biological, clinical 3.4 x 10*-3.4 x 108 1.2 x 10* particl
cancer-exosome ITO electrode DOX redox-active . ” gieal, ’ . ’ ’ particies [142]
s signal-on” strategy samples particles per mL per mL
indicator
SWV displacement 1 x 10°-5 x 107 1.72 x 10%
HepG2-exosomes Au electrode/apt. [Fe(CN)g] %/~ reaction serum samples particles/mL, particles/mL, [143]
DPV 4
CD63 positive micﬁ‘rl;ﬁtfilcelzic; I;)Or(iihi [Fe(CN)s] ">/, th. label-free 1&211132?3&1 arti 712 1/ ><11111f)’c 7.61 439 x 10° [144]
exosomes P enhanced cathodic P » parucies o particles/mL

platform (ExoPCD-chip)

current

healthy controls

x 108 particles/mL
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Table 7. Specifications and electrochemical performance of aptasensors for circulating tumor cells biomarkers.

. . Sample . .
Clrculat'mg Tumor Cells Sensor Specification Method Sensing Strategy Matrices/Tested Detection Range Limit of Detection Ref.
Biomarkers (LOD)
Interferents
Au electrode/2- stripping SWV - added CK-19,
EpCAM mercaptoethanol/apt. CdSe NPs signal sandwich-type thrombin 10aMto 100 pM 10aM [146]
EpCAM apt. Hairpin probe 1 .
EpCAM (Hp1) 5'-SH/SAM/MCH/ Au SWV switch-on spiked human serum, 4 p oy -1 20 pg mL~1 [147]
MB urine, saliva
electrode
human astrocyte
human colon cancer EIS, CV 1.25 x 102-1.25 x 100
DLD-1 cells MUC-1 apt./CNSs [Fe(CN)g] -3/~ label-free (HA) cilellsl,s DLD-1 cells per mL, 40 cells per mL [148]
epithelial tumor marker MB-hairpin DNA apt./Au conformational added lysozyme,
P . P pt SWV change cytochrome ¢, and upto1.5M 50 nM [149]
mucin 1 (MUC1) electrode .
switch-off BSA
human leukemia cell line
(HL-60) dual apt./multilayered DPV - Hela, K562, normal 5 x 102-1 x 107 cells
lymphocytic leukemia graphene—AuNPs electrode HRP redox tags sandwich-type red blood cells per mL 350 cells per mL [150]

cells (CEM cells)
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6. Conclusions and Outlook

Over the last few decades, aptamers have attracted a lot of interest in the biosensor
industry, because they are the next generation of target receptors that can replace antibody
functions. SELEX is an automated procedure and needs only a few days to evolve some
binders. This is much shorter compared to antibody selection, which often requires several
months. Aptamers can even differentiate the chirality of a molecule and its secondary
structure. Aptamers can choose any types of targets with no restrictions. The antibodies
undergo permanent degradation, while aptamers can undergo several cycles of denatu-
ration/regeneration. DNA aptamers are acceptable for the design of reusable aptamer
detectors, while RNA aptamers can be single-dimensional. The use of aptamers is not
limited to specific areas and can be used as recognition molecules in almost any domain.
The main limitation is the degradation of RNAs aptamer by ribonuclease. These problems
can be solved by modifying the RNA aptamers. Another limitation is that the microenvi-
ronment will affect the structure of the aptamer and the interactions with the ligand target.
Moreover, the composition of salts has a significant effect on aptamer configuration. The
integration of aptamers into detection platforms such as microfluidics and paper-based
analytical devices and lab-on-a-chip (LOC) areas for point-of-care (POC) diagnosis is be-
coming increasingly popular. Aptamer-based detection systems meet most POC diagnostic
requirements.

Selecting a high-affinity aptamer is not a trivial task; there are still many critical
biomarkers that do not have suitable aptamers. Therefore, the success of these LOC
platforms for an aptamer-based biosensor depends on the discovery of new aptamers
that work well for the target analyte. Moreover, the washing step is of crucial importance,
because an efficient and rapid target removal procedure is useful for aptasensing in order to
obtain continuous and possible real-time detection of the analyte by an automated process.
This could improve low-resource health services worldwide.

Author Contributions: A.-E.R.: conceptualization, writing—original draft; supervision. M.R. A -E.:
methodology, validation, writing—review and editing. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Syed, M.A; Pervaiz, S. Advances in Aptamers. Oligonucleotides 2010, 20, 215-224. [CrossRef] [PubMed]

2. Ellington, A.D.; Szostak, ].W. In vitro selection of RNA molecules that bind specific ligands. Nature 1990, 346, 818-822. [CrossRef]
[PubMed]

3. Tuerk, C; Gold, L. Systematic evolution of ligands by exponential enrichment: RNA ligands to bacteriophage T4 DNA polymerase.
Science 1990, 249, 505-510. [CrossRef] [PubMed]

4. Hori, S.I; Herrera, A.; Rossi, ].].; Zhou, J. Current advances in aptamers for cancer diagnosis and therapy. Cancers 2018, 10, 9.
[CrossRef]

5. Birch, J.R.; Racher, A.]. Antibody production. Adv. Drug Deliv. Rev. 2006, 58, 671-685. [CrossRef]

6. Chen, A; Yang, S. Replacing antibodies with aptamers in lateral flow immunoassay. Biosens. Bioelectron. 2015, 71, 230-242.
[CrossRef]

7. Mascini, M. Aptamers and their applications. Anal. Bioanal. Chem. 2008, 390, 987-988. [CrossRef]

8.  Ferreira, C.S.; Missailidis, S. Aptamer-based therapeutics and their potential in radiopharmaceutical design. Braz. Arch. Biol.
Technol. 2007, 50, 63-76. [CrossRef]

9. Jayasena, S.D. Aptamers: An Emerging Class of Molecules That Rival Antibodies in Diagnostics. Clin. Chem. 1999, 45, 1628-1650.
[CrossRef]

10. Han, K;; Liang, Z.; Zhou, N. Design strategies for aptamer-based biosensors. Sensors 2010, 10, 4541-4557. [CrossRef]

11.  Keefe, A.D.; Pai, S.; Ellington, A. Aptamers as therapeutics. Nat. Rev. Drug Discov. 2010, 9, 537-550. [CrossRef] [PubMed]

12.  Ikebukuro, K,; Kiyohara, C.; Sode, K. Electrochemical detection of protein using a double aptamer sandwich. Anal. Lett. 2004,

37,2901-2909. [CrossRef]


http://doi.org/10.1089/oli.2010.0234
http://www.ncbi.nlm.nih.gov/pubmed/20677985
http://doi.org/10.1038/346818a0
http://www.ncbi.nlm.nih.gov/pubmed/1697402
http://doi.org/10.1126/science.2200121
http://www.ncbi.nlm.nih.gov/pubmed/2200121
http://doi.org/10.3390/cancers10010009
http://doi.org/10.1016/j.addr.2005.12.006
http://doi.org/10.1016/j.bios.2015.04.041
http://doi.org/10.1007/s00216-007-1769-y
http://doi.org/10.1590/S1516-89132007000600008
http://doi.org/10.1093/clinchem/45.9.1628
http://doi.org/10.3390/s100504541
http://doi.org/10.1038/nrd3141
http://www.ncbi.nlm.nih.gov/pubmed/20592747
http://doi.org/10.1081/AL-200035778

Diagnostics 2021, 11, 104 28 of 33

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Ikebukuro, K.; Kiyohara, C.; Sode, K. Novel electrochemical sensor system for protein using the aptamers in sandwich manner.
Biosens. Bioelectron. 2005, 20, 2168-2172. [CrossRef] [PubMed]

Kara, P; de la Escosura-Muniz, A.; Maltez-da Costa, M.; Guix, M.; Ozsoz, M.; Merkogi, A. Aptamers based electrochemical
biosensor for protein detection using carbon nanotubes platforms. Biosens. Bioelectron. 2010, 26, 1715-1718. [CrossRef] [PubMed]
Lu, Y,; Zhu, N.; Yu, P; Mao, L. Aptamer-based electrochemical sensors that are not based on the target binding-induced
conformational change of aptamers. Analyst 2008, 133, 1256-1260. [CrossRef]

Yan, Z.; Han, Z.; Huang, H.; Shen, H.; Lu, X. Rational design of a thrombin electrochemical aptasensor by conjugating two DNA
aptamers with G-quadruplex halves. Anal. Biochem. 2013, 442, 237-240. [CrossRef] [PubMed]

Zheng, J.; Lin, L.; Cheng, G.; Wang, A.; Tan, X.; He, P; Fang, Y. Study on an electrochemical biosensor for thrombin recognition
based on aptamers and nano particles. Sci. China Ser. B Chem. 2007, 50, 351-357. [CrossRef]

Xu, D.; Xu, D.; Yu, X;; Liu, Z.; He, W.; Ma, Z. Label-Free Electrochemical Detection for Aptamer-Based Array Electrodes. Anal.
Chem. 2005, 77,5107-5113. [CrossRef]

Numnuam, A.; Chumbimuni-Torres, K.Y.; Xiang, Y.; Bash, R.; Thavarungkul, P.; Kanatharana, P.; Pretsch, E.; Wang, ].; Bakker, E.
Aptamer-Based Potentiometric Measurements of Proteins Using Ion-Selective Microelectrodes. Anal. Chem. 2008, 80, 707-712.
[CrossRef] [PubMed]

Wang, X.; Zhou, J.; Yun, W.; Xiao, S.; Chang, Z.; He, P,; Fang, Y. Detection of thrombin using electrogenerated chemiluminescence
based on Ru(bpy)32+-doped silica nanoparticle aptasensor via target protein-induced strand displacement. Anal. Chim. Acta
2007, 598, 242-248. [CrossRef] [PubMed]

Feng, K.; Sun, C.; Kang, Y.; Chen, J.; Jiang, J.-H.; Shen, G.-L.; Yu, R.-Q. Label-free electrochemical detection of nanomolar adenosine
based on target-induced aptamer displacement. Electrochem. Commun. 2008, 10, 531-535. [CrossRef]

Cho, EJ.; Lee, ].-W.; Ellington, A.D. Applications of Aptamers as Sensors. Annu. Rev. Anal. Chem. 2009, 2, 241-264. [CrossRef]
[PubMed]

Leff, D.V.; Brandt, L.; Heath, ].R. Synthesis and characterization of hydrophobic, organically-soluble gold nanocrystals functional-
ized with primary amines. Langmuir 1996, 12, 4723-4730. [CrossRef]

Lee, C.-Y,; Gong, P.; Harbers, G.M.; Grainger, D.W.; Castner, D.G.; Gamble, L.]. Surface coverage and structure of mixed
DNA /alkylthiol monolayers on gold: Characterization by XPS, NEXAFS, and fluorescence intensity measurements. Anal. Chem.
2006, 78, 3316-3325. [CrossRef] [PubMed]

Keighley, S.D.; Li, P; Estrela, P.; Migliorato, P. Optimization of DNA immobilization on gold electrodes for label-free detection by
electrochemical impedance spectroscopy. Biosens. Bioelectron. 2008, 23, 1291-1297. [CrossRef] [PubMed]

Xu, X.; Makaraviciute, A.; Kumar, S.; Wen, C.; Sjoodin, M.; Abdurakhmanov, E.; Danielson, U.H.; Nyholm, L.; Zhang, Z. Structural
Changes of Mercaptohexanol Self-Assembled Monolayers on Gold and Their Influence on Impedimetric Aptamer Sensors. Anal.
Chem. 2019, 91, 14697-14704. [CrossRef]

Vericat, C.; Vela, M.; Benitez, G.; Carro, P,; Salvarezza, R. Self-assembled monolayers of thiols and dithiols on gold: New
challenges for a well-known system. Chem. Soc. Rev. 2010, 39, 1805-1834. [CrossRef]

Ying, G.; Wang, M.; Yi, Y.; Chen, ].; Mei, J.; Zhang, Y.; Chen, S. Construction and application of an electrochemical biosensor based
on an endotoxin aptamer. Biotechnol. Appl. Biochem. 2018, 65, 323-327. [CrossRef]

Porter, M.D.; Bright, T.B.; Allara, D.L.; Chidsey, C.E. Spontaneously organized molecular assemblies. 4. Structural characterization
of n-alkyl thiol monolayers on gold by optical ellipsometry, infrared spectroscopy, and electrochemistry. J. Am. Chem. Soc. 1987,
109, 3559-3568. [CrossRef]

Josephs, E.A ; Ye, T. A single-molecule view of conformational switching of DNA tethered to a gold electrode. J. Am. Chem. Soc.
2012, 134, 10021-10030. [CrossRef]

Hanssen, B.L.; Siraj, S.; Wong, D.K. Recent strategies to minimise fouling in electrochemical detection systems. Rev. Anal. Chem.
2016, 35, 1-28. [CrossRef]

Greenberg, A.; Breneman, C.M.; Liebman, ].F. The Amide Linkage: Structural Significance in Chemistry, Biochemistry, and Materials
Science; John Wiley & Sons: New York, NY, USA, 2000.

Rabai, S.; Benounis, M.; Catanante, G.; Baraket, A.; Errachid, A.; Jaffrezic Renault, N.; Marty, ].L.; Rhouati, A. Development of a
label-free electrochemical aptasensor based on diazonium electrodeposition: Application to cadmium detection in water. Anal.
Biochem. 2021, 612, 113956. [CrossRef] [PubMed]

Gokge, G.; Ben Aissa, S.; Nemcekova, K.; Catanante, G.; Raouafi, N.; Marty, ].L. Aptamer-modified pencil graphite electrodes for
the impedimetric determination of ochratoxin A. Food Control 2020, 115, 107271. [CrossRef]

Haghshenas, E.; Madrakian, T.; Afkhami, A.; Saify Nabiabad, H. An electrochemical ceruloplasmin aptasensor using a glassy
carbon electrode modified by diazonium-functionalized multiwalled carbon nanotubes. J. Iran. Chem. Soc. 2019, 16, 593—602.
[CrossRef]

Khan, R.; Aissa, S.B.; Sherazi, T.A.; Catanante, G.; Hayat, A.; Marty, ].L. Development of an impedimetric aptasensor for label free
detection of patulin in apple juice. Molecules 2019, 24, 1017. [CrossRef]

Feier, B.; Bajan, I.; Cristea, C.; Sandulescu, R. Aptamer-based electrochemical sensor for the detection of ampicillin. In Proceedings
of the International Conference on Advancements of Medicine and Health Care through Technology, Cluj-Napoca, Romania,
12-15 October 2016; pp. 107-110.


http://doi.org/10.1016/j.bios.2004.09.002
http://www.ncbi.nlm.nih.gov/pubmed/15741093
http://doi.org/10.1016/j.bios.2010.07.090
http://www.ncbi.nlm.nih.gov/pubmed/20729068
http://doi.org/10.1039/b807913g
http://doi.org/10.1016/j.ab.2013.06.021
http://www.ncbi.nlm.nih.gov/pubmed/23872010
http://doi.org/10.1007/s11426-007-0062-4
http://doi.org/10.1021/ac050192m
http://doi.org/10.1021/ac701910r
http://www.ncbi.nlm.nih.gov/pubmed/18184015
http://doi.org/10.1016/j.aca.2007.07.050
http://www.ncbi.nlm.nih.gov/pubmed/17719898
http://doi.org/10.1016/j.elecom.2008.01.024
http://doi.org/10.1146/annurev.anchem.1.031207.112851
http://www.ncbi.nlm.nih.gov/pubmed/20636061
http://doi.org/10.1021/la960445u
http://doi.org/10.1021/ac052137j
http://www.ncbi.nlm.nih.gov/pubmed/16689532
http://doi.org/10.1016/j.bios.2007.11.012
http://www.ncbi.nlm.nih.gov/pubmed/18178423
http://doi.org/10.1021/acs.analchem.9b03946
http://doi.org/10.1039/b907301a
http://doi.org/10.1002/bab.1610
http://doi.org/10.1021/ja00246a011
http://doi.org/10.1021/ja3010946
http://doi.org/10.1515/revac-2015-0008
http://doi.org/10.1016/j.ab.2020.113956
http://www.ncbi.nlm.nih.gov/pubmed/32950496
http://doi.org/10.1016/j.foodcont.2020.107271
http://doi.org/10.1007/s13738-018-1533-6
http://doi.org/10.3390/molecules24061017

Diagnostics 2021, 11, 104 29 of 33

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Istamboulié, G.; Paniel, N.; Zara, L.; Granados, L.R.; Barthelmebs, L.; Noguer, T. Development of an impedimetric aptasensor for
the determination of aflatoxin M1 in milk. Talanta 2016, 146, 464-469. [CrossRef]

Belanger, D.; Pinson, J. Electrografting: A powerful method for surface modification. Chem. Soc. Rev. 2011, 40, 3995-4048.
[CrossRef]

Nwe, K.; Brechbiel, M.W. Growing applications of “click chemistry” for bioconjugation in contemporary biomedical research.
Cancer Biother. Radiopharm. 2009, 24, 289-302. [CrossRef]

Grabowska, I.; Sharma, N.; Vasilescu, A.; Iancu, M.; Badea, G.; Boukherroub, R.; Ogale, S.; Szunerits, S. Electrochemical
Aptamer-Based Biosensors for the Detection of Cardiac Biomarkers. ACS Omega 2018, 3, 12010-12018. [CrossRef]

Xie, D.; Li, C.; Shangguan, L.; Qi, H.; Xue, D.; Gao, Q.; Zhang, C. Click chemistry-assisted self-assembly of DNA aptamer on gold
nanoparticles-modified screen-printed carbon electrodes for label-free electrochemical aptasensor. Sens. Actuators B Chem. 2014,
192, 558-564. [CrossRef]

Hayat, A.; Sassolas, A.; Marty, ].L.; Radi, A.E. Highly sensitive ochratoxin A impedimetric aptasensor based on the immobilization
of azido-aptamer onto electrografted binary film via click chemistry. Talanta 2013, 103, 14-19. [CrossRef] [PubMed]

Xiang, W.; Zhang, Z.; Weng, W.; Wu, B.; Cheng, J.; Shi, L.; Sun, H.; Gao, L.; Shi, K. Highly sensitive detection of carcinoembryonic
antigen using copper-free click chemistry on the surface of azide cofunctionalized graphene oxide. Anal. Chim. Acta 2020, 1127,
156-162. [CrossRef] [PubMed]

Fan, J.; Tang, Y.; Yang, W.; Yu, Y. Disposable multiplexed electrochemical sensors based on electro-triggered selective im-
mobilization of probes for simultaneous detection of DNA and proteins. J. Mater. Chem. B 2020, 8, 7501-7510. [CrossRef]
[PubMed]

Maehashi, K.; Matsumoto, K. Label-Free Electrical Detection Using Carbon Nanotube-Based Biosensors. Sensors 2009, 9, 5368-5378.
[CrossRef] [PubMed]

Hianik, T.; Ostatnd, V.; Sonlajtnerova, M.; Grman, I. Influence of ionic strength, pH and aptamer configuration for binding affinity
to thrombin. Bioelectrochemistry 2007, 70, 127-133. [CrossRef]

Zhang, Z.; Yang, W.; Wang, ].; Yang, C.; Yang, F.; Yang, X. A sensitive impedimetric thrombin aptasensor based on polyamidoamine
dendrimer. Talanta 2009, 78, 1240-1245. [CrossRef]

Mir, M.; Vreeke, M.; Katakis, I. Different strategies to develop an electrochemical thrombin aptasensor. Electrochem. Commun.
2006, 8, 505-511. [CrossRef]

Seo, H.B.; Gu, M.B. Aptamer-based sandwich-type biosensors. J. Biol. Eng. 2017, 11, 11. [CrossRef]

Lee, SJ.; Park, J.-W,; Kim, I.-A.; Youn, B.-S.; Gu, M.B. Sensitive detection of adipokines for early diagnosis of type 2 diabetes using
enzyme-linked antibody-aptamer sandwich (ELAAS) assays. Sens. Actuators B Chem. 2012, 168, 243-248. [CrossRef]

Shen, C; Liu, S.; Li, X.; Yang, M. Electrochemical Detection of Circulating Tumor Cells Based on DNA Generated Electrochemical
Current and Rolling Circle Amplification. Anal. Chem. 2019, 91, 11614-11619. [CrossRef]

Sun, D.; Ly, J.; Luo, Z.; Zhang, L,; Liu, P; Chen, Z. Competitive electrochemical platform for ultrasensitive cytosensing of liver
cancer cells by using nanotetrahedra structure with rolling circle amplification. Biosens. Bioelectron. 2018, 120, 8—14. [CrossRef]
[PubMed]

Miao, P,; Tang, Y. Gold Nanoparticles-Based Multipedal DNA Walker for Ratiometric Detection of Circulating Tumor Cell. Anal.
Chem. 2019, 91, 15187-15192. [CrossRef] [PubMed]

Baldrich, E.; Acero, J.L.; Reekmans, G.; Laureyn, W.; O’Sullivan, C.K. Displacement enzyme linked aptamer assay. Anal. Chem.
2005, 77, 4774-4784. [CrossRef] [PubMed]

Mir, M.; Jenkins, A.T.A.; Katakis, I. Ultrasensitive detection based on an aptamer beacon electron transfer chain. Electrochem.
Commun. 2008, 10, 1533-1536. [CrossRef]

Radi, A.E.; O’Sullivan, C.K. Aptamer conformational switch as sensitive electrochemical biosensor for potassium ion recognition.
Chem. Commun. 2006, 3432-3434. [CrossRef]

Xiao, Y.; Piorek, B.D.; Plaxco, K.W.; Heeger, A.]. A reagentless signal-on architecture for electronic, aptamer-based sensors via
target-induced strand displacement. J. Am. Chem. Soc. 2005, 127, 17990-17991. [CrossRef]

Sanchez, J.L.A.; Baldrich, E.; Radi, A.E.G.; Dondapati, S.; Sanchez, P.L.; Katakis, I.; O’Sullivan, C.K. Electronic ‘off-on” molecular
switch for rapid detection of thrombin. Electroanalysis 2006, 18, 1957-1962. [CrossRef]

Zhang, Y.-L.; Huang, Y,; Jiang, J.-H.; Shen, G.-L.; Yu, R.-Q. Electrochemical aptasensor based on proximity-dependent surface
hybridization assay for single-step, reusable, sensitive protein detection. J. Am. Chem. Soc. 2007, 129, 15448-15449. [CrossRef]
Kawde, A.-N.; Rodriguez, M.C.; Lee, TM.; Wang, J. Label-free bioelectronic detection of aptamer—protein interactions. Electrochem.
Commun. 2005, 7, 537-540. [CrossRef]

Dou, B.; Xu, L.; Jiang, B.; Yuan, R.; Xiang, Y. Aptamer-Functionalized and Gold Nanoparticle Array-Decorated Magnetic Graphene
Nanosheets Enable Multiplexed and Sensitive Electrochemical Detection of Rare Circulating Tumor Cells in Whole Blood. Anal.
Chem. 2019, 91, 10792-10799. [CrossRef]

Ou, D,; Sun, D,; Liang, Z.; Chen, B.; Lin, X.; Chen, Z. A novel cytosensor for capture, detection and release of breast cancer
cells based on metal organic framework PCN-224 and DNA tetrahedron linked dual-aptamer. Sens. Actuators B Chem. 2019,
285, 398-404. [CrossRef]

Tian, L.; Qi, J.; Qian, K.; Oderinde, O.; Liu, Q.; Yao, C.; Song, W.; Wang, Y. Copper (II) oxide nanozyme based electrochemical
cytosensor for high sensitive detection of circulating tumor cells in breast cancer. J. Electroanal. Chem. 2018, 812, 1-9. [CrossRef]


http://doi.org/10.1016/j.talanta.2015.09.012
http://doi.org/10.1039/c0cs00149j
http://doi.org/10.1089/cbr.2008.0626
http://doi.org/10.1021/acsomega.8b01558
http://doi.org/10.1016/j.snb.2013.11.038
http://doi.org/10.1016/j.talanta.2012.09.048
http://www.ncbi.nlm.nih.gov/pubmed/23200352
http://doi.org/10.1016/j.aca.2020.06.053
http://www.ncbi.nlm.nih.gov/pubmed/32800119
http://doi.org/10.1039/D0TB01532F
http://www.ncbi.nlm.nih.gov/pubmed/32672323
http://doi.org/10.3390/s90705368
http://www.ncbi.nlm.nih.gov/pubmed/22346703
http://doi.org/10.1016/j.bioelechem.2006.03.012
http://doi.org/10.1016/j.talanta.2009.01.034
http://doi.org/10.1016/j.elecom.2005.12.022
http://doi.org/10.1186/s13036-017-0054-7
http://doi.org/10.1016/j.snb.2012.04.016
http://doi.org/10.1021/acs.analchem.9b01897
http://doi.org/10.1016/j.bios.2018.08.002
http://www.ncbi.nlm.nih.gov/pubmed/30142479
http://doi.org/10.1021/acs.analchem.9b04000
http://www.ncbi.nlm.nih.gov/pubmed/31674765
http://doi.org/10.1021/ac0502450
http://www.ncbi.nlm.nih.gov/pubmed/16053288
http://doi.org/10.1016/j.elecom.2008.04.040
http://doi.org/10.1039/b606804a
http://doi.org/10.1021/ja056555h
http://doi.org/10.1002/elan.200603610
http://doi.org/10.1021/ja0773047
http://doi.org/10.1016/j.elecom.2005.03.008
http://doi.org/10.1021/acs.analchem.9b02403
http://doi.org/10.1016/j.snb.2019.01.079
http://doi.org/10.1016/j.jelechem.2017.12.012

Diagnostics 2021, 11, 104 30 of 33

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Liu, J.-X.; Bao, N.; Luo, X.; Ding, S.-N. Nonenzymatic Amperometric Aptamer Cytosensor for Ultrasensitive Detection of
Circulating Tumor Cells and Dynamic Evaluation of Cell Surface N-Glycan Expression. ACS Omega 2018, 3, 8595-8604. [CrossRef]
[PubMed]

Riddell, E.; Lenihan, D. The role of cardiac biomarkers in cardio-oncology. Curr. Probl. Cancer 2018, 42, 375-385. [CrossRef]
Iddagoda, M.T. The role of high-sensitive troponin measurement as a biomarker during the postoperative period for the detection
of myocardial injury after non-cardiac surgery. J. Perioper. Pract. 2020. [CrossRef]

Regan, B.; O’Kennedy, R.; Collins, D. Point-of-care compatibility of ultra-sensitive detection techniques for the cardiac biomarker
troponin I—challenges and potential value. Biosensors 2018, 8, 114. [CrossRef]

Teixeira, R.P; Neves, A.L.; Guimaraes, H. Cardiac biomarkers in neonatology: BNP/NTproBNP, troponin I/T, CK-MB and
myoglobin—A systematic review. J. Pediatr. Neonatal Individ. Med. 2017, 6, €060219. [CrossRef]

Pyati, A K.; Devaranavadagi, B.B.; Sajjannar, S.L.; Nikam, S.V,; Shannawaz, M.; Sudharani. Heart-type fatty acid binding protein:
A better cardiac biomarker than CK-MB and myoglobin in the early diagnosis of acute myocardial infarction. J. Clin. Diagn. Res.
2015, 9, BCO8-BC11. [CrossRef]

Wang, Q.; Liu, E; Yang, X.; Wang, K.; Wang, H.; Deng, X. Sensitive point-of-care monitoring of cardiac biomarker myoglobin
using aptamer and ubiquitous personal glucose meter. Biosens. Bioelectron. 2015, 64, 161-164. [CrossRef]

Goetze, ].P; Bruneau, B.G.; Ramos, H.R.; Ogawa, T.; de Bold, M.K,; de Bold, A.]. Cardiac natriuretic peptides. Nat. Rev. Cardiol.
2020, 17, 698-717. [CrossRef]

Seliger, S. The Cardiorenal Syndrome: Mechanistic Insights and Prognostication with Soluble Biomarkers. Curr. Cardiol. Rep.
2020, 22, 114. [CrossRef] [PubMed]

Pregenzer-Wenzler, A.; Abraham, J.; Barrell, K.; Kovacsovics, T.; Nativi-Nicolau, J. Utility of Biomarkers in Cardiac Amyloidosis.
JACC Heart Fail. 2020, 8, 701-711. [CrossRef] [PubMed]

Jo, H.; Gu, H.; Jeon, W.; Youn, H.; Her, ].; Kim, S.K,; Lee, J.; Shin, ].H.; Ban, C. Electrochemical Aptasensor of Cardiac Troponin i
for the Early Diagnosis of Acute Myocardial Infarction. Anal. Chem. 2015, 87, 9869-9875. [CrossRef] [PubMed]

Lopa, N.S.; Rahman, M.M.; Ahmed, E; Ryu, T.; Sutradhar, S.C.; Lei, J.; Kim, J.; Kim, D.H.; Lee, Y.H.; Kim, W. Simple, low-cost,
sensitive and label-free aptasensor for the detection of cardiac troponin I based on a gold nanoparticles modified titanium foil.
Biosens. Bioelectron. 2019, 126, 381-388. [CrossRef] [PubMed]

Negahdary, M.; Behjati-Ardakani, M.; Heli, H. An electrochemical troponin T aptasensor based on the use of a macroporous gold
nanostructure. Microchim. Acta 2019, 186, 377. [CrossRef]

Negahdary, M.; Behjati-Ardakani, M.; Sattarahmady, N.; Yadegari, H.; Heli, H. Electrochemical aptasensing of human cardiac
troponin I based on an array of gold nanodumbbells-Applied to early detection of myocardial infarction. Sens. Actuators B Chem.
2017, 252, 62-71. [CrossRef]

Jo, H.; Her, J.; Lee, H,; Shim, Y.B.; Ban, C. Highly sensitive amperometric detection of cardiac troponin I using sandwich aptamers
and screen-printed carbon electrodes. Talanta 2017, 165, 442-448. [CrossRef]

Chekin, F; Vasilescu, A.; Jijie, R.; Singh, S.K.; Kurungot, S.; Iancu, M.; Badea, G.; Boukherroub, R.; Szunerits, S. Sensitive
electrochemical detection of cardiac troponin I in serum and saliva by nitrogen-doped porous reduced graphene oxide electrode.
Sens. Actuators B Chem. 2018, 262, 180-187. [CrossRef]

Qiao, X.; Li, K.; Xu, J.; Cheng, N.; Sheng, Q.; Cao, W.; Yue, T.; Zheng, J. Novel electrochemical sensing platform for ultrasensitive
detection of cardiac troponin I based on aptamer-MoS2 nanoconjugates. Biosens. Bioelectron. 2018, 113, 142-147. [CrossRef]
Luo, Z.; Sun, D.; Tong, Y.; Zhong, Y.; Chen, Z. DNA nanotetrahedron linked dual-aptamer based voltammetric aptasensor for
cardiac troponin I using a magnetic metal-organic framework as a label. Microchim. Acta 2019, 186, 374. [CrossRef]

Lang, M.; Luo, D.; Yang, G.; Mei, Q.; Feng, G.; Yang, Y.; Liu, Z.; Chen, Q.; Wu, L. An ultrasensitive electrochemical sensing
platform for the detection of cTnl based on aptamer recognition and signal amplification assisted by TdT. RSC Adv. 2020,
10, 36396-36403. [CrossRef]

Kumar, V,; Shorie, M.; Ganguli, A.K.; Sabherwal, P. Graphene-CNT nanohybrid aptasensor for label free detection of cardiac
biomarker myoglobin. Biosens. Bioelectron. 2015, 72, 56-60. [CrossRef] [PubMed]

Taghdisi, S.M.; Danesh, N.M.; Ramezani, M.; Emrani, A.S.; Abnous, K. A novel electrochemical aptasensor based on Y-shape
structure of dual-aptamer-complementary strand conjugate for ultrasensitive detection of myoglobin. Biosens. Bioelectron. 2016,
80, 532-537. [CrossRef] [PubMed]

Kumar, V.; Brent, J.R.; Shorie, M.; Kaur, H.; Chadha, G.; Thomas, A.G.; Lewis, E.A.; Rooney, A.P; Nguyen, L.; Zhong, X.L.;
et al. Nanostructured aptamer-functionalized black phosphorus sensing platform for label-free detection of myoglobin, a
cardiovascular disease biomarker. ACS Appl. Mater. Interfaces 2016, 8, 22860-22868. [CrossRef] [PubMed]

Zhang, G.; Liu, Z.; Wang, L.; Guo, Y. Electrochemical aptasensor for myoglobin-specific recognition based on porphyrin
functionalized graphene-conjugated gold nanocomposites. Sensors 2016, 16, 1803. [CrossRef] [PubMed]

Cao, X; Xia, J.; Liu, H.; Zhang, F.; Wang, Z.; Lu, L. A new dual-signalling electrochemical aptasensor with the integration of
“signal on/off” and “labeling/label-free” strategies. Sens. Actuators B Chem. 2017, 239, 166-171. [CrossRef]

Nia, N.G.; Azadbakht, A. Nanostructured aptamer-based sensing platform for highly sensitive recognition of myoglobin.
Microchim. Acta 2018, 185, 333. [CrossRef]

Adeel, M.; Rahman, M.M.; Lee, ].-]. Label-free aptasensor for the detection of cardiac biomarker myoglobin based on gold
nanoparticles decorated boron nitride nanosheets. Biosens. Bioelectron. 2019, 126, 143-150. [CrossRef] [PubMed]


http://doi.org/10.1021/acsomega.8b01072
http://www.ncbi.nlm.nih.gov/pubmed/31458989
http://doi.org/10.1016/j.currproblcancer.2018.06.012
http://doi.org/10.1177/1750458920930993
http://doi.org/10.3390/bios8040114
http://doi.org/10.7363/060219
http://doi.org/10.7860/JCDR/2015/15132.6684
http://doi.org/10.1016/j.bios.2014.08.079
http://doi.org/10.1038/s41569-020-0381-0
http://doi.org/10.1007/s11886-020-01360-8
http://www.ncbi.nlm.nih.gov/pubmed/32770361
http://doi.org/10.1016/j.jchf.2020.03.007
http://www.ncbi.nlm.nih.gov/pubmed/32653441
http://doi.org/10.1021/acs.analchem.5b02312
http://www.ncbi.nlm.nih.gov/pubmed/26352249
http://doi.org/10.1016/j.bios.2018.11.012
http://www.ncbi.nlm.nih.gov/pubmed/30469076
http://doi.org/10.1007/s00604-019-3472-z
http://doi.org/10.1016/j.snb.2017.05.149
http://doi.org/10.1016/j.talanta.2016.12.091
http://doi.org/10.1016/j.snb.2018.01.215
http://doi.org/10.1016/j.bios.2018.05.003
http://doi.org/10.1007/s00604-019-3470-1
http://doi.org/10.1039/D0RA05171C
http://doi.org/10.1016/j.bios.2015.04.089
http://www.ncbi.nlm.nih.gov/pubmed/25957831
http://doi.org/10.1016/j.bios.2016.02.029
http://www.ncbi.nlm.nih.gov/pubmed/26894983
http://doi.org/10.1021/acsami.6b06488
http://www.ncbi.nlm.nih.gov/pubmed/27508925
http://doi.org/10.3390/s16111803
http://www.ncbi.nlm.nih.gov/pubmed/27801833
http://doi.org/10.1016/j.snb.2016.08.009
http://doi.org/10.1007/s00604-018-2860-0
http://doi.org/10.1016/j.bios.2018.10.060
http://www.ncbi.nlm.nih.gov/pubmed/30399516

Diagnostics 2021, 11, 104 31 of 33

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Wang, C.; Li, J.; Kang, M.; Huang, X,; Liu, Y.; Zhou, N.; Zhang, Z. Nanodiamonds and hydrogen-substituted graphdiyne
heteronanostructure for the sensitive impedimetric aptasensing of myocardial infarction and cardiac troponin I. Anal. Chim. Acta
2021, 1141, 110-119. [CrossRef]

Tao, D.; Shui, B.; Gu, Y.; Cheng, J.; Zhang, W.; Jaffrezic-Renault, N.; Song, S.; Guo, Z. Development of a label-free electrochemical
aptasensor for the detection of Tau381 and its preliminary application in AD and non-AD patients’ sera. Biosensors 2019, 9, 84.
[CrossRef]

Shui, B.; Tao, D.; Cheng, J.; Mei, Y.; Jaffrezic-Renault, N.; Guo, Z. A novel electrochemical aptamer-antibody sandwich assay for
the detection of tau-381 in human serum. Analyst 2018, 143, 3549-3554. [CrossRef] [PubMed]

Zhou, Y.; Zhang, H.; Liu, L,; Li, C,; Chang, Z.; Zhu, X.; Ye, B.; Xu, M. Fabrication of an antibody-aptamer sandwich assay for
electrochemical evaluation of levels of 3-amyloid oligomers. Sci. Rep. 2016, 6, 35186. [CrossRef] [PubMed]

Negahdary, M.; Heli, H. An ultrasensitive electrochemical aptasensor for early diagnosis of Alzheimer’s disease, using a fern
leaves-like gold nanostructure. Talanta 2019, 198, 510-517. [CrossRef] [PubMed]

Zhang, Y.; Figueroa-Miranda, G.; Lyu, Z.; Zafiu, C.; Willbold, D.; Offenhédusser, A.; Mayer, D. Monitoring amyloid-B proteins
aggregation based on label-free aptasensor. Sens. Actuators B Chem. 2019, 288, 535-542. [CrossRef]

Zhou, Y; Li, C; Li, X;; Zhu, X.; Ye, B.; Xu, M. A sensitive aptasensor for the detection of B-amyloid oligomers based on
metal-organic frameworks as electrochemical signal probes. Anal. Methods 2018, 10, 4430-4437. [CrossRef]

Taghdisi, S.M.; Danesh, N.M.; Nameghi, M.A.; Ramezani, M.; Alibolandi, M.; Hassanzadeh-Khayat, M.; Emrani, A.S.; Abnous, K.
A novel electrochemical aptasensor based on nontarget-induced high accumulation of methylene blue on the surface of electrode
for sensing of x-synuclein oligomer. Biosens. Bioelectron. 2019, 123, 14-18. [CrossRef]

Li, HY,; Jia, WN,; Li, X.Y,; Zhang, L.; Liu, C.; Wu, J. Advances in Detection of Infectious Agents by Aptamer-based Technologies.
Emerg. Microbes Infect. 2020, 9, 1671-1681. [CrossRef]

Andryukov, B.G.; Besednova, N.N.; Romashko, R.V.; Zaporozhets, T.S.; Efimov, T.A. Label-free biosensors for laboratory-based
diagnostics of infections: Current achievements and new trends. Biosensors 2020, 10, 11. [CrossRef]

Liu, Y.; Tuleouva, N.; Ramanculov, E.; Revzin, A. Aptamer-based electrochemical biosensor for interferon gamma detection. Anal.
Chem. 2010, 82, 8131-8136. [CrossRef]

Crulhas, B.P; Hadley, D.; Liu, Y.; Shin, D.-S; Stybayeva, G.; Imanbekova, M.; Hill, A.E.; Pedrosa, V.; Revzin, A. An electrochemical
aptasensor for detection of bovine interferon gamma. Anal. Methods 2017, 9, 4527-4532. [CrossRef]

Farid, S.; Meshik, X.; Choi, M.; Mukherjee, S.; Lan, Y.; Parikh, D.; Poduri, S.; Baterdene, U.; Huang, C.E.; Wang, Y.Y.; et al.
Detection of Interferon gamma using graphene and aptamer based FET-like electrochemical biosensor. Biosens. Bioelectron. 2015,
71,294-299. [CrossRef] [PubMed]

Liu, Y,; Rahimian, A.; Krylyuk, S.; Vu, T.; Crulhas, B.; Stybayeva, G.; Imanbekova, M.; Shin, D.S.; Davydov, A.; Revzin, A.
Nanowire Aptasensors for Electrochemical Detection of Cell-Secreted Cytokines. ACS Sens. 2017, 2, 1644-1652. [CrossRef]
[PubMed]

Liu, Y.; Kwa, T.; Revzin, A. Simultaneous detection of cell-secreted TNF-« and IFN-y using micropatterned aptamer-modified
electrodes. Biomaterials 2012, 33, 7347-7355. [CrossRef] [PubMed]

Jiang, D.; Liu, F; Zhang, L.; Liu, L,; Liu, C.; Pu, X. An electrochemical strategy with molecular beacon and hemin/G-quadruplex
for the detection of Clostridium perfringens DNA on screen-printed electrodes. RSC Adv. 2014, 4, 57064-57070. [CrossRef]
Rashid, S.; Nawaz, M.H.; Marty, ].L.; Hayat, A. Label free ultrasensitive detection of NS1 based on electrochemical aptasensor
using polyethyleneimine aggregated AuNPs. Microchem. |. 2020, 158, 105285. [CrossRef]

Xu, A.; Wang, Z.; Zhang, C. Advance in development of methods for sensitive detection of tumor-related biomarkers. Kexue
Tongbao Chin. Sci. Bull. 2017, 62, 859-870. [CrossRef]

Safarpour, H.; Dehghani, S.; Nosrati, R.; Zebardast, N.; Alibolandi, M.; Mokhtarzadeh, A.; Ramezani, M. Optical and
electrochemical-based nano-aptasensing approaches for the detection of circulating tumor cells (CTCs). Biosens. Bioelectron. 2020,
148,111833. [CrossRef]

Qu, L,; Xu, J; Tan, X;; Liu, Z.; Xu, L.; Peng, R. Dual-Aptamer Modification Generates a Unique Interface for Highly Sensitive and
Specific Electrochemical Detection of Tumor Cells. ACS Appl. Mater. Interfaces 2014, 6, 7309-7315. [CrossRef]

Shen, H.; Yang, J.; Chen, Z.; Chen, X.; Wang, L.; Hu, J.; Ji, F; Xie, G.; Feng, W. A novel label-free and reusable electrochemical
cytosensor for highly sensitive detection and specific collection of CTCs. Biosens. Bioelectron. 2016, 81, 495-502. [CrossRef]

Cao, J.; Zhao, X.-P; Younis, M.R; Li, Z.-Q.; Xia, X.-H.; Wang, C. Ultrasensitive Capture, Detection, and Release of Circulating
Tumor Cells Using a Nanochannel-Ion Channel Hybrid Coupled with Electrochemical Detection Technique. Anal. Chem. 2017,
89, 10957-10964. [CrossRef]

Zhai, T.-T,; Ye, D.; Zhang, Q.-W.; Wu, Z.-Q.; Xia, X.-H. Highly Efficient Capture and Electrochemical Release of Circulating Tumor
Cells by Using Aptamers Modified Gold Nanowire Arrays. ACS Appl. Mater. Interfaces 2017, 9, 34706-34714. [CrossRef] [PubMed]
Wang, Y.; Zhang, W.; Tang, X.; Wang, Y.; Fu, W.; Chang, K.; Chen, M. Target-triggered “signal-off” electrochemical aptasensor
assisted by Au nanoparticle-modified sensing platform for high-sensitivity determination of circulating tumor cells. Anal. Bioanal.
Chem. 2020, 412, 8107-8115. [CrossRef] [PubMed]

Zhang, W.; Chen, H.; Yang, M.; Liao, L. Electrochemical assay for detection of circulating tumor cells based on LiFePO4 as
electrochemical probe. Mater. Lett. 2020, 276, 128219. [CrossRef]


http://doi.org/10.1016/j.aca.2020.10.044
http://doi.org/10.3390/bios9030084
http://doi.org/10.1039/C8AN00527C
http://www.ncbi.nlm.nih.gov/pubmed/30004544
http://doi.org/10.1038/srep35186
http://www.ncbi.nlm.nih.gov/pubmed/27725775
http://doi.org/10.1016/j.talanta.2019.01.109
http://www.ncbi.nlm.nih.gov/pubmed/30876593
http://doi.org/10.1016/j.snb.2019.03.049
http://doi.org/10.1039/C8AY00736E
http://doi.org/10.1016/j.bios.2018.09.081
http://doi.org/10.1080/22221751.2020.1792352
http://doi.org/10.3390/bios10020011
http://doi.org/10.1021/ac101409t
http://doi.org/10.1039/C7AY01313B
http://doi.org/10.1016/j.bios.2015.04.047
http://www.ncbi.nlm.nih.gov/pubmed/25919809
http://doi.org/10.1021/acssensors.7b00486
http://www.ncbi.nlm.nih.gov/pubmed/28991491
http://doi.org/10.1016/j.biomaterials.2012.06.089
http://www.ncbi.nlm.nih.gov/pubmed/22809645
http://doi.org/10.1039/C4RA09834J
http://doi.org/10.1016/j.microc.2020.105285
http://doi.org/10.1360/N972016-01326
http://doi.org/10.1016/j.bios.2019.111833
http://doi.org/10.1021/am5006783
http://doi.org/10.1016/j.bios.2016.03.048
http://doi.org/10.1021/acs.analchem.7b02765
http://doi.org/10.1021/acsami.7b11107
http://www.ncbi.nlm.nih.gov/pubmed/28925689
http://doi.org/10.1007/s00216-020-02940-x
http://www.ncbi.nlm.nih.gov/pubmed/32929571
http://doi.org/10.1016/j.matlet.2020.128219

Diagnostics 2021, 11, 104 32 of 33

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.
137.

138.

139.

Shen, H.; Deng, W.; He, Y,; Li, X;; Song, J.; Liu, R.; Liu, H.; Yang, G.; Li, L. Ultrasensitive aptasensor for isolation and detection of
circulating tumor cells based on CeO2@Ir nanorods and DNA walker. Biosens. Bioelectron. 2020, 168, 112516. [CrossRef] [PubMed]
Xia, N.; Wu, D.; Yu, H,; Sun, W,; Yi, X,; Liu, L. Magnetic bead-based electrochemical and colorimetric assays of circulating tumor
cells with boronic acid derivatives as the recognition elements and signal probes. Talanta 2021, 221, 121640. [CrossRef] [PubMed]
Wu, A.H.B. Tumor markers. Physiology, pathobiology, technology, and clinical applications. Clin. Chim. Acta 2003, 330, 185-186.
[CrossRef]

Shu, H.; Wen, W.; Xiong, H.; Zhang, X.; Wang, S. Novel electrochemical aptamer biosensor based on gold nanoparticles signal
amplification for the detection of carcinoembryonic antigen. Electrochem. Commun. 2013, 37, 15-19. [CrossRef]

Xue, S.; Yi, H.; Jing, P.; Xu, W. Dendritic Pt@Au nanowires as nanocarriers and signal enhancers for sensitive electrochemical
detection of carcinoembryonic antigen. RSC Adv. 2015, 5, 77454-77459. [CrossRef]

Liu, Z.; Wang, Y.; Guo, Y.; Dong, C. Label-free Electrochemical Aptasensor for Carcino-embryonic Antigen Based on Ternary
Nanocomposite of Gold Nanoparticles, Hemin and Graphene. Electroanalysis 2016, 28, 1023-1028. [CrossRef]

Zhai, Q.; Zhang, X; Xia, Y,; Li, J.; Wang, E. Electrochromic sensing platform based on steric hindrance effects for CEA detection.
Analyst 2016, 141, 3985-3988. [CrossRef]

Wen, W.; Huang, J.-Y.; Bao, T.; Zhou, J.; Xia, H.-X.; Zhang, X.-H.; Wang, S.-F.; Zhao, Y.-D. Increased electrocatalyzed performance
through hairpin oligonucleotide aptamer-functionalized gold nanorods labels and graphene-streptavidin nanomatrix: Highly
selective and sensitive electrochemical biosensor of carcinoembryonic antigen. Biosens. Bioelectron. 2016, 83, 142-148. [CrossRef]
[PubMed]

Zhou, X.; Xue, S.; Jing, P.; Xu, W. A sensitive impedimetric platform biosensing protein: Insoluble precipitates based on the
biocatalysis of manganese(III) meso-tetrakis (4-N-methylpyridiniumyl)-porphyrinin in HCR-assisted dsDNA. Biosens. Bioelectron.
2016, 86, 656—663. [CrossRef] [PubMed]

Wang, P.; Wan, Y.; Deng, S.; Yang, S.; Su, Y.; Fan, C.; Aldalbahi, A.; Zuo, X. Aptamer-initiated on-particle template-independent en-
zymatic polymerization (aptamer-OTEP) for electrochemical analysis of tumor biomarkers. Biosens. Bioelectron. 2016, 86, 536-541.
[CrossRef] [PubMed]

He, B. Differential pulse voltammetric assay for the carcinoembryonic antigen using a glassy carbon electrode modified with
layered molybdenum selenide, graphene, and gold nanoparticles. Microchim. Acta 2017, 184, 229-235. [CrossRef]

Shekari, Z.; Zare, H.R.; Falahati, A. Developing an impedimetric aptasensor for selective label-free detection of CEA as a cancer
biomarker based on gold nanoparticles loaded in functionalized mesoporous silica films. J. Electrochem. Soc. 2017, 164, B739-B745.
[CrossRef]

Zhang, Z.-H.; Duan, F-H.; Tian, J.-Y.; He, J.-Y.; Yang, L.-Y.; Zhao, H.; Zhang, S.; Liu, C.-S.; He, L.-H.; Chen, M.; et al. Aptamer-
Embedded Zirconium-Based Metal-Organic Framework Composites Prepared by De Novo Bio-Inspired Approach with Enhanced
Biosensing for Detecting Trace Analytes. ACS Sens. 2017, 2, 982-989. [CrossRef]

Si, Z.; Xie, B.; Chen, Z,; Tang, C.; Li, T.; Yang, M. Electrochemical aptasensor for the cancer biomarker CEA based on aptamer
induced current due to formation of molybdophosphate. Microchim. Acta 2017, 184, 3215-3221. [CrossRef]

Xiang, J.; Pi, X.; Chen, X.; Xiang, L.; Yang, M.; Ren, H.; Shen, X.; Qi, N.; Deng, C. Integrated signal probe based aptasensor for
dual-analyte detection. Biosens. Bioelectron. 2017, 96, 268-274. [CrossRef]

Jiang, W.; Liu, L.; Zhang, L.; Guo, Q.; Cui, Y.; Yang, M. Sensitive immunosensing of the carcinoembryonic antigen utilizing
aptamer-based in-situ formation of a redox-active heteropolyacid and rolling circle amplification. Microchim. Acta 2017, 184,
4757-4763. [CrossRef]

Zhou, X.; Guo, S.; Gao, J.; Zhao, J.; Xue, S.; Xu, W. Glucose oxidase-initiated cascade catalysis for sensitive impedimetric aptasensor
based on metal-organic frameworks functionalized with Pt nanoparticles and hemin/G-quadruplex as mimicking peroxidases.
Biosens. Bioelectron. 2017, 98, 83-90. [CrossRef]

Huang, J.Y.; Zhao, L.; Lei, W.; Wen, W.; Wang, Y.].; Bao, T.; Xiong, H.Y,; Zhang, X.H.; Wang, S.F. A high-sensitivity electrochemical
aptasensor of carcinoembryonic antigen based on graphene quantum dots-ionic liquid-nafion nanomatrix and DNAzyme-assisted
signal amplification strategy. Biosens. Bioelectron. 2018, 99, 28-33. [CrossRef] [PubMed]

Wu, Y; Li, G.; Zou, L.; Lei, S.; Yu, Q.; Ye, B. Highly active DNAzyme-peptide hybrid structure coupled porous palladium for
high-performance electrochemical aptasensing platform. Sens. Actuators B Chem. 2018, 259, 372-379. [CrossRef]

Wang, Q.L.; Cui, H.E; Song, X.; Fan, S.F,; Chen, L.L.; Li, M.M.; Li, Z.Y. A label-free and lectin-based sandwich aptasensor for
detection of carcinoembryonic antigen. Sens. Actuators B Chem. 2018, 260, 48-54. [CrossRef]

Soung, Y,; Ford, S.; Zhang, V.; Chung, J]. Exosomes in Cancer Diagnostics. Cancers 2017, 9, 8. [CrossRef] [PubMed]

Zhao, L,; Sun, R.; He, P; Zhang, X. Ultrasensitive Detection of Exosomes by Target-Triggered Three-Dimensional DNA Walking
Machine and Exonuclease III-Assisted Electrochemical Ratiometric Biosensing. Anal. Chem. 2019, 91, 14773-14779. [CrossRef]
Wang, S.; Zhang, L.; Wan, S.; Cansiz, S.; Cui, C; Liu, Y.; Cai, R.; Hong, C.; Teng, I.T.; Shi, M; et al. Aptasensor with Expanded
Nucleotide Using DNA Nanotetrahedra for Electrochemical Detection of Cancerous Exosomes. ACS Nano 2017, 11, 3943-3949.
[CrossRef]

Zhou, Q.; Rahimian, A.; Son, K.; Shin, D.-S.; Patel, T.; Revzin, A. Development of an aptasensor for electrochemical detection of
exosomes. Methods 2016, 97, 88-93. [CrossRef]


http://doi.org/10.1016/j.bios.2020.112516
http://www.ncbi.nlm.nih.gov/pubmed/32890929
http://doi.org/10.1016/j.talanta.2020.121640
http://www.ncbi.nlm.nih.gov/pubmed/33076160
http://doi.org/10.1016/S0009-8981(03)00049-4
http://doi.org/10.1016/j.elecom.2013.09.018
http://doi.org/10.1039/C5RA15038H
http://doi.org/10.1002/elan.201500593
http://doi.org/10.1039/C6AN00675B
http://doi.org/10.1016/j.bios.2016.04.039
http://www.ncbi.nlm.nih.gov/pubmed/27111123
http://doi.org/10.1016/j.bios.2016.07.065
http://www.ncbi.nlm.nih.gov/pubmed/27471156
http://doi.org/10.1016/j.bios.2016.07.025
http://www.ncbi.nlm.nih.gov/pubmed/27448543
http://doi.org/10.1007/s00604-016-2006-1
http://doi.org/10.1149/2.1991713jes
http://doi.org/10.1021/acssensors.7b00236
http://doi.org/10.1007/s00604-017-2338-5
http://doi.org/10.1016/j.bios.2017.04.039
http://doi.org/10.1007/s00604-017-2522-7
http://doi.org/10.1016/j.bios.2017.06.039
http://doi.org/10.1016/j.bios.2017.07.036
http://www.ncbi.nlm.nih.gov/pubmed/28735043
http://doi.org/10.1016/j.snb.2017.12.091
http://doi.org/10.1016/j.snb.2017.12.105
http://doi.org/10.3390/cancers9010008
http://www.ncbi.nlm.nih.gov/pubmed/28085080
http://doi.org/10.1021/acs.analchem.9b04282
http://doi.org/10.1021/acsnano.7b00373
http://doi.org/10.1016/j.ymeth.2015.10.012

Diagnostics 2021, 11, 104 33 of 33

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Dong, H.; Chen, H.; Jiang, J.; Zhang, H.; Cai, C.; Shen, Q. Highly Sensitive Electrochemical Detection of Tumor Exosomes Based
on Aptamer Recognition-Induced Multi-DNA Release and Cyclic Enzymatic Amplification. Anal. Chem. 2018, 90, 4507-4513.
[CrossRef]

An, Y Jin, T.; Zhu, Y.; Zhang, F.; He, P. An ultrasensitive electrochemical aptasensor for the determination of tumor exosomes
based on click chemistry. Biosens. Bioelectron. 2019, 142, 111503. [CrossRef]

Yin, X,; Hou, T.; Huang, B.; Yang, L.; Li, F. Aptamer recognition-trigged label-free homogeneous electrochemical strategy for an
ultrasensitive cancer-derived exosome assay. Chem. Commun. 2019, 55, 13705-13708. [CrossRef]

Cao, Y,; Li, L.; Han, B.; Wang, Y.; Dai, Y.; Zhao, J. A catalytic molecule machine-driven biosensing method for amplified
electrochemical detection of exosomes. Biosens. Bioelectron. 2019, 141, 111397. [CrossRef] [PubMed]

Xu, H,; Liao, C.; Zuo, P; Liu, Z.; Ye, B.-C. Magnetic-Based Microfluidic Device for On-Chip Isolation and Detection of Tumor-
Derived Exosomes. Anal. Chem. 2018, 90, 13451-13458. [CrossRef] [PubMed]

Armstrong, A.; Eck, S.L. EpCAM: A New Therapeutic Target for an Old Cancer Antigen. Cancer Biol. Ther. 2003, 2, 320-325.
[CrossRef] [PubMed]

Zhu, L.; Yang, B.; Qian, K.; Qiao, L.; Liu, Y.; Liu, B. Sensitive electrochemical aptasensor for detecting EpCAM with silica
nanoparticles and quantum dots for signal amplification. J. Electroanal. Chem. 2020, 856, 113655. [CrossRef]

Chen, Q.; Hu, W.; Shang, B.; Wei, J.; Chen, L.; Guo, X,; Ran, F; Chen, W.; Ding, X.; Xu, Y.; et al. Ultrasensitive amperometric
aptasensor for the epithelial cell adhesion molecule by using target-driven toehold-mediated DNA recycling amplification.
Microchim. Acta 2018, 185, 202. [CrossRef]

Cao, H;; Ye, D.; Zhao, Q.; Luo, J.; Zhang, S.; Kong, J. A novel aptasensor based on MUC-1 conjugated CNSs for ultrasensitive
detection of tumor cells. Analyst 2014, 139, 4917. [CrossRef]

Ma, F; Ho, C.; Cheng, A.K.H.; Yu, H.-Z. Immobilization of redox-labeled hairpin DNA aptamers on gold: Electrochemical
quantitation of epithelial tumor marker mucin 1. Electrochim. Acta 2013, 110, 139-145. [CrossRef]

Zheng, T.; Tan, T.; Zhang, Q.; Fu, J.-J.; Wu, J.-J.; Zhang, K.; Zhu, J.-J.; Wang, H. Multiplex acute leukemia cytosensing using
multifunctional hybrid electrochemical nanoprobes at a hierarchically nanoarchitectured electrode interface. Nanoscale 2013,
5,10360. [CrossRef]


http://doi.org/10.1021/acs.analchem.7b04863
http://doi.org/10.1016/j.bios.2019.111503
http://doi.org/10.1039/C9CC07253E
http://doi.org/10.1016/j.bios.2019.111397
http://www.ncbi.nlm.nih.gov/pubmed/31200334
http://doi.org/10.1021/acs.analchem.8b03272
http://www.ncbi.nlm.nih.gov/pubmed/30234974
http://doi.org/10.4161/cbt.2.4.451
http://www.ncbi.nlm.nih.gov/pubmed/14508099
http://doi.org/10.1016/j.jelechem.2019.113655
http://doi.org/10.1007/s00604-018-2739-0
http://doi.org/10.1039/C4AN00844H
http://doi.org/10.1016/j.electacta.2013.02.088
http://doi.org/10.1039/c3nr02903d

	Introduction 
	Immobilization Chemistry of Aptamer onto the Electrode Surface 
	Electrochemical Aptasensors Configuration 
	Sandwich-Type Electrochemical Aptasensors 
	Displacement-Type Electrochemical Aptasensors 
	Folding-Based Electrochemical Aptasensor 

	Principles of Electrochemical Transduction Techniques 
	Electrochemical Aptasensors for Clinical Application 
	Electrochemical Aptasensors for Cardiac Biomarkers 
	Electrochemical Aptasensors for Alzheimer’s Disease (AD) Biomarkers 
	Electrochemical Aptasensors for Infectious Disease Biomarkers 
	Electrochemical Aptasensors for Cancer Diagnosis 
	Electrochemical Aptasensors for Circulating Tumor Cells (CTCs) 
	Electrochemical Aptasensors for Carcinoembryonic Antigens (CEAs) 
	Electrochemical Aptasensors for Exosomes 
	Electrochemical Aptasensors for Circulating Tumor Cells Biomarkers 


	Conclusions and Outlook 
	References

