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Recent Progress on Highly Selective and Sensitive
Electrochemical Aptamer-based Sensors

TANG Tianwei'#, LIU Yinghuan' and JIANG Ying"2*

ighly selective, sensitive, and stable biosensors are essential
for the molecular level understanding of many physiological
activities and diseases. Electrochemical aptamer-based
(E-AB) sensor is an appealing platform for measurement in biological
system, attributing to the combined advantages of high selectivity
of the aptamer and high sensitivity of electrochemical analysis.
This review summarizes the latest development of E-AB sensors,
focuses on the modification strategies used in the fabrication of
sensors and the sensing strategies for analytes of different sizes in
biological system, and then looks forward to the challenges and
prospects of the future development of electrochemical aptamer-
based sensors.
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1 Introduction

Biosensors have been widely used in qualitative and
quantitative analysis in complexed biological systems!'l. They
play vital roles in the fields of clinical medicine!?, pathology®®,
human immunology®, pharmacy®), environmental sciencel®!
and other fields. Particularly, the pandemic situation has
further advanced the biosensors to meet the requirements of
practical applications, and thus more efficient, sensitive, stable
and portable biosensors have brought into the sharp focus of
the field”-1%. Usually, biosensors mainly rely on electricity!!!],
heat!? and optics!" to transform the concentration and
distribution of analytes, including neurotransmitters,
metabolites, enzymes, antigens, antibodies, viruses, and cells
in biological systems into detectable signal responses!!4—1l.
While a variety of affinity ligands, including aptamers,
antibodies, and enzymes can be used as the recognition
elements of the sensors?-2], aptamer-based sensors,
particularly electrochemical aptamer-based sensors have
become the focus of sensor field, attributed from their high
selectivity and sensitivity, flexibility and diverse design!?-331.

Aptamers, including RNA aptamers and DNA aptamers

P4 JIANG Ying
yingjiang@bnu.edu.cn
# These authors contributed equally to this work.
1. College of Chemistry, Beijing Normal University, Beijing 100875, P. R.
China;
2. Beijing National Laboratory for Molecular Sciences, Beijing 100190, P. R.
China

Chem. Res. Chinese Universities, 2022, 38(4), 866—878
https://doi.org/10.1007/s40242-022-2084-z

Received March 10, 2022

Accepted April 10, 2022

© Jilin University, The Editorial Depart-
ment of Chemical Research in Chinese
Universities and Springer-Verlag GmbH

are a class of single stranded oligonucleotide molecules with a
specific recognition function®-%. They are nucleotide
sequences with recognition ability for specific substances
selected from a series of nucleotide sequences by systematic
evolution of ligands by exponential enrichment(SELEX)?7—401,
Aptamers have the characteristics of high selectivity and
excellent biological affinity. Compared with other specific
recognition molecules, such as enzymes and antibodies,
aptamers have the advantages of flexible structure and
chemical composition, diverse modification and sensing
strategies, and can be adapted to a variety of detection
systems!*!—#8. Moreover, aptamers have been continually
combined with emerging materials, such as carbon
nanomaterials®~511 and metal nanoparticlesi®>~>¥, and have
found remarkable applications in a variety of fields, including
cell cancer diagnosis®~%], targeted drug innovation!®-¢],
judicial detection®'=%1 and many others.

When bind to

intermolecular interaction alters the configuration or chemical

aptamers target molecules, the

environment of the aptamer, which may change the
electrochemical properties, such as electron transfer rate and
interface properties!®~%Il. Based on this, scientists have created
a great panel of electrochemical biosensors that rely on
highly

Electrochemical aptamer-based(E-AB) sensors not only merit

aptamers for selective recognition!®’—¢1,
the advantages of aptamers, but also have the advantages of
fast analysis rate and high sensitivity of electrochemical
analysis methods. Up to now, some E-AB sensors can reach
sensitivity down to fmol/L level™-72. Together with their
excellent anti-interference ability, adaptability with portable
devices, E-AB sensors hold great promise for practical
application”. In this minireview, we summarize the latest
development of E-AB sensors, and focus on the modification
strategies used in the fabrication of sensors and the sensing

strategies for analytes of different sizes in biological system.

2 Fabrication of E-ABs

To build a selective and sensitive E-AB sensor, one of the most
critical steps is to stably modify aptamers on the electrode

surfacel”sl. Because the nucleic acid has many reactive sites, the
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structure of aptamer can be easily designed to modify the
reactive groups, so that the aptamer can form a stable structure
through covalent or non-covalent interaction with the

electrode surfacel”s-771,

2.1 Covalent Strategy

Covalent strategies refer to the formation of covalent bonds
between aptamers and electrode surface. They are the most
commonly used modification strategies in the process of
aptamer modification. Most E-AB sensors are fabricated by
covalent strategies”®—%l. With the advantages of stable
bonding and simple steps, covalent strategies can directly
combine aptamers with the electrode surface stably®67],

One of the most common covalent strategies is to modify
aptamers on the surface of gold electrodes or on gold
nanoparticles attached to the electrode surface by gold-sulfur
bonds(Au—S)®-31. This kind of modification strategy is
simple, can be carried out at room temperature, and the
modification process is not limited by the shape of the
electrode. It can be applied to gold micro electrodes and gold
nanoparticles to meet the requirements of portable sensors.
Xiao et al. reported a portable paper E-AB sensor that can be
applied to in-situ detection. After modifying a single-layer
carbon nanotube film on the paper in vacuum atmosphere,
gold nanoparticles are deposited on it to form a “three
electrodes” system, and then the aptamer with a sulfhydryl
group at the 5' end and methylene blue(MB) at the 3' end
is modified on the electrode. After passivation with
blocking agent on the electrode surface, the as-generated
sensor can be used for the measurement of cocaine and
methylenedioxypyrovalerone(MDPV) in both serum and
saliva[Fig.1(A)]. The detection limits of cocaine and MDPV of
the sensor in the calf serum are 5 and 1 pumol/L, respectively,
demonstrating the sensitivity of E-AB sensors in the complex
environment.

Connecting aptamers with gold nanoparticles through
Au—S bond gives this covalent strategy flexibility, which can
make it obtain greater advantages by combining gold
nanoparticles with other materials®>~*l. Xu et al.0%! reported a
modification strategy of modifying the carbon electrode by
combining multi-layer carbon nanotubes with gold
nanoparticles, and then connecting with the aptamers through
Au—S bond. This modification method increased the effective
modification area and the conductivity of the electrode surface,
resulting in the higher signal response and more aptamers for
higher selectivity. The detection limit of long non-coding
RNAs(IncRNAs) by differential pulse voltammetry(DPV)
method is down to 42.8 fmol/L, and the linear range is 0.01
pmol/L—10 nmol/L. Compared with the interfering substance

at 50 pmol/L, the target substance at 1 pmol/L can produce a
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significant signal response.

Stability, flexibility, cost and adaptability of electrodes are
several factors that must be considered in the selection of
modification strategy in the fabrication process. With the
development of electrochemistry, carbon electrodes show
excellent performance and gradually become one of the main
electrodes. In this system, the application of Au—S bond is
greatly limited. For carbon electrode system, it is a common
modification strategy to generating stable amide bonds
(—CO—NH—-) by
ethylcarbodiimide

using
hydrochloride(EDC)

succinimide(NHS) activated carboxyl groups and amino

1-(3-dimethylaminopropyl)-3-
and N-hydroxy

modified aptamers”-%1. Amide bond has the advantages of
strong stability, diverse generation strategies, flexible design
and wide application system1-1%l, ]t can be applied to the
modification of carbon electrodes, emerging carbon materials
and metal nanoparticles!!®-1%l, New materials, such as
graphene and metal nanoparticles have the advantages of
good conductivity, stable adhesion, strong chemical reactivity
and large surface area. When they are combined with aptamers,
improved amounts of aptamers are modified on electrodes,
offering higher selectivity and sensitivity of sensors!'7—1%1,
Liang et al.”! reported a sensor combining aptamer with
graphene oxide(GO) on the surface of glassy carbon electrode,
which can be used for detecting a-fetoprotein(AFP). Firstly,
the oxygen-containing groups on the surface of GO were
oxidized to carboxyl group through the mixed solution of
chloroacetic acid and sodium hydroxide, and then they could
bond with the aptamers modified with amino group through
amide bond. The 20-folds interfering proteins PSA and CEA
have not caused obvious signal response, demonstrating its
high selectivity. The detection limit is 3 pg/mL[Fig.1(B)]. In
another example, Upan et al.® reported a sensor, in which
PtNP/GO-COOH nanoparticles were generated from GO and
platinum by the aqueous phase reduction method, modified
on the surface of glassy carbon electrode and formed amide
bond with the AFP aptamers. This sensor showed high
selectivity and sensitivity with a detection limit achieving
1.22 ng/mL by square wave voltammetry(SWV) method.
When covalent strategies carried out on the electrode
surface, it is difficult to ensure that aptamers completely
cover the whole electrode surface. In order to prevent
electrochemical active substances from reacting on the
unmodified electrode surface and producing false-positive
electrical signals, it is usually necessary to add blocking agents
to passivate the unmodified area on the electrode surfacel'.
There are three types of passivation strategies, a) blocking the
unmodified region after the modification of aptamers; b) pre-
blocking the electrode surface, then aptamers covalently
linked with the terminal group of the blocking agent; c) the
blocking agent added to the

and aptamers system
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simultaneously, competing for binding on the electrode
surface[Fig.1(C)].

Mercaptohexanol(MCH) is a blocking agent often used in
gold electrode system because of its strong Au—S binding
ability and mild reaction conditions!!'~1%5l. Moreover, MCH is
difficult to be protonated or deprotonated in the detection
system, thus reduces the impact of electrostatic interaction and
provides a better passivation effect!®l. Recently, increasing
studies have shown that the ratio of aptamer to MCH also
significantly affects the performance of sensors. When
fabricating the sensor of tenofovir(TFV), Aliakbrinodehi
et al."7! found that the sensor showed the highest signal
response when the ratio of aptamer to MCH was 1:100
[Fig.1(D)]. Higher or lower ratio will lead to the decrease of
response value. This is probably because at a lower ratio,
aptamers cannot fully capture the targets, while at a higher
ratio, not all aptamers on the electrode surface change their
configuration completely when capturing the targets due to
the influence of steric resistance and electrostatic repulsion,
which hinders the rate of electron transfer. Other than MCH,
bovine serum albumin(BSA) is also a widely used blocking
agent!!18-1221. BSA has a large number of amino and carboxyl
groups on the surface, so it can combine with both hydrophilic

and hydrophobic surfaces to inhibit the nonspecific binding
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Fig.1 Sensors fabricated by covalent strategies

(A) Schematic illustration of aptamer-based paper electrochemical device(PED)
fabrication process and detection process. Reprinted with permission from
Ref.[94], Copyright 2021, Wiley-VCH; (B) schematic illustration of fabrication
process of GO-based E-AB sensor for AFP detection(a), and the calibration curve
of GO-based E-AB sensor for AFP detection(b). Reprinted with permission from
Ref.[79], Copyright 2018, Elsevier; (C) schematic illustration of three kinds of
passivation strategies; (D) different RCT shift responses at different ratios of
aptamer to MCH[blue bars indicate the electrochemical impedance spectroscopy
(EIS) response of sensors to 500 nmol/L TFV at different aptamer-to-MCH ratios].
Reprinted with permission from Ref.[117], Copyright 2017, Springer Nature.
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on the electrode surfacel'®I.

2.2 Noncovalent Strategy

Noncovalent strategies refer to the connection of aptamers and
electrode surface through electrostatic adsorption, hydrogen
bonding, van der Waals interactions, etc. Compared with
covalent strategies, noncovalent strategies exhibit unique
advantages, such as less strict requirements for aptamer
modification, wider application field, and more flexible
design4l. They are relatively straightforward and can quickly
realize the assembly and functionalization of sensors.

Streptavidin is a protein composed of four peptide chains.
It can form a very strong interaction with biotin through
noncovalent interaction. The extremely low dissociation
constant(Ke=10""> mol/L) demonstrates that this interaction is
very stablel'?l. By modifying streptavidin on the electrode
surface and biotin on the 5' end of the aptamers, the aptamers
can be efficiently modified on the electrode surface. On this
basis, the strategy can be further developed by combining with
nano materials to obtain better signal response. Gopinath
et al.l?! reported a sensor using streptavidin and biotin to
modify the complex of aptamers and gold nanoparticles on the
electrode, and verified that the signal response of the sensor
employing gold nanoparticles was higher than that of the
platform without gold nanoparticles. Compared with the
platform without gold nanoparticles, the detection limit
decreased to 10 times lower.

The application of various materials also provides more
possibilities for the improvement of the selectivity and
sensitivity of sensors. Cai et al.'?”! reported a method of
combining GO, thionine, chitosan and streptavidin modified
gold nanoparticles to form a modified electrode, and then
combined with biotin modified aptamers to form a sensor. This
strategy enhanced the loading efficiency of the aptamers,
leading to a great sensitivity with a detection limit of 10 pg/mL
for estrogen(17p-€2).

Though noncovalent strategies have a wide range of
applications, they are prone to be affected by different types
and structures of aptamers. Zhang et al.?! reported that few
or single-layer nano disulfide transition metal layers, such as
MoS:, TiS: and TaSz could strongly interact with single
stranded DNA(ssDNA), but no longer have such interaction
with double stranded DNA(dsDNA). The reason is that the
strong interaction stems from the interaction between the nano
layer and the nitrogenous bases in nucleotides. Therefore, in
double stranded DNA, the bases are shielded, resulting in the
reduction of the interaction. The distinct binding between
ssDNA and dsDNA to the functional material surface provides
the possibility for designing special sensing strategies. For

example, Wang et al.’! reported a new sensor using a MoS:
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modified glassy carbon electrode. Y-Type detection molecules
composed of lead chain, assist chain and aptamer cannot bind
to the electrode surface without target. In the presence of
targets, the aptamer is removed to leave a single chain
structure, which can interact with the electrode surface and
generate a response signal. The detection limit for kanamycin
of the sensor is 29 pmol/L[Fig.2(A)]. Benefited from this
modification strategy, the selectivity of the sensor was further
increased, and the other 17 antibiotic interfering substances
did not have a noticeable effect on the signal.

As the direction of biosensor miniaturization, fiber
electrode provides an appealing candidate for biological in
vivo measurement. In this case, carbon fiber electrode(CFE) is
favored because of its high stiffness, good conductivity and
minimal biological damage. Recently, we reported a
microsensor fabricated by noncovalent modification of
aptamers on the surface of carbon fiber electrodel’®.
Specifically, we pre-modified the CFE surface with n-
hexamine chain by electrooxidation method, and then the
aptamers with cholesterol-modification at its 5' end can
spontaneously assemble on the alkyl chain layer through
hydrophobic interaction to form an aptCFE sensor. We
implanted this micro sensor into the brain of mice. After
current stimulation, the sensor successfully captured the
signal of rapid release of dopamine in the nervous system,
demonstrating the excellent features of this micro sensor for in
vivo measurement[Fig.2(B)]. The fabrication of the sensor is
simple and efficient, and can be generalized, and thus ideally
this platform can be employed for in vivo detection of many
other neurotransmitters, providing effective tools for studying
the nervous system.

In conclusion, the aptamer modification strategies in
various E-AB sensors are diverse and have their own

advantages and limitations(Table 1 and Fig.3). The modification

Table 1 Comparison of common modification strategies

strategies need to be selected according to the sensing strategy,
application environment and cost requirements of the sensor
to ensure that the interaction between aptamers and the
electrode is stable and feasible. With new surface chemistries
emerging, more approaches can be expected for creating

efficient and stable E-AB sensors.
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Fig.2 Sensors fabricated by noncovalent strategies

(A) Schematic illustration of the detection process of the sensors based on the
Y-shape DNA absorbed on the MoS: nanosheet and amplification effect by using
ALP catalyzed process(a), different DPV response to different concentration of
kanamycin(b), and the linear relationship between the logarithm value of
kanamycin concentration and DPV peak current(c). Reprinted with permission
from Ref.[129], Copyright 2019, Elsevier; (B) schematic illustration of the
cholesterol-modified aptamer and their self assembly process on CFE for a
bio-selective electro-chemical interface(a), and schematic illustration of aptCFE
for in vivo DA sensing and the current responses of aptCFE in the rat NAc upon
electrical stimulation of rat MFB(b). Reprinted with permission from Ref.[130],
Copyright 2020, Wiley-VCH.

Modification Modification Aptamer

type strategy modification Advantage Limitation Ref.
Covalent Au—S(gold-sulfur  Thiol group 1. Stable binding 1. Increased cost [88—99,131]
bond) 2. Simple modification 2. Not suitable for nongold system
3. Suitable for Au electrode and not limited by
the shape
—CO—NH— Amine group 1. Strong stability 1. Need to activate carboxyl groups [101—109,131]
(amide bond) 2. Low cost 2. May need crosslinkers
3. Diverse generation reagents and strategies
4. Flexible design and wide applications
Noncovalent Streptavidin- Biotin group 1. Strong interaction 1. High cost [125—127,131]
biotin 2. Simple modification 2. Complex steps
Nano XS: layers- Single strand 1. Selective attraction of single stranded DNA 1. Complex preparation for nano [128,129]
nitrogenous base, DNA 2. Singal intensity is not limited by the amount material
X=Mo, Ti, Ta of modified aptamer 2. Special design for sensing strategy
3. Effective in specially designed sensors 3. Requirement for detection system
Alkyl layers- Cholesterol 1. Low cost 1. Sensitive to temperature [130]
cholesterol group 2. Simple modification 2. Need special modified aptamer
3. It can be applied in micro electrode and 3. Relatively weak interaction

in vivo detection
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Fig.3 Schematic illustration of modification strategies

(A) Covalent strategy: Au—S bond; (B) covalent strategy: amide bond; (C)
noncovalent strategy: streptavidin-biotin interaction; (D) noncovalent strategy:
nano XS: layers-nitrogenous base interaction, X=Mo, Ti, Ta; (E) noncovalent
strategy: alkyl layers-cholesterol interaction.

3 Applications of E-ABs

The application scope of the biosensor mainly depends on its
sensitivity, selectivity, and stability, which requires the
detection limit of the sensor to be lower than the actual
concentration of the detection environment, quick response,
affected by
substances®1321331, Up to date, E-ABs have been applied for the

and not to be disturbed or interfering
sensing of a variety of analytes, including small molecules,

macromolecules and large analytes such as cells and viruses.

3.1 Sensing of Small Molecules

Small biological molecules, such as neurotransmitters,
metabolites and cell secretions play a vital regulatory role in
the biological system!!34-13¢I. The detection of biological small
molecules is of great significance for understanding the
mechanism of biological activities and disease monitoring.
Due to the high selectivity and sensitivity of aptamers, E-AB
sensors have been widely used in the actual detection of a
variety of biological small molecules!'¥—1l. Based on the
electrochemical properties of these small molecules, they can

be divided into electroactive or electroinactive analytes.

3.1.1 Electroactive Analytes

For the sensing of electroactive analytes, the flexible aptamer
chain captures the target, wraps around the small molecule,
and makes the small molecule close to the electrode surface for
electron transfer. In fact, few electroactive substances, such as
dopamine are suitable for sensing in this direct way!40-142l,
However, in many cases, when the aptamer wraps the targeted
molecule, it shields the signal of the analyte. In addition, this

direct sensing strategy has no amplification effect. Thus, the
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signal response is limited to the amount of modified aptamers
and the concentration of the analyte, and the signal response
is usually not as good as indirect sensing!!**~14l. The detection
limit of the sensor sensing in a direct way by the oxidation of
dopamine is usually nmol/L level, which could be further
improved with the assistance of nano materials with high
conductivityl1461471,

Because the electrochemical signal is generated from the
analyte itself in the direct sensing based approach, the
fabrication steps of the sensors for electrochemical active
substance are relatively simple and can be applied to a variety
of systems, especially biological systems. For example,
Ferapontova et al.l'*8 reported a sensor that could be directly
applied to undiluted human serum to detect the concentration
of dopamine. The dopamine RNA aptamers and cysteine are
modified on the surface of the electrode. Cysteine is included
to serve as both a blocking agent as well as positively charged
molecules for electrochemical interaction with aptamers, so
that the aptamers can spread on the surface of the electrode
and capture the target. Using an amperometry method, the
detection limit of the sensor for dopamine in undiluted human

serum is 114 nmol/L and the linear range is 0.1—2 umol/L.

3.1.2 Electroinactive Analytes

In biological systems, many small molecules, such as gas

molecules and metabolic substances do not have
electrochemical activity or require a high potential to generate
electrical signals, so they need the assistance of other signal
substances to generate signals through the changes of
electrode interface chemical environment!'*—1%,  Indirect
sensing strategies of electroinactive analytes have the
advantage that the signal intensity does not directly depend on
the number of aptamers modified on the electrode, so the
detection limit can be further improved, and can be applied to
complex environments with higher selectivity. However,
compared with direct sensing, the fabrication of the sensor is
usually more complex, the cost may be higher, and more
factors need to be considered in design.

Since the target substance itself does not have
electrochemical activity, one of the most common strategies is
to modify the electrochemically active groups on the aptamer,
such as methylene blue(MB), which is usually modified at one
end of the aptamer. When the aptamer does not bind to the
target substance, the nucleic acid chain stretches, the
electrochemical active group is far away from the electrode
surface, and the electron transfer rate is slow. When the
configuration of the aptamer binding target changes, the
electrochemically active group is close to the electrode surface,
the electron transfer rate is accelerated, and a larger current

response signal is generated, which is positively correlated
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with the concentration of the target substancel'*~158. White
et al.1®2 reported a sensor that modified the gold electrode with
MB-modified aptamers. When the aptamer captured the target,
MB approached to the electrode and electron transfer occurred,
and electrons of indicator electrode prussian white(PW) were
lost on the color plate connected with the sensing electrode to
make PW become prussian blue(PB)[Fig.4(A)]. Based on the
process, the colorimetric method can be used to detect the
concentration of ATP.

In addition to modifying electrochemical active groups,
the method of inserting electrochemical indicators is also very
common. The most commonly used one is ruthenium complex
ions that can bind to the nucleic acid chain skeleton through
non-covalent interactions and generate electrochemical signals.
Since a single aptamer can bind multiple ruthenium complex
ions, the signal response significantly increases, which has a
wide range of applications!’®~-12. Dionysiou et al.'*! reported
a sensor using aptamers to capture microcystin-LR(MC-LR)
for the removal of Ru(NHs)s** and obtain a response signal.
Based on the reason that after the aptamers bind to MC-LR, the
Ru(NHs)s> originally bound to the aptamer will be removed,
resulting in the decrease of SWV peak, the reduction of
Ru(NHs)6*

concentration. The selectivity for microcystin congeners with

signal is positively correlated with the
very similar structures and inference substances that may
appear in the lake environment has been verified[Fig.4(B)].
The detection limit of the sensor is 9.2 pmol/L.

As an oligonucleotide sequence with recognition ability,

aptamer itself has the hybridization ability of nucleotide
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Fig.4 Sensors for small moleculars based on the

electrochemical indicator

(A) Schematic illustration of the electrochemical closed-bipolar electrodes
employing aptamer recognition and the detection process based on colorimetric
method. Reprinted with permission from Ref.[82], Copyright 2019, American
Chemical Society; (B) schematic illustation of working principle of the E-AB ensor
via target-induced displacement of surface-confined [Ru(NHs)s]**(a), and
specificity of the sensor in response to the presence of 1 nmol/L various
cyanotoxins in Tris buffer(b). Reprinted with permission from Ref.[159], Copyright
2021, American Chemical Society.

871

sequence. When aptamers bind with their targets, the
interaction between them is often greater than that of the
hybridization of aptamers and their complementary chain, so
the hybridization ability of nucleic acid can be used to design
more diverse sensing strategies, which not only provides
higher flexibility for the sensing strategies of the E-AB sensor,
but also further improves the selectivity and application range
of the sensor.

Hybridization and dehybridization between nucleic acid
sequences need appropriate temperature. Lin et al.*! reported
a sensor, which hybridizes nucleic acid by heating electrode
itself rather than heating solution system. The aptamers are
hybridized with the complementary chains on the electrode
surface. When the target substance bisphenol A exists in the
system, the aptamers are removed. Then the DNA with two
hairpin structures and the fixed complementary chains form a
longer dsDNA structure, which can combine with multiple
electrochemiluminescence(ECL) signal substance Ru(phen)s*
to generate signals. Moreover, the signal increases
significantly at higher temperature[Fig.(5A)]. The detection
limit of ECL method at 55 °C is 1.5 pmol/L, which is 6 times
lower than that at 25 °C.

The hybridization strategies between nucleic acid chains
have been flexibly applied to the fabrication of various
aptamers, which is also one of the characteristics of aptamers
different from other natural specific recognition molecules.
De Wael et al.l'®3 used the change of the overall configuration
of the aptamer after binding the target to control the
hybridization between the end of the nucleic acid chain and
the complementary chain modified on the electrode, and then
detected testosterone by ECL method. Han ef al.l'*l reported a
new complex sensor by using nanoparticles and double ring
structure on the electrode surface through the combination of
circular and linear nucleotides. The switch of the sensor can be
controlled by adding different aptamers, and the sensor can
detect the concentration of two substances[Fig.5(B)]. The
detection limits of kanamycin and neomycin were 350 and
17 pmol/L, respectively. Attributed to this sensing strategy,
1000-folds interfering ions and 100-folds ascorbic acid generate
less than 5% signal interference.

Based on the hybridization ability of nucleic acids,
amplification strategies can be designed. Multiple-cycles
amplification strategies can be wused to amplify the
corresponding signal of aptamers, or generate secondary
targets. It is an extremely sensitive and selective sensing
strategy, and the detection limit is usually down to pmol/L
level, even in complex environments. Huang et al.'%! reported
a sensing strategy using three-cycle processes to generate the
DNA sequence as the secondary target. Relying on the
hybridization of nucleotides and assisted by nucleic acid

cleavage enzyme, the concentration signal of antibiotic can be
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converted to that of the secondary target. The secondary target
DNA hybridizes with the one chain of dSDNA modified on the
electrode surface, leaving the ssDNA modified with MB to
generate signals. The detection limit of DPV method can reach
1.3 fmol/L, and the linear range is 5 fmol/L—100 pmol/L. In
another example, Li et al.l'*l used a two-cycle process to make
the MB removed in the cycle with the participation of
antibiotics as the target molecule to generate a signal response.
Aptamers are involved in the circular process in the removal
of MB, rather than directly modifying the electrode. In the
absence of the target, MB binds to nucleotide chains with a
hairpin structure and could not reach the electrode surface.
Importantly, 25-folds concentrations of interfering substances
have not generated noticeable response, highlighting the
excellent selectivity of the sensor. Using DPV, the detection
limit of ampicillin reaches 4.0 pmol/L[Fig.5(C)].

Combining with functional materials is also an excellent
sensing strategy for the sensing of small molecules. In addition
to combining with metal nanoparticles and carbon materials,
such as carbon nanotubes and graphene, the sensor fabricated
by combining aptamers with piezoelectric crystal materials
also has excellent performance. Piezoelectric crystal material is
a kind of functional materials that can generate voltage inside
the crystal when pressure is applied on the surface of the
crystal material. When the aptamer captures the target, the

interaction with the target will lead to the change of interface
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Fig.5 Sensors for small moleculars based on the hybridization
(A) Schematic illustration of the signal-on ECL aptasensor for in situ detection of
BPA based on hybridization chain reaction and electrically heated electrode(a),
ECL signals with different concentrations of BPA at the electrode temperature of
55 °C(b), and the relationship between ECL intensity and the BPA concentration at
different electrode temperature of 55 and 25 °C(c). Reprinted with permission from
Ref.[84], Copyright 2019, Elsevier; (B) aptamer-based sensor for the kanamycin

and neomycin detection. Reprinted with permission from Ref.[164], Copyright 2019,

Elsevier; (C) schematic illustration of principle of target-induced and T7
exonuclease-aided recycling amplification homogeneous electrochemical strategy
for highly sensitive detection of AMP(a), DPV response of the biosensing platform
in the presence of AMP and its analogues, amoxicillin, penicillin, benzylpenicillin
and lincomycin, respectively(b), and the calibration curve corresponding to the
DPV peak current as a function of AMP concentration at the potential of 0.3 V(c).
Reprinted with permission from Ref.[166], Copyright 2016, Elsevier.
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pressure, which can be transformed into electrical signals by
piezoelectric materials!*®’—17°. Wang et al.'7! reported a method
of detection for okadaic acid using piezoelectric materials by
E-AB sensor. After the piezoelectric materials are modified
with complementary chains of aptamers, they are incubated
together with the mixture of okadaic acid and okadaic acid
aptamers. Through competitive bonding, the signal is
correlated with the concentration of okadaic acid. Finally, gold
nanoparticles modified with complementary chains are used
for improving conductivity and electrode surface interaction.
The detection limit of this detection platform for okadaic acid
is 0.26 ng/mL. In addition, the selectivity of the sensor was
proved by analyzing with other three DSP toxins, and 10-folds

interfering substances had no obvious interference.

3.2 Sensing of Macromolecule

The detection of macromolecules in biological systems, such as
proteins and enzymes with complex structures, is also the
focus of analytical chemistry. Biological macromolecules are
very important in cancer detection and pathological
research!72-1741, Their efficient detection is conducive to the
prediction and prevention of diseases in advance. E-AB
sensors can also be applied to macromolecules in biological
systems with different sensing strategies!'”.

Due to the size of macromolecules, complex structures
may be formed on the electrode surface when aptamers
capture macromolecules, which may hinder the signal
response process on the electrode surface, so it is necessary to
adopt appropriate strategies to amplify the signall?7¢—178],
Employing electrochemical indicators is an excellent strategy
to enhancing the sensitivity and selectivity of E-AB sensor. Li
et al.”! reported a general strategy of using exonuclease to
control the switching state of the sensor. Firstly, aptamer is
modified on the electrode and combined with Ru(NHs)e.
After binding with the target, the exonuclease cannot
decompose the aptamer due to the change of configuration,
while the aptamer that does not bind to the target is
decomposed. Therefore, the signal intensity of ruthenium
hexamine is proportional to the concentration of the target, the
interference of other substances is reduced obviously, and no
significant signal was observed with 100-folds interfering
substance. Using CV method, the detection limit of lysozyme
is 2.0 nmol/L.

Another excellent strategy is amplifying the signals
after the aptamer binding with target leaving the electrode.
Yuan et al.'%) reported a sensor that can be used to detect
miRNA-21 and human mucin 1(MUC1) protein. Firstly, the
miRNA-21 starts the whole sensing process and its signal will
be amplified and detected in the process behind. Then the

sensor modified with primary nucleic acid chain will capture
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the nanoparticle modified with complementary chains of the
primary chain and the aptamer. After the MUC1 aptamers and
two kinds of nucleic acid hairpin structures introduced into
the system, complex structures are formed to combine with an
electroactive indicator [Ru(bpy)dppz]*, generating a strong
signal. When the aptamers capture the target and leave the
electrode surface, the complex structures are removed
simultaneously, causing a sharp reduction in the signal. Using
ECL method, the detection limits of the sensor for miRNA-21
and MUC1 are 0.1 fmol/L and 2.4 fg/mL, respectively. The high
selectivity of two different targets is demonstrated, and other
RNA sequences and proteins do not significantly interfere
with the signal response[Fig.6(A)].

When aptamers bind to macromolecular targets, it is also
possible that aptamers only recognize and bind part of the
macromolecules. Therefore, macromolecular substances may
have multiple recognition aptamers and can form a variety of
structures with aptamers!!81-1%l. Sandwich structure is a
common sensing strategy for macromolecular targets and even
bigger analytes. The principle of sandwich structure is to
combine the material modified on the electrode surface with
the analyte, and then attract a new aptamer, so that the analyte
molecules are wrapped in it to form a structure similar to
sandwich, and the signals of analytes can be detected through
the change of electron transfer rate after structure change or
the introduction of new catalytic or electroactive groups!'#—151,

A variety of substances can participate in the construction
of sandwich structure to form a stable sandwich structure.
Shim et al.'¥” reported a sandwich structure sensor assisted by
magnetic force. Firstly, the aptamer was modified on the
surface of the working electrode and the thrombin in the
system was captured. Then, when the electromagnet of the
working electrode was turned on, the magnetic nanoparticles
(MNP) modified by antibody and toluidine blue B(TBO) will
be close to the target, and then the auxiliary electromagnet was
used to remove the magnetic nanoparticles not binding with
thrombin to obtain the sandwich structure pTBA/Apt/
thrombin/MNP@AD-TBO. By detecting the current change, the
detection limit of the sensor is 0.49 nmol/L. Nie et al.['88] also
used the sandwich structure to detect thrombin. The difference
is that they used two different aptamers to fabricate a new kind
of sandwich structure TBA1/thrombin/TBA2-Go-RuNP. TBA2
is modified on graphene oxide attached with ruthenium
nanoparticles. The detection limit of ECL method is 28.73
fmol/L[Fig.6(B)].

New technologies, such as molecular printing, can also be
applied to the fabrication of sandwich structures. He et al.[8
reported a sensor based on molecular imprinted polymer(MIP)
and aptamers. After a layer of chitosan is coated on the surface
of the glassy carbon electrode, the molecular imprinting

process is carried out on the surface, and the special structure
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Fig.6 Sensors for macromolecular detection

(A) Schematic illustration of the versatile and ultrasensitive electrochemi-
luminescence biosensor for the monitoring of miRNA-21 and MUC1 from breast
cancer(a), study of the selectivity performances of the biosensor for multiple types
of biomarkers(b, c). Reprinted with permission from Ref.[180], Copyright 2019,
American Chemical Society; (B) schematic illustration of the fabrication process
of ECL aptasensor and the sandwich structure TBA1/thrombin/TBA2-Go-RuNP(a),
ECL curves of the “signal-on” sensing platform to various TB concentrations(inset
of the image: calibration plot of the ECL intensity and the logarithm of the TB
concentrations)(b), and selectivity of the fabricated ECL sensor(c). Reprinted with
permission from Ref.[188], Copyright 2021, Elsevier; (C) schematic illustration of
the preparation of the SiO.@Ag-aptamer composite, and the fabrication of the
MIPs-based aptamer-based biosensor and the electrochemical detection of A-BO
via a sandwich-type assay(a), the calibration curve in 0.1 mol/L PBS(pH 7.4)
for detecting AB1-42 oligomer at different concentrations(b), and selectivity of the
MIPs biosensor in 0.1 mol/L PBS(pH 7.4) containing 1 ng/mL AB(a. ABi-o
monomer, b. AB1-s2 monomer, c. AB14o fibril, d. AB1_42 fibril, e. AB1_40 oligomer, and
f. AB142 oligomer) (c). Reprinted with permission from Ref.[189], Copyright 2020,
Elsevier.

can be formed after removing the template. When there is a
target in the system, the target will be embed into the
imprinting layer and attract the gold nanoparticles modified
with aptamers to form a sandwich structure. The results show
that the selectivity and the sensitivity of the sensor are
significantly enhanced by molecular printing[Fig.6(C)]. Using
DPV method, the detection limit for amyloid-f oligomer is
1.22 pg/mL, and the linear range is 5 pg/mL—10 ng/mL.

3.3 Sensing of Cells and Viruses

Compared with macromolecules, cells and viruses are more
complex organic bodies. Their efficient detection is conducive
to the direct observation of the mechanism and development
process of diseases, playing a great role in human health and
environmental governancel®®£7.139,1901,

In the sensing process, cells and viruses are large, and a
single aptamer is difficult to wrap the whole analytel¢6515],
Therefore, some strategies of macromolecular sensing cannot
be directly applied to these analytes, while the selectivity and
the sensitivity are still the core part of the sensor development.

In this regard, sandwich structure is still a reliable method for
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detecting large analytes!!?1—194,

When sandwich structure is used in cell or virus detection,
it needs to be combined with nanomaterials to improve the
signal in order to obtain higher sensitivity and selectivity.
Tabrizi et al.’”! reported a sensor for detecting adenocarcinoma
gaseous cancer cell(AGS). Firstly, carbon nanotubes and
primary aptamers were modified on it, capturing AGS, and
then metal nanoparticles modified with secondary aptamers
were immobilized. With hydrogen peroxide as a reductant, the
concentration of AGS could be detected by amperometric
method. The detection limit of the sensor is 6 cell/mL and the
linear range is 10—5x10° cell/mL.

Vajhadin et al.' reported a sandwich structure that used
aptamers to recognize specific proteins to capture HER2
positive cancer cells. The aptamers are dividedly modified on
CoFe:04@Ag nanoparticles and MXene material attached to
the electrode to form a sandwich structure for capturing the
target cancer cell. The usage of nanomaterial and MXene
increases the conductivity and modification area for higher
selectivity and sensitivity. Using DPV method, the detection
limit is 47 cell/mL with a linear relationship in the range of
102—10° cell/mL[Fig.7(A)]. Compared with the target cells
SK-BR-3 at a high expression level, other cancer cells at
medium or low expression level generate basically negligible
response.

As viruses and cells are complex organisms, their surfaces
have many different functional structures, and they have
abundant sites for aptamer recognition!®151%l. Therefore,
multi segment of aptamers can be used to form a winding
structure for analytes, which can successfully capture viruses
and cells with high sensitivity and selectivity. Xiang et al.[*]
modified the primer DNA on the surface of the gold electrode,
and then formed a multivalent aptamer network for capturing
the target circulating tumor cells(CTCs) with the assistance of
DNA template and rolling circle amplification. After the
aptamer network wrapping the CTCs, gold nanoparticles
modified with antibodies will be introduced into the electrode
surface as a catalyst for the H20: oxidation to generate signals.
Except for the target cancer cells, other cancer cells cannot
generate obvious signal responses[Fig.7(B)]. Using CV method,
the detection limit of the sensor in the whole blood is 5 cell/mL.
The binding and detection of aptamers with macromolecules
or larger analytes require aptamers with better affinity. This
can be achieved by combining multiple aptamers!*”—1*’l. For
instance, the detection of coronavirus(SARS-Cov-2) is the most
concerned challenge since the outbreak of the epidemic.
Efficient and rapid response to the virus is vital for biosensors
in this urgent situation. Li et al.?™ reported an effective sensor
for the detection of a new type of SARS-Cov-2 using two newly
generated aptamers. The combined use of aptamers targeting
MSAIT and MSAS5T formed a sensor with excellent selectivity
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Fig.7 Sensors for the detection of cells and viruses

(A) Schematic illustration of an MXene-based cytosensor for the detection of SK-
BR-3 cells(magnetic cell isolation using CoFe.04@Ag-HB5 and electrochemical
cell detection on a functionalized MXene-based surface)(a), and linear calibration
curve of the current change and the logarithmic value of SK-BR-3 cell
concentration(b). Reprinted with permission from Ref.[101], Copyright 2022,
Elsevier; (B) schematic illustration of multivalent aptamer network for capturing
and electrochemical detection of CTCs in whole blood(a), and current responses
of the method for the detection of different cancer cells(5%10° cells/mL)(b).
Reprinted with permission from Ref.[89], Copyright 2020, American Chemical
Society; (C) illustration of sensor connected with portable device capturing
the target virus by dimeric aptamer(a), schematic of the electrochemical assay
for the detection of SARS-CoV-2 using spike protein aptamer(after incubation
with the viral target, the charge transfer resistance increases due to surface
blocking of the redox reaction of the Fe?"/Fe3* ions)(b), and calibration plot of the
different concentrations of three trimeric spike proteins, WHTS, UKTS and
INTS[dotted line indicates the mean signal change for the buffer without protein
load(n=3)](c). Reprinted with permission from Ref.[200], Copyright 2021,
Wiley-VCH.

Portable 0.
sensor

Log ([Trimeric Spike] / fM)

for SARS-Cov-2 detection. When aptamers bound with
SARS-Cov-2, the electron transfer rate on the electrode
surface was blocked. Under the electrochemical impedance
spectroscopy(EIS), the detection limits for Wuhan variety,
British variety and Indian variety are 1, 2.8 and 3.6 fmol/L,
respectively[Fig.7(C)]. More excitingly, when equipped with
portable devices, the sensing results can be obtained quickly
after simple treatment.

In conclusion, the sensing strategies of E-AB sensor has
strong flexibility, wide application range and fast response,
and can be widely used in reality to fulfill the detection
tasks with high selectivity and sensitivity in complex

systems(Table 2).
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Review

Target Modification strategy Method Limit of detection Linear range Ref.
Adenosine Covalent(CONH) ECL 1 fmol/L 107%—10% nmol/L [78]
AFP Covalent(CONH) cv 3 pg/mL 102—10? ng/mL [79]
Covalent(CONH) SWv 1.22 ng/mL 3—30 ng/mL [80]
AGS Covalent(Au—S) Amperometry 6 cell/mL 10—5x%10° cell/mL [97]
Ampicillin Covalent(Au—S) DPV 1 pmol/L 7 pmol/L—102 nmol/L [81]
Non-modification DPV 4 pmol/L 0.02—40 nmol/L [165]
Amyloid-B oligomer Covalent(Ag—S) DPV 1.22 pg/mL 5x107°—10 ng/mL [182]
ATP Covalent(Au—S) Colorimetric 1 mmol/L 1—16 mmol/L [82]
Covalent(CONH) DPV 0.03 pmol/L 10*—10° nmol/L [108]
BPA Covalent(Au—S) ECL 1.5 pmol/L 2x107°—50 nmol/L [84]
Covalent(Au—S) ECL 33 pmol/L 107—40 umol/L [85]
Cardiac troponin | Biotin-streptavidin strategy DPV 100 amol/L 10~*—10 pmol/L [126]
Biotin-streptavidin strategy EIS 10 fmol/L 10°—1 nmol/L [201]
Cocaine Covalent(Au—S) DPV 105 pmol/L 0.1—50 nmol/L [88]
CTC Covalent(Au—S) Ccv 25 cell/mL 10%2—5x10° cell/mL [89]
Dexamethasone(DXN) Covalent(Au—S) DPV 2.12 nmol/L 2.5—10% nmol/L [90]
Digoxin Covalent(Au—S) SWv 0.5 ng/mL 0.5—5.0 ng/mL [94]
H5N1 Covalent FET® 5.9 pmol/L 102—10 nmol/L [153]
HER2-positive cancer cells Covalent(CONH) DPV 47 cell/mL 102—10° cell/mL [101]
HIV-1 Tat protein Covalent(Au—S) QcmP 0.25 ppm 0.25—2.5 ppm [92]
Kanamycin Covalent(Au—S) DPV 1.3 fmol/L 5x107°—10% pmol/L [166]
Non-covalent DPV 29 pmol/L 0.1—102 nmol/L [129]
Covalent(Au—S) DPV 36 fmol/L 5%x1072—2x10? pmol/L [91]
Non-covalent ECL 0.12 nmol/L 1—206 nmol/L [202]
Kanamycin Covalent(CONH) ECL 0.35 nmol/L 1—10* pmol/L [164]
Neomycin 17 pmol/L 0.1—10° nmol/L
Lysozyme Covalent Ccv 2.0 nmol/L 2.0—60 nmol/L [179]
MALAT1 Covalent(Au—S) DPV 42.8 fmol/L 10°—10 nmol/L [102]
MERS-CoV Covalent(CONH) SERS® 0.525 pg/mL(SERS) 10°—10%ng/mL [203]
0.645 pg/mL(EIS)
Microcystin-LR Covalent(Au—S) SWv 9.2 pmol/L 0.03—1 nmol/L [159]
MUC1 Covalent(Au—S) ECL 2.4 fg/mL 107°—1 pg/mL [180]
Okadaic acid Covalent(Au—S) QCM 0.32 pmol/L 0.40—160 pmol/L [199]
PDCF-BB Covalent(Au—S) LSv? 10 fmol/L 102—10? pmol/L [204]
SARS-CoV-2 Covalent(Au—S) EIS 1 fmol/L 4x107°—4.4 pmol/L [200]
Tenofovir(TFV) Covalent(Au—S) EIS 1.2 nmol/L 1—102 nmol/L [110]
Testosterone Biotin-streptavidin strategy ECL 0.29 pmol/L 0.39—1.56 pmol/L [163]
Thrombin Covalent(Au—S) cce 1 fmol/L 10°—1 pmol/L [103]
Covalent(CONH) ECL 28.73 fmol/L 107*—10 nmol/L [181]
Covalent(Au—S) DPV 0.32 pmol/L 1x10°—30 nmol/L [205]
Covalent(Au—S) Amperometry 1 fmol/L 10°—10 nmol/L [206]
Tobramycin Covalent(Au—S) SWv 0.51 pmol/L 0.02—0.5 pmol/L [207]

a. FET: field effect transistor; b. QCM: quartz crystal microbalance; c. SERS: surface-enhanced Raman spectroscopy; d. LSV: linear sweep voltammetry.

4 Summary and Outlook

E-AB sensor features the dual advantages of aptamers and
electrochemical methods, and continues to surprise and
perplex scientists. Today, with the great advancement of
SELEX technique, rich chemical tools for surface engineering,
and controllable fabrication of electronic sensing device,
microsized, portable and even wireless E-AB sensors targeting
previously challenging analytes have been emerged. This

greatly expands the application scope of sensors from initial in

vitro sensing to now in vivo sensing, from environment analysis
to human healthy monitoring, including in the diagnosis of
diabetes cancer, degenerative diseases, and many others.
Looking forward, in order to develop more reliable E-AB
sensors for practical applications, perhaps chemists should
focus on the following aspects in the future:

a) Miniaturization for in vivo detection. To minimize the
invasiveness to living body during the implanting process of
sensors, micro or even nano-sized electrochemical sensor is an
appealing choice, but the decreasing modification area and
special properties caused by the size effect pose grand
challenges to E-AB sensors. Therefore, the effective
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modification of aptamers on micro electrodes, such as wire
electrode, fiber electrode and so on, and developing reliable
sensing strategies to achieve high sensitivity and selectivity for
in vivo measurement are urgent problems to be solved.

b) Improving the in wvivo stability of E-AB sensors.
Effective sensing of biochemical substances in vivo requires the
sensor to be applied in the flowing tissue fluid, for example, in
cerebrospinal fluid and blood, and the complexity of fluid
properties and co-existing of a large amount of other biological
substances will affect the stability and selectivity of E-AB
sensors. Designing bio-compatible and antifouling electrode
surface to minimize the immune response of the sensor, and
avoiding the degradation of aptamer in complex bio-
environment can prolong the effective usage of the sensor and
realize continuous sensing.

c) Large-scale production of E-AB sensors. Controlling
and large-scale fabrication of E-Abs sensors with low cost can
greatly boost the application of the sensor in real life, for
example, applied to clinical usage for daily tracking of long-
lasting health conditions for effective intervention and
treatment. Compared with the commercial glucose sensor and
biological oxygen sensor developed in early years, E-AB
sensors need more chemical and electronic strategies for
the

interfacing the sensor with standard electronic manufacturing

improving large-scale synthesis of nucleic acids,

procedures, and avoiding the decomposing of aptamers or
minimizing the batch to batch variation during the production
and transportation of sensors.

Finally, we expect E-AB sensors to achieve breakthroughs
in sensitivity and selectivity, and to be applied in real
situations on a large scale, so as to create greater value for life
and health of human beings and be sustainable development

of the environment.
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