biosensors

Review

Electrochemical Signal Amplification Strategies and Their Use
in Olfactory and Taste Evaluation

Xingian Wang !, Dingqiang Lu »*, Yuan Liu 2, Wenli Wang 2, Ruijuan Ren 3, Ming Li !, Danyang Liu ', Yujiao Liu },
Yixuan Liu ! and Guangchang Pang **

Citation: Wang, X,; Lu, D.; Liu, Y.;
Wang, W.; Ren, R; Li, M,; Liu, D.;
Liu, Y.; Liu, Y.; Pang, G.
Electrochemical Signal
Amplification Strategies and Their
Use in Olfactory and Taste
Evaluation. Biosensors 2022, 12, 566.
https://doi.org/10.3390/bios12080566

Received: 26 June 2022
Accepted: 24 July 2022
Published: 26 July 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (http://crea-

tivecommons.org/licenses/by/4.0/).

1 Tianjin Key Laboratory of Food Biotechnology, College of Biotechnology & Food Science, Tianjin University
of Commerce, Tianjin 300134, China; wangxinqian@stu.tjcu.edu.cn (X.W.); liming@tjcu.edu.cn (M.L.);
18731806261@163.com (D.L.); m15568219515@163.com (Y.L.); liuyixuan@stu.tjcu.edu.cn (Y.L.)

2 Department of Food Science & Technology, School of Agriculture & Biology, Shanghai Jiao Tong University,
Shanghai 200240, China; y_liu@sjtu.edu.cn (Y.L.); wenli-wang@sjtu.edu.cn (W.W.)

3 Tianjin Institute for Food Safety Inspection Technology, Tianjin 300308, China; renruijuan2013@126.com

Correspondence: dglu@tjcu.edu.cn (D.L.); pgc@tjcu.edu.cn (G.P.)

Abstract: Biosensors are powerful analytical tools used to identify and detect target molecules. Elec-
trochemical biosensors, which combine biosensing with electrochemical analysis techniques, are ef-
ficient analytical instruments that translate concentration signals into electrical signals, enabling the
quantitative and qualitative analysis of target molecules. Electrochemical biosensors have been
widely used in various fields of detection and analysis due to their high sensitivity, superior selec-
tivity, quick reaction time, and inexpensive cost. However, the signal changes caused by interactions
between a biological probe and a target molecule are very weak and difficult to capture directly by
using detection instruments. Therefore, various signal amplification strategies have been proposed
and developed to increase the accuracy and sensitivity of detection systems. This review serves as
a reference for biosensor and detector research, as it introduces the research progress of electro-
chemical signal amplification strategies in olfactory and taste evaluation. It also discusses the latest
signal amplification strategies currently being employed in electrochemical biosensors for nano-
material development, enzyme labeling, and nucleic acid amplification techniques, and highlights
the most recent work in using cell tissues as biosensitive elements.

Keywords: electrochemical biosensors; olfactory and taste evaluation; signal amplification
strategies; nanomaterials; enzymes; nucleic acid amplification techniques

1. Electrochemical Biosensors

In the 1960s, Leland C. Clark Jr, an American scholar in electroanalytical chemistry,
suggested that that the determination of biochemicals could be found using a method as
convenient as pH electrodes, which led to the introduction of enzyme electrodes, the first
biosensors [1-3]. For half a century, biosensing has developed into a classic converging
technology with the incorporated principles and technologies of multiple disciplines such
as life sciences, chemistry, physics, information, and materials [4]. In the 1970s to 1980s,
various biomolecules and biomaterials were used as the molecular recognition elements
for biosensors, enabling the rapid detection of a variety of biochemical and immunologi-
cal substances [4]. In addition, various physical and chemical transduction principles
were adopted, driving the formation of the biosensing field. In the second wave of devel-
opment, second-generation enzyme electrodes were commercially successful [4], surface
plasmon resonance (SPR) biosensors were widely used for biomolecular interaction stud-
ies [5], while DNA microarrays enabled high-throughput analysis of gene expression [4].
Since the 21st century, the introduction of nanotechnology has endowed biosensing with
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many new properties such as high sensitivity, a multiparameter nature, and microenvi-
ronmental applications [6]. Biosensors are powerful pieces of analytical equipment used
to identify and detect target molecules, and are usually composed of a biosensing material
and a physicochemical sensor [7]. Biosensors are generally used as detectors, and utilize
a bioactive substance as a biofunctional sensitive element fixed to a signal transducer,
which transmits a signal that is then converted to corresponding optical, thermal, and
electrical signals with good sensitivity, selectivity, and specificity when a specific target is
added. However, a bottleneck in the application of the biological receptor elements is the
maintenance of their vitality, stability and shelf-life upon bonding with the electronic ele-
ments [8].

Among the known types of biosensors, electrochemical biosensors are efficient ana-
lytical tools that combine biosensing and electrochemical analysis techniques [9] and are
generally built in three-electrode electrochemical cells that consist of a working electrode,
a counter electrode, and a standard electrode with a stable and fixed potential [10]. Ana-
lytical methods for electrochemical biosensors are usually based on the electron transfer
process between an electrode surface and an electroactive material in an electrolyte [7].
Electrochemical biosensors use a fixed electrode as the base electrode and fixed bioactive
molecules on their surfaces, capturing target molecules onto the electrode surface through
specific recognition between biomolecules, where the base electrode converts the concen-
tration signal into measurable electrical signals such as current, potential, and resistance.
This enables the quantitative and qualitative analysis of a target. The basic principle of
electrochemical biosensors is shown in Figure 1. Four signal conversion types exist for
electrochemical biosensors: current, potential, impedance, and ion charge (field effect).
Among the current-based electrochemical biosensors, commonly used detection methods
include cyclic voltammetry (CV) [11], square wave voltammetry (SWV) [12], differential
pulse voltammetry (DPV) [11], and electrochemical impedance spectroscopy (EIS) [12].
Electrochemical biosensors have been widely studied in simple or complex detection en-
vironments and in a variety of fields due to their high selectivity for the molecules they
can identify, as well as their high sensitivity [13], fast response time, miniaturized and
portable properties [14], compatibility with impurity matrices [15,16], simplicity of oper-
ation, and low cost [17,18].

) Electrode
Sample Bioreceptors

*

>
@
O‘] Oo >-- Electrochemical g
Sx.m B @
»
o} 4 D>-
v N

Biomolecular Physical or Chemical Electrochemical
recognition Changes sensors

%

:

@

Signal output

Figure 1. Basic principles of electrochemical biosensors.

Although electrochemical biosensors are already highly sensitive, their sensitivity
must be further improved for the detection of certain molecules at low concentrations or
molecules that are difficult to isolate from biological samples [19-22]. In recent years, de-
tection methods for specific interactions between biological recognition elements, such as
antibodies, nucleotides, enzymes, and target analytes have been proposed and developed
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to improve the sensitivity and selectivity of detection systems [23]. In addition, signal am-
plification technology is often used as a critical technology in biosensor manufacturing
because it plays a crucial role in improving the sensitivity, selectivity and stability of bio-
sensors. Several signal amplification strategies, such as the use of nanomaterials with
unique physicochemical properties, as well as the use of enzymatic labeling and nucleic
acid amplification techniques, have become widespread. This review will present several
aspects of signal amplification strategies commonly used in electrochemical biosensors
(Figure 2), as well as present recent results regarding their use in olfactory and taste de-
termination.
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Figure 2. Signal amplification strategies commonly used in electrochemical biosensors.

2. Advances in Electrochemical Signal Amplification Strategies for Olfactory and
Taste Measurements

The detection of gases, including malodorous molecules and volatile organic com-
pounds (VOCs), has attracted great interest in recent years and there has been a growing
demand for it in various fields. Volatile organic compounds (VOCs) are a large class of
low molecular weight (<300 Da) carbon-containing compounds. These small volatile mol-
ecules have a wide range of sources, both natural (plants, animals, bacteria, etc.) and an-
thropogenic (fossil fuels, automobile exhaust, etc.) [24]. Studies have shown that most
VOCs have adverse effects on human health, causing symptoms such as headaches, and
nose, eye and throat irritation [25]. They are also considered chemical messengers, and
studies have identified different gases associated with different diseases. In addition, VOC
and odor analysis can be used for quality assessment in the food, beverage, and flavor
industries. Therefore, it is crucial to monitor the nature and concentration of these com-
pounds in indoor or outdoor environments [24].

2.1. Classical Analytical Techniques for Olfactory and Taste Detection

Olfactory and taste sensation are widespread in nature, and they play a major role in
the survival and reproduction of natural organisms [26,27]. Olfactory and taste receptors
mainly consist of cellular, tissue, or biological sensing receptors for various signals around
the body, especially for food and its nutrients. Studies have shown that olfactory percep-
tion and taste are dependent on the sensing effect of G-protein-coupled receptors
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(GPCRs), making them the most important targets for drug screening. GPCRs are a su-
perfamily of thousands of members that plays an extremely important role as nutrient
sensor receptors in the metabolism of substances, capacity metabolism, and signal com-
munication in the body or cells [28]. Methods commonly used for olfactory and taste de-
tection include gas chromatography (GC), gas chromatography-mass spectrometry (GC-
MS), electronic nose (EN), electronic tongue (ET) [29], near-infrared spectrum (NIR), and
other biosensors based on olfactory receptors (OR) or taste receptors (TR) [30,31]. In addi-
tion, natural elements such as odor-binding protein (OBP) or its analogs, such as peptides,
are often used in the construction of olfactory electrochemical biosensors [8,24,32,33].

GC is a separation and analysis method using gas as a mobile phase, which has the
advantages of high separation efficiency, fast analysis, high sensitivity and good selectiv-
ity, etc. [34]. It has been widely used in various fields and plays an important role in var-
ious aspects of modern society. GC consists of five systems: the gas circuit system, the
sample injection system, the separation system, the temperature control system and the
detection and recording system, of which the separation system and the detection and
recording system are the core. With an inert gas as the mobile phase, GC takes advantage
of the fact that the partition coefficient of components in a sample varies with the gas and
stationary phases [34]. As the sample is carried into the column by the carrier gas, the
components undergo repeated alternating distribution between the two phases. The com-
ponents in the stationary phase have different absorption capacities and therefore the an-
alytes pass through the column at different rates. After a certain column length, the com-
ponents of the sample are separated from each other and enter the detector. The ion cur-
rent signal generated by each component is amplified to produce a peak for each compo-
nent. In this way, the purpose of separation and detection is achieved. Gas chromatog-
raphy-mass spectrometry (GC-MS), a highly sensitive and accurate analytical technique,
allows the separation, identification, and quantification of different VOCs in a mixture
[34]. NIR is an electromagnetic spectrum between visible light (VIS) and mid-infrared
(MIR). NIR is a method that uses chemical bonds containing hydrogen groups to stretch
and relax frequencies, resulting in vibrational and combined frequencies. Fourier trans-
form infrared spectroscopy (FTIR) requires a spectrometer and scanning means to analyze
gases. FTIR can measure and analyze the concentration of toxic gases in a wide range of
infrared regions [34].

Although GC and GC-MS have good odor detection capabilities, they are not olfac-
tory sensors. In addition, they are bulky and expensive and require highly time-consum-
ing laboratory operations [34]. FTIR is highly sensitive and enables simultaneous analyti-
cal measurements of multiple gases, but its gas measurement and analysis can only be
performed in the laboratory, thus making it impossible to achieve online real-time gas
detection using FTIR [34]. Such a background has prompted many researchers to work on
developing alternative techniques to overcome the various drawbacks mentioned above.
Therefore, there is a need for an affordable, reliable, portable and sensitive device that can
rapidly analyze gases, including VOCs [24].

2.2. Olfactory and Taste Detection Based on Biosensor Technology

Electronic noses and electronic tongues can detect odors and taste by using chemi-
cally sensitive materials and are based on chemical interactions [35-37]. They are fast, sim-
ple, and portable detection tools. However, they are unable to distinguish between chem-
icals with similar structures [37]. Linda B. Buck and Richard Axel have conducted numer-
ous research efforts on biological olfaction, which has shown that in order to distinguish
between various odors, biological noses exploit the cross-reactivity of olfactory receptors
(OR), prompting each receptor to interact with different odor molecules [38].Thus, as with
barcodes, odors are encoded by combinations of olfactory receptors, prompting the nose
to have a wide detection range [24]. In addition, Linda B. Buck and Richard Axel demon-
strated that ORs belong to the large family of G-protein-coupled receptors (GPCRs) [24].



Biosensors 2022, 12, 566

5 of 29

In bioelectronic noses (B-EN) and bioelectronic tongues (B-ET), more selective odor detec-
tion can be achieved by using specific receptors, and transistor-based nanomaterials can
be used to amplify sensory signals, such as carbon nanotubes [39], conductive polymers
[40], and GR [41]. Bioelectronic noses-based nanomaterials are small, highly portable, and
can be used for field odor analysis by combining them with portable current measurement
devices [42]. In recent years, bioelectronic devices that use human sensory receptors as
molecular recognition elements have been developed and have been commonly used to
characterize food quality and safety. In addition, multi-channel bioelectronic noses have
been developed that consist of arrays of olfactory receptors capable of individually ana-
lyzing various odor information [42,43]. However, most current EN systems use chemical
layers as sensing elements and, therefore, have the disadvantage of limited diversity of
sensor coatings and poor selectivity [24]. In addition, EN, B-EN, ET, and B-ET instruments
not only have the disadvantage of a lack of sensor stability, but also the difficulty of having
identical sensing characteristics of the instrument in different production batches. Recent
research trends suggest that natural elements, such as ORs, OBP and peptides, can also be
used as sensitive materials in biosensors to improve odor sensing performance [44,45].

Since the discovery of the vertebrate olfactory receptor (ORs) gene family by Buck
and Axel, much progress has been made in the study of the molecular mechanisms of
olfaction and signal transduction pathways [31,38]. The process of biological olfactory is
the selective recognition of odors by ORs, triggering the intracellular signal transduction
pathways that lead to the depolarization of the OSN, and ultimately the transmission of
information to the brain for processing via neuronal axonal connections. Olfactory biosen-
sors use similar signal transduction mechanisms to recognize different odors and convert
odor chemical signals into readable signals, such as electrical, and optical signals [31].
Technologies such as microelectrodes, light addressable potential sensors (LAPS), field
effect transistors (FETs), and electrochemical impedance spectroscopy (EIS) have been
commonly used in OR-based electrochemical biosensors for olfactory signal conversion.
FETs have inherent signal amplification, making them particularly suitable for the detec-
tion of weak signals in OR-based biosensors [31].

In biosensors, the characteristics and properties of the sensing material should be
maintained by adopting an appropriate immobilization strategy, depending on the bio-
metric parts. Methods that couple biological elements to appropriate transduction sys-
tems can often be used to obtain measurable and detectable signals [8]. However, combin-
ing ORs with signal transducers is a major challenge as ORIS membranes are bound to
volatile organic compounds (VOCs), making it difficult to obtain configurations where
ORs can bind to VOCs under membrane-free conditions [8]. To facilitate the incorporation
of ORs into sensors, six materials have been typically utilized for binding, including cells
and tissues, nanovesicles, nanodiscs, artificial lipid bilayers, odorant binding proteins,
and biomimetic materials [8]. When embedding ORs using nanovesicles, the cell mem-
brane containing an OR can be constructed as a nanoscale phospholipid bilayer structure
to maintain the natural environment of the OR [46,47]. In addition, when the OR is inte-
grated into a sensor using nanodiscs, these nanodiscs can provide a stable environment
for ORs. However, this will separate the OR from the downstream proteins that promote
the olfactory process [47]. Artificial lipid bilayers can simulate cell membranes, maintain-
ing intact membrane proteins, such as ORs, and keeping their function intact. Biomimetic
materials allow for the immobilization of synthetic peptides based on ORs and OBP rather
than entire proteins, as they do not require tertiary structures or lipid membranes, thus
improving stability and repeatability. Artificial receptors, such as molecularly imprinted
polymers (MIP), can also be used as sensing elements due to their high stability [8].

Compared to traditional odor analysis techniques, electronic noses, electronic
tongues, and olfactory and gustatory electrochemical biosensors are fast, convenient, and
economical, and are widely used in food, medicine, agriculture, and environmental mon-
itoring [34]. In addition, gas sensing plays an important role in security applications (de-
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tection of drugs, explosives, etc.), environmental monitoring, and other applications un-
der development, such as augmented or virtual reality [48]. Nevertheless, research on bi-
osensors for olfaction and taste determination is still in the early experimental stages and
further research is still needed as commercial OR biosensors are not yet available in the
market due to the fragility of biosensing elements and the lack of portable signal trans-
duction systems.

2.3. Taste Electrochemical Sensors Based on a Cellular Signal Cascade Amplification System

Currently, most studies that are focused on taste receptor sensors are based on
changes in ion channels such as Ga? inward flow resulting from receptor-ligand interac-
tions in living cells, which are dependent on a variety of complex factors such as cell type,
physiological activity, environment, and intercellular interactions [34]. Although molecu-
lar interaction instruments based on SPR technology that can be used to detect non-stand-
ard receptor-ligand interactions are on the market, they are costly, technically complex,
and struggle to achieve high throughput, making conventional taste detection difficult
[34]. In current research, the methods for quantifying taste sensation have usually been
based on three mechanisms, namely: labeling based on ion channels or cellular active com-
ponents in living cells, non-standard-SPR methods, where the binding and dissociation
properties of receptor-ligands are measured, and electronic tongues. In modern biotech-
nology, multiple molecular signal transduction components can be co-expressed in heter-
ogeneous cell systems, thereby converting chemical signals into electrical signals [31].

Lee et al. [49] designed a miniature planar electrode to record the general membrane
potential changes of a heterogeneous olfactory system based on the co-expression of ORI7
and taste cyclic nucleotide gate (CNG) channels in HEK-293 cells. An olfactory biosensor
based on the multipoint detection of the electrical activity of olfactory cells and tissues
combined signal processing methods with olfactory decoding theory and showed excel-
lent potential for the simultaneous detection of multiple odors in complex environments
with high sensitivity and selectivity [31]. Xu et al. [50]constructed a novel hGPR120 fatty
acid receptor sensor based on the self-assembly of the hGPR120 receptor onto the surface
of bilayer-modified gold nanoparticles and bovine taste buds, which successfully detected
the G protein signals generated by the interaction of this sensor with 14 different natural
fatty acids. Pang et al. [34] self-assembled the TIR1 umami receptor protein expressed in
vitro by rats onto nanogold, and constructed an electrochemical biosensor based on signal
amplification using horseradish peroxidase for the quantitative determination of gluta-
mate monosodium salt concentrations.

An electrochemical taste sensor based on cell signal amplification has the advantages
of high sensitivity, strong specificity, quantification, simple operation, low price, and
good repeatability, and this technology can provide a good platform for the study of
GPCRs and their interaction patterns with ligands and biological functions, which can
then be used for taste determination in humans and animals [34].

2.4. Olfactory Electrochemical Sensors Based on a Cellular Signal Cascade Amplification System

Compared to other detection methods, OR electrochemical sensors based on the sig-
nal cascade amplification systems of the cell itself should be more sensitive by several
orders of magnitude for detecting their respective ligands [51]. Studies have shown that
ORCO expression will lead to an increase in ligand sensitivity and a decrease in the lower
limit of detection [52]. The use of OR-expressing cells and tissues as biosensing elements
is based on the generation of signal cascades of ions transferred from the outside to the
inside of cells caused by the combination of OR odor [46]. In addition, OR electrochemical
sensors can be coupled with enzymatic and nanomaterial electrochemical signal amplifi-
cation methods. Given the natural diversity of the olfactory system and the compounds
that can bind to gas molecules, a wider range of biosensors can be constructed for different
application aspects [8]. Lu et al. [31] prepared a sandwich electrochemical olfactory sensor
to detect sex differences in male and female rats, using the vomeronasal organ tissue of
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rats as a reference. The results showed that the vomeronasal organ sensors of male and
female rats had different dynamic curves for their respective urine and were able to dis-
tinguish between their own urine and the urine from other rats. Lu et al. [53] simulated
intracellular receptor signal processes based on an electrochemical signal amplification
system of gold nanoparticles (AuNPs) and HRP. Using gold nanoparticles self-assembled
twice and the subsequent adsorption of Bombyx olfactory receptor 1 (BmOR1), a sex pher-
omone binding protein, an electrochemical upper nanogold membrane receptor sensor
was constructed. Kang et al. [54] constructed an H20: electrochemical biosensor based on
the nanogold adsorption of immobilized horseradish peroxidase HRP with thionine-chi-
tosan as a bridging agent. On this basis, a bilayer nanogold-modified Bacillus cereus im-
munosensor was prepared based on the nanogold adsorption of HRP for electrochemical
signal amplification using Bacillus cereus monoclonal antibody as the biomolecular recog-
nition element and chitosan as the bridging agent [55,56].

In recent years, there have been tremendous advances in conductor technology, na-
nomaterials, carbon nanotubes, and GR, which have had some impact on the quality of
signals obtained from electrochemical biosensors and their process improvements. Thus,
various biometric materials based on olfactory sensing elements are expected to eventu-
ally be used to construct more sensitive and ultra-selective nanobiosensors by integrating
them with various nanomaterials [8]. Biosensors based on OR have great potential for de-
velopment and have promising applications in numerous fields due to their high sensi-
tivity and specificity. For example, they can be applied to drug discovery by detecting
interactions between ORs and drugs, as well as detecting specific interactions between
ORs and odor substances, providing a useful platform for basic olfactory research. How-
ever, this research is still at an early experimental stage, and commercial OR biosensors
are not yet available on the market due to the fragility of the biosensing components and
the lack of small, portable signal transduction systems. As we gain a better understanding
of odor binding sites, synthetic proteins, and peptides with higher stability and reliability,
these will likely replace tissues and cells for odor detection. In addition, microfabrication
technology improvement will also accelerate the miniaturization of OR-based biosensors,
and synthetic biology will likely facilitate their further development. Thus, with the de-
velopment and combination of multiple disciplines, commercial OR biosensors are bound
to emerge and show promising applications in many fields of application [31].

3. Commonly Used Signal Amplification Strategies for Electrochemical Biosensors
3.1. Signal Amplification Strategies Based on Nanomaterials

Nanomaterials are a type of material of an at least one-dimensional nanometer size
(1-100 nm) in a three-dimensional space, and are characterized by their high electrical
conductivity, good chemical stability, large specific surface area, and structural flexibility.
Nanomaterials are endowed with unique surfaces, quantum size, and have been found to
manifest macroscopic quantum tunneling effects [57], as well as having unique electronic
and optical properties [58].

Nanomaterials allow direct contact with a sensing environment, enabling rapid sig-
nal conduction and thus increasing system sensitivity and reducing detection limits [59].
Nanomaterials have been commonly used as carriers or capture carriers to immobilize a
large number of markers (e.g., antibodies, nucleic acids, and enzymes) based on their
unique properties, such as their nanostructures or superparamagnetic activities [60]. In
addition, nanomaterials have been used as novel luminescent reagents to enhance signals
by modulating the luminescence of nanomaterials, such as by adjusting their size or lig-
ands [61], thereby enabling signal amplification. Among the common nanomaterials,
metal nanomaterials (e.g., gold and silver nanomaterials), carbon nanomaterials, quantum
dots, and metal-organic frameworks can be directly used as electroactive substances to
achieve signal amplification in sensors [62]. Table 1 lists some of the applications of nano-
material-based signal amplification electrochemical biosensors for practical detection.
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Table 1. Nanomaterial-based signal amplification strategies.

Strategies Examples Limit of Detections Linearity Ranges Ref.
Electrochemical aptasensors for ATP detection based
on sulfhydryl chemistry and DNA self-assembly tech- 29.6 aM ATP;(I);:;/OI}/L_l [63]
niques and gold nanoparticles
Electrochemical biosensor based on gold nanoparticles
Metallic and multi-walled carbon nanotubes for the detection of 4 ug/L 10-100 pg/L [64]
nanomateri- dichlorvos
als Reusable miRNA biosensor based on electrocatalytic
properties of heterogeneous double template copper 8.2 ftM 25-300 M [65]
nanoclusters (CuNCs)
Detection of lipopolysaccharide by aptasensor based 7.94 x 10 amol/L 0.01 amol/L-1 x 106 (66]
on gold cluster amol/L
MIrB is used as a recognition element, and the elec- 1 pe/mL-100
trode modified with -COOH functionalized MWCNT 0.127 pg/mL P i ool [67]
to detect microcystin-LR &
Carbon . Electrocbemical biosensor using graphene oxide (GO) OTA:310 fM-310
nanomateri-  as a direct marker for the detection of DNA poly- - M [68]
als morphs P
Based on laser-induced graphene and MnO2 switch-
bridged DNA signal amplification for sensitive detec- 1.2 ng/mL OPs: 3-4000 ng/mL [69]
tion of pesticides
Electrochemical biosensor for detection of m1RNA—155 MIRNA-155: 1 fM—
based on graphene quantum dots and horseradish pe- 0.14 tM 100 bM [70]
roxidase (HRP) P
Quantum Detection of Alzheimer's disease biomarker ApoE by
Dots electrochemical biosensor based on cadmium-sele- ~125ng/mL 10-200 ng/m L [71]
nium/zinc sulfide quantum dots
An ele.ctrochemlcal aptasensor to .detef:t. epithelial ce.ll 10 amol/L-1.0 x 108
adhesion molecules (EpCAM) using silica nanoparti- 10 amol/L [72]
amol/L
cles and quantum dots
An electrochemical biosensor to detect 17-b-estradiol
using magnetic molecularly imprinted polymer nano-
20 nM .05-1 7
. composites (FesOs+-MIP) modified on the surface of On 0.05-10 uM [73]
Magnetic na- -
) screen-printed carbon electrodes (SPCE)
noparticles . - .
Combining magnetic nanomaterials FesOsNPs and .
. . . . miR-141:0.28 fM
HCR for simultaneous signal-guided electrochemical . 1{M-1nM [74]
. ; miR-21:0.36 M
detection of miRNAs
HQ:0.05-2
Sensitivity detection of three isomers of hydroquinone, HQ:0.015 umol/L Q ?n(c)j L 00
catechol, and resorcinol based on M@Pt@M-RGO elec-  CT:0.032 pmol/L H [75]
trochemical biosensor RS:0.133 pmol/L CT:0.1-160 pmol/L
Metal-or- T H RS:0.4-300 pmol/L
ganic frame- An electrochemical biosensor to detect simultaneously
PA:0.2-1 PA:0.01
work materi- PA and DA using HKUST-1 (Cu-BTC) coupled with 0-2-160 uM 0.016 uM [76]
. DA:0.2-300 pM DA:0.013 uM
als graphene oxide (ERGO)
An electrochemical biosensor to detect UA using
Ce02-x/C/RGO nanocomposites synthesized by MOF 2.0 pumol/L 49.8-1050.0 pmol/L  [77]

and graphene oxide
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3.1.1. Metallic Nanomaterials

Metal nanomaterials typically include metal nanoparticles (e.g., AuNPs, AgNPs, and
PdNPs), metal oxide nanoparticles (e.g., CeO2 NPs and CuO NPs) polymetallic nanopar-
ticles [78], and metal sulfide nanoparticles [79]. Metal nanoparticles have excellent elec-
tron transfer and biocatalytic capabilities, good electrical conductivity, biocompatibility,
and chemical inertness [61,80]. In terms of signal amplification, metal nanoparticles can
be used not only as electrode modifiers to improve biosensor sensitivity by providing a
large active surface area and promoting electron transfer [81,82], but also can be used as
redox tracers and catalytic markers to enable signal amplification [80]. Metal nanoparticles
as catalytic markers have also been used to convert biometric events into significantly
amplified signals by catalyzing specific chemical reactions. Compared to enzyme catalytic
labeling, metal nanoparticles can overcome the limitations imposed by thermal stability
and differential environmental stability [80].

Gold nanoparticles (AuNPs) have attracted attention due to their stability [83], ease
of binding to biomolecules [84], affinity for mercaptan (-SH2) groups [85], and quantum
effects related to shape and size [86]. In addition, AuNPs can form stable Au-S bonds with
functional sulfhydryl groups, using functional groups containing these immobilized lig-
ands as well as other parts of a ligand (e.g., nucleic acids or proteins) to eventually form
functionalized AuNPs [59]. Adenosine triphosphate (ATP) is a signal molecule in pro-
cesses such as photosynthesis, enzyme catalysis, and biosynthesis, and has been associ-
ated with many diseases, making it an extremely important nucleotide in living systems.
For example, Li et al. [63] constructed a DNA sandwich structure through sulfhydryl
chemistry and DNA self-assembly techniques, using gold electrodes as a substrate and
nucleic acid aptamers as recognition elements. They used double-labeled methylene blue
(MB) as an electrochemical probe, with signal amplification using gold nanoparticles and
final quantification by differential pulse voltammetry. The detection principle of the
above study is shown in Figure 3. A capture probe (CP), partially complementary to an
ATP aptamer, was first immobilized on a gold electrode surface by gold—sulfur bonding
and the residual active site on the gold surface was closed with 2-Mercaptoethanol MCH
(MCH). Then, an MB-labeled DNA chain was assembled on the surface of these GNPs,
and the signal chain was complementary to the remaining bases of the ATP aptamer. In
this experimental design, both the ATP aptamer (SP1) and the complementary strand
(SP2) contained MB, an electroactive molecule, which could enhance the electrochemical
signals. In addition, these GNPs had a strong DNA immobilization capacity and could
load multiple DNA chains containing MB, which further enhanced the electrochemical
responsiveness and enabled signal amplification. Ochratoxin A (OTA), a secondary me-
tabolite produced by Penicillin and Aspergillus, has been shown to be extremely im-
portant in food safety and human health monitoring because of its strong toxic, terato-
genic, and carcinogenic effects [87]. Bai et al. [87] prepared a novel electrochemical nucleic
acid aptamer sensor using gold nanostars (GNSs) and biomass nitrogen-doped porous
carbon (NDPC) as dual signal amplification strategies, thus, realizing the efficient detec-
tion of OTA. Compared to other gold nanomaterials, GNSs have a multi-branched struc-
ture with a sharp tip, making them more suitable for the enrichment and detection of tar-
get molecules. Research has shown that doping nitrogen into porous carbon can improve
its poor dispersion and enhance its electrical conductivity [88].
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Figure 3. Principle of ATP electrochemical biosensor detection based on bio-nano assembly and sig-
nal amplification.

Silver nanoparticles (AgNDPs) are also a widely used metal nanomaterial for electro-
chemical biosensors, and have the advantages of easy signal amplification, a high extinc-
tion coefficient, and a high ratio of scattered extinction [59]. Compared to AuNPs, AgNPs
can be easily oxidized and produce significant amplification signals at low potentials.
Hence, AgNPs have been often used as redox markers [89]. Dong [90] et al. used oligonu-
cleotides encapsulated in silver nanoclusters (AgNCs) as probes, and these oligonucleo-
tide probes were shown to have specific properties to mimic metalloenzyme-catalyzed
H:0: reduction due to their combination of recognition sequences for hybridization and
stencil sequences for the in situ synthesis of AgNCs. In addition, copper nanoparticles
have been widely used due to their minimal toxicity, good biocompatibility, and ease of
synthesis.

Electrochemical biosensors based on metal nanomaterials have unique electrocata-
lytic activity compared to other conventional tools [91]. However, metal nanoparticles
have been shown to be susceptible to salt concentration and exhibit problems of electrical
instability. Furthermore, further research is still needed regarding the utilization of metal
nanoparticles as carriers to ensure that diffusion limitations within a nanostructure do not
affect individual biosensors. Currently, improving efficiency has been shown to be possi-
ble by applying appropriate surface modifications to metal nanoparticles to resist salt-
induced aggregation and by determining the homogeneity of a nanomaterial, its distribu-
tion, and its shape [89,92].

3.1.2. Carbon Nanomaterials

Carbon nanomaterials include carbon nanotubes (CNTs), graphene (GR), graphene
oxide (GO), carbon nanofibers, and carbon quantum dots (CQDs). Compared to other ma-
terials, carbon nanomaterials have superior hardness, remarkable mechanical properties,
better thermal and electrical conductivity than other nanomaterials [93], and they are of-
ten used in electrochemical biosensors.

Carbon nanotubes, including single-walled CNTs (SWCNTs) and multi-walled
CNTs (MWCNTs), have remarkable one-dimensional electrical conductivity, inherent
hollow structures, and can adsorb specific biomolecules on their surfaces. As a result,
CNTs have been used as labeling materials and can be loaded with a large number of
biomolecules, allowing for signal amplification. Microcystin-LR (MC-LR) is one of the
most toxic known cyanotoxins, and its degradation intermediate linear microcystin (L-
MC-LR) has also been shown to be quite toxic in humans [94]. Thus, microcystins can
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significantly pollute water resources and pose a threat to human health. In contrast to
previous studies that have used antigens, antibodies, and molecularly imprinted poly-
mers (MIP) as receptors, Li et al. [94] innovatively used the degradation enzyme MIrB as
a recognition element that specifically bound to the target molecule MC-LR. In this study,
the diverse surface chemistry and super-electric activity of MWCNTSs were exploited to
modify an electrode with the -COOH functionalized MWCNTs to increase the specific
surface area of this electrode while facilitating the immobilization of incoming MIrB to
achieve signal amplification. Recently, the problem of pesticide residue and exceedances
in food has become a major global public health threat. As a result, it has received signif-
icant worldwide attention from the research community. Liu et al. [64] constructed an
electrochemical biosensor for the accurate detection of organophosphorus pesticide di-
chlorvos using wheat esterase as a detection enzyme source and synergistic electrocata-
lytic amplification of AuNPs and MWCNTs. This research has provided good technical
support for pesticide detection.

GR and GO have been shown to have great potential as biosensors due to their
unique electronic and fluorescent properties, remarkable electrical conductivity, large
specific surface area, and strong mechanical strength [95]. In electrochemical enzyme bio-
sensors, GR was shown to not only connect an electrode surface to an enzyme to achieve
electron transfer, but was also shown to enhance the electrochemical signal response [96].
In addition, GR and its related materials can be used as a direct marker in immunoassays
using a working signal generated by the reduction of its oxygen-containing groups, or
they can rely on the modification of this working signal with other electroactive probes to
generate an indirect marker [97,98]. Bonanni et al. [68] constructed an electrochemical bi-
osensor using GO as a direct marker for the detection of DNA polymorphisms. These re-
searchers fixed a DNA probe on a carbon electrode, hybridized it with a single nucleotide
polymorphic DNA sequence, and used a non-complementary sequence as a negative con-
trol. The irrational use of organophosphorus and its residues in agricultural products can
cause harm to humans, such as causing gastrointestinal disorders and aggravating the
burden on the liver. In general, organophosphorus pesticides inhibit the activity of acetyl-
cholinesterase (AChE). Liu et al. [69] designed a DNA signal amplification electrochemical
biosensor based on laser-induced GR (LIG) and MnO:2 switch-bridging for the rapid de-
tection of pesticides. Compared to traditional GR, laser-induced GR (LIG) was shown to
be a cost-effective and environmentally friendly tool, and its morphology could also be
controlled [99]. These researchers integrated LIG electrodes on polyimide films and
loaded MnO:2 nanosheets on paper to construct a novel electrochemical biosensor for the
detection of organophosphorus (OPs) residues. These researchers also used acetylcholin-
esterase-catalyzed hydrolysates to trigger the cleavage of an MnO: nanosheet layer,
thereby releasing DNA, which in turn initiated nicking enzyme cyclic amplification and,
ultimately, signal amplification.

Electrochemical biosensors based on carbon nanomaterials offer the advantages of
having excellent physical and electrical properties, low cost, and ease of handling. How-
ever, it is difficult to control the impurities and substrates of GR, as well as the diameter,
chirality and degree of agglomeration of CNTs [100]. Thus, the performance of electro-
chemical biosensors based on carbon nanomaterials has not been found to be consistent.
Currently, the development of electrochemical biosensors based on carbon nanomaterials
is still in its initial stages and faces many challenges and opportunities; thus, correspond-
ing efforts should be made to improve their reproducibility, biocompatibility, and nano-
toxicity, and to promote their development in a wider range of applications [89].

3.1.3. Quantum Dots

Quantum dots (QDs) are fluorescent semiconductor nanostructures with a particle
size between 1-10 nm, usually composed of elements of groups II-VI or III-V, and are
also referred to as nanocrystals [101,102]. QDs have good photochemical and optoelec-
tronic properties [103,104], especially due to their high electron transfer efficiency and
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good surface reactivity [59], and they have been widely used as ideal markers in electro-
chemical biosensors. QDs can generally be divided into two categories, namely, sulfur-
compound QDs and carbon-based QDs [105]. Sulfur-compound QDs, such as cadmium
sulfide QDs (CdS), cadmium telluride QDs (CdTe), and lead sulfide QDs (PbS), are the
most typical semiconductor QDs that are often used to build electrochemiluminescent
sensors (ECLs). Graphene QDs (GQDs) are a type of carbon-based QD. Compared to GR,
GQDs are smaller, more stable in terms of chemical properties and electrical conductivity,
and are rich in carboxyl groups [106], making them easy to functionalize. Wang [70] et al.
constructed a sensitive electrochemical biosensor for the detection of miRNA-155 based
on GQDs and horseradish peroxidase (HRP). These researchers leveraged the advantages
of GQDs such as their good biocompatibility and high conductivity as carriers for immo-
bilized enzymes, and immobilized a large amount of HRP on GQDs while using the cata-
lytic effect of HRP to finally achieve signal amplification. The detection limit of this elec-
trochemical biosensor was 0.14 fM.

3.1.4. Magnetic Nanoparticles

Magnetic nanoparticles (MNPs) are nanoscale particles that usually consist of a mag-
netic core made of metal oxides such as iron or cobalt (e.g., FesOs) and a polymer wrapped
around the outside of this magnetic core. As such, they are considered a new class of syn-
thetic materials. Magnetic nanoparticles have excellent physicochemical properties, high
stability, as well as a low synthesis cost, and electrochemical sensors can improve their
sensitivity and shorten detection time through the use of magnetic nanoparticles [107].

Magnetic nanoparticles have two signal amplification principles. First, due to their
high electrical conductivity and large specific surface area, magnetic nanomaterials have
often been used as core materials in synthetic molecular polymers to enrich and capture
target molecules in complex environments, thereby, enhancing an electrochemical signal.
Second, they have been used as electrode surface modifiers to amplify the electrochemical
signals by increasing the rate of electron transfer [108]. 17-b-Estradiol is a natural steroidal
estrogen whose concentration affects the human endocrine system and consequently hu-
man health [109,110]. Molecularly imprinted polymers (MagMIPs) modified with mag-
netic nanoparticles are highly selective and sensitive compared to normal molecularly im-
printed polymers (MIPs), allowing for rapid and effective binding to a target [111,112].
Lahcen et al. [73] developed a new method of surface modification of screen-printed car-
bon electrodes (SPCE) using magnetic molecularly imprinted polymer nanocomposites
(FesOs+-MIP) with surface modification to construct an electrochemical biosensor for the
detection of 17-b-estradiol. They used these FesOs NPs to increase the surface area of the
sensor, thus enhancing the detected oxidation current signal.

Magnetic nanoparticles offer the advantages of paramagnetism, biocompatibility,
and ease of surface modification [74]. In addition, they have the advantage of mimicking
enzymes and nano-electrocatalysts [113]. Electrochemical biosensors based on magnetic
nanoparticles not only combine the advantages of magnetic separation and enrichment,
but also provide additional analytical detection capabilities based on magnetic properties,
thus significantly improving operational convenience and detection performance [113].
As a result, they have been widely used in practice for the analytical detection of targets.

3.1.5. Metal-Organic Framework Materials

Metal-organic framework materials (MOFs) are a class of organic-inorganic hybrid
materials formed by the combination of metal ions or clusters and organic ligands as link-
ers. The structure and function of MOFs formed by the combination of different metals
and connecting groups differ. MOFs can be characterized by their porous nature, large
specific surface area, and high thermal stability [59]. In addition, MOFs have been shown
to be well-suited for loading bioligand molecules based on various functional groups (e.g.,
NHz, -COOH), pi—pi stacking, and other interactions [76,114]. In biosensors, MOFs not
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only provide high loading of probe DNA, but have also shown to be resistant to the deg-
radation of probe DNA [115]. Conventional pure MOFs have been shown to be chemically
less stable and decompose at high temperatures [116]. Therefore, many researchers have
proposed combining MOFs with functional materials to form novel MOF composites. For
example, using functional materials such as metal nanoparticles, enzymes, and QDs to
modify MOFs, the constructed composites would not only overcome the drawbacks of
pure MOFs, but also combine the excellent properties of both materials [59,116].

Lei et al. [116] combined GR with MOFs based on GR’s advantages of high electrical
conductivity and electrocatalytic activity to construct a GR/MOF composite electrochem-
ical biosensor. These researchers combined the excellent electrical, thermal, and optical
properties of GR with the unique properties of the MOFs, exploiting the synergistic effect
of both to significantly amplify an electrochemical signal. Acetaminophen (PA) is a drug
that can be used to lower body temperature and relieve pain [117], while dopamine (DA)
is a neurotransmitter in the brain that controls a variety of physiological functions in the
human body. Generally, PA and DA will be present in organisms simultaneously and
interfere with each other [118]. Ma et al. [76] constructed an electrochemical biosensor
based on HKUST-1 (Cu-BTC) coupled with GO (ERGO) for the simultaneous detection of
PA and DA. These researchers deposited composites on glassy carbon electrodes and re-
duced GO to graphene oxide (ERGO) to exploit the synergistic effect of the conductivity
of ERGO and the porous structure of MOF to achieve signal amplification.

Electrochemical biosensors based on composites of MOFs have the advantages of
both, with the high porosity and ordered porous properties of the MOFs and the electro-
chemical and catalytic properties of the other functional materials [119]. However, MOFs
are still at an early stage of research in the field of sensors, especially in the field of elec-
trochemical sensors, and the problem of the poor electrical conductivity and stability of
MOFs has made their development extremely challenging [120]. Therefore, in future
work, it will be necessary to further explore the conformational relationship between the
reaction condition-structure-electrochemical performance of MOFs and to construct
MOFs with efficient electroactivity and electrocatalytic activities. Thus, novel electro-
chemical biosensors with excellent sensitivity, stability, selectivity, and accuracy could be
prepared, broadening the potential of MOF-based biosensors in the fields of bioanalysis,
clinical medicine, and analytical chemistry [121].

3.2. Signal Amplification Strategies Based on Enzymes

Enzymes are an important class of biocatalysts that enable the determination of very
small amounts of targets due to their high catalytic efficiency, strong specificity, and high
sensitivity [60], easing the detection of currents generated by the redox reactions of en-
zyme-catalyzed substrates in enzymatic reactions [23]. The main methods of enzyme im-
mobilization include physical adsorption, covalent binding, encapsulation, and cross-
linking [121]. Enzyme biosensors consist of immobilized enzymes and signal transducers
that detect the presence of a specific analyte by measuring the changes in proton concen-
tration (H+), the release or absorption of gases (e.g., COz, NHs, or Oz, among others), light
absorption or reflection, and thermal radiation that occurs during substrate consumption
or enzyme reaction product formation. These sensors can then convert these into a meas-
urable signal (electrical, optical, or thermal) [122,123] through which the analyte to be
measured can be indirectly measured [121].

Enzymes have also been often used as signal markers in biosensors, not only for sim-
ultaneous determination using multiple enzymes, but also for signal amplification using
several different coupling techniques. From an economic point of view, the experimental
costs can be generally reduced by obtaining inexpensive experimental reagents [124].
Common enzyme labels include HRP, alkaline phosphatase (ALP), glucose oxidase
(GOX), cytochrome peroxidase, and DT-diaphorase (DT-D). Kang et al. [125] constructed
an electrolyte based on DT-diaphorase (DT-D) as an oxidoreductase label and 4-nitroso-
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1-naphthol (4-NO-1-N) as a substrate. They used DT-diaphorase (DT-D) to convert elec-
trochemically inactive nitroso compounds into electrochemically active amines that can
participate in redox cycling reactions. Zhao et al. [126] prepared an electrochemical bio-
sensor based on the display of tyrosinase on the cell surface of E. coli for the detection of
bisphenol A (BPA). The lower detection limit of this biosensor was 0.01 nm at BPA con-
centrations ranging from 0.01 to 100 nm. This immobilization of the enzyme on the cell
surface not only reduced the loss of enzyme activity, but also facilitated regeneration of
the cellular enzyme system.

Enzyme-based electrochemical biosensors are small, simple to operate, and econom-
ical, and have the advantages of real-time monitoring capability, high sensitivity, and
strong specificity. However, the construction of enzyme electrochemical biosensors re-
mains challenging due to the complex protein structures of enzymes. In addition, their
active centers are often hidden inside a structure, where direct electron transfer between
an enzyme and an electrode can often be difficult, and the environment on the electrode
surface can also lead to reduced enzyme activity [127,128]. Currently, the molecular struc-
tures of enzymes can be modified by techniques such as chemical modification, recombi-
nant enzyme molecules, and targeted mutagenesis [129-131], or by adjusting the modifi-
cation process of enzyme molecules on the electrode surface to maintain the enzyme ac-
tivity and expose the active center, thus improving the efficiency of the direct electron
transfer of enzyme molecules [132].

3.3. Signal Amplification Strategies Based on Nucleic Acid Amplification Techniques
3.3.1. Signal Amplification Strategies Based on Nuclease

Nucleic acid amplification is a process for the efficient amplification of specific nu-
cleic acid sequences and it has been often used to detect a variety of biological targets (e.g.,
DNA, RNA, and other small biological molecules). There are two types of target cycling
principles in nucleic acid amplification, one of which involves the copying of the target
chain by nucleic acid amplification, resulting in signal amplification, while the other in-
volves a nuclease-induced target cycling-based strategy, which has been widely used in
signal amplification for electrochemical biosensors. The various nuclease tool enzymes
that have been often relied upon for nucleic acid amplification based on nuclease assis-
tance consist of nucleic acid endonucleases, nucleic acid exonucleases, polymerases, and
DNAzyme [59]. Double-strand-specific nucleases (DSN) are the most commonly used nu-
cleic acid endonucleases [133]. Polymerase chain reaction (PCR), rolling circle amplifica-
tion (RCA), and strand displacement amplification (SDA) are all common polymerase-
dependent nucleic acid amplification reactions. PCR is a target amplification technique,
and the detection principle of RCA technology involves the following. It uses a circular
single-stranded DNA as a template, and under the drive of DNA polymerase, a large
amount of single-stranded DNA complementary to this circular DNA template be pro-
duced, which finally amplifies a signal [59]. In addition, RCA products have been often
used as carriers loaded with large amounts of electrochemical tracers to achieve electro-
chemical signal amplification [134,135].

Yang et al. [136] first used circular enzyme signal amplification (CESA), DSN, and 3-
QD-DNA nano-complexes as cascade signal probes to achieve the ultrasensitive detection
of microRNAs using dual signal amplification. Miao et al. [137] prepared an electrochem-
ical biosensor for miRNA detection based on the catalytic reaction of double-stranded
specific nuclease (DSN) and cleaved endonuclease (NEase). These researchers designed a
DNA four-way linkage structure on an electrode surface, and with the assistance of a DSN
cleavage reaction and enriched DNA probe that could be triggered by a target miRNA,
the electrochemical material on the electrode surface was heavily consumed after the cy-
clic catalytic reaction. In addition, the determination of target miRNA concentration could
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be achieved based on the electrochemical response. Zhang et al. [138] designed an electro-
chemical sensor based on RCA-mediated palladium nanoparticles (PdNPs), achieving the
ultrasensitive detection of microRNAs.

DSN-based signal amplification strategies have been one of the most effective ways
to improve the sensitivity and specificity of electrochemical biosensor detection, and have
shown good potential in the early diagnosis of diseases. However, DSN-based electro-
chemical biosensors still face significant challenges in the design of sensing probes. In ad-
dition, there are still many unresolved issues in terms of the standardized methods for
high selectivity and sensitivity in the detection of actual clinical samples [133].

3.3.2. Signal Amplification Strategies Based on Enzyme-Free Nucleic Acids

The strand displacement reaction (SDR) is a common enzyme-free nucleic acid am-
plification technique, and in recent years, researchers have proposed a sticky terminal-
mediated strand displacement reaction (TMSDR), which has greatly accelerated the reac-
tion speed of SDR [59]. TMSDR amplification techniques have been widely used in bio-
sensors due to their advantages such as being enzyme-free, their high amplification effi-
ciency, and their controlled kinetics [59]. Both common nucleic acid amplification tech-
niques, catalytic hairpin self-assembly (CHA), and the hybrid chain reaction (HCR) fall
under the category of TMSDR. Catalytic hairpin self-assembly (CHA) achieves signal am-
plification by using the catalytic function of an initiator chain to release the initiator chain
after forming a double-stranded structure, proceeding to the next round of catalytic hair-
pin self-assembly [139]. The hybrid chain reaction (HCR) consists of a probe amplification
technique that uses molecular recognition and hybridization reactions to sequentially
open multiple hairpin probes to achieve signal amplification through cumulative signals
[140,141]. The amplification principle of HCR is shown in Figure 4, where the two sub-
stable DNA hairpins (H1 and H2) complementary to each other each have a short sticky
end, but are bound by the hairpin structure and can only be amplified through the addi-
tion of an initiating chain (I) and a toehold chain replacement reaction with H1, where H1
opens and a new single-stranded domain is exported to react with H2. Then, H2 opens,
and a new single-stranded domain is similarly exported to react with H1. This reaction
follows a chain reaction that culminates in the formation of a long dsDNA polymer [142].

+ + - >
Initiator I H1

H1 H2 H2 H2

Figure 4. Principle diagram of the hybridization chain reaction (HCR) amplification.

Ling et al. [143] constructed an electrochemical biosensor for efficient protein detec-
tion based on the molecular recognition between an aptamer and a target utilizing a target
departure signal amplification strategy. They hybridized the auxiliary DNA1 with an ap-
tamer, forming a double-strand, and then used the high affinity between the aptamer and
target to release the auxiliary DNA1 and trigger the DNAI circuit, eventually forming a
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large number of hairpin-shaped DNAS3 on the electrode surface. Thus, the unfolded DNA
hybridized with the DNA captured on the surface of the Pt nanoparticles would generate
an electrochemical signal of H202 reduction for signal amplification. Cheng et al. [144]
constructed an electrochemical biosensor for the efficient detection of exosomal mi-
croRNAs based on the strand displacement reaction (SDR) strategy of signal amplification
of both target miRNA cycling and silver nanoparticle deposition. The detection limit of
this electrochemical biosensor was shown to be 0.4 fM (S/N = 3) for miRN A-21 in exosomes
[144].

CHA has the advantages of high catalytic efficiency, low background signal, and a
simple and stable reaction system. The use of HCR can ensure both the sensitivity and
specificity of experiments, and compared to traditional methods, HCR has been shown to
be an isothermal reaction process that can be performed at room temperature, yielding a
high signal-to-noise ratio [133]. Based on this signal amplification strategy, electrochemi-
cal biosensors as a detection platform for the highly sensitive detection of targets with
fewer restrictions on the experimental environment provide a simple yet versatile
method, with promising applications for basic research and clinical detection. However,
there are still challenges, such as the ability to effectively control background signals in
the analytical application of CHA, and the limitations of the HCR in terms of a low sensi-
tivity to DNA linker formation and a low catalytic rate [145].

3.4. Signal Amplification Strategies Based on Polymers

With the development of modern technology, complex and optimized soft structures
with synergistic properties have been developed to improve the sensitivity and selectivity
of existing biosensors [146]. Polymers such as polyaniline (PANI), polypyrrole, and tran-
sition metal oxides have been widely used in biosensors due to their good electrical con-
ductivity, ease of compounding with other functional materials, and low cost [60,147—
149]. In addition, they can further enhance electrochemical signals by accelerating electron
conductivity [91]. Transition metal sulfides, with their high electrical conductivity, large
active surface area, and high catalytic activity, have also been shown to be suitable and
desirable materials [150-152]. Covalent-organic frameworks (COFs) are a new polymer
consisting of precisely organized organic building units with a periodic skeleton and po-
rous crystal structure connected using covalent bonds [153]. In addition, this polymer can
be used in combination with other materials (e.g., metal nanomaterials and carbon nano-
materials) to synergistically generate a large number of signals by combining the strengths
of both materials, thus enabling signal amplification.

Polydopamine (PDA) is a good conductive polymer coating material that can be very
easily deposited on various material surfaces [154]. Zheng et al. [153] first designed an
electrochemical biosensor using polydopamine (PDA)-coated BCN as a substrate plat-
form, methylene blue (MB) containing a MnO»-functionalized COF as a signal amplifica-
tion platform and probe material, and metallic gold-platinum nanoparticles (AuPbNPs)
for signal double amplification of the electrochemical biosensor to achieve the ultra-sen-
sitive detection of PSA. These researchers used the synergistic behavior of MnO2 nanopar-
ticles to ensure that the COF did not aggregate in this reaction, thus ensuring the stability
of the composite. Molybdenum sulfide (MoSz) is a transition metal sulfide with a large
specific surface area, high catalytic properties, and good optical properties. However, it is
often functionalized in electrochemical biosensors due to its lack of conductivity [155-
157]. Sun et al. [158] assembled an electrochemiluminescent immunosensor based on
AMGM nanocomposites for the detection of PSA in serum using a so-called immunos-
andwich method. They prepared the Mo0S:/GO/o-MWNT nanocomposites with a three-
dimensional flower-like structure using GR and CNTs as supporting skeletons, which
were then modified with gold nanoparticles using a hot water method. The polymer am-
plified signal amplification by increasing antibody loading, accelerating the rate of elec-
tron transfer, and maximizing the retention of antibody activity. The ECL response of this
electrochemiluminescent immunosensor was proportional to the logarithm of the PSA
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concentration, and had a detection limit of 0.1 pg/mL. Molecularly imprinted polymers
(MIPs) and surface imprinted polymers (SIPs) have been shown to have stable physico-
chemical properties and have often been used in the construction of electrochemical bio-
sensors [159].

Polymer-based electrochemical biosensors have provided great improvements in
sensitivity, selectivity, stability, and the corresponding reproducibility of electrodes for
the detection of a wide range of analytes [160]. Due to their having a large specific surface
area and good biocompatibility, polymers can be used in combination with other materi-
als to take advantage of both characteristics, and ultimately produce a large number of
signals. Thus, polymers provide researchers with a way to prepare efficient biosensors
when used in combination with other materials [159].

3.5. Signal Amplification Strategies Based on Redox Markers

In microRNA electrochemical biosensors, redox markers have typically been used to
enhance the electrical signals by electrostatic aggregation on adsorbed electrode surface
microRNAs or to generate heterologous double-stranded nucleic acid molecules to cap-
ture DNA/RNA for signal enhancement [133]. Methylene blue (MB), toluidine blue (TB),
and hexaammonium ruthenium (RuHex) are all common redox signal indicators used in
electrochemical biosensors. Tian et al. [161] constructed a simple and sensitive electro-
chemical biosensor for the detection of microRNA-21 by modifying an AuNP superlattice
onto a glassy carbon electrode for the first time, enhancing the specific surface area and
conductivity of the electrode and using the electrostatic adsorption aggregation of TB for
signal amplification. Hexaammonium ruthenium (RuHex) is a positively charged electro-
active complex that binds to the anion of a deoxyribonucleic acid through electrostatic
interactions. Hong et al. [162] constructed an efficient electrochemical biosensor for mi-
croRNA detection using RuHex as a signal indicator and screen-printed gold electrodes
(SPGEs) as a substrate. These researchers introduced two auxiliary probes self-assembled
as signal amplification carriers, and when the target molecule was present, the DNA con-
jugate formed by the auxiliary probe self-assembly could bond to the capture probe, and
then RuHex aggregated through the DNA conjugate to the working electrode, ultimately
achieving signal amplification [162].

Redox molecules can bind directly and specifically to DNA without complex prepa-
ration. Therefore, direct intercalation of redox molecules can be considered a simple and
rapid intercalation method. However, electrochemical biosensors based on redox labeling
cannot simultaneously detect multiple substances, as the interaction of redox molecules is
not specific and can be embedded on all DNA chains on an electrode surface, leading to
non-specific interactions and ultimately affecting the detection results [133].

3.6. Signal Amplification Strategies Based on Cells or Tissue

Traditionally, tissue sensors are a class of biosensors that use animal and plant tissue-
thin layer slices as receptors for signal amplification by utilizing the catalytic action of
enzymes in natural tissues. Microbial biosensors are composed of molecular recognition
elements (microbial sensitive membranes) and signal transducers. A microbial sensitive
membrane can be fabricated by applying immobilization techniques to immobilize micro-
organisms onto a carrier without damaging their function. The principle of operation in-
volves using respiration or metabolism for signal amplification purposes. In recent years,
studies have shown that cells or tissues can be used directly as sensitive elements to con-
struct corresponding electrochemical biosensors for the detection of targets and for signal
amplification [163].

Cells can sense small changes in environmental signals through receptor-ligand in-
teractions, and these signals can be amplified through a cellular system of signaling cas-
cades, which can cause changes in membrane potential and depolarization by regulating
ion channel switches; thus converting signals into neural signals that can be transmitted
to brain nerve centers to produce rapid responses [164]. In addition, these signals can be
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transmitted to the nucleus via cellular signal amplification pathways, and then signals
such as metabolism are sent throughout the body by the regulation of gene expression,
thus allowing the system to respond to environmental factors [165]. One of the primary
components of this process is the G-protein cascade amplification system, which is cou-
pled with multiple receptors to sense and amplify cellular signals [164]. To explore
whether GPCRs can trigger G-protein signal amplification in tissues or cells of different
species, Xu et al. [164] self-assembled bombykol receptors onto the cell membranes of taste
bud tissues of different species. Eventually, a novel bombykol receptor sensor was estab-
lished to detect G-protein signal amplification. The results showed that the G-protein sig-
nal cascade amplification system was universal in the GPCR of different tissues and spe-
cies. Among them, the bombykol receptor sensor self-assembled with the cattle taste tis-
sue, which was the most sensitive toward bombykol, with a lower limit of detection of
about 1 x 101 mol/L.

Wei et al. [166] constructed an electrochemical taste biosensor by simulating the neu-
rotransmission mechanism of taste, using porcine taste bud tissue as the sensitive element
to measure the effects of bitter taste receptors interacting with sucrose octaacetate, benzo-
ate, and quercetin. The results showed that this sensor could be used to characterize cel-
lular or tissue receptor-ligand interactions and its cellular signal cascade amplification. In
addition, the signal amplification of the taste bud cells was more than ten orders of mag-
nitude. Resveratrol is a polyphenol phytoalexin found in a variety of plants that has been
shown to have a wide range of health benefits in animal studies [167-170] and beneficial
biopharmacological activity against cancer in humans [171]. However, a limited number
of studies have evaluated its interactions with cell surface receptors. Ren et al. [172] con-
structed a sandwich rat small intestinal tissue sensor (RSIT sensor) based on rat small in-
testinal tissue cells as the sensitive elements and effectors to detect the corresponding cur-
rents of different concentrations of resveratrol for receptor stimulation by electrochemical
means, and compared the response values of this electrochemical biosensor and the bare
electrodes prepared in this study with those of resveratrol. The results showed that the
lower limit of detection was 1 x 103 mol/L, and the intracellular signaling system signifi-
cantly amplified the response values of the small intestinal cells to resveratrol, by approx-
imately 100 times.

Electrochemical biosensors based on cells and tissues have shown good stability and
accuracy and have broad application prospects for pheromone detection, sex pheromone
detection, and receptor structure and function. However, further research is needed to
determine whether the immobilization of cells affects receptor-ligand interactions.

3.7. Signal Amplification Strategies Based on Microfluidics

Microfluidics refers to the science and technology of precisely controlling and ma-
nipulating micro and nanofluids with high precision and reproducibility in the micro and
nanoscale space [173,174]. Microfluidic chips, also known as lab-on-a-chip (LOC), can in-
tegrate the basic functional units involved in biological and chemical experiments, such
as mixing, reaction, separation and detection, on a single chip with a high degree of inte-
gration [175]. In addition, the microfluidic chip is a critical part of the biosensor for micro-
fluidic control technology, and its structure is shown in Figure 5. It mainly consists of
three parts: a micro-mixer with staggered asymmetric herringbone recesses, a serpentine
culture channel, and a separation chamber [176]. As a key component of the microfluidic
chip, the micromixer often has a great impact on the sensitivity of the microfluidic biosen-
sor. The top or bottom of the microchannel has been shown to promote lateral flow, in-
crease local vorticity and achieve effective mixing [177,178].
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Figure 5. The structure of microfluidic chip.

In recent years, there has been an increasing awareness of health and a growing need
for the prevention and diagnosis of several diseases. The combination of microfluidics and
advanced biosensing technologies has given rise to many excellent miniaturized analyti-
cal platforms that enable the precise control of micro- and nano-fluids and the integration
of various types of bio arrays on a miniaturized platform [174]. Microfluidics, due to its
rapid development, has gradually become the main means of implementation for POCT
diagnostics. Electrochemical biosensors based on microfluidic control technology have
been frequently applied for the monitoring of cells and cellular components, proteins and
small molecules, etc. [179]. Hazal Kutluk et al. [180] constructed a low-cost microfluidic
biosensor for the electrochemical measurement of miRNA-197 (a tumor biomarker candi-
date) in undiluted human serum samples, which required a very low sample volume (580
nl) and short detection time. They developed two different formats (sandwich assay and
competition assay) for miRNA determination and compared them in terms of sensitivity,
accuracy and simplicity. The results showed that the sandwich assay had a superior per-
formance in terms of sensitivity and selectivity with a minimum detection limit of 1.28
nM. Cardiac troponin I (cTnl) is an attractive biomarker for acute myocardial infarction
(AMI). Yang L et al. [181] developed a sensitive portable microfluidic electrochemical ar-
ray device (UFED) for the immunoassay of trace human cardiac troponin I (cTnl). They
used an alkaline phosphatase (AP) label for signal amplification and improved the per-
formance of the UFED by eliminating the shielding effect of the microelectrode array
(MEA) integrated with the uFED. The results showed that the detection time for cTnl was
only 15 min and the lower limit of detection was 5 pg/mL (S/N = 3).

In summary, microfluidic integrated biosensor devices have many advantages, such
as low reagent consumption, short reaction time, automated sample preparation, high
throughput analysis, high detection accuracy and portability, and low cost, and are often
applied to the detection of various substances [182,183]. However, most of the current
microfluidic products are limited to the laboratory stage of scientific research, and there
are few mature products on the market. Moreover, the application of microfluidics is lim-
ited by the ultra-high precision processing requirements, the challenge of precise control
of micro- and nano-sized liquids, and the problem of how to achieve rapid mass produc-
tion at a low cost. In recent years, the introduction of various functional materials has
facilitated the development of multifunctional microfluidic control chips, which have
broadened the application areas of this type of biosensor and are expected to shine in the
biomedical field [174].

3.8. Signal Amplification Strategy for the Combination of Multiple Materials

In recent years, to achieve the amplification of electrical signals, researchers have
moved away from using a single material and instead have designed signal amplification
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strategies based on the combined use of multiple materials, each of which has its ad-
vantages in various detection methods. These include metal nanomaterials for their high
electrical conductivity and electron transfer capability, carbon nanomaterials for their
large specific surface area, high electrical conductivity, and physical-chemical stability,
and enzymes for their high catalytic properties and specificity. For example, Zhang et al.
[184] constructed a highly sensitive electrochemical biosensor for microRNA detection
based on three signal amplification strategies, namely double-stranded specific nuclease
(DSN)-assisted target cycling, gold nanoparticles (AuNPs), and HRP enzyme-catalyzed
reactions. These researchers combined excellent enzymatic activity with a large specific
surface area and better controlled the surface properties of gold nanoparticles [90,185], as
well as using the strong differentiation ability of DSNs to achieve signal amplification
with high sensitivity and selectivity. Chen [186] et al. also developed an electrochemical
DNA biosensor combining three signal amplification techniques using the rolling circle
amplification (RCA) shear recovery of target DNA, gold nanoparticle labeling, and mul-
tiple probes for the detection of MONB89788 in soybean transgenic gene sequences. This
electrochemical biosensor has a detection limit of 4.5 x 1017 mol/L, and it has been often
used for targeted gene sequence analysis because of its high sensitivity. Ferrocene (FC)
has often been used as a signaling marker molecule due to its active reversible redox elec-
tron and excellent electrochemical signaling ability. Zhang et al. [187] used synthesized
bis (ferrocene-labeled) hairpin DNA (placed at both ends of hairpin DNA) and integrated
it into an electrochemical biosensor together with catalytic hairpin assembly (CHA) to
achieve the ultra-sensitive detection of a microRNA, using the dual signal amplification
of both. The synthesized double ferrocene produced two ferrocenes, which enhanced the
signal response through their superposition effect, and this electrochemical biosensor had
a minimum detection limit of 0.1 fp. Table 2 lists some applications of electrochemical
biosensors based on the above signal amplification in practical detection.
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Table 2. Signal amplification strategies based on other materials.

Strategies Examples Limit of Detections Linearity Ranges Ref.
Electrochemical immunosensor based on DT-diapho-
rase (DT-D) as oxidoreductase labeling and 4-nitroso-1- ~ PTH:2 pg/mL 2 pg/mL-1 ug/mL  [125]
naphthol (4-NO-1-N) as reaction substrate
Enzyme - - .
Electrochemical biosensor based on the display of tyro- BPA:0.01 nm-100
sinase on the surface of Escherichia coli cells for the de- 0.01 nm e [126]
. . nm
tection of Bisphenol A
An electrochemical biosensor based on cyclic enzyme
ignal lificati ESA) with D -QD-DNA
signal ampli .1cat10n (CESA) Wlt SN and 3-QD-DN 1.2 amol/L 5 amol/L—5 fmol/L  [136]
nanocomposites as cascade signal probes for hypersen-
sitive detection of microRNA
An electrochemical biosensor using double-stranded
specific nuclease (DSN) and cleavage endonuclease 3aM 10 aM-10 tM [137]
Nucleic acid (NEase) catalyzed reactions to detect miRNA
amplifica-  Ultra-sensitive detection of microRNA by an electro- 50 amol/L-100
tion chemical biosensor based on RCA-mediated palladium 8.6 amol/L [138]
. fmol/L
nanoparticles (PdNPs)
Protein detection by .e%ectrochemlcal biosensors based 017 pM 05pM=300nM  [143]
on molecular recognition between aptamer and target
Efficient detection of exosomal microRNAs by strand .
RNA-21:1 fM-
displacement reaction (SDR) based electrochemical bio- 0.4 fM m 1\2] 00 oM M [144]
sensor P
Electrochemical biosensor based on methylene blue
(MB) containing MnO:-functionalized COF, and metal- . .
lic gold-platinum nanoparticles (AuPbNPs) for ultra- 167 fg mL 0.00005-10 ng mL~ - [153]
Polymers sensitive detection of PSA
Electrochemiluminescent immunosensor based on
AMGMs nanocomposites for the detection of PSA in 0.1 pg/mL PSA'O; I/)fl/EnL_% [158]
serum &
An electrochemical biosensor to detect microRNA-21
. .. ] . 100 amol/L-1
using toluidine blue (TB) electrostatic adsorption ag- 78 amol/L Amol/L [161]
Redox gregation signal amplification
markers An electrochemical biosensor based on RuHex and 100 amol/L-100
screen-printed gold electrodes (SPGEs) to detect mi- 100 amol/L [162]
pmol/L
croRNA
The RSIT s.ensor by using rat small intestine tissue cells 1 x 10 mol/L, i [172]
as a sensitive element and effector to detect resveratrol
Cell or tissue Cell membrane biosensor with hTRPV1 immobilized
directly on the HEK293T cell membrane to detect spicy - - [188]

substances

4. Summary and Outlook

In recent years, with the continuous development of science and technology, such as
materials, electronics, signal processing technique and gene editing technologies, signal
amplification strategies based on electrochemical biosensors have made great progress
and have become widely used. In this review, we researched and presented the progress
on olfactory and taste electrochemical signal amplification strategies. Taste receptors have
very important neurological, physiological, immunological, and endocrine functions in
the presence of taste components [34]. In addition, we summarized various methods for
enhancing electrochemical signals. Gold nanomaterials, carbon nanomaterial QDs, and
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other nanomaterials and enzymes commonly used as electrode materials, redox tracers
catalytic markers, and carriers of signal elements [80], as well as signal amplification using
nucleic acid amplification techniques have played an important role in enhancing sensi-
tivity and improving the performance of electrochemical biosensors.

Electrochemical biosensors based on the above-mentioned signal amplification strat-
egies will undoubtedly offer great potential for practical sample detection and olfactory
taste determination in humans and animals. Currently, recent achievements in biotech-
nology have led to the possibility of modulating the affinity of bioreceptors for selected
VOCs by gene editing techniques to design highly selective biosensors [8]. Furthermore,
OR-based biosensors have great potential to become bioelectronic snuff systems for de-
tecting VOCs in areas including food safety, environmental and industrial monitoring,
clinical diagnostics, agricultural diseases, and drug development [31]. However, current
electrochemical sensors still have some shortcomings. For example, the instability of their
characteristics and final analytical performance between sensors in practical applications
may lead to experimental failures [189]. Therefore, the development of electrochemical
biosensors with high accuracy and stability that are suitable for general promotion and
use still requires continuous effort to promote the development of electrochemical biosen-
sors toward functional diversification, miniaturization, and integration, offering more ex-
tensive application prospects for disease diagnosis, genetic testing and other fields [127].
We believe that competitive research and large commercial opportunities in the field of
biosensors will lead to exciting new developments in the near future.

Author Contributions: X.W., D.L. (Dingqiang Lu), Y.L. (Yuan Liu), W.W., R R, D.L. (Danyang Liu),
Y.L. (Yujiao Liu), Y.L. (Yixuan Liu), M.L. and G.P. discussed the content, as well as wrote and re-
viewed the manuscript. D.L. and G.P. edited, reviewed, and revised the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by The National Natural Science Foundation of China (No.
31901782, 31671857).

Data Availability Statement: This article has not been submitted to other journals, and the cited
materials are labeled references.

Acknowledgments: We appreciate the financial support from The National Natural Science Foun-
dation of China (No. 31901782, 31671857).

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

References

1.

AN I

10.

11.

Clark, L.C,, Jr.; Lyons, C. Electrode systems for continuous monitoring in cardinovascular surgery. Ann. N. Y. Acad. Sci. 1962,
102, 29-45.

Updike, S.J.; Hicks, G.P. Reagentless substrate analysis with immobilizsed enzymes. Science 1967, 158, 270-272.

Updike, S.J.; Hicks, G.P. The enzyme electrode. Nature 1967, 214, 986-988.

Zhang, X.-E. Biosensors: 50 Years Development and Future Perspectives. Bull. Chin. Acad. Sci. 2017, 32, 1271-1280

Homola, J.; Yee, S.S.; Gauglitz, G. Surface plasmon resonance sensors:review. Sens. Actuators B Chem. 1999, 54, 3-15.

Anker, ].N.; Hall, W.P,; Lyandres, O.; Shah, N.C.; Zhao, J.; Van Duyne, R.P. Biosensing with plasmonic nanosensors. Nat. Mater.
2008, 7, 442-453.

Mohammadniaei, M.; Park, C.; Min, J.; Sohn, H.; Lee, T. Fabrication of Electrochemical-Based Bioelectronic Device and Biosen-
sor Composed of Biomaterial-Nanomaterial Hybrid. Nat. Public Health Emerg. Collect. 2018, 1064, 263-296.

Wasilewski, T.; Brito, N.F.; Szulczyniski, B.; Wojciechowski, M.; Buda, N.; Melo, A.C.A.; Kamysz, W.; Gebicki, J. Olfactory re-
ceptor-based biosensors as potential future tools in medical diagnosis. TrAC Trends Anal. Chem. 2022, 150, 116599.

Zhang, M.; Ding, Q.; Zhu, M.; Yuan, R;; Yuan, Y. An ultrasensitive electrochemical biosensor with amplification of highly effi-
cient triple catalytic hairpin assembly and tetris hybridization chain reaction. Sens. Actuators B Chem. 2022, 361, 131683.
Thevenot, D.R.; Toth, K.; Durst, R.A.; Wilson, G.S. Electrochemical biosensors: recommended definitions and classification. Pure
Appl. Chem. 1999, 71, 2333-2348.

Zouari, M.; Campuzano, S.; Pingarroén, ].M.; Raouafi, N. Femtomolar direct voltammetric determination of circulating miRNAs
in sera of cancer patients using an enzymeless biosensor. Anal. Chim. Acta 2020, 1104, 188-198.



Biosensors 2022, 12, 566 23 of 29

12.

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.

38.

39.

40.

41.

42.

Salahandish, R.; Ghaffarinejad, A.; Omidinia, E.; Zargartalebi, H.; Majidzadeh-A, K.; Naghib, 5.M.; Sanati-Nezhad, A. Label-
free ultrasensitive detection of breast cancer miRNA-21 biomarker employing electrochemical nano-genosensor based on sand-
wiched AgNPs in PANI and N-doped graphene. Biosens. Bioelectron. 2018, 120, 129-136.

Li, G,; Qi, X.; Wu, J.; Xu, L.; Wan, X,; Liu, Y.; Chen, Y.; Li, Q. Ultrasensitive, label-free voltammetric determination of norfloxacin
based on molecularly imprinted polymers and Au nanoparticle-functionalized black phosphorus nanosheet nanocomposite. J.
Hazard. Mater. 2022, 436, 129107.

Li, G; Qi, X.; Zhang, G.; Wang, S.; Li, K;; Wu, J.; Wan, X,; Liu, Y.; Li, Q. Low-cost voltammetric sensors for robust determination
of toxic Cd(II) and Pb(II) in environment and food based on shuttle-like a-Fe20s nanoparticles decorated (3-Bi2Os microspheres.
Microchem. ]. 2022, 179, 107515.

Bakker, E.; Qin, Y. Electrochemical sensors. Anal. Chem. 2006, 78, 3965-3984.

Wang, Z.; Guo, H.; Gui, R;; Jin, H; Zhang, F. Simultaneous and selective measurement of dopamine and uric acid using glassy
carbon electrodes modified with a complex of gold nanoparticles and multiwall carbon nanotubes. Sens. Actuators B Chem. 2017,
255, 2069-2077.

El-Moghazy, A.Y.; Wisuthiphaet, N.; Yang, X.; Sun, G.; Nitin, N. Electrochemical biosensor based on genetically engi-
neered bacteriophage T7 for rapid detection of Escherichia coli on fresh produce. Food Control 2022, 135, 108811.

El-Moghazy, A.Y.; Soliman, E.A.; Ibrahim, H.Z.; Marty, ].L.; Istamboulie, G.; Noguer, T. Biosensor based on electro-
spun blended chitosan-poly (vinyl alcohol) nanofibrous enzymatically sensitized membranes for pirimiphos-methyl detection
in olive oil. Talanta 2016, 155, 258-264.

Ju, H. Signal Amplification for Highly Sensitive Immunosensing. |. Anal. Test. 2017, 1, 7.

Plaks, V.; Koopman, C.D.; Werb, Z. Circulating Tumor Cells. Science 2013, 341, 1186-1188.

Pantel, K.; Alix-Panabiéres, C. Circulating tumour cells and cell-free DNA in gastrointestinal cancer. Nat. Rev. Gastroenterol.
Hepatol. 2017, 14, 73-74.

Rezaei, B.; Irannejad, N. Electrochemical Detection Techniques in Biosensor Applications[M]//Electrochemical Biosensors; Elsevier: Am-
sterdam, The Netherlands, 2019; pp. 11-43.

Koyappayil, A.; Lee, M.H. Ultrasensitive Materials for Electrochemical Biosensor Labels. Sensors 2020, 21, 89.

Kazzy, M.E.; Weerakkody, ].S.; Hurot, C.; Mathey, R.; Hou, Y. An Overview of Artificial Olfaction Systems with a Focus on
Surface Plasmon Resonance for the Analysis of Volatile Organic Compounds. Biosensors 2021, 11, 244.

He, C,; Liu, L.; Korposh, S.; Correia, R.; Morgan, S.P. Volatile Organic Compound Vapour Measurements Using a LocalisedSur-
face Plasmon Resonance Optical Fibre Sensor Decorated with a Metal-Organic Framework. Sensors 2021, 21, 1420.

JH Fabre, H; GV Legros. Souvenirs Entomologiques: e’tude sur l'instinct et les Moeurs des Insectes; Robert Laffont: Paris, France, 1989;
Volume 2, p. 1.

Rau, P.; Rau, N. The Sex Attraction and Rhythmic Periodicity in Giant Saturnid Moths. Trans. Acad. Sci. St. Louis 1929, 26, 83.
Fredriksson, R.; Lagerstrom, M.C.; Lundin, L.G.; Schi6th, H.B. The G-proteincoupled receptors in the human genome form five
main families. Phylogenetic analysis, paralogon groups, and fingerprints. Mol. Pharmacol. 2003, 63, 1256-1272.

Riiffer, D.; Hoehne, F.; Biihler, . New Digital Metal-Oxide (MOx) Sensor Platform. Sensors 2018, 18, 1052.

Wasilewski, T.; Kamysz, W.; Gebicki, J. Bioelectronic tongue: Current status and perspectives. Biosens. Bioelectron. 2020, 150,
111923.

Liping Du; Chunsheng Wu; Qingjun Liu; Liquan Huang; Ping Wang. Recent advances in olfactory receptor-based biosensors.
Biosens. Bioelectron. 2013, 42C, 570-580.

Wasilewski, T.; Gebicki, J.; Kamysz, W. Bio-inspired approaches for explosives detection. TrAC Trends Anal. Chem. 2021, 142,
116330.

Ren, X; Sun, Y.; Wang, Z.; Barceld, D.; Wang, Q.; Zhang, Z.; Zhang, Y. Abundance and characteristics of microplastic in sewage
sludge: A case study of Yangling, Shaanxi province, China. Case Stud. Chem. Environ. Eng. 2020, 2, 100050.

Lu, D,; Lu, F,; Geng, L.; Pang, G. Recent Advances in Olfactory Receptor Biosensors and Cell Signaling Cascade Amplification
Systems. Sens. Mater. Int. |. Sens. Technol. 2018, 30, 67-87

Rock, F.; Barsan, N.; Weimar, U. Electronic Nose: Current Status and Future Trends. Chem. Rev. 2008, 108, 705-725.

Tahara, K.; Toko, K. Electronic tongues— A review. IEEE Sens. ]. 2013, 13, 3001-3011.

Son, M.; Park, T.H. The bioelectronic nose and tongue using olfactory and taste receptors: Analytical tools for food quality and
safety assessment. Biotechnol. Adv. 2017, 36, 371-379.

Buck, L.; Axel, R. A novel multigene family may encode odorant receptors: A molecular basis for odor recognition. Cell 1991,
65,175-187.

Kotlowski, C.; Aspermair, P.; Khan, H.U.; Rozman, C.R; Breu, J.; Szunerits, S.; Kim, J.J.; Bao, Z.; Kleber, C.; Pelosi, P. Electronic
biosensing with flexible organic transistor devices. Flex. Print. Electron. 2018, 3, 034003.

D’Onofrio, C.; Zaremska, V.; Zhu, J.; Knoll, W.; Pelosi, P. Ligand-Binding Assays with OBPs and CSPs. Methods Enzymol. 2020,
642, 229-258

Park, S.J.; Kwon, O.S.; Lee, S.H.; Song, H.S.; Park, T.H.; Jang, J. Ultrasensitive flflexible graphene based field-effect transistor
(FET)-type bioelectronic nose. Nano Lett. 2012, 12, 5082-5090.

Son, M.; Kim, D.; Ko, H.].; Hong, S.; Park, T.H. A portable and multiplexed bioelectonic sensor using human olfactory and taste
receptors. Biosens. Bioelectron. 2017, 87, 901-907.



Biosensors 2022, 12, 566 24 of 29

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Kwon, O.S.; Song, H.S.; Park, S.J.; Lee, S.H.; An, ].H.; Park, JW.; Yang, H.; Yoon, H.; Bae, ].; Park, T.H.; et al. An Ultrasensitive,
Selective, Multiplexed Superbioelectronic Nose That Mimics the Human Sense of Smell. Nano Lett. 2015, 15, 6559-6567.
Barbosa, A.J.M.; Oliveira, A.R.; Roque, A.C.A. Protein- and Peptide-Based Biosensors in Artifificial Olfaction. Trends Biotechnol.
2018, 36, 1244-1258.

El kazzy, M.; Hurot, C.; Weerakkody, ].S.; Buhot, A.; Hou, Y. Biomimetic Olfactory Biosensors and Bioelectronic Noses. In
Advances in Biosensors: Reviews; Yurish, S.Y., Ed.; IFSA Publishing: Barcelona, Spain, 2020; Volume 3, pp. 15-54.

Cave, ].W.; Wickiser, J.K.; Mitropoulos, A.N. Progress in the development of olfactory-based bioelectronic chemosensors. Bio-
sens. Bioelectron. 2018, 123, 211-222.

Bohbot, ].D.; Vernick, S. The Emergence of Insect Odorant Receptor-Based Biosensors. Biosensors 2020, 10, 26.

Ward, R.J.; Jjunju, F.P.M,; Griffifith, E.J.; Wuerger, S.M.; Marshall, A. Artifificial Odour-Vision Syneasthesia via Olfactory Sen-
sory Argumentation. IEEE Sens. J. 2021, 21, 6784-6792.

Lee, S.H.; Jun, S.B.; Ko, H.J.; Kim, S.J.; Park, T.H. Cell-based olfactory biosensor using microfabricated planar electrode. Biosens.
Bioelectron. 2009, 24, 2659-2664.

Xu, Q,; Lu, D,; Pang, G. Comparative study of hGPR120 receptor self-assembled nano-gold sensor and tissue sensor. Sens. Ac-
tuators B Chem. 2020, 320, 128382.

Glatz, R.; Bailey-Hill, K. Mimicking nature’s noses: From receptor deorphaning to olfactory biosensing. Prog. Neurobiol. 2011,
93, 270-296.

Khadka, R.; Carraher, C.; Hamiaux, C.; Travas-Sejdic, J.; Kralicek, A. Synergisticimprovement in the performance of insect odor-
ant receptor based biosensors in the presence of Orco. Biosens. Bioelectron. 2020, 153, 112040.

Lu, D.; Xu, Q.; Pang, G. A bombykol electrochemical receptor sensor and its kinetics. Bioelectrochemistry 2019, 128, 263-273.
Xiao, B.K.; Pang, G.C.; Xin, Y.L.; Meng, W.; Wei, M.Z. Study on a hydrogen peroxide biosensor based on horseradish peroxi-
dase/GNPs-thionine/chitosan. Electrochim. Acta 2012, 62, 327-334.

Kang, X.B.; Pang, G.C.; Chen, Q.S.; Liang, X.Y. Fabrication of Bacilluscereus electrochemical immunosensor based on double-
layer gold nanoparticles and chitosan. Sens. Actuators B 2013, 177, 1010-1016.

Lu, D; Lu, F,; Pang, G. A novel glutathione-S transferase immunosensor based on horseradish peroxidase and double-layer
gold nanoparticles. Biomed. Microdevices 2016, 18, 1-9.

Qi, Y.; Zhang, T.; Jing, C.Y.; Liu, S.J.; Chen, W. Nanocrystal facet modulation to enhance transferrin binding and cellular delivery.
Nat. Commun. 2020, 11, 1262.

Li, W.; Zhan, X.; Song, X.A. Review of Recent Applications of Ion Beam Techniques on Nanomaterial Surface Modification:
Design of Nanostructures and Energy Harvesting. Small 2019, 15, 1901820.

Cheng, J. Electrochemical Biosensing of microRNA Based on Multiple Signal Amplification Strategy. Master’s Thesis. Nanjing
University of Posts and Telecommunications, Nanjing, China, 2021. https://doi.org/10.27251/d.cnki.gnjdc.2021.000203.

Wang, X.; Pang, G. Amplification systems of weak interaction biosensors: Applications and prospects. Sens. Rev. 2015, 35, 30—
42,

Nawaz, N.; Abu Bakar, N.K.; Mahmud, HN.M.E,; Jamaludin, N.S. Molecularly imprinted polymers-based DNA biosensors.
Anal. Biochem. 2021, 630, 114328.

Vilian, A.T.E.; Dinesh, B.; Kang, S.M.; Krishnan, U.M.; Huh, Y.S.; Han, Y.K. Recent advances in molybdenum disulfide-based
electrode materials for electroanalytical applications. Microchim. Acta 2019, 186, 203.1-203.29.

Li, S.; Yang, Z.; Chen, Y.; Chen, L.; Li, X. An ultrasensitive ATP electrochemical sensor for cells assay based on bio-nanoassembly
and signal amplification. ]. Guangxi Med. Univ. 2020, 37, 2276-2281.

Mazloum-Ardakani, M.; Hosseinzadeh, L.; Taleat, Z. Synthesis and electrocatalytic effect of Ag@Pt core—shell nanoparticles
supported on reduced graphene oxide for sensitive and simple label-free electrochemical aptasensor. Biosens. Bioelectron. 2015,
74, 30-36.

Wang, Z; Si, L.; Bao, J.; Dai, Z. A reusable microRNA sensor based on the electrocatalytic property of heteroduplex-templated
copper nanoclusters. Chem. Commun. 2015, 51, 6305-6307.

Posha, B.; Nambiar, S.R.; Sandhyarani, N. Gold atomic cluster mediated electrochemical aptasensor for the detection of lipopol-
ysaccharide. Biosens. Bioelectron. 2018, 101, 199-205.

Li, Y; Si, S;; Huang, F.; Wei, J.; Dong, S.; Yang, F.; Li, H.; Liu, S. Ultrasensitive label-free electrochemical biosensor for detecting
linear microcystin-LR using degrading enzyme MIrB as recognition element. Bioelectrochemistry 2021, 144, 108000.

Bonanni, A.; Chua, C.K.; Zhao, G.; Sofer, Z.; Pumera, M. Inherently Electroactive Graphene Oxide Nanoplatelets As Labels for
Single Nucleotide Polymorphism Detection. ACS Nano 2012, 6, 8546-8551.

Liu, X.; Cheng, H.; Zhao, Y.; Wang, Y.; Li, F. Portable electrochemical biosensor based on laser-induced graphene and MnO2
switch-bridged DNA signal amplification for sensitive detection of pesticide. Biosens. Bioelectron. 2021, 199, 113906.

Tianxing Hu, Le Zhang, Wei Wen, Xiuhua Zhang, Shengfu Wang. Enzyme catalytic amplification of miRNA-155 detection with
graphene quantum dot-based electrochemical biosensor. Biosens. Bioelectron. 2016, 77, 451-456.

Medina-Sanchez, M.; Miserere, S.; Morales-Narvaez, E.; Merkogi, A. On-chip magneto-immunoassay for Alzheimer's
biomarker electrochemical detection by using quantum dots as labels. Biosens. Bioelectron. 2014, 54, 279-284.

Zhu, L.; Yang, B.; Qian, K.; Qiao, L.; Liu, Y.; Liu, B. Sensitive electrochemical aptasensor for detecting EpCAM with silica nano-
particles and quantum dots for signal amplification. J. Electroanal. Chem. 2019, 856, 113655.



Biosensors 2022, 12, 566 25 of 29

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.
99.

100.

101.

Lahcen, A.A.; Baleg, A.A.; Baker, P.; Iwuoha, E.; Amine, A. Synthesis and electrochemical characterization of nanostruc-
tured magnetic molecularly imprinted polymers for 17-beta-Estradiol determination. Sens. Actuators B Chem. 2017, 241, 698-705.
Yuan, Y.H.; Wu, Y.D.; Chi, B.Z.; Wen, S.H.; Liang, R.P.; Qiu, ].D. Simultaneously electrochemical detection of microRNAs
based on multifunctional magnetic nanoparticles probe coupling with hybridization chain reaction. Biosens. Bioelectron. 2017,
97, 325-331.

Ye, Z.; Wang, Q.; Qiao, J.; Xu, Y.; Li, G. In situ synthesis of sandwich MOFs on reduced graphene oxide for electrochemical
sensing of dihydroxybenzene isomers. The Analyst 2019, 144, 2120-2129.

Baolong Ma, Hao Guo, Mingyue Wang, Li Li, Xueyan Jia, Huiqin Chen, Rui Xue, Wu Yang. Electrocatalysis of Cu?MOF/Gra-
phene Composite and its Sensing Application for Electrochemical Simultaneous Determination of Dopamine and Paracetamol.
Electroanalysis 2019, 31, 1002-1008.

Peng, B.; Cui, ].; Wang, Y.; Liu, ].Q.; Zheng, H.M,; Jin, L.; Zhang, Y.; Wu, Y.C. CeO2-x/C/rGO nanocomposites derived from Ce-
MOF and graphene oxide as robust platform for highly sensitive uric acid detection. Nanoscale 2018, 10, 1939-1945.

Russo, L.; Bueno, J.L.; Bergua, J.F.; Costantini, M.; Giannetto, M.; Puntes, V.; De La Escosura-Muiiiz, A.; Merkogi, A. Low-Cost
Strategy for the Development of a Rapid Electrochemical Assay for Bacteria Detection Based on AuAg Nanoshells. ACS Omega
2018, 3, 18849-18856.

Xiong, W.; Wu, S.F.; Liao, F.S.; Hong, N.; Fan, H.; Wei, G.B. A ZnS-Nanoparticle-Label-Based Electrochemical Codeine Sensor.
In Applied Mechanics and Materials; Trans Tech Publications Ltd.: Bach, Switzerland, 2017; pp. 173-177.

Abi, A.; Mohammadpour, Z.; Zuo, X.; Safavi, A. Nucleic acid-based electrochemical nanobiosensors. Biosens. Bioelectron. 2018,
102, 479-489.

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.

Jing Zhao, Suisui Hu, Weidong Zhong, Jiguang Wu, Zhongming Shen, Zhong Chen, Genxi Li. Highly sensitive electrochemical
aptasensor based on a ligase-assisted exonuclease Ill-catalyzed degradation reaction. Acs Appl. Mater. Interfaces 2014, 6, 7070.
Bindra, D.S.; Wilson, G.S. Pulsed amperometric detection of glucose in biological fluids at a surface-modified gold electrode.
Anal. Chem. 1989, 61, 2566-2570.

Spampinato, V.; Parracino, M.A; la Spina, R.; Rossi, F.; Ceccone, G. Surface Analysis of Gold Nanoparticles Functionalized with
Thiol-Modified Glucose SAMs for Biosensor Applications. Front. Chem. 2016, 4, 8.

Reimers, ].R.; Ford, M.].; Halder, A.; Ulstrup, J.; Hush, N.S. Gold surfaces and nanoparticles are protected by Au(0)-thiyl species
and are destroyed when Au(I)-thiolates form. Proc. Natl. Acad. Sci. USA 2016, 113, E1424-E1433.

Daniel, M.-C.; Astruc, D. Gold Nanoparticles: Assembly, Supramolecular Chemistry, Quantum-Size-Related Properties, and
Applications toward Biology, Catalysis, and Nanotechnology. Chem. Rev. 2003, 104, 293-346.

Tian, B.; Shuang, Y.; Luyang, Z.; Min, W. Signal amplification strategy for electrochemical aptasensor based on gold nanostars
and nitrogen-doped porous carbon derived from biomass. ]. Henan Univ. Technol. (Nat. Sci. Ed.) 2021, 42, 85-91.

Wei, M.; Feng, S. Amperometric determination of organophosphate pesticides using an acetylcholinesterase based biosensor
made from nitrogen-doped porous carbon deposited on a boron-doped diamond electrode. Micro-Chim. Acta 2017, 184, 3461—
3468.

Hui, L.; Xu, D. Silver nanoparticles as labels for applications in bioassays. TrAC Trends Anal. Chem. 2014, 61, 67-73.

Dong, H,; Jin, S.; Ju, H.; et al. Trace and label-free microRNA detection using oligonucleotide encapsulated silver nanoclusters
as probes. Anal. Chem. 2012, 84, 8670-8674.

Xu, M.; Yadavalli, V.K. Flexible biosensors for the impedimetric detection of protein targets using silk-conductive polymer
biocomposites. ACS Sens. 2019, 4, 1040-1047.

Cho, LH.; Lee, J.; Kim, J.; Kang, M.S,; Paik, ].K.; Ku, S.; Cho, H.M.; Irudayaraj, J.; Kim, D.H. Current Technologies of Electro-
chemical Immunosensors: Perspective on Signal Amplification. Sensors 2018, 18, 207.

Chen, Y .X.; Huang, K.J.; Niu, K.X. Recent advances in signal amplification strategy based on oligonucleotide and nanomaterials
for microRNA detection— A review. Biosens. Bioelectron. 2018, 99, 612-624

Bourne, D.G; Jones, G.J.; Blakeley, R.L.; Jones, A.; Negri, A.P.; Riddles, P. Enzymatic pathway for the bacterial degradation of
the cyanobacterial cyclic peptide toxin microcystin LR. Appl. Environ. Microbiol. 1996, 62, 4086—4094.

Bo, X.; Zhou, M.; Guo, L. Electrochemical sensors and biosensors based on less aggregated graphene. Biosens. Bioelectron.
2017, 89, 167-186.

Kanagavalli, P.; Andrew, C.; Veerapandian, M.; Jayakumar, M. In-situ redox-active hybrid graphene platform for label-free
electrochemical biosensor: Insights from electrodeposition and electroless deposition. TrAC Trends Anal. Chem. 2021, 143, 116413.
Ambrosi, A.; Chua, CK,; Bonanni, A.; Pumera, M. Electrochemistry of Graphene and Related Materials. Chem. Rev. 2014, 114,
7150-7188.

Bonanni, A. Advances on the Use of Graphene as a Label for Electrochemical Biosensors. ChemElectroChem 2020, 7, 4177-4185.
Puetz, P.; Behrent, A.; Baeumner, A.J.; Wegener, J. Laser-Scribed Graphene (LSG) as New Electrode Material for Impedance-
Based Cellular Assays. Sens. Actuators B Chem. 2020, 321, 128443.

Ramnani, P.; Saucedo, N.M.; Mulchandani, A. Carbon nanomaterial-based electrochemical biosensors for label-free sensing of
environmental pollutants. Chemosphere 2016, 143, 85-98.

He, L.; Huang, R; Xiao, P.; Liu, Y.; He, N. Current signal amplification strategies in aptamer-based electrochemical biosensor:
A review. Chin. Chem. Lett. 2021. 32, 1593-1602.



Biosensors 2022, 12, 566 26 of 29

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.
123.

124.

125.

126.

127.

128.

129.

130.

Niemeyer, C.M. Nanoparticles, Proteins, and Nucleic Acids: Biotechnology Meets Materials Science. Angew. Chem. Int. Ed. 2001,
40, 4128-4158.

Farzin, M.A.; Abdoos, H. A critical review on quantum dots: From synthesis toward applications in electrochemical biosensors
for determination of disease-related biomolecules. Talanta 2021, 224, 121828.

Li, C; Hu, J.; Lu, M.; Zhang, C. Quantum dot-based electrochemical biosensor for stripping voltammetric detection of telomer-
ase at the single-cell level. Biosens. Bioelectron. 2018, 122, 51-57.

Gidwani, B.; Sahu, V.; Shukla, S.S.; Pandey, R.; Joshi, V.; Jain, V.K; Vyas, A. Quantum dots: Prospectives, toxicity, advances and
applications. J. Drug Deliv. Sci. Technol. 2021, 61, 102308.

Wang, X.; Sun, X.; He, H.; Yang, H.; Lao, J.; Song, Y.; Xia, Y; Xu, H.; Zhang, X.; Huang, F. A two-component active targeting
theranostic agent based on graphene quantum dots. ]. Mater. Chem. B 2015, 3, 3583-3590.

Justino, C.I.L.; Rocha-Santos, T.A.P.; Cardoso, S.; Duarte, A.C.; Cardosa, S. Strategies for enhancing the analytical performance
of nanomaterial-based sensors. TrAC Trends Anal. Chem. 2013, 47, 27-36.

Yadav, S.; Masud, M.K; Islam, M.N.; Gopalan, V.; Lam, A.K,; Tanaka, S.; Nguyen, N.T.; Hossain, M.S.; Li, C.; Yamauchi, Y.
Gold-loaded nanoporous iron oxide nanocubes: A novel dispersible capture agent for tumor-associated autoantibody analysis
in serum. Nanoscale 2017, 9, 8805-8814.

Ingerslev, E.; Vaclavik, E.; Halling-Sorensen, B. Pharmaceuticals, and personal care products— A source of endocrine disruption
in the environment? Pure Appl. Chem. 2003, 75, 1881.

Wang, Z.; Wang, P.; Tu, X;; Wu, Y.; Zhan, G.; Li, C. A novel electrochemical sensor for estradiol based on nanoporous polymeric
film bearing poly{1-butyl-3-[3-(N-pyrrole) propyl] imidazole dodecyl sulfonate}moiety. Sens. Actuators B 2014, 193, 190-197.
Zamora-Galvez, A.; Morales-Narvaez, E.; Mayorga-Martinez, C.C.; Merkogi, A. Nanomaterials connected to antibodies and
molecularly imprinted polymers as bio/receptors for bio/sensor applications. Appl. Mater. Today 2017, 9, 387-401.

Zhang, L.; Li, J.; Zeng, Y. Molecularly imprinted magnetic nanoparticles for determination of the herbicide chlorotoluron by
gate-controlled electro-catalytic oxidation of hydrazine. Mikrochim. Acta 2014, 182, 249-255.

Villalonga, A.; Villalonga, R.; Vilela, D. Hybrid magnetic nanoparticles for electrochemical biosensors. In Magnetic Nanoparticle-
Based Hybrid Materials; Woodhead Publishing: Thorston, UK, 2021; pp. 679-720.

Chen, M.; Gan, N.; Zhou, Y.; Li, T.; Xu, Q.; Cao, Y.; Chen, Y. A novel aptamer-metal ions-nanoscale MOF based electro-
chemical biocodes for multiple antibiotics detection and signal amplification. Sens. Actuators B Chem. 2017, 242, 1201-1209
Qiu, G.H.; Lu, W.Z,; Hu, P.P,; Jiang, Z.H.; Bai, L.P.; Wang, T.R.; Li, M.M.; Chen, ].X. A metal-organic framework based
PCR-free biosensor for the detection of gastric cancer associated microRNAs. J. Inorg. Biochem. 2017, 177, 138-142.

Lei, X;; Zuo, G.; Wang, P.; Li, Z. Research and application of graphene/MOF composites in electrochemical biosensor. Transducer
Microsyst. Technol. 2022, 41, 1-6.

Chen, X.; Zhu, J.; Xi, Q.; Yang, W. A high performance electrochemical sensor for acetaminophen based on single-walled carbon
nanotube—graphene nanosheet hybrid films. Sens. Actuators B Chem. 2012, 161, 648-654.

Wilson, S.P.; Kamin, D.L.; Fe Ldman, ].M. Acetaminophen administration interferes with urinary metanephrine (and catechol-
amine) determinations. Clin. Chem. 1985, 31, 1093-1094.

Zhang, Z.; Lou, Y.; Guo, C;; Jia, Q.; Song, Y.; Tian, J.-Y.; Zhang, S.; Wang, M.; He, L.; Du, M. Metal-organic frameworks (MOFs)
based chemosensors/biosensors for analysis of food contaminants. Trends Food Sci. Technol. 2021, 118, 569-588.

Nangare, S.N.; Sangale, P.M.; Patil, A.G.; Boddu, S.H.; Deshmukh, P.K; Jadhav, N.R.; Tade, R.S.; Patil, D.R.; Pandey, A.; Mutalik,
S.; et al. Surface architectured metal organic frameworks-based biosensor for ultrasensitive detection of uric acid: Recent ad-
vancement and future perspectives. Microchem. ]. 2021, 169, 106567.

Nemiwal, M.; Zhang, T.C.; Kumar, D. Enzyme immobilized nanomaterials as electrochemical biosensors for detection of bio-
molecules. Enzym. Microb. Technol. 2022, 156, 110006.

Nguyen, H.H.; Lee, S.H.; Lee, U.].; Fermin, C.D. Immobilized Enzymes in Biosensor Applications. Materials 2019, 12, 121.

Cao, Q.; Xiao, Y.S.; Meng, Q.Y.; Yuan, X.Z; Liu, H.; Cheng, L.J.; Dong, W.L. Research progress of enzyme-based biosensors in
rapid detection. J. Food Saf. Qual. 2019, 10, 6902—-6908.

O’Sullivan, M.].; Bridges, ].W.; Marks, V. Enzyme Immunoassay: A Review. Ann. Clin. Biochem. Int. ]. Lab. Med. 1979, 16, 221—
239.

Kang, C; Kang, J.; Lee, N.-S.; Yoon, Y.H.; Yang, H. DT-Diaphorase as a Bifunctional Enzyme Label That Allows Rapid Enzy-
matic Amplification and Electrochemical Redox Cycling. Anal. Chem. 2017, 89, 7974-7980.

Zhao, S.; Zhou, T.; Khan, A,; Chen, Z; Liu, P.; Li, X. A novel electrochemical biosensor for bisphenol A detection based on
engineered Escherichia coli cells with a surface-display of tyrosinase. Sens. Actuators B Chem. 2021, 353, 131063.

Kurbanoglu, S.; Erkmen, C.; Uslu, B. Frontiers in electrochemical enzyme based biosensors for food and drug analysis. TrAC
Trends Anal. Chem. 2020, 124, 115809.

Fernandez, H.; Arévalo, E.J.; Granero, A.M.; Robledo, S.N.; Diaz Nieto, C.H.; Riberi, W.I.; Zon, M.A. Electrochemical biosensors
for the determination of toxic substances related to food safety developed in South America: Mycotoxins and herbicides.
Chemosensors 2017, 5, 23.

Nguyen, H.H.; Park, J.; Park, S.J.; Lee, C.S.; Kim, M. Long-term stability and integrity of plasmid-based DNA data storage.
Polymers 2018, 10, 28.

Tomassetti, M.; Pezzilli, R.; Prestopino, G.; Natale, C.D.; Medaglia, P.G. Fabrication and characterization of a Layered Double
Hydroxide based catalase biosensor and a catalytic sensor for hydrogen peroxide determination. Microchem. J. 2021, 170, 106700.



Biosensors 2022, 12, 566 27 of 29

131.

132.

133.

134.

135.

136.

137.

138.

139.
140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Niu, W.; Guo, J. Novel fluorescence-based biosensors incorporating unnatural amino acids. Methods Enzymol. 2017, 589, 191—
219.

Das, P.; Das, M.; Chinnadayyala, S.R.; Singha, .M.; Goswami, P. Recent advances on developing 3rd generation enzyme elec-
trode for biosensor applications. Biosens. Bioelectron. 2016, 79, 386-397.

Li, M.; Cheng, J.; Yuan, Z.; Zhou, H.; Zhang, L.; Dai, Y.; Shen, Q.; Fan, Q. Sensitive electrochemical detection of microRNA based
on DNA walkers and hyperbranched HCR-DNAzyme cascade signal amplification strategy. Sens. Actuators B Chem. 2021, 345,
130348.

Sun, D.; Lu, 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.

Zhang, Y.; Xu, G,; Lian, G.; Luo, F.; Xie, Q.; Lin, Z.; Chen, G. Electrochemiluminescence biosensor for miRNA-21 based on
toehold-mediated strand displacement amplification with Ru(phen)32+ loaded DNA nanoclews as signal tags. Biosens. Bioelec-
tron. 2019, 147, 111789.

Yang, B.; Zhang, S.; Fang, X.; Kong, J. Double signal amplification strategy for ultrasensitive electrochemical biosensor based
on nuclease and quantum dot-DNA nanocomposites in the detection of breast cancer 1 gene mutation. Biosens. Bioelectron. 2019,
142, 111544.

Yu, L.;He, P,; Xu, Y.; Kou, X,; Yu, Z.; Xie, X.; Miao, P. Manipulations of DNA four-way junction architecture and DNA modified
FesOs@Au nanomaterials for the detection of miRNA. Sens. Actuators B Chem. 2020, 313, 128015

Zhang, C.; Li, D.; Li, D.; Wen, K,; Yang, X.; Zhu, Y. Rolling circle amplification-mediated in situ synthesis of palladium nano-
particles for the ultrasensitive electrochemical detection of microRNA. Analyst 2019, 144, 3817-3825.

Yin, P.; Choi HM, T.; Calvert, C.R.; Pierce, N.A. Programming biomolecular self-assembly pathways. Nature 2008, 451, 318-322.
Wang, W.; Zhang, C.; Guo, J.; Li, G.; Zou, L. Sensitive electrochemical detection of oxytetracycline based on target triggered
CHA and poly adenine assisted probe immobilization. Anal. Chim. Acta 2021, 1181, 338895.

Ikbal, J.; Lim, G.S.; Gao, Z. The hybridization chain reaction in the development of ultrasensitive nucleic acid assays. TrAC
Trends Anal. Chem. 2015, 64, 86-99

Augspurger, E.E.; Rana, M.; Yigit, M.V. Chemical and biological sensing using hybridization chain reaction. ACS Sens. 2018, 3,
878-902.

Ling, P.; Wang, L.; Cheng, S.; Gao, X.; Sun, X.; Gao, F. Ultrasensitive electrochemical biosensor for protein detection based on
target-triggering cascade enzyme-free signal amplification strategy. Anal. Chim. Acta 2022, 1202, 339675.

Cheng, W.; Ma, J.; Cao, P.; Zhang, Y.; Li, ]. Enzyme-free electrochemical biosensor based on double signal amplification strategy
for the ultra-sensitive detection of exosomal microRNAs in biological samples. Talanta 2020, 219, 121242.

Fozooni, T.; Ravan, H.; Sasan, H. Signal Amplification Technologies for the Detection of Nucleic Acids: from Cell-Free Analysis
to Live-Cell Imaging. Appl. Biochem. Biotechnol. 2017, 183, 1224-1253.

Hasanzadeh, M.; Shadjou, N.; de la Guardia, M. Electrochemical biosensing using hydrogel nanoparticles. TrAC Trends Anal.
Chem. 2014, 62, 11-19.

Strehlitz, B.; Griindig, B.; Kopinke, H. Sensor for amperometric determination of ammonia and ammonia-forming enzyme re-
actions. Anal. Chim. Acta 2000, 403, 11.

Zhybak, M.T.; Vagin, M.Y.; Beni, V.; Liu, X.; Dempsey, E.; Turner, A.P.F.; Korpan, Y.I. Direct detection of ammonium ion by
means of oxygen electrocatalysis at a copper- polyaniline composite on a screen-printed electrode. Microchim. Acta 2016, 183,
1981.

Uzungar, S.; Meng, L.; Turner, A.P.F.; Mak, W.C. Processable and nanofibrous polyaniline: Polystyrene-sulphonate (nanoPANI:
PSS) for the fabrication of catalyst-free ammonium sensors and enzyme-coupled urea biosensors. Biosens. Bioelectron. 2021, 171,
112725.

Singh, A.; Sharma, R.; Singh, M.; Verma, N. Electrochemical determination of L-arginine in leukemic blood samples based on a
polyaniline-multiwalled carbon nanotube —Magnetite nanocomposite film modified glassy carbon electrode. Instrum. Sci. Tech-
nol. 2020, 48, 400-416.

Verma, N.; Singh, A.K,; Saini, N. Synthesis and characterization of ZnS quantum dots and application for development of argi-
nine biosensor. Sens. BioSens. Res. 2017, 15, 41.

Li, C;; Wang, Y,; Jiang, H.; Wang, X. Biosensors based on advanced sulfur-containing nanomaterials. Sensors 2020, 20, 3488.
Jing Zheng, Hui Zhao, Guobao Ning, Weijie Sun, Li Wang, Huan Liang, Hanbin Xu, Chaoyong He, Hui Zhao, Can-Peng Li. A
novel affinity peptide—antibody sandwich electrochemical biosensor for PSA based on the signal amplification of MnO2 -func-
tionalized covalent organic framework. Talanta 2021, 233, 122520.

Liu, Y.; Ai, K; Lu, L. Polydopamine and Its Derivative Materials: Synthesis and Promising Applications in Energy, Environ-
mental, and Biomedical Fields. Chem. Rev. 2014, 114, 5057-5115.

Hao, N.; Zhang, X.; Zhou, Z.; Hua, R.; Zhang, Y.; Liu, Q.; Qian, J.; Li, H.; Wang, K. AgBr nanoparticles/3D nitrogen-doped
graphene hydrogel for fabricating all-solid-state luminol-electrochemiluminescence Escherichia coli aptasensors. Biosens. Bioe-
lectron. 2017, 97, 377-383.

Huang, K.-].; Wang, L.; Zhang, J.-Z.; Wang, L.-L.; Mo, Y.-P. One-step preparation of layered molybdenum disulfide/multi-
walled carbon nanotube composites for enhanced performance supercapacitor. Energy 2014, 67, 234-240.

Wensi Zhang, Panpan Zhang, Zhigiang Su*, Gang Wei. Synthesis and sensor applications of MoS2-based nanocomposites. Na-
noscale 2015, 7, 18364-18378.



Biosensors 2022, 12, 566 28 of 29

158.

159.

160.

161.

162.

163.

164.

165.
166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Sun, Y.; Wu, X. Construction and Application of an Electrochemiluminescence Immunosensor Based on Gold Particles Modified
Molybdenum Disulfide Nanocomposites. . Instrum. Anal. 2021, 40, 363-369.

Cui, F.; Zhou, Z.; Zhou, H.S. Molecularly Imprinted Polymers and Surface Imprinted Polymers Based Electrochemical Biosensor
for Infectious Diseases. Sensors 2020, 20, 996.

Ates, M. A review study of (bio)sensor systems based on conducting polymers. Mater. Sci. Eng. C Mater. Biol. Appl. 2013, 33,
1853-1859.

Tian, L.; Qian, K.; Qi, J.; Liu, Q.; Yao, C.; Song, W.; Wang, Y. Gold nanoparticles superlattices assembly for electrochemical
biosensor detection of microRNA-21. Biosens. Bioelectron. 2018, 99, 564-570.

Hong, C.-Y.; Chen, X,; Liu, T; Li, J.; Yang, H.-H.; Chen, J.-H.; Chen, G.-N. Ultrasensitive electrochemical detection of cancer-
associated circulating microRNA in serum samples based on DNA concatamers. Biosens. Bioelectron. 2013, 50, 132-136.

Cai, J.; Huang, H; Li, Z,; Gao, Y.; Liang, Q.; Chen, X.; Chu, N.; Hao, W.; Wang, D.; Jiang, Y.; et al. A rechargeable microbial
electrochemical sensor for water biotoxicity monitoring. Biosens. Bioelectron. X 2022, 10, 100132.

Xu, Q.; Lu, D,; Pang, G. Study on Bombykol Receptor Self-Assembly and Universality of G Protein Cellular Signal Amplification
System. Acs Sens. 2019, 4, 257-264.

Seger, R.; Krebs, E.G. The MAPK signaling cascade. FASEB J. 1995, 9, 726-735.

Wei, L.; Qiao, L.; Pang, G.; Xie, J. A kinetic study of bitter taste receptor sensing using immobilized porcine taste bud tissues.
Biosens. Bioelectron. 2017, 92, 74-80.

Jang, M.; Cai, L.; Udeani, G.O.; Slowing, K.V.; Thomas, C.F.; Beecher, CW.W.; Fong, H.H.S.; Farnsworth, N.R.; Kinghorn, A.D;
Mehta, R.G,; et al. Cancer Chemopreventive Activity of Resveratrol, a Natural Product Derived from Grapes. Science 1997, 275,
218-220.

Tsai, H.-Y.; Ho, C.-T.; Chen, Y.-K. Biological actions and molecular effects of resveratrol, pterostilbene, and 3'-hydroxypterostil-
bene. J. Food Drug Anal. 2016, 25, 134-147.

Ahmad, I.; Hoda, M. Attenuation of diabetic retinopathy and neuropathy by resveratrol: Review on its molecular mechanisms
of action. Life Sci. 2020, 245, 117350.

Gustavo Tomas Diaz-Gerevini, Gaston Repossi, Alejandro Dain, Maria Cristina Tarres, Undurti Narasimha Das, Aldo Renato
Eynard. Beneficial action of res-veratrol: How and why? Nutrition 2016, 32, 174-178.

Kim, C.-W.; Hwang, K.-A.; Choi, K.-C. Anti-metastatic potential of resveratrol and its metabolites by the inhibition of epithelial-
mesenchymal transition, migration, and invasion of malignant cancer cells. Phytomedicine 2016, 23, 1787-1796.

Ren, R,; Lu, D.; Liu, T. Development of a sandwich-type rat small intestine tissue sensor for detecting resveratrol and its recep-
tors. Biomed. Microdevices 2021, 23, 1-8.

Elvira, K.S. Microfluidic technologies for drug discovery and development: Friend or foe? Trends Pharmacol. Sci. 2021, 42, 518—
526.

Xie, Y.; Dai, L.; Yang, Y. Microfluidic technology and its application in the point-of-care testing field. Biosens. Bioelectron. X 2022,
10, 100109.

Xing, G.; Zhang, W.; Li, N.; Pu, Q.;Lin, J. Recent progress on microfluidic biosensors for rapid detection of pathogenic bacteria.
Chin. Chem. Lett. 2021, 4, 1743-1751.

Liu, Y,; Jiang, D.; Wang, S.; Cai, G.; Xue, L.; Li, Y.; Liao, M.; Lin, J. A microfluidic biosensor for rapid detection of Salmonella
typhimurium based on magnetic separation, enzymatic catalysis and electrochemical impedance analysis. Chin. Chem. Lett. 2021,
33, 3156-3160.

Shenoy, V.J.; Edwards, C.E.; Helgeson, M.E.; Valentine, M.T. Design and characterization of a 3D-printed staggered herringbone
mixer. BioTechniques 2021, 70, 285-289.

Hadjigeorgiou, A.G.; Boudouvis, A.G.; Kokkoris, G. Thorough computational analysis of the staggered herringbone micromixer
reveals transport mechanisms and enables mixing efficiency-based improved design. Chem. Eng. J. 2021, 414, 128775.
Schmidt-Speicher, L.M.; Lnge, K. Microfluidic Integration for Electrochemical Biosensor Applications. Curr. Opin. Electrochem.
2021, 29, 100755.

Kutluk, H.; Bruch, R.; Urban, G.A.; Dincer, C. Impact of assay format on miRNA sensing: Electrochemical microfluidic
biosensor for miRNA-197 detection —ScienceDirect. Biosens. Bioelectron. 2020, 148, 111824.

Li, Y,; Zuo, S.; Ding, L.; Xu, P.; Wang, K.; Liu, Y.; Li, J.; Liu, C. Sensitive immunoassay of cardiac troponin I using an optimized
microelectrode array in a novel integrated microfluidic electrochemical device. Anal. Bioanal. Chem. 2021, 412, 8325-8338
Ansari, M.H.; Hassan, S.; Qurashi, A.; Khanday, F. Microfluidic-integrated DNA nanobiosensors. Biosens. Bioelectron. 2016,
85, 247-260.

Liu, J.; Geng, Z.; Fan, Z.; Liu, J.; Chen, H. Point-of-care testing based on smartphone: The current state-of-the-art (2017-2018).
Biosens. Bioelectron. 2019, 132, 17-37.

Zhang, H.; Fan, M,; Jiang, J.; Shen, Q.; Cai, C.; Shen, J. Sensitive electrochemical biosensor for MicroRNAs based on duplex-
specific nuclease-assisted target recycling followed with gold nanoparticles and enzymatic signal amplification. Anal. Chim.
Acta 2019, 1064, 33-39.

Li, X.-M.; Wang, L.-L.; Luo, J.; Wei, Q.-L. A dual-amplified electrochemical detection of mRNA based on duplex-specific nucle-
ase and bio-bar-code conjugates. Biosens. Bioelectron. 2014, 65, 245-250.



Biosensors 2022, 12, 566 29 of 29

186. Chen, D.; Zhang, M.; Ma, M.; Hai, H; Li, J.; Yang, S. A novel electrochemical DNA biosensor for transgenic soybean detection
based on triple signal amplification. Anal. Chim. Acta 2019, 1078, 24-31.

187. Zhang, J.; Cui, H.; Wei, G.; Cheng, L.; Lin, Y.; Ma, G.; Hong, N.; Liao, F.; Fan, H. A double signal amplification electrochemical
MicroRNA biosensor based on catalytic hairpin assembly and bisferrocene label. J. Electroanal. Chem. 2020, 858, 113816.

188. Xiao, S.; Song, P.; Bu, F.; Pang, G.; Xie, J. The investigation of detection and sensing mechanism of spicy substance based on
human TRPV1 channel protein-cell membrane biosensor. Biosens. Bioelectron. 2021, 172, 112779.

189. Lim, S.A.; Ahmed, M.U. Electrochemical immunosensors and their recent nanomaterial-based signal amplification strate-gies:
a review. RSC Adv. 2016, 6, 24995-25014.



