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Electrochemical sensors and biosensors play an important role in many fields, including biology, clinical trials,
and food industry. For health and food safety monitoring, accurate and quantitative sensing is needed to ensure
that there is no significantly negative impact on human health. It is difficult for traditional sensors to meet these
requirements. In recent years, single-atom nanozymes (SANs) have been successfully used in electrochemical
sensors due to their high electrochemical activity, good stability, excellent selectivity and high sensitivity. Here,

we first summarize the detection principle of SAN-based electrochemical sensors. Then, we review the detection
performances of small molecules on SAN-based electrochemical sensors, including H203, dopamine (DA), uric
acid (UA), glucose, HaS, NO, and O». Subsequently, we put forward the optimization strategies to promote the
development of SAN-based electrochemical sensors. Finally, the challenges and prospects of SAN-based sensors

are proposed.

1. Introduction

Electrochemical sensors can transform chemical or biological signals
into intuitive and readable electrochemical signals (Wu et al., 2022).
Electrochemical sensors have attracted wide attention in the fields of
food safety, medicine and environmental monitoring owing to their high
sensitivity and high selectivity, quick response, good portability, low
cost and in-situ monitoring (Kalambate, Rao, Wu, Shen, Boddula, &
Huang, 2020). Since food pollution, unhealthy diet and high content of
some substances may be harmful to human health, it is important for
food industry to construct a sensor which can perform sensitive analysis
in complex food matrix (Yang et al., 2018). In fact, electrochemical
sensor contains an electrocatalytic process, which involves an effective
energy conversion associated with the interface morphology and size
effect of electrode materials (Lei, Zhang, Yuan, & Li, 2022).

The electrochemical detection performance greatly depends on the
microstructure of electrode materials, and thus researchers have
concentrated on using nanostructured materials in electrochemical
sensors (Liang et al., 2022). There are many kinds of nanomaterials,
including OD (D: dimension), 1D, 2D, and 3D nanocomposites (Wu et al.,
2022). Various nanomaterials composed of metal nanoparticles, carbon
nanoparticles, nano-polymers and nano-composites have been adopted
in electrochemical sensors (Sun, Zhang, et al., 2022). Therein, metal
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nanoparticles can improve mass and electron transfer, thus enhancing
the electrode activity. SAN shows a unique microstructure and property,
which contains isolated single-atom metals dispersed on a carrier (Ye,
Zhang, Wang, & Li, 2020). SAN has the maximum value of atom utili-
zation, which can realize reasonable usage of metal resources, becoming
one of the most hopeful catalytic materials for heterogeneous catalysis
(Ji, Chen, Wang, Zhang, Wang, & Li, 2020b). Compared with conven-
tional nanomaterials, SANs have better catalytic performance and
broader application prospect in electrochemical sensors (Niu et al.,
2019). One of the most effective ways to improve the sensing property of
electrochemical sensors is to decorate the surface of electrodes with
SANs with high electrocatalytic activity.

However, isolated single metal atoms have high surface free energy
and are easy to aggregate, which need to be anchored on substrates to
generate a steady conformation. The doping of metal or nonmetal atoms
can introduce defects, change the microstructure of substrate, enhance
dipole polarization and interface polarization and provide a large
number of active sites, thus improving electrocatalytic performance
(Hamukwaya et al., 2022; Ping et al., 2023). Compared with nano-
enzymes, SANs not only have higher catalytic activity and higher sta-
bility, but also have higher selectivity, higher utilization of metals, and
more efficient energy saving (Li, Rong, Zhang, Wang, & Li, 2020).
Because of their unique structural characteristics, SANs have shown high
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electrochemical activity in various reactions and have broad application
prospects. Unlike traditional nano-catalysts, the metal-carrier interac-
tion in SANSs is the most significant as the size of metal sites is reduced to
atomic level (Hou et al., 2019). Therefore, adjusting local coordination
conditions can improve the electronic and geometric structure of metal
atoms. Particularly, the addition of some synergistic constituents can
enhance catalytic property of SANs (Bai, Duan, Nan, Wang, Tang, &
Guan, 2022; Han & Guan, 2022a). For example, local coordination
atoms, heteroatoms and other metal atoms have been put forward to
regulate local condition of single atomic sites (Gong et al., 2020).

Due to uniform active sites, high utilization of metal atoms and fast
catalytic kinetics, SANs have a wide application prospect in electro-
chemical sensing field (Xiang, Feng, & Chen, 2020). In 2019, Fe—N—C
SAN was first applied in sensing field to monitor HyO9 (Jiao et al., 2019).
Since then, SANs have been extensively applied in different sensing
fields. For example, Lyu et al. used Fe-Ny SANs to replace natural
horseradish peroxidase (HRP) in enzyme-linked immunosorbent exper-
iment, which improved the detection performance (Lyu et al., 2020).
Later, they improved the sensitivity of lateral flow immunoassay (LFIA)
by introducing Fe-SANs (Lyu et al., 2022). Chen et al. constructed a
biosensor based on Fe-N/C SAN for the screening of alkaline phospha-
tase activity (Chen et al., 2020). The introduction of SANs is of great
significance to electrochemical sensors. SANs-based electrochemical
sensors show excellent performance in monitoring HOj in living cells,
enzymes in vivo, small molecules in serum, and urine, highlighting their
application potential in natural life systems and food industry (Wei,
Song, et al., 2021). Up to now, there have been a few review papers
related to sensing application of nano-enzymes. For example, Arshad
et al. introduced the application of nano-enzymes in the field of food
biomarker sensing (Arshad, Mohd-Naim, Chandrawati, Cozzolino, &
Ahmed, 2022). Huang et al. reviewed the research progress of nano-
enzymes in food quality and safety detection (Huang et al., 2022).
Kurup et al. emphasized the application of nano-enzymes in the devel-
opment of instant biosensors, and paid more attention to the develop-
ment and design of sensors based on nano-enzymes (Kurup & Ahmed,
2023). However, to the best of our knowledge, there is no comprehen-
sive review paper on the application of SANs in electrochemical moni-
toring of food safety and human health.

In this review, we briefly introduce the sensing mechanisms of
electrochemical sensors. Subsequently, we discuss the main progress of
SANs in electrochemical sensors, focusing on the detection of HyO5, DA,
UA, glucose and other small molecular substances. Finally, we put for-
ward the optimization strategies, application prospects and possible
challenges of electrochemical sensors based on SANs. We hope that this
review can provide some systematic insights for the development of
SAN-based electrochemical sensors, and promote the development of
related technologies, especially in the fields of food safety and human
health.

2. Electrochemical sensor

There are many kinds of sensors, and the common ones mainly
include strain sensors, temperature sensors and pressure sensors. Most
strain sensors and temperature sensors are resistive sensors, which
depend on the resistance change caused by strain or temperature stim-
ulus (Wei, Li, et al., 2021). The resistive sensor is usually composed of a
flexible elastomer substrate and a sensing assembly of solid conductive
elements. The strain sensors can be used to detect large strains and
subtle human movements. The development of strain sensor has become
the research focus of cardiac rehabilitation (Chang, Chen, Chen, Zhu, &
Guo, 2021). Flexible strain sensors have great potential in health
monitoring, human movement monitoring, humanoid robots and other
emerging fields. Stretchable strain sensor and temperature sensor are
two important components of electronic skin and wearable electronic
products (Shen et al., 2022). Pressure sensors are usually classified into
four types: piezoresistive sensors, capacitive sensors, piezoelectric
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sensors and triboelectric sensors. The principle of pressure sensors is to
convert external pressure into resistance output signals. Wearable
pressure sensors show good application potential in motion detection
and human-computer interaction (Jiang et al., 2023).

Compared with other sensing analysis methods, electrochemical
sensors have attracted wide attention because of their highly selective
and sensitive detection performance. At present, they have become one
of the most widely used sensors. It is urgent to design advanced elec-
trochemical sensing platforms for food, biological and health moni-
toring. Electrochemical sensors are mainly composed of recognizing
elements, signal conversion system, information transmission and pro-
cessing system. They can be divided into potential sensors, conductivity
sensors and current sensors according to different output signals (Fig. 1).
In this section, we give a brief introduction to electrochemical sensors,
where electrodes can be used to sense analytes without causing damage
to the detection system.

2.1. Mechanism of electrochemical sensors

Electrochemical sensors are the devices that convert chemical signals
caused by the substances to electrical signals using the basic principle of
electrochemical analysis and experimental technology (Amaral et al.,
2022). The signal conversion system directly or indirectly converts the
reaction signals on electrochemical sensors into electrical signals. Then
the electrochemical signals are processed in the information trans-
mission and processing system, so as to carry out quantitative or qual-
itative analysis of the target (Baranwal, Barse, Gatto, Broncova, &
Kumar, 2022). Electrochemical sensors can be used to monitor the target
analytes by measuring the degree of redox reactions, exhibiting high
selectivity and low detection limit (Ho, Choi, Jo, Myoung, & Cho, 2021).

2.2. Enhancement mechanism of SAN-based electrochemical sensors

SANs can enhance reactivity and regulate reaction pathways through
redox mediation, preferential adsorption/catalysis of reactants or in-
termediates, and synergies with other active centers from substrate or
nearby heteroatoms. It is a key in the research of sensor interface in the
field of electrical analysis (Huang, Chen, Gan, Wang, & Dong, 2019).
The wide application of SANs provides some valuable inspiration for the
construction of efficient electrochemical sensors. In recent years, SANs
have appeared as electrode materials, showing excellent electrocatalytic
performance, where the free movement of valence electrons can
enhance electrochemical sensing performance (Shen, Liu, Li, & Yang,
2019). The electrons can cross the crystal lattice, so that the current can
be conducted in the SANs. Therefore, the substrate in SANs with good
conductivity can improve the sensitivity (Yin, Wang, Fan, Zuo, & Li,
2021).

The mechanisms of electrochemical sensing signal enhancement
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Fig. 1. Composition and classification of electrochemical sensors.
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include the following four aspects: (i) suppressing charge recombination
to reduce the injection of electrons from the electrode surface into the
electrolyte (Kirchner & Hirsch, 2020), (ii) enhancing interfacial charge
transfer to enhance the movement of electrons from sensors to redox
probes by decreasing the diffusion activity of probes in the electrolyte,
(iii) increasing current conduction efficiency to increase the number and
migration rate of free electrons (Yang et al., 2017), and (iv) providing
extra reaction sites (Liu, Huang, & Qian, 2021). SANs have obvious
advantages, especially in enhancing interface charge transfer and
improving current conduction efficiency. Therefore, they are good
electrode materials worthy of further research (Guan, Bai, & Tang,
2021).

3. Applications of SAN-based electrochemical sensors

Electrode is the core part of electrochemical sensor, which plays a
vital role in the performance. The rapid development of nanomaterials
provides a new way to improve the sensitivity and selectivity of elec-
trochemical sensors (Han & Guan, 2022b). At present, a great deal of
research work has been devoted to developing electrode materials with
excellent electrocatalytic activity (Liu, Zhang, Yan, & Yu, 2017). Since
SANs have unique mono-dispersed metal sites and electronic structures,
they can provide abundant active sites and promote charge transfer, thus
improving the sensing performance.

Enzymes have excellent specificity, and thus enzyme-based sensors
have excellent sensitivity and selectivity (Cui, Li, Ryabchuk, Junge, &
Beller, 2018). However, natural enzymes are easily denatured and
inactivated, which result in high extraction price and poor stability,
seriously preventing their practical applications. Therefore, man-made
nanozymes have attracted wide attention as substitutes for natural en-
zymes. For example, Gijare et al. modified tin oxyfluoride (FTO) sub-
strate with reduced graphene oxide (rGO) as an enzyme-free nanozyme
to detect glucose (Gijare, Chaudhari, Ekar, & Garje, 2021). Ahmed et al.
proposed an electrochemical sensor for detecting UA using polypyrrole
doped carbon black-Co304 nanocomposites (Ahmed, Faisal, Alsareii, &
Harraz, 2022). The non-enzymatic sensors have the advantages of high
sensitivity and low detection limit. Compared with natural enzymes,
nanozymes have high stability, low cost and easy batch preparation.
They can be applied in biosensing, catalysis, cancer therapy, environ-
mental treatment and other fields (Qiu, Pu, Ran, Liu, Ren, & Qu, 2018).

Table 1
Performance of SAN-based electrochemical sensors.
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However, the activity and specificity of nanozymes are different from
those of natural enzymes, which limit their applications in sensing and
biomedicine (Huang, Ren, & Qu, 2019). SANs can not only provide an
ideal model for the design of reasonable nanozymes at the atomic level,
but also offer an appropriate platform for researching the source of
enzyme-like activity (Jiao et al., 2020). SANs with good activity and
stability have super-sensitive electrochemical sensing ability. Therefore,
the development of SANSs is helpful to the research of natural enzyme
substitutes, showing a promising application foreground in the sensing
of small molecular markers of major diseases. In this section, the ap-
plications of SANSs in electrochemical sensors are reviewed (Table 1).

3.1. Detection of H202

H50, is significant in industrial, synthetic and biomedical fields,
such as pharmacy, clinic, food, environment, mining, and textile. In
living organisms, besides the well-known cytotoxicity, HyO2 is an
important medium of biological physiology, activation of aging cells and
diseases-H50> is often associated with the occurrence of cancer, Par-
kinson’s disease (PD), Alzheimer’s disease (AD), diabetes and other
diseases (Winterbourn, 2018). In addition, HyO3 is used in food industry
and regarded as an antibacterial agent. However, the residual H,O5 and
its derived active substances can cause oxidative damage to human
health (Xing, Zhang, Fu, Lorenzo, & Hao, 2022). Therefore, realizing the
quantitative detection of HyOj is of great significance for ensuring food
safety and diagnosing physiological health level (Kornienko, Ly, Rob-
inson, Heidary, Zhang, & Reisner, 2019).

3.1.1. Detection of H203 in vitro

The detection of HyO5 in vitro can lay a good foundation for its
quantitative detection in cells and food (Sarma, Vatsyayan, Goswami, &
Minteer, 2009). We can use SANs with peroxidase (POD) activity as
substitutes for natural enzyme reduction of HyO». At present, most of
studies on SANs focus on atomically dispersed metal-Ny moieties
embedded on carbon carrier (M—N—C) (Huang, Chen, et al., 2019).
Cheng et al. prepared an Fe-based SAN by anchoring single Fe atoms
onto nitrogen-doped carbon nanotubes (CNT/FeNC), showing excellent
peroxidase-like activity (Fig. 2a) (Cheng et al., 2019). The CNT/FeNC
SAN had the highest catalytic activity at pH value of 3.5, and had stable
peroxidase-like activity in a broad temperature range. In addition, they

Sensor Target Linear range LOD (nM) Sensitivity (pA mM ! ecm™?) Reference
CNT/FeNC H,0, 0.1-100 mM 30 - (Cheng, Li, Liu, Lin, & Du, 2019)
glucose 20,000
0.1-10 mM 30
AA 0.1-10 pM
SA Co-MoS, H,0, 50 nM-5.845 mM 10 - (Wang et al., 2019)
5.845-17.241 mM
Fe-SASC/NW H,0, 5.0 x 1071%-0.5 M 46.35 - (Ding, Lyu, et al., 2021)
Fe;C@C/Fe—N—C H50, 1-6000 pM 260 1225 (Wei, Song, et al., 2021)
Fe SAs-N/C H,0, 1-54 yM 340 - (Liang et al., 2022)
54-764 pM
764-9664
M
Mn-MoS,/PGS DA 50 pM-50 pM 0.05 - (Lei et al., 2020)
Ni-MoS, DA 1 pM-1 mM 0.001 - (Sun, Chen, et al., 2022)
A-Co-NG UA 0.4-41950 pM 33.3 £ 0.024 301.6 (Hu et al., 2021)
Ru-Ala-C3N4 DA 0.06-490 pM 20 - (Xie et al., 2021)
UA (at the same time) 0.5-2100 pM 170
Fe-Ns SASC DA 0.005-500 pM 7 - (Bushira, Kitte, Li, Zheng, Wang, & Jin, 2022)
UA (at the same time) 0.01-480 pM 27
GO,/Co-SASC glucose 5 pM-1 mM - 0.001 (Hou et al., 2019)
Pt;/Ni(OH),/NG glucose 0.01-2.18 mM - 220.75 (Long et al., 2022)
NCA-Co glucose 0.5 pM-6 mM 100 - (Song et al., 2022)
NiN4-SASCs H,S - - - (Pan et al., 2022)
Ni SASCs/N—C NO - 1.8 (Zhou et al., 2020)

Co-N4/C 0Oy - -

0.43
_ (Wu et al., 2020)
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Fig. 2. (a) Synthetic illustration and catalytic mechanism of CNT-/FeNC-based SAN. (b) Mechanism diagram of H,O, detection on Fe-SASC/NW (c) Schematic
diagram of electrochemical sensing of H,O, based on Fe3C@C/Fe—N—C. (d) Schematic diagram of the synthesis and H,O, detection of Fe SAs-N/C (a) Reproduced
with permission (Cheng et al., 2019) Copyright 2019, Wiley-VCH Verlag. (b) Reproduced with permission (Ding, Lyu, et al., 2021) Copyright 2021, Wiley-VCH
Verlag. (¢) Reproduced with permission (Wei, Song, et al., 2021) Copyright 2021, American Chemical Society. (d) Reproduced with permission (Liang et al.,

2022) Copyright 2022, American Chemical Society.

used CNT/FeNC SAN-based bioassays to detect HoOo with ultra-high
sensitivity, low LOD, good stability and signal reproducibility. The
POD-like activity of M—N—C is due to the Fenton-like reaction (Xu
et al., 2019).

Wang et al. used single-atom Co-MoS; (SA Co-MoS,) as a peroxidase
mimic, which had excellent activity and stability in the peroxidase-like
catalytic reaction (Wang et al., 2019). The SA Co-MoS; can fully activate
H30, and promote the subsequent peroxidase-like reaction, which de-
pends on the strong chemisorption ability of HoO5 molecules on the SA
Co-MoS,. Compared with traditional electrochemical HoO; sensors, SA
Co-MoS; decorated electrode had a longer linear current response area
from 50 nM to 17.241 mM, a lower limit of detection (LOD) of 10 nM,
higher selectivity, and better stability. Ding et al. prepared a SAN (Fe-
SASC/NW) with heme-like enzyme active sites through a Zn atom-
assisted method (Ding, Lyu, et al., 2021). Heme-based catalase is one
of the earliest known enzymes, which is usually designed to monitor
H,02 with high sensitivity and selectivity (Ding, Zhang, et al., 2021).
Therefore, they developed an electrochemical sensor for H,O, detection
based on Fe-SASC/NW (Fig. 2b). The sensor had a broad linear moni-
toring range from 5.0 x 10'° M to 0.5 M and a low LOD of 46.35 x 10
M. The outstanding electrochemical performance was due to the struc-
ture of Fe-Ny similar to that of natural metalloproteinases. They further
used the Fe-SASC/NW-based sensor to monitor the concentration of
H»0; in contact lenses disinfectants. The catalytic activity of Fe-SASC/
NW decreased obviously after the addition of KSCN, proving that Fe-
Ny sites were the main active sites.

3.1.2. Detection of H203 in vivo

Fe SAN-based sensors can be used to detect HyO5 in living cells,
which provides a new route for the real-time detection. Fe-Fe3C nano-
particles can enhance the oxygen reduction activity of single-atom Fe
sites by changing the adsorption strength between single-atomic Fe sites
and OH* intermediates (Sun et al., 2020). Wei et al. designed an ultra-
sensitive electrochemical HyO5 biosensor based on carbon coated Fe3C
nanoparticles coupling with Fe single atomic sites (Fig. 2¢) (Wei, Song,
et al., 2021). The intrinsic synergistic effect between FesC@C nano-
crystals and Fe single atomic sites came from the transfer of electrons
from Fe3C@C to Fe single atomic sites, which was helpful for intensive
adsorption of HyO5 molecules on single-atom Fe sites. Compared with
single-atom Fe—N—C, FesC@C/Fe—N—C had higher POD-like activity
and higher Hy0, detection sensitivity. The sensitivity was up to 1225 pA
mM.cm ™2, the response was fast within 2 s, and the LOD was as low as
0.26 pM. In addition, they used Fe3C@C/Fe—N—C to detect intracel-
lular Hy05 discharged from Hela cells, showing that Fe3C@C/Fe—N—C
is a sensitive and accurate sensor. The successful demonstration of
FesC@C/Fe—N—C provided a novel way to improve the detection
sensitivity of HpO3 in living cells, and gave a new inspiration for syn-
ergistic enhancement of single atomic sites for electrochemical sensing
applications. In a closely related study, Liang et al. used heme as the Fe
donor to fix Fe ions in zeolitic imidazolate frameworks (ZIF-8) to obtain
Fe SAs-N/C, and constructed Hy0O, electrochemical sensor (Fig. 2d)
(Liang et al., 2022). Using the sensor, they successfully achieved real-
time monitoring of HyO5 released by living MCF-7 cells. Compared
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with other SAN-based electrochemical sensors, Fe SAs-N/C@GCE had a
larger electrochemical detection area for HoO9, and lower LOD of 0.34
pM. The Fe-Ny active sites of Fe SAs-N/C were consistent with those of
Fe-SASC/NW, which catalyzed H;03 (equations (1)—(4)) (Lee, Liu, & Lu,
2016).

Fe’* + Hy0, + H' - Fe** + HOe + H,0 €))
Fe’* 4+ H,0, - Fe*t + HOpe + H @)
H,0, + H" - HOe + H,0 3
Fe** + HOye — Fe*™ + 0, + HY (C))

3.2. Detection of DA

DA is an important neurotransmitter and plays a pivotal part in the
functions of central nervous system and cardiovascular system (Pan,
Kaminga, Wen, Wu, Acheampong, & Liu, 2019). Because DA can pro-
mote the growth of livestock by decreasing fat deposition and increasing
protein accumulation, it is usually utilized as a “lean meat agent” to feed
livestock for human consuming all over the world. However, this is
illegal because long-term intake of DA residues will result in headache,
chest tightness, nausea and other undesirable effects (Li et al., 2021).
Moreover, abnormal DA concentration can lead to nervous system dis-
eases, including depression, PD, AD, schizophrenia and so on. In addi-
tion, the content of DA in urine is the key diagnostic reference for
catecholamine secreting tumors such as pheochromocytoma (Shukla,
Aroosh, Matzafi, & Ben-Yoav, 2021). Therefore, precise DA detection is
important for food industry, disease diagnosis and health monitoring.

MoS; is an excellent electrochemical sensing material with high
specific surface area, low charge transfer resistance and high density of
electronic state (Li, Wang, Xie, Liang, Hong, & Dai, 2011). The band gap
of MoS; is limited and adjustable, and MoS; is an effective sensor ma-
terial for DA detection, which has unique electronic characteristics
(Kalantar-zadeh, Ou, Daeneke, Strano, Pumera, & Gras, 2015). Precious
metal particles are usually supported on MoS; to construct composite
materials for selective detection of DA (Sun et al., 2014). However, due
to the scarcity and high price of precious metals, it is essential to seek
low-cost substitutes. Up to now, MoSy-based SANs have been success-
fully synthesized as electrochemical sensors to monitor DA. For
example, Lei et al. prepared an ultra-sensitive electrochemical DA sensor
based on Mn doped MoS; by an expandable two-step method (Lei et al.,
2020). Compared with other defect configurations, the substitution of
Mo atoms by Mn (Mny,) in MoS; lattice was advantageous in energy,
showing physical adsorption of DA molecules instead of chemical
adsorption. The physical adsorption ensures that DA molecules can be
removed after oxidation to allow other DA molecules to reach the sites.
The sensor showed extremely high sensitivity, with the LOD of 50 pM in
a buffer solution, 5 nM in 10% serum and 50 nM in man-made sweat.
The sensor can be used to selectively detect DA with good stability due to
the catalytic behavior of Mn dopant. The successful application of Mn-
MoS; in electrochemical sensors showed that single-atom metal-doped
transition metal dichalcogenides (TMDs) have unique electronic prop-
erties, which can offer a new platform to build ultra-sensitive biosensors.
Sun et al. devised an ultra-sensitive DA sensor on the basis of flower-
shaped MoS; modified by single-atom Ni (Ni-MoSy) (Sun, Chen, et al.,
2022). The large percentage of Ni active sites on the base surface of
MoS; efficaciously improved the intrinsic conductivity and electro-
chemical activity. The DA sensor based on Ni-MoS; was able to monitor
the DA concentration in PBS, bovine serum and man-made urine with
superior sensitivity. The LOD can reach 1 pM in PBS, 1 pM in bovine
serum and 100 pM in man-made urine. Moreover, the sensor exhibited
good selectivity, repeatability and stability. The authors assembled Ni-
MoS; into a test strip, and successfully realized the detection of DA
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content in blood and urine.
3.3. Detection of UA

UA exists in milk, which contributes to the dietary intake of anti-
oxidants, ascorbic acid (AA), tocopherol, tyrosine and cysteine. Imbal-
ance of UA level in milk may affect the flavor, and its detection can
provide information about the health and metabolism of dairy cows and
other mammals (Motshakeri, Phillips, & Kilmartin, 2019). Besides, UA is
a metabolic product of purine alkaloids and the excessive presence in the
body would cause diseases including arthritis, preeclampsia, kidney
diseases and cardiovascular diseases (Zhang et al., 2019). Therefore, UA
detection is important for the diagnosis of these diseases.

At present, almost all electrochemical UA sensors are on the basis of
enzymes. However, enzymes are easy to inactivate, and thereby people
are committed to searching for new materials for the electrochemical
detection of UA (Shi et al., 2019). Hu et al. anchored high-density and
island-like Co atoms on N-doped graphene substrate (A-Co-NG), and
constructed an electrochemical bionic sensor for UA detection (Hu et al.,
2021). The A-Co-NG sensor exhibited a wide detection area of
0.4-41950 pM, and a low LOD of 33.3 £ 0.024 nM. In addition, it had
good stability, reproducibility, repeatability, reversibility, and selec-
tivity to UA. The A-Co-NG sensor exhibited precise diagnosis of UA in
serum and its accuracy reached 98.5%, which provided a basis for its
actual application.

Furthermore, SAN-based electrochemical sensors can be used to
detect UA and DA simultaneously, which are ubiquitous active mole-
cules in human body. The abnormal level of DA or UA can lead to
dysfunction of human body and cause diseases (Yang, Hu, & Li, 2019).
Therefore, the concurrent monitoring of DA and UA is very important for
disease diagnosis. However, due to their similar structures and electro-
chemical properties, simultaneous monitoring of DA and UA is still a
huge challenge. Ru-based SANs can be used to simultaneously detect DA
and UA, which plays an important role in promoting the development of
noble metal catalysts. The high cost of noble metal catalysts has always
been the main factor limiting their industrial application. Therefore, it is
of great significance to develop catalysts with minimum metal loading
(Zhang, Zhang, Jia, Zhang, & Han, 2021). Xie et al. synthesized a SAN
(Ru-Ala-C3Ny4) with atomic Ru embedded on carbon nitride carrier as a
highly sensitive electrochemical biosensor for simultaneous detection of
DA and UA (Xie et al., 2021). The plentiful single-atom Ru active sites
and effective electron transport ability in the Ru-Ala-C3N4; were
conducive to the adsorption of DA and UA. The calibration curves of DA
and UA were broad (0.06-490 pM and 0.5-2135 pM, respectively), and
the LODs were very low (20 nM and 170 nM, respectively). In addition,
the Ru-Ala-C3Ny sensor had excellent repeatability and stability, as well
as superior selectivity, and sensitivity, which can be used to efficiently
detect DA and UA in authentic biological serum specimens. In addition,
graphene is a good substrate of SANs for DA/UA detection. The strong
interaction between DA/UA and graphene substrate is beneficial to the
electron transfer from SANs to DA/UA (Wang, Li, Tang, Lu, & Li, 2009).
Bushira et al. prepared atomic Fe coordinated with five N atoms on
graphene (Fe-N5 SASC) by one-step pyrolysis, and successfully realized
simultaneous detection of DA and UA (Bushira et al., 2022). Due to its
unique electronic structure and ample active sites, the electrochemical
sensor based on enzyme-like Fe-N5 SASC showed good linear charac-
teristic response within the range of 0.005-500 pM and 0.01-480 pM,
and the LOD of DA and UA was 0.007 and 0.027 nM, respectively.
Moreover, the biosensor based on Fe-N5 SASC was effective in detecting
DA and UA in human serum samples, and had good anti-interference
capacity, stability and repeatability.

3.4. Detection of glucose

Glucose is an essential nutrient for human body, while abnormal
glucose content can result in a variety of diseases (Dong et al., 2019).
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Low glucose content can result in hypoglycemia and insulin shock, while
high glucose content can result in diabetes if there is no treatment
(Justice Babu, Sheet, Lee, & Gnana Kumar, 2018). Long-term excessive
blood glucose content may even lead to serious complications, such as
renal failure, blindness and heart disease (Fan et al., 2023). Therefore, it
is very important to monitor the glucose in the diet and in vivo to pre-
vent the occurrence of diabetes. Moreover, glucose is a model substrate
for biomass photo-reforming, which might result in environmental
pollution (Eqi et al., 2022).

In 2019, Hou et al. developed an online electrochemical system
(OECS) for monitoring glucose in vivo using Co-SASC-based sensor (Hou
et al., 2019). Wang et al. found that the OECS can be used for selective
measurement of brain glucose in rats, and can continuously monitor
glucose in micro-dialysis (Wang et al., 2016). The GOx/Co-SASC-based
OECS had sensitive, selective and stable ampere response to glucose in
brain micro-dialysis, which was not interfered by other electro-active
species in the brain during detection, thus monitoring the dynamics of
glucose in the brain. The study provided a new way for in vivo analysis
of brain chemistry, which has important significance for comprehending
the molecular basis of brain function.

Due to insufficient filling of d-orbitals, small molecules can be easily
absorbed on Pt surface, which can be further oxidized or reduced at a
certain potential (Baranwal et al., 2022). Therefore, Pt is recognized as
an efficient electrocatalyst for transforming small molecules through
oxidation or reduction, which has been widely used in the detection of
glucose (Amaral et al., 2022). In addition, Pt is insoluble in strong acid,
strong alkali and high concentration salt medium, which makes it
possible to monitor glucose under physiological conditions (Niu, Shi,
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Zhao, & Lan, 2016). Moreover, single Pt atoms not only are the signif-
icant active sites of glucose adsorption, but also can activate the
neighboring Ni atoms, inducing more positive charges on Ni atoms. The
synergistic catalysis effect and enhanced electron transfer capacity of
Pt;/Ni(OH)3/NG took an important function in enhancing the electro-
chemical non-enzymatic catalysis and sensing of glucose (Fig. 3a) (Long
et al., 2022). The Pt;/Ni(OH)5/NG sensor had a low anode peak po-
tential of 0.48 V, high electrocatalytic activity, low oxidation potential,
short response time of 4.6 s, sensitivity as high as 220.75 pA mMcm 2
and exceptional stability for sensing of glucose. In addition, Co-based
SANs attract special attention because of non-noble metal and high
catalytic activity for glucose detection (Hwang, Lee, Seo, & Chung,
2018). Song et al. synthesized NCA-Co by embedding Co atoms into
nitrogen-doped carbon aerogels using biomass hydrogel as a precursor
(Song et al., 2022). The prepared NCA-Co had special structural features,
such as microporous imperfections and nano-folds, which can stabilize
the Co single atoms (Fig. 3b). The non-enzymatic glucose sensor based
on NCA-Co had a LOD of 0.1 pM, a linear scope of 0.5 pM-6 mM,
fantastic stability, high selectivity and reproducibility. In addition, the
NCA-Co-based sensor showed significant performance in the detection
of glucose in man-made spittle and human serum samples. Further
studying on clinical human serum samples found that the relative
standard deviations were all below 5%. The measured results were close
to those of commercial blood glucose meter. The recovery rate was be-
tween 94% and 105%, showing that the NCA-Co/GCE sensor had
promising application prospect.
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Fig. 3. (a) Mechanism of detecting glucose by Pt;/Ni(OH),/NG (b) Schematic diagram of the synthesis and glucose detection of NCA-Co aerogels. (c) Schematic
illustration of the NiN4-SACs-GRP microsensor for H,S sensing (d) Structure of electrocatalytic oxidation process of NO on Ni SASCs/N—C. (e) Mechanism of oxygen
monitoring on Co-N4/C. (a) Reproduced with permission (Long et al., 2022) Copyright 2022, American Chemical Society. (b) Reproduced with permission (Song
et al., 2022) Copyright 2022, Elsevier. (c) Reproduced with permission (Pan et al., 2022) Copyright 2022, American Chemical Society. (d) Reproduced with
permission (Zhou et al., 2020) Copyright 2020, Springer Nature. (e) Reproduced with permission (Wu et al., 2020) Copyright 2020, American Chemical Society.
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3.5. Detection of other small molecular substances

H,S has been found in many kinds of foods, including meat, eggs,
fruits and vegetables. HyS is generally regarded as a toxic gas, which
does harm to human health (Wang, Leng, Wang, & Zhao, 2022). How-
ever, appropriate low concentration of HoS has a positive impact on
food. In addition, H,S plays an important role in the central nervous
system (CNS) and takes part in anti-inflammatory, anti-oxidation and
anti-apoptosis processes. H»S has also been found in human body and
environment. Abnormal concentration of HsS will endanger human
health, destroy the environment and result in food safety problems (Xie,
Wang, Fan, Tu, Liu, & Pu, 2023). The detection of HyS is of great sig-
nificance to neurodegenerative diseases such as PD, AD and food safety
(Zivanovic et al., 2019). Pan et al. developed an electrochemical H,S
sensor with excellent precision in vivo by combining the superiorities of
SANs and electrooxidation-reduction potential measurement (Fig. 3c)
(Pan et al., 2022). They used a galvanic redox potentiometry (GRP)
sensor to successfully quantify HoS discharge behaviors in mouse brain
under regular and PD situations, and accurately measured HjS in vivo.
GRP is a new sensing technology based on the principle of spontaneous
dual polarization (Wu, Yu, & Mao, 2017). GRP sensors do not need
external power supply support, avoiding the film effect on adjacent
neurons (Yu et al., 2020). More importantly, it reduces the accumulation
of products on the electrode surface and the passivation of reaction sites.
Therefore, compared with current sensors, the GRP sensor based on
NiN4-SASCs (abbreviated as NiN4-SASCs-GRP) had a wider detection
scope of HyS concentration, better sensing stability, and stronger anti-
interference ability of physiological disturbance.

NO is the first gas found to have regulatory effect in human body and
plays an important role in many physiological and pathological pro-
cesses (Xiao, Wu, Hao, Zhang, Yu, & Mao, 2017). Real-time monitoring
of NO in vivo plays an important role in monitoring nerve transmission,
inflammatory reaction, cardiovascular system, and the occurrence and
development of cancer (Li, Qi, et al., 2020). Zhou et al. developed an
electrochemical sensor based on Ni-based SASCs for detecting NO in
living cell surroundings (Fig. 3d) (Zhou et al., 2020). They anchored Ni
single atoms onto nitrogen-doped hollow carbon spheres (Ni SASCs/
N—C), which can promote the electrochemical oxidation of NO and
realize the true-time sensing of NO in living cell surroundings. Ni SACs/
N—C with dispersed Ni-N4 catalytic sites was a reliable stretchable
electrochemical sensing material, and therefore, they used Ni SASCs/
N—C to construct a flexible tensile sensor, which had supernal
biocompatibility, high mechanical tensile tolerance and high sensitivity
of 430.6nA pM~! ecm™2. It can selectively and sensitively monitor NO
dynamics in cells in real time under the stimulation of drugs and
stretching. Ni remained in single-atom dispersion after NO adsorption,
while the binder Nafion on the sensor surface could well restrain the
current response to nitrite, which was the primary disturbance to NO
detection (Li, Xie, Gao, & Li, 2015).

Like food and water, oxygen is one of the most fundamental elements
of human health (Wang, Hu, Mi, Yan, & Zhao, 2021). Therefore, it is of
great significance to detect the oxygen concentration in the body. Ox-
ygen monitoring is generally based on electrocatalytic four-electron
oxygen reduction reaction (ORR) mechanism (Chang, Batchelor-
McAuley, & Compton, 2020). Wu et al. restricted Co single atoms in
N-doped hollow carbon spheres to synthesize a Co-N4/C catalyst (Wu
et al., 2020). The tolerance of Co-N4/C to HyO2 when catalyzing four-
electron ORR was obviously higher than that of Pt in neutral medium.
In the application of intracorporeal oxygen sensing, the activation of
H,0, was prevented at Co-N4 sites, which was due to the weak
adsorption interaction between H,05 and Co atoms (Fig. 3e). Co-Ny4
SASC had high resistance to other interfering substances in vivo, and
possessed excellent selective O5 sensing ability in vivo, which is superior
to Pt electrocatalysts.
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4. Optimization strategies of SAN-based electrochemical sensors

At present, various electrochemical sensors based on SANs have been
developed. However, there are many factors that affect the performance
and practical applications of SAN-based electrochemical sensors, such as
easy aggregation and low load of single-atom metals, single detection
ability and complex detection process, poor stability of electrode, and
poor applicability to complex detection environments (Iwase, Naka-
nishi, Miyayama, & Kamiya, 2020). To improve the detection perfor-
mance of SANs-based electrochemical sensors, it is necessary to further
optimize the preparation process, applicability, stability, detection
process, and detection capability. In this section, we will introduce some
optimization strategies for SAN-based electrochemical sensors.

4.1. Improving the electrochemical activity of SANs

Isolated metal single atoms are the main active sites for electro-
chemical detection, but the load content of metal in SANs is usually low,
resulting in relatively low activity. However, due to the large surface
free energy of single metal atoms, increasing metal loading would easily
lead to the agglomeration to form large clusters, resulting in the
decrease of catalytic activity. So far, controllable synthesis of SANs is
still challenging (Ji, Chen, Wang, Zhang, Wang, & Li, 2020a). However,
reasonable design and structural regulation can improve the metal
loading density of SANs. In addition, the activity of SANs can be
improved by adjusting the electronic structure of active sites, con-
structing diatomic metal active sites, and introducing unsaturated co-
ordination or defective sites on the carrier surface. The ways of
regulating electron structure include constructing planar conjugate
structure, forming conductive composite material, and doping guest
molecule (Xiao, Wang, & Guan, 2022). In addition, the electrochemical
performance of SANs can be also improved by designing substrates with
high conductivity, excellent chemical stability and high surface area to
volume ratio.

4.2. Improving the stability and applicability of the sensors

For cheap and stable recognition of target analytes, biomimetic
recognition components such as molecularly imprinted polymers (MIPs)
and aptamers can be used in conjunction with SANs. Introducing
conductive MIPs can significantly improve the sensitivity and selectivity
of electrochemical sensors (Wang, Liu, Zhu, & Tian, 2023). In addition,
the SAN modifier has poor dispersion and is easy to fall off the electrode
surface, which affects the stability and repeatability of the sensor. In
order to obtain a long-term stable electrochemical sensing interface, a
very stable self-assembled interface is important. For example, replacing
the traditional Au-S self-assembled interface with Au—C—C bonds can
improve the stability of the sensor (Wang et al., 2023). In addition, the
fabrication of thin films, and the cross-linking of materials can stabilize
SANs on the electrode surface. Furthermore, developing new detection
technology can improve monitoring sensitivity and adaptability to
complicated environment (Fu, Ding, & D’Alessandro, 2023). It is
feasible to further enhance the suitability of the sensor by combining
electrochemical sensor and optical sensor to construct a dual sensor to
minimize false positive signals.

4.3. Broadening the application prospect of sensors

Wearable devices are an important breakthrough in the development
of sensors. They can be used to analyze real-time physiological data in a
non-invasive/minimally invasive process, accurate detection of vital
signs including heart rate, body temperature and blood pressure, and
help to monitor the individual health status (Gao et al., 2023). The
detection of sweat metabolites can non-invasively provide biochemical
information of human health status, thus reducing the pressure of
invasive blood testing. The sensor of sweat metabolites based on



J. Sun et al.

wearable technology has achieved some research results in non-invasive
and personalized health monitoring (Das, Nag, & Banerjee, 2023). SANs
have better electrochemical performance and biocompatibility than
nanomaterials. Therefore, the application of SANs in wearable electro-
chemical sensors is more conducive to the comprehensive monitoring of
human physiological information and timely monitoring of health
conditions.

With the popularity of smart phones, electrochemical sensors that
can interface with smart phones for detection will make up for the
shortage of fast field detection and become more and more important in
the future (Faham, Salimi, & Ghavami, 2023). Therefore, it is possible to
integrate wireless data transfer devices on electrochemical sensors, and
develop smartphone applications for visualizing. At present, some sweat
metabolite sensors based on nanomaterial wearable technology have
been combined with smart phones (Cheng et al., 2021). For example,
Wang et al. developed a portable ascorbic acid detection system, which
can be used to detect the level of ascorbic acid in human sweat (Wang,
Pan, et al., 2022). They combined the sensor system with a smart phone
through an application-specific integrated circuit with Bluetooth 5.0
function, which can accurately monitor the ascorbic acid level in sweat
(Fig. 4a). Cheng et al. designed a wireless, battery-free and flexible in-
tegrated patch for real-time detection of human sweating cortisol
(Cheng et al., 2021). The near field communication (NFC) module on the
near field communication patch can realize wireless power collection
and data interaction with smart phones (Fig. 4b). Ciui et al. reported a
new fully integrated wearable bandage and microneedle electro-
chemical sensing platform, which was used to detect tyrosinase (TYR) on
the skin surface and subcutaneous tissues for potential melanoma
screening (Ciui et al., 2018). They connected wearable sensors to ultra-
light flexible electronic boards, which can wirelessly transmit data to
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mobile devices (Fig. 4c). In addition, electrochemical sensors can be
combined with silicon integrated circuit components with complex
electronic functions. Signal processing can reduce the influence of signal
noise, so as to accurately evaluate the physiological state of human
body. Portability, flexibility, visualization and wearability are the key
characteristics of emerging electrochemical sensors. The application of
SANs to emerging electrochemical sensors can improve the performance
of sensors and further broaden the application prospect.

4.4. Improving the multiple detection ability of the sensors

The most reported electrochemical sensors are composed of two or
more mixed materials to promote the properties. Hybrid materials can
solve the problem of multiple detection capability in the applications of
practical environment (Pathiraja, Bonner, & Obare, 2023). Therefore,
preparing electrochemical sensors based on multiple SANs can improve
the ability of multiple detections. Reasonably designed electrochemical
sensors based on multiple SANs are promising for simultaneous detec-
tion of different small molecules. Such multiple detections can save
more resources and improve monitoring efficiency. In addition, sensor
arrays can be assembled to detect different analytes, which can improve
the multiple detection ability. Increasing the density of the arrays is
beneficial to more complete and faster detection (Rocha, Hasimoto, &
Santhiago, 2023).

5. Conclusions and perspectives
In recent years, SANs occupy a significant position in the field of

electrochemical analysis because of their high catalytic efficiency, good
stability and high metal utilization. In this paper, we reviewed the
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Fig. 4. (a) Schematic diagram of sweat monitoring of ascorbic acid detection system and its integration with smartphone. (b) An image of in situ detection of sweat
cortisol with smartphone. (c) TYR sensing program based on bandage electrochemical sensor and ampere data wirelessly transmitted to smartphone. (a) Reproduced
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sensing mechanisms and applications of SAN-based electrochemical
sensors in food safety and health monitoring. Different synthesis stra-
tegies would affect the morphology and structure of SANSs, thus influ-
encing their electrochemical properties. Therefore, the controllable
synthesis of SANs is the key to improve the electrochemical perfor-
mance. Nowadays, atomic level characterization technologies for iden-
tifying the atomic structure of active sites have been rapidly developed,
which is beneficial to the controllable synthesis and further design of
SANs. In addition, understanding the detection mechanism of SANs is
very important for the applications. In situ characterization methods can
be used to analyze the electrocatalytic process of SANSs, such as in situ
transmission electron microscope (TEM), X-ray photoelectron spectros-
copy (XPS) and X-ray absorption spectrum (XAS). Moreover, the in situ
characterization technologies can be used to monitor the dynamic
changes of reaction intermediates and help to understand the structur-
e-activity relationship for electrochemical sensing. However, the cur-
rent in situ characterization methods are still in the early stage of
development, and sometimes they can’t meet the actual needs. There-
fore, it is important to further explore advanced in situ characterization
and computational modeling methods for the further development of
SAN-based electrochemical sensors.

SANs not only show excellent electrocatalytic performance, but also
show high stability because their catalytic active sites are immobilized
by adjacent ligands. The SAN-based electrochemical sensors have high
sensitivity, low LOD, good stability, good reproducibility and strong
anti-interference ability. These sensors realize simple, stable and even
quantitative analysis of chemical signals in living cell environment. The
introduction of SANs brings great possibilities for wide applications of
electrochemical sensors in biology, biomedicine, biotechnology, clinical
and medical diagnosis, environmental and health monitoring and food
industry. Moreover, the introduction of SANs provides more possibilities
for the intelligent application of electrochemical sensors. We believe
that with continuous efforts, SAN-based electrochemical sensors will be
successfully combined with smart phones to realize intelligence, and to
be widely used in real life in the future.
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