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ABSTRACT

Ensuring food safety is paramount worldwide. Developing effective detection methods to ensure food
safety can be challenging owing to trace hazards, long detection time, and resource-poor sites, in
addition to the matrix effects of food. Personal glucose meter (PGM), a classic point-of-care testing
device, possesses unique application advantages, demonstrating promise in food safety. Currently, many
studies have used PGM-based biosensors and signal amplification technologies to achieve sensitive and
specific detection of food hazards. Signal amplification technologies have the potential to greatly improve
the analytical performance and integration of PGMs with biosensors, which is crucial for solving the
challenges associated with the use of PGMs for food safety analysis. This review introduces the basic
detection principle of a PGM-based sensing strategy, which consists of three key factors: target recog-
nition, signal transduction, and signal output. Representative studies of existing PGM-based sensing
strategies combined with various signal amplification technologies (nanomaterial-loaded multienzyme
labeling, nucleic acid reaction, DNAzyme catalysis, responsive nanomaterial encapsulation, and others) in
the field of food safety detection are reviewed. Future perspectives and potential opportunities and
challenges associated with PGMs in the field of food safety are discussed. Despite the need for complex
sample preparation and the lack of standardization in the field, using PGMs in combination with signal
amplification technology shows promise as a rapid and cost-effective method for food safety hazard
analysis.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

techniques have been widely used in the food industry to ensure
the quality and safety of all kinds of food, from farmland to dining

Food safety incidents have been frequent in recent years,
affecting public health and the well-being of society and causing
severe economic losses in the food industry [1]. Food safety has
been recognized by the World Health Organization and its member
states as an essential public health function [2] and is one of the
most significant public issues worldwide [3]. Modern analytical
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tables [4].

Currently, food safety testing techniques generally include
confirmatory quantitative testing and rapid screening testing
techniques. Chromatographic techniques (such as gas chromatog-
raphy [5] and high-performance liquid chromatography (HPLC) [6]),
coupled with mass spectrometric techniques (such as gas
chromatography-tandem mass spectrometry [7], liquid
chromatography-tandem mass spectrometry [8], and inductively
coupled plasma-mass spectrometry [9]) and spectrographic tech-
niques (such as surface-enhanced Raman spectroscopy [10],
infrared spectroscopy [11], and ultraviolet-visible spectroscopy
[12]), enable highly accurate and sensitive assessments. However,
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they require either expensive equipment or complex operational
procedures and must be performed in a laboratory by specialized
technicians, which limits their widespread application. In contrast,
most commercially available rapid detection techniques are
immunoassay methods based on antigen-antibody specific in-
teractions, including the classical enzyme-linked immunosorbent
assay (ELISA) and lateral-flow immunochromatographic strip
(LFICS). Both ELISA and LFICS analyses have the advantages of rapid
operation and low cost, but ELISA requires conventional in-
struments such as microplate readers. Moreover, the LFICS method
only allows semi-quantitative analysis, and false-negative and false-
positive results are frequently observed. Therefore, the develop-
ment of highly sensitive and low-cost rapid assays is of great prac-
tical importance.

Point-of-care testing (POCT) is a modern prompt detection
method that meets people's demand for time, realizes rapid analysis
and accurate diagnosis through portable devices [13], and develops
rapidly in the scope of analysis and clinical application [14].
Compared to traditional testing methods that rely on large equip-
ment, POCT delivers quick on-site results without needing to send
samples for inspection, thereby greatly saving sample turnaround
time. Concerning medical diagnosis, POCT devices, such as personal
glucose meters (PGMs) and pregnancy test strips, offer advantages
such as miniaturization, ease of operation, nonrequirement of pro-
fessional technicians, and lack of spatial or temporal restriction [15].
Thus, POCT devices are becoming more popular among users for
self-examination to track their health in real time, allowing for the
early diagnosis of diseases and timely prevention and treatment
[16].

In recent years, many food contamination incidents have been
reported, including dioxin-contaminated eggs, milk powder
contaminated with melamine, and food products that carry Salmo-
nella bacteria, which undoubtedly alarm the public [1]. Food
contamination is a problem that affects everyone; therefore, it is
imperative to ensure food safety before products reach consumers.
However, one challenge encountered is that most food safety in-
cidents are characterized by abruptness, rapid spread, and a large
scale [4]. These factors require the present system to have efficient
on-site detection capabilities to prevent the threat of food hazards,
which is impacted by practical issues, such as the cost of materials
and personnel [13]. More importantly, another challenge to consider
is a low concentration (trace or ultratrace amounts) of contaminants
in the food matrix for sensitive detection of food hazards. In practical
detection applications, researchers often face the problem that signal
transduction and output cannot be triggered due to the low con-
centration of the target [15]. In summary, although traditional
detection methods have their advantages, they still cannot function
to meet all the given requirements, and a solution is urgently needed.

A series of POCT tools have been developed to detect pesticide
residues [17], harmful trace elements (such as mercury [18], silver
[19], and other heavy metals [20]), and mycotoxins [21] in food.
These POCT devices provide effective technical support to monitor
and ensure food safety in the supply chain. Commercialized PGMs
are among the most popular POCT devices because of their small
size, easy operation, and reliable quantification. Compared to the
traditional large biochemical instruments on the market, the ad-
vantages of PGMs include low cost and quick readings [22]. Never-
theless, the detection of only glucose has restricted PGMs’ wide
application. To overcome this problem, Xiang and Lu[23] introduced
invertase as a signal transduction molecule for application in PGMs,
successfully detecting non-glucose targets using a PGM for the first
time. Furthermore, in contrast to developing a new portable device
or associated electrodes with different selectivities (which is costly
to develop and unfamiliar to users), this research team has
demonstrated the potential for people to use a standard PGM system
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to detect non-glucose targets; this can greatly reduce the cost, time,
and risk of bringing a new product to the market and help the
transition from lab-based assays to commercial POCT.

Signal amplification technology to improve the detection
sensitivity and range of biosensors provides a very effective way to
solve another challenge. In addition to the advantages of signal
amplification technology with a strong output signal and high
sensitivity, the increased diversity also provides more options for
the application of different food matrices [10]. Therefore, exploring
the sensing strategy of signal amplification technology combined
with PGM is a developmental direction that cannot be ignored in
food safety detection. To date, dozens of studies have been pub-
lished on using PGMs to screen for food hazards (Fig. 1). Biological
and chemical hazards are the primary food safety hazard factors,
and may occur at all stages, including production, processing,
packaging, distribution, retailing, consumption, and disposal [1].
Biological hazards in food generally include pathogenic bacteria
and mycotoxins, while chemical hazards generally include illegal
additives, drug residues, and heavy metals. In Fig. 2, we summarize
the sensing targets (food hazards) of PGM-based biosensors at all
stages of the food chain. Food safety is a top priority at every stage
before the product reaches the consumer.

2. Basic principle of PGM-based sensing

PGMs provide diabetic patients with the convenience of self-
measurement of blood glucose levels and have improved the life
quality of millions of patients. Moreover, research has been con-
ducted on assays targeting glucose as a biomarker in diseases other
than diabetes [17]. For example, acute bacterial meningitis is
diagnosed by detecting glucose concentrations in abnormal cere-
brospinal fluid [24], and pathogens are detected by monitoring the
bacterial metabolic consumption of glucose [25,26]. However,
PGMs can only detect glucose, limiting their application against
non-glucose targets. To overcome this limitation, researchers have
converted non-glucose target signals to glucose signals through a
signal recognition and transduction system, which dramatically
improves the applicability of PGMs in the POCT of non-glucose
targets [19]. PGM-based sensing of non-glucose targets generally
comprises three critical factors: target recognition, signal trans-
duction, and signal output (Fig. 3).

Factor 1: Recognition of a non-glucose target is realized by
converting its signal to a glucose signal using biomolecules that can
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Fig. 1. Evolution of the publication of articles on PGM-based sensing strategies in all
fields and food safety fields from 2011 to 2022. Data obtained from the Web of Science.
Total: 174 publications up to Nov. 2022 (Web of Science Core Collection). PGM: per-
sonal glucose meters.
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Fig. 2. Schematic diagram of the category of sensing targets (food hazards) for PGM-based biosensors in food safety. PGM: personal glucose meters; C. sakazakii:
Cronobacter sakazakii; S. pullorum: Salmonella pullorum; S. Gallinarum: Salmonella gallinarum; E. coli: Escherichia coli 0157:H7; S. aureus: Staphylococcus aureus.

specifically interact with the non-glucose target, such as antibodies,
aptamers, and DNAzymes [23].

Factor 2: Signal transduction involves transducing the non-
glucose target signal into a signal detected by a PGM and estab-
lishing a quantitative relationship between the target and glucose
concentrations [21].

Factor 3: The output of the signal. The PGM detection archi-
tecture comprises the PGM and the test strip. The former measures
glucose concentration based on the changes in the current or
voltage, while the latter works by immobilizing glucose oxidase
(GOx) or glucose dehydrogenase (GDH) on the surface of an
enzyme electrode, allowing GOx or GDH to undergo an electro-
chemical redox reaction with glucose in a conductive medium
(ferrocene and its derivatives) to induce changes in the current or
voltage [27].

3. Food safety hazard analysis based on PGM-based sensing
combined with signal amplification technology

Improving sensitivity in detecting food hazards (mycotoxins,
illegal additives, foodborne pathogens, heavy metal ions, pesticides,
and veterinary drugs) has been a research focus [28,29]. Signal
amplification technology is a commonly used approach in the
biosensor-based quantitative determination of trace substances.
The response signal of a biosensor consists of two components: the
detection signal and the noise signal. Most of the reported studies
integrate PGM-based sensing strategies with multiple signal
amplification techniques to improve detection sensitivity. The most
commonly used signal amplification technologies are
nanomaterial-loaded multienzyme labeling, nucleic acid reaction,
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DNAzyme-catalysis, responsive nanomaterial encapsulation, and
other technologies (Fig. 3).

This paper reviews the existing representative work on PGM-
based sensing strategies combined with signal amplification tech-
nologies in food safety. The analytical principles of each study are
summarized, the challenges of PGM-based sensing strategies for
detecting trace hazards in food are considered, and the prospects
available through the combination of signal amplification tech-
nologies are made.

3.1. Nanomaterial-loaded multienzyme labeling signal
amplification technology

Nanomaterials are materials with at least one dimension in the
nanoscale range (1—100 nm) in three-dimensional space or those
composed of structural units in the nanoscale range [30]. Compared
to macroscopic materials, nanomaterials have superior electrical
conductivity, playing the role of “electron conducting wires”, which
significantly increases the electron transport rate [31—33]. The
surface and small-size effects of nanomaterials make them highly
advantageous in immobilizing and modifying biomolecules by
significantly increasing the immobilization load of biomolecules
and improving sensor sensitivity [34—36]. Additionally, the supe-
rior biocompatibility of nanomaterials ensures a more stable
microenvironment for biomolecules, thereby protecting biomole-
cular activity to the maximum extent possible [37]. Therefore,
numerous studies have been conducted to combine or function-
alize two or more nanomaterials with different properties by
physical or chemical methods to prepare functionalized nano-
composites [38,39]. Based on their structure, nanomaterials can be
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Fig. 3. Visual overview of the review on PGM-based sensing strategies. PGM: personal glucose meters; SDA: strand displace amplification; RCA: rolling circle amplification; LAMP:
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streptavidin-biotin.

classified as zero-dimensional (0D) spherical nanomaterials (e.g.,
silica nanoparticles, gold nanoparticles, and magnetic nano-
particles), one-dimensional (1D) nanotubes or nanowires (e.g.,
single-walled carbon nanotubes), two-dimensional (2D) nano-
sheets (e.g., graphene), or three-dimensional (3D) nanoprisms and
nanoflowers [32]. Most of the existing PGM-based sensors with
higher sensing efficiency rely on these nanomaterials to enhance
signal amplification.

Silica nanoparticles (SiNPs) with revolutionary physicochemical
properties and specific applicability have been widely used in
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various fields, especially in nano-vectorization, to load small mol-
ecules onto the surface or voids of microspheres [40]. Ye et al. [41]
introduced antibody and GOx biofunctionalized spherical SiNPs
(SiNP-GOx-IgG) and antibody monofunctionalized silica-coated
magnetic nanoparticles (MNP-IgG) for target recognition in the
form of sandwich structures. A large amount of GOx loaded on the
surface of SiNPs catalyzes the hydrolysis of the substrate and leads
to the change of glucose in the system to achieve the transduction
and amplification of the signal, which successfully detected Cro-
nobacter sakazakii in powdered infant formula. In the same year,
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they also used this SiNP-loaded multi-GOx labeling signal ampli-
fication method to rapidly quantify Salmonella pullorum and Sal-
monella gallinarum with a detection limit of 7.2 x 10! CFU/mL [42].

After that, this research group used poly-(4-styrenesulfonic
acid-co-maleic acid) (PSSMA) as a “bridge” for the first time to
functionalize SiNPs with Au—Pt bimetallic nanoparticles (Au—Pt
NPs) and modify antibodies and invertase on the surface (Fig. 4A)
[43]. The negative charge carried by PSSMA can act as a spacer to
prevent the aggregation of SiNPs and improve the stability of the
system. In addition, the loading rate of invertase was greatly
improved due to the good biocompatibility of Au—Pt NPs and the
enhanced surface-to-volume ratio of SiNPs. The system success-
fully detected Escherichia coli 0157:H7 in milk samples and was
comparable to the standard culture method. This concept of
immobilizing enzymes on the surface of SiNPs has proven to be an
effective means of increasing the amount of enzyme per unit and
signal amplification. However, enzyme immobilization methods
can affect the protein structure and catalytic activity due to factors
such as the surface properties and geometric structure of SiNPs
[44,45].
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To increase the relative number of SiNPs loaded with enzymes
while maintaining the catalytic activity of the enzymes, dendritic
mesoporous silica nanoparticles (DMSNs) with large surface cur-
vature were introduced by Yang et al. (Fig. 4B) [46]. The DMSNs have
a larger pore volume and a highly accessible internal surface area
than the nonporous SiNPs. In this sensing strategy, signal amplifi-
cation elements are designed with DMSNs immobilizing invertase
and modifying aptamer complementary DNA strands (cDNA) on the
surface. DMSNs and aflatoxin B1 (AFB;1) compete for aptamers on
Fe304@Au nanocomposites. When the target concentration of AFB;
changes, it causes a change in the number of captured DMSN-
invertase-cDNA molecules. After the substrate reaction, the PGM
can be applied to detect AFB; in corn oil and wheat powder. More-
over, they also compared the strategy with other reported single-
enzyme labeled aptamer sensors, and the DMSN-invertase-cDNA-
based sensing strategy had a wider linear range and high sensitivity.

In addition, gold nanoparticles (AuNPs), another representative
spherical nanomaterial, have become popular among researchers
due to their easy preparation and unique physicochemical prop-
erties [47]. Li et al. [48] reported a strategy for the detection of

Sucrose
SHion

o»«@ o5
S non

CH:0n
> u%,  Glucose
OH’ OHOH

Fe,0,@Au-Apt/BSA DMSN-invertase-cDNA

£l a b
E)
= a
A
> W g b
S e SO
3 1 - g
F - o 2
! \> 2 With target s o 350 420 490 560 630 700 770
_— Wavelength (nm)
g % or
s . 5
S
T Sakec Sy Sucrose
s L 5 g
- Without target = . ( é
[aes 3 ) )
) o = ” O
) NS A NH, i - Glucose
Invertase Apt cDNA LTS % 4. F—— )

Hybrid nanoflowers

Concanavalin A Invertase Ca”

K] One-pot bioinspired .2
- amal . synthesis
Sl + + J‘\)) -

; x%m (3 0© O npes

: '-i‘!:‘.f;*/} o

Concanavalin A-invertase-CaHPO,

multifunctional nanoflower
Sucrose
E. coli O157:H7—|
s\\
Captureantlbody— b ?
Glucose ——> [ Q

E. coli quantified
by glucose meter

Fig. 4. Schematic diagram of the nanomaterial-loaded multienzyme labeling signal amplification technology for food hazard detection. (A) Immunosandwich POCT with Au@Pt/
SiO, NPs and magnetic nanoparticles for detecting E. coli using a PGM. Reprinted from Ref. [43] with permission. (B) Sensing strategy based on DMSN-invertase nanoreactors and
Fe;04@Au nanocomposites for detecting AFB;. Reprinted from Ref. [46] with permission. (C) Antibody-free sandwich assay for detecting CAP in food by m-MIP cooperative EV-Au--
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immobilized invertase and mercaptol-B-cyclodextrin.
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clenbuterol (CLB) in pork by a competitive ELISA combined with a
PGM. This strategy is that the introduced exogenous small molecule
target can compete with the immunomagnetic beads for CLB-
antibody (Ab1) to further prevent the immunomagnetic beads
from attaching the AuNP-invertase-Ab2 conjugation. The signal
value of the PGM is inversely proportional to the concentration of
CLB. It is worth noting that when using nanomaterials as carriers to
couple invertase and antibodies, the ratio of invertase and anti-
bodies and the pH of the coupling buffer need to be optimized and
discussed. Gao et al. [49] also developed a PGM-based competitive
immunosensor for the simple and rapid detection of norfloxacin in
animal-derived foods using AuNPs as a carrier for immobilized
invertase.

Chen et al. [50] used an immunohistochemical reagent called
envision reagent (EV) with anti-IgG antibodies attached to a poly-
dextrin amine skeleton chain and AuNPs immobilized on the EV
matrix as a connecting carrier to load invertase to complete the
signal amplification. The method has a good linear response in the
range of 1-40 ng/mL, and the detection limit is as low as 0.34 ng/mL
for detecting ractopamine in pork. Furthermore, another unique
aspect of this team's study [51] was antibody-free sandwich
recognition based on the molecular structure of chloramphenicol
(CAP) and signal amplification in combination with the EV complex
(Fig. 4C). A magnetic molecularly imprinted polymer was used to
selectively recognize the 2,2-dichloroacetamide segment in CAP.
The residual nitrophenol part was exposed outside the imprinted
site for recognition by the EV complex B-cyclodextrin (B-CD)/
invertase functionalized signal tag to form the host-guest complex
(EV-Au-B-CD/invertase). The magnetically separated sandwich-
type complex carried invertase that catalyzed sucrose substrate
hydrolysis to glucose. Under optimal conditions, this strategy
showed good selectivity and sensitivity with a detection limit of
0.16 ng/mL. It is worth mentioning that this aggressive antibody-free
sandwich assay can substantially reduce costs and overcome the
limitations of the tendency to deactivate. Zhao et al. [52] used 2D
graphene oxide as a substrate to immobilize AuNPs to load a large
amount of invertase applied to the detection of microcystin-LR in
drinking water.

In contrast, a novel 3D flower-like organic-inorganic nano-
composite has attracted researchers' attention due to its mild
preparation conditions and simple process, which can maintain
better catalytic activity and durability of the enzyme. Ye et al. [53]
successfully prepared concanavalin A-invertase-CaHPO4 hybrid
nanoflowers by a one-pot bioinspired synthesis method and con-
structed a PGM-based sandwich immunosensor to analyze E. coli in
milk (Fig. 4D). After that, Bai et al. [54] used the antimicrobial
peptides cecropin P1 and magainin I as recognition elements for
E. coli to prepare another invertase-embedded cecropin
P1—Ca3(PO4); nanoflower and magnetic magainin I-phosphate
nanocomposite pair for sandwich analysis of E. coli. The detection
sensitivity was 10 CFU/mL, and the linear range was 10—107 CFU/
mL. In addition, protein-inorganic hybrid nanoflowers can simply
confer recognition ability or biological activity to other molecules
by changing the protein species.

This strategy uses nanomaterials as carriers, increasing the
number of loaded enzymes and directly utilizing the enzyme
turnover amplification signal to achieve lower detection limits and
wider linear detection ranges. However, the disadvantages cannot
be ignored, such as the probe modification and immobilization of
the enzyme, which often requires various modifications that will
affect the structure and function of the enzymes. Moreover, the
short service life of a probe is susceptible to inactivation and
degradation caused by external environmental disturbances
[55—57]. In addition, the established method involves multiple
steps and is procedurally complex.
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3.2. Nucleic acid reaction signal amplification technology

Nucleic acids store and transmit genetic information in biolog-
ical systems and are basic materials used in nanotechnology due to
their programmability and expandability [58]. For nucleic acid
analysis, in vitro nucleic acid amplification techniques have been
used to improve signal response and detection sensitivity, which is
a strategy inspired by intracellular DNA replication and RNA tran-
scription [59]. Thus, chemical cross-linking of nucleic acids and
functional enzymes offers the possibility of integrating in vitro
nucleic acid amplification techniques.

In vitro nucleic acid amplification techniques are classified into
two types based on their thermal cycling requirements, with one
type being thermal cycling amplification, such as polymerase chain
reaction (PCR) [60]. The other is isothermal amplification, such as
rolling circle amplification (RCA) [61], loop-mediated isothermal
amplification (LAMP) [62], strand displacement amplification [63],
catalytic hairpin assembly (CHA) [64], and hybridization chain re-
action (HCR) [65].

Based on the novel finding that cerium oxide nanoparticles
(CeOy NPs) have GOx activity similar to that of natural GOx, Kim
et al. [66] created a method for label-free detection of target
genomic DNA from E. coli by PCR combined with mimetic enzymes.
Fig. 5A demonstrates in principle that when the target DNA is
present, large amounts of target DNA products amplified by PCR
bind to CeO, NPs through electrostatic interactions, resulting in
aggregation and reduced catalytic activity. As a result, glucose is
hardly oxidized to gluconic acid, thus maintaining the system at the
initial high glucose concentration. In contrast, in the absence of
target DNA or the presence of nontarget DNA, no target DNA
amplification product is produced, resulting in a significant
decrease in the final glucose level. In addition, the researchers
explored the GOx activity and mechanism of action of CeO; NPs,
which also provided a new signal transduction method for PGM-
based sensing strategies.

Since isothermal amplification is a simple and rapid process
allowing the efficient accumulation of nucleic acid sequences at a
constant temperature, it can be easily integrated into biosensors
[67,68]. Unlike PCR amplification, which is intended to amplify a
target gene to improve detection sensitivity, isothermal amplifi-
cation usually involves modifying primers on a solid carrier and
loading functional invertase. Yang et al. [69] modified the aptamer
and complementary strand of Staphylococcus aureus to the surface
of magnetic beads. The introduction of the target allowed the
aptamer to bind specifically to the target and expose the comple-
mentary strand. The complementary strand was designed as an
initiator to successfully activate the exogenous HCR system, thereby
immobilizing invertase on the magnetic bead surface through
streptavidin-biotin interactions (Fig. 5B). After optimization of
various conditions, the sensor had a high sensitivity with a detec-
tion limit of 2 CFU/mL. This method successfully evaluated the
concentration of S. aureus in real food samples, and the results were
consistent with those obtained using plate counting methods. Gu
et al. [70] used the immunosandwich method to identify the target
and immobilize AuNPs functionalized with primers. By exploiting
the characteristics of RCA, the primers produced repetitive single-
strand length products, which were combined with DNA-
functionalized invertases for signal amplification (Fig. 5C).
Recently, Guo et al. [71] proposed a strategy to couple LAMP and
three-way amplifiable CHA to the PGM (Fig. 5D). The amplification
product replaced the DNA-functionalized invertase modified on the
surface of magnetic beads. Glucose was generated by simple
magnetic field separation and substrate catalysis to meet the re-
quirements for sensitive detection of foodborne pathogenic bac-
teria by commercial PGMs. An innovative one-tube smart strategy
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(logical or multiplex analysis) based on PGM was developed to
achieve genetic detection of C. sakazakii (ompA) and E. coli (malB).
Compared with previously reported signal-free amplification stra-
tegies, the introduction of CHA successfully increased the signal
amplitude by at least 12.5-fold with a detection limit sensitivity of
6.6 x 10718 M.

Signal amplification of sensing strategies through nucleic acid
cycling amplification technology is relatively simple and efficient,
benefitting from the programmability and expandability of nucleic
acids. Compared to PCR, isothermal amplification technology,
without precisely controlled temperature cycling, makes it easier to
integrate with biosensors [68]. Nevertheless, the amplification bias
and inherent nonspecific amplification in isothermal amplification
techniques may affect the accuracy of signal output results [72]. The
complex design, as well as specific systems and enzymes, can also
lead to increased assay processes and costs.

3.3. DNAzyme-catalyzed signal amplification technology

Apart from aptamers (ligand-binding nucleic acids), functional
nucleic acids isolated using systematic evolution of ligands by
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exponential enrichment also include DNAzymes, which are widely
applied in the field of biosensing [73]. DNAzymes have been shown
to catalyze various chemical reactions, such as DNA ligation [74],
DNA cleavage [75], DNA phosphorylation [76], and ester and amide
bond hydrolysis [77]. Therefore, the successful application of DNA-
functionalized invertase not only proves the feasibility of inte-
grating invertase into in vitro nucleic acid amplification techniques
but also indicates that innovative DNAzyme-based assays have
been proposed for signal amplification.

Fig. 6A illustrates a DNAzyme-assisted signal amplification
strategy utilizing Cu?>"-dependent DNA ligation reported by Ming
et al. [78] The presence of a Cu®>* target in the system allows E47
DNAzyme to catalyze the phosphorus center nucleophilic of DNA1
and the linking of the hydroxyl group on DNA2 to form the ligation
product of a phosphodiester bond, which is called the linker strand.
The introduced invasive DNA forces the linker strand to release. In a
system of DNA-functionalized invertase and magnetic beads, a
large amount of invertase can be immobilized on the surface of
magnetic beads by the linker strand for signal amplification pur-
poses. It then reacts with the sucrose substrate to produce glucose,
which the PGM reads. This strategy has a detection limit of up to
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1 nM, good metal ion selectivity, and little influence from biological
complexes.

In addition to relying on DNA ligation catalyzed by DNAzyme, the
ability of DNAzyme to catalyze DNA cleavage was also successfully
exploited by Xiang and Lu [79], who reported a method for the
detection of hazardous metal ions in drinking water where DNA-
zyme binds invasive DNA (Fig. 6B). In this method, Pb?*-specific and
UO0,2*-specific DNAzymes were selected, both of which catalyzed
the cleavage of DNA substrate strands at the 3’ phosphoester bond of
ribonucleotide A (rA). Longer DNA substrate strands were released
as invasive DNA, forcing the release of DNA-functionalized invertase
immobilized on magnetic beads. Finally, the DNA-functionalized
invertase conjugate was collected by magnetic field separation,
and the sucrose substrate was converted to glucose for quantitative
determination using a PGM. Subsequently, Yang et al. [80] proposed
a DNA walking machine concept for detecting AFB; in bread using a
similar approach combined with the catalytic cleavage ability of
Pb?*-specific DNAzyme.

To detect ochratoxin A (OTA), a common small-molecule toxin in
red wine, Zhang et al. [81] developed a biosensing platform for
signal amplification using DNAzyme and magnetic beads (Fig. 6C).

The magnetic bead-labeled substrate strand and the aptamer-
capture strand hybridized with the DNAzyme strand to block sub-
strate cleavage activity. In the presence of the OTA target, the target
specifically binds to the OTA aptamer to replace the DNAzyme and
induce its hybridization with the substrate strand. DNA functional-
ized-invertase is released by the amplification reaction that cata-
lyzes the cyclic cleavage of the substrate strand by introducing the
cofactor Zn?*. The platform successfully converted the detection of
small-molecule toxins into a glucose assay using DNA-functionalized
invertase and 8—17 DNAzyme with a linear detection range of 5
orders of magnitude and a detection limit as low as 0.88 pg/mL.
Unlike the DNAzyme mentioned above with catalytically active
artificial DNA sequences, DNA enzymes refer to protein enzymes
that act on DNA substrates and were applied by Zeng and his col-
leagues [82] to the detection of Cd®>* in real water samples
(including lake water, river water, and pond water) (Fig. 6D). The
specific binding of the aptamer to Cd?* led to the release of DNA4,
which bound to the previously immobilized DNA2 on magnetic
beads to form a blunt 3'-terminus of DNA2, thereby triggering the
ability of exonuclease Il (Exo III) to mediate 3' blunt-end cleavage of
double-stranded DNA (Exo Il could selectively digest DNA2 from the
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3'to 5' direction). Exo III stimulated a recycling signal amplification
process for the hybridization and cleavage reactions of the system,
exposing a large amount of single-stranded DNA1 on the surface of
the magnetic beads. Then, DNA-functionalized invertase was
introduced, thereby immobilizing invertase on the surface of the
magnetic beads. This synergistic signal amplification mode by Exo III
and invertase greatly improved the analytical sensitivity of Cd**
with good selectivity for other competing metals, and the detection
limit was 5 pM.

The signal amplification strategy based on DNAzyme-catalyzed
cleavage demonstrates unique advantages, such as economic ben-
efits without the need for additional proteases. The initiation of
metal ion cofactors also provides more possibilities for detection
methods. However, an obvious challenge for these strategies is
their instability in the presence of nucleases, and they only work in
relatively pure solutions [73]. As a result, a slight change in reaction
conditions can result in great changes in activity.
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3.4. Responsive nanomaterial encapsulation signal amplification
technology

Most of the signals mentioned in the above amplification stra-
tegies involve the functional modification of enzymes to attach
them to the surface of nanomaterials. Xiang and Lu [23] first real-
ized the target's connection to glucose by DNA chemical cross-
linking functionalization of invertase, making it an ideal mediator
candidate associated with glucose. In addition, glucoamylase can
also be used as an alternative, playing a similar role to that of
invertase [83—86]. However, the active site of invertase is mainly
composed of aspartate and glutamate [87]. Although the reactive
amines not involved in the active site of invertase are selected as
the coupling site to preserve the enzyme's catalytic activity, it will
be weakened to a certain extent during the actual chemical cross-
linking functionalization process, affecting the structure and func-
tion of the enzyme [88]. The enzyme's catalytic efficiency is also
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susceptible to interference and analytical conditions (e.g., pH,
temperature, and instability caused by structural unfolding) during
the signal generation phase. Moreover, these methods require hy-
drolases such as convertase or glucoamylase to produce glucose for
PGM detection, which inevitably leads to increased washing or
separation steps. To overcome this drawback, researchers have
explored a novel signal amplification strategy based on responsive
nanomaterials that directly encapsulate and release enzymes or
glucose to avoid the chemical crosslinking functionalization of the
enzyme.

Tang's team [89] designed a simple, low-cost gating system-like
immunosensing platform using AFB; as a target model and suc-
cessfully applied it to peanut samples (Fig. 7A). First, negatively
charged monoclonal anti-AFB; antibody (mAb)-labeled AuNPs
(mAb-AuNPs) and positively charged polyethylenimine (PEI)-
coated mesoporous silica nanocontainers (PEI-MSNs) were syn-
thesized. The electrostatic interaction between them gated a large
number of glucose molecules into the pores of the MSN. In the
presence of the target AFB;, the mAb-AuNPs and PEI-MSN under-
went a competitive-type displacement reaction via antigen-
antibody specific binding, which resulted in the opening of the
pore gate to release the loaded glucose. Notably, the strategy was
validated on naturally contaminated and spiked blank peanut
samples and yielded results consistent with those of the reference
ELISA. In the same year, Cao et al. [90] also successfully detected
brevetoxin B (PbTx-2) in seafood samples by replacing the gating
system with a positively charged PEI-coated polystyrene micro-
sphere and encapsulating glucose into a negatively charged mag-
netic mesoporous NiCo,04 nanostructure (MMB) by electrostatic
action. Another novel idea is to activate Pb%>*-specific DNAzymes by
introducing targets, which catalyze the cleavage of the DNA double-
strand “gate” to release glucose in MSNs [91]. Using DNA as a
functional unit to close and open micropores is also a preferable
option [92]. However, the above gating system cannot be used to
detect samples containing endogenous glucose, limiting its appli-
cation in food safety testing.

To address this problem, Tang's team [93] synthesized a
spherical lipid bilayer nanomaterial (liposome) with glucose
embedded in the lumen (Fig. 7B). This strategy was to use an
immunosandwich method to capture AFB; and connect the
nanoliposomes via a streptavidin-biotin “bridge”. The nano-
liposome hydrolyzes with the surfactant PBS-Tween 20 buffer,
which releases glucose and combines it with a PGM to measure
AFB1. This strategy uses glucose-encapsulated nanoliposomes as a
signal amplification label, which is not only much lower than the
detection limit of commercial ELISA kits but also has good repro-
ducibility and specificity for complex systems. In addition, most
methods based on surfactant-responsive nanodrug delivery sys-
tems are applied in biomedicine. The successful application of this
strategy provides new ideas and directional development for
future food safety detection. Nie et al. [94] first reported a novel
chemically coupled strategy for detecting patulin in apple juice
and grape juice based on nanoliposome encapsulation of glucose
as an effective method for signal amplification. The team first
grafted sulfhydryl (—SH) as a unique functional group for effi-
ciently recognizing patulin on the surface of nanoliposomes
encapsulated with glucose. This functionalized modification also
expands the scope of nanoliposome applications.

Recently, two classes of materials, namely, 3D hydrogels
composed of hydrophilic crosslinked polymer networks [95] and
metal-organic frameworks (MOFs)—a new generation of crystalline
porous materials [96]—have offered greater possibilities in the
development of nanomaterial encapsulation and release for signal
amplification due to their impressive properties, such as flexibility,
biocompatibility, deformability, and high porosity, thereby receiving
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wide research attention. The former is shown in Fig. 7C, where Yan
et al. [97] described a novel design of a target-responsive “sweet”
hydrogel encapsulating glucoamylase. The aptamer-assisted cross-
linked polymer strands A and B form glucoamylase-encapsulated
hydrogels that are physically isolated from the substrate amylose
of the external system. When a target is introduced, specific binding
of the target to the aptamer causes the hydrogel to disintegrate and
release glucoamylase, which catalyzes the hydrolysis of the sub-
strate to produce glucose for quantitative measurement by the PGM.
The aptamer-assisted encapsulation of glucoamylase gives the
method good specificity and sensitivity. However, even the best
PGM can give a reading 10% different from the reference value when
measuring low glucose, an important aspect that cannot be ignored
in practical applications. Alternatively, Cao et al. [98], shown in
Fig. 7D, synthesized enzyme-encapsulated zeolitic imidazole
framework-90 (enzyme@ZIF-90) self-assembled by combining
imidazole-2-carboxaldehyde and Zn** with GOX or invertase. Due
to the competitive coordination between the enzyme@ZIF-90 mi-
croparticles and the target, the microparticles decompose and
release GOXx or invertase to catalyze the substrate and produce
glucose for indirect quantification of the target by PGM. This method
is the first to combine a PGM with a MOF-encapsulated enzyme to
achieve immediate quantification of a non-glucose target, demon-
strating its potential practical application and providing a new op-
tion for detecting food hazards in the future.

It is worth mentioning that responsive nanomaterials have good
biocompatibility. The signal amplification strategy constructed on
this basis retains the enzyme activity to the greatest extent and
avoids affecting the enzyme in the actual chemical cross-linking
functionalization process. In addition, a simple trigger mechanism
also reduces the washing and separation steps. When detecting low
concentrations of targets in a complex food matrix, interfering
contaminants are usually removed by pretreatment procedures
using organic solvents. Organic solvents react with nanomaterials
encapsulating glucose or enzymes, leading to their structural
degradation [99]. Further, nanomaterial synthesis and modification
methods may not accurately control their pore size and volume,
resulting in batch differences.

3.5. Other signal amplification technologies

The main trends of PGM-based signal amplification techniques
are presented in this paper, revealing technological advances in
establishing POCT methods for detecting trace food hazards. In
addition, several studies providing solutions with unique advan-
tages have been reviewed.

Streptavidin-biotin (SA-B) is a well-established signal amplifi-
cation system for biological responses [100,101]. SA is a small-
molecule glycoprotein (homotetramer) consisting of four sub-
units, and under certain conditions, it can form stable complexes
with four B molecules [102]. Moreover, SA-B binding is one of the
most vital noncovalent interactions to date [103,104]. This multi-
level signal amplification system has been used widely in research,
as its advantages include binding firmly to biomarker molecules
and increasing the number of biomarkers significantly. As shown in
Fig. 8A, Li et al. [105] used ampicillin-coated magnetic beads as a
platform, with ampicillin as the target of interest, allowing the
beads to compete with a sample containing free ampicillin for
biotinylated aptamers and further connecting biotinylated aptam-
ers to biotinylated invertase via highly specific SA-B interactions.
This method achieved signal amplification and was successfully
applied to the detection of ampicillin residues in milk.

In addition, the clustered regularly interspaced short palin-
dromic repeats and associated protein system (CRISPR-Cas system)
has become a revolutionary tool for genome editing due to its
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unique nucleic acid cleavage capabilities. Moreover, it has also
promoted innovation in signal amplification technologies for
in vitro molecular diagnostics [106]. Zhou et al. [107] developed a
highly sensitive method for detecting Salmonella in milk using two
consecutive signal amplification steps in combination with the
CRISPR-Cas12a system (Fig. 8B). The first step was using
recombinase-aided amplification (RAA) of a double-stranded target
gene fragment in Salmonella. The second step was the specific
recognition of the RAA product by Cas12a mediated by RNA and
activation of its trans-cleavage activity that nonspecifically cleaves
nearby DNA single strands. In this way, a large amount of single-
stranded DNA modified on the surface of magnetic beads was
cleaved, resulting in no complementary DNA binding to the DNA-
functionalized invertase and a low PGM signal after treatment
with sucrose substrate. Conversely, the CRISPR-Cas12a system was
not activated without the target gene. A large amount of intact
complementary DNA on the surface of the magnetic beads hybrid-
ized with the DNA-functionalized invertase, thereby generating
glucose concentrations for high signal values from the PGM via su-
crose substrate. This PGM-CRISPR method had a detection sensi-
tivity of 5 CFU/reaction and good specificity for Salmonella and non-
Salmonella isolates. Notably, the recently reported coronavirus dis-
ease 2019 (COVID-19) caused by severe acute respiratory syndrome
coronavirus 2 (SRAR-CoV-2) has a high potential for transmission to
humans from contaminated cold-chain food samples [ 108], posing a
serious challenge to the food industry and food safety testing.
However, SARS-CoV-2 is not considered as a foodborne pathogen
[109]. Therefore, Fang et al. [110] used a similar method of PGM
combined with the CRISPR-Cas12a system to successfully detect
SRAR-CoV-2 pseudovirus with a limit of detection of 50 copies/uL.

Food allergies are also important concerns, as specific allergens
in food can cause hypersensitivity in the body, generating large
amounts of immunoglobulin E (IgE) that harm the body [111,112].
Ahn et al. [113] introduced a novel cascade enzymatic reaction
(CER, which consists of at least two enzymes and corresponding
substrates) as a strategy to achieve cyclic catalytic reactions of the
substrate for signal amplification. This method was integrated with
PGM measurement to successfully achieve target detection with
high sensitivity (Fig. 8C) [114]. This strategy identifies the target
using an immunosandwich complex. It establishes a relationship
between the target and alkaline phosphatase (ALP) concentrations
by assessing ALP activity in regulating adenosine triphosphate
(ATP). The lower the concentration of the target, the lower the
amount of phosphate of ATP cleaved by ALP, and thus, the higher
the initial ATP concentration that allows the hexokinase to catalyze
the conversion of ATP to adenosine diphosphate (ADP) and glucose
to glucose-6-phosphate (G6P). The resultant ADP was further
converted into ATP via pyruvate kinase and phosphoenolpyruvic
acid (PEP), thereby continuously reducing the amount of glucose in
a cyclic manner to maintain signal amplification. The combination
of hexokinase and pyruvate kinase promoted multiple rounds of
ATP generation and consumption, leading to highly reduced
glucose levels. Such cyclic catalysis of the substrate offers a new
direction for developing signal amplification techniques [88].

This novel method has injected new vitality into the application
of PGM in food safety detection. Although it meets the demands for
high sensitivity and rapid detection for real samples, the
complexity of the process and the participation of a variety of en-
zymes make the detection method expensive. Further studies are
necessary to address these concerns.

4. Challenges and limitations

Currently, absolute quantification can be achieved with PGMs
compared to lateral flow devices, such as immunochromatographic
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test strips. This means that PGM-based biosensing strategies should
be able to provide people with more information regarding the
content of the target in food safety detection, thereby helping the
public ensure food safety. Although great progress has been ach-
ieved in this field, several challenges and limitations exist in using
PGM-based biosensors and signal amplification technologies for
food safety hazard analysis. Some of the main challenges are as
follows:

(1) Sample preparation: Accurate sample pretreatment is crucial
for successfully detecting food safety hazards. However,
sample pretreatment is usually the bottleneck of the entire
testing process. It can be time-consuming and complex, re-
quires specialized equipment and expertise, and can intro-
duce sources of error. Currently, the main obstacle to
commercializing PGMs to detect non-glucose targets is that
they rely on laboratory pretreatment. To solve this problem,
many researchers have tried to optimize the extraction sol-
vent and adopt magnetic separation technology so that the
detection system can complete the detection of hazardous
substance samples without relying on the laboratory envi-
ronment. Simplifying the sample pretreatment processing
will be one of the key development directions of PGM for the
quantitative detection of non-glucose targets in the future.

(2) Standardization: The lack of standardization in the field can
make comparing results from different studies difficult.
Standardization is vital for developing and validating PGM-
based biosensors for food safety hazard analysis.

(3) Sensitivity and specificity: While signal amplification tech-
nologies can enhance detection sensitivity, they can also
increase the risk of false positive results. Therefore, it is
crucial to optimize the sensitivity and specificity of detection
to minimize the risk of false positive results. Emerging signal
amplification techniques (e.g., CRISPR-Cas and CER), com-
bined with PGMs to improve sensitivity, are attracting
increasing attention. Given the wide variety of food hazards,
it is necessary to explore more detection methods and
develop recognition elements with more functional groups,
such as nanobodies, phages, and modified nucleic acids, to
detect new targets with higher affinity and specificity.

(4) Cost and scalability: PGM-based biosensors are generally less
expensive than traditional laboratory-based methods. How-
ever, they are still in the laboratory stage, require a certain
level of investment, and may not be suitable for large-scale or
high-throughput analysis. Recent research advances with
other related efforts, such as combining immunochromato-
graphic test strips with PGMs, can be considered as a more
effective solution [115,116]. Because test strips have a rela-
tively long shelf life and the PGM has quantitative signal
output, both have the advantages of low cost and a wide range
of user groups to power the market for PGM-based
biosensors.

(5) Validation and regulatory approval: PGM-based biosensors
for food safety hazard analysis need to be validated and
receive regulatory approval before being used in the field.
This process can be time-consuming and may require addi-
tional resources.

(6) Complexity: On the one hand, integrating different technol-
ogies, such as signal amplification, into a PGM can make
biosensors more complex and challenging to use. Although
various signal amplification technologies are integrated with
PGMs to ensure sensitivity, signal conversion and amplifi-
cation require linking target analytes to functional interme-
diary enzymes (e.g., invertase and GOXx), often at the expense
of cost-effectiveness and simplicity. It is desirable to simplify



Table 1

A comparison of PGM-based sensing strategies for food hazard detection.

SET

Signal amplification Signal amplification Signal recognition element  Assay format Signal Food hazards Real samples Limit of detection (LOD) Dynamic range Reference
technologies element transduction
element
Nanomaterial- SiNPs Antibody Sandwich GOx Cronobacter sakazakii Milk 4.2 x 10" CFU/mL 9.0 x 10? [41]
loaded —9.0 x 107 CFU/mL
multienzyme SiNPs Antibody Sandwich GOx Salmonella pullorum and N 7.2 x 10" CFU/mL 1.27 x 10? [42]
labeling signal Salmonella gallinarum —1.27 x 10° CFU/mL
amplification Au@Pt/SiO, NPs Antibody Sandwich Invertase E. coli Milk 1.83 x 10% CFU/mL 3.5 x 10° [43]
—3.5 x 108 CFU/mL
DMSNs Aptamer Competitive  Invertase AFB, Corn oil, 0.74 pg/mL 0.001—-100 ng/mL [46]
wheat powder
AuNPs Antibody Competitive  Invertase CLB Pork, liver 0.1 ng/mL 0.1-100 ng/mL [48]
AuNPs Antibody Sandwich Invertase Norfloxacin Milk, 0.5 ng/mL 0.5—500 ng/mL [49]
chicken,
pork,
shrimp
EV/AuNPs Antibody and B-CD Sandwich Invertase Ractopamine Pork 0.34 ng/mL 1—40 ng/mL [50]
EV/AuNPs Magnetic molecularly Sandwich Invertase CAP Pork, 0.16 ng/mL 0.5—50 ng/mL [51]
imprinted polymer and f- fish
CcD
Graphene oxide/AuNPs Antibody Sandwich Invertase Microcystin-LR Drinking water 0.1 ng/mL 0.6—100 ng/mL [52]
Hybrid protein Antibody and concanavalin  Sandwich Invertase E. coli Milk 10 CFU/mL 10—-10° CFU/mL [53]
nanoflowers A
Nanocomposite pair Peptide Sandwich Invertase E. coli Milk 10 CFU/mL 10-107 CFU/mL [54]
Nucleic acid PCR DNA Label-free CeO, NP E. coli target genomic DNA N 10 copies N [66]
reaction signal Hybridization chain Aptamer Competitive  Invertase Staphylococcus aureus Milk, 2 CFU/mL 3-3 x 10% CFU/mL [69]
amplification reaction water,
peach juice
LAMP-CHA DNA and RNA Label-free Invertase ompA and malB N 6.6 x 10718 M N [71]
DNAzyme- E47 DNAzyme DNAzyme Competitive  Invertase Cu?+ Serum 1 nM 10 nM-10 pM [78]
catalyzed signal ~ 8-17 DNAzyme and DNAzyme Competitive  Invertase Pb?* and UO,%* Drinking water 16 nM; 5 nM 16—1000 nM; 5 [79]
amplification 39 E DNAzyme —1000 nM
Pb?*-specific DNAzyme DNAzyme Competitive  Invertase AFB, Bread 10 pM 0.02—10 nM [80]
8-17 DNAzyme Aptamer Competitive  Invertase OTA Red wine 0.88 pg/mL 1 pg/mL - 300 ng/mL [81]
Exo IIl DNA enzyme Aptamer Competitive  Invertase cd*+ Lake water, 5 pM 20 pM - 200 nM [82]
river water,
pond water
Responsive PEI-MSN Antibody Competitive  Glucose AFB;4 Peanut 5 ng/kg 0.01—15 pg/kg [89]
nanomaterial MMB Antibody Competitive  Glucose PbTx-2 Seafood 0.01 ng/mL 0.01—20 ng/mL [90]
encapsulation MSN DNAzyme Label-free Glucose Pbh?+ Water 1 pM 1 pM-0.7 nM [91]
signal MSN T-Hg?*-T Competitive ~ Glucose Hg?* Tap water, 0.1 nM 0.1-80 nM [92]
amplification lake water
Liposome Antibody Sandwich Glucose AFB; Peanut 0.6 pg/mL 0.001—10 ng/mL [93]
Liposome Sulfhydryl (—SH) functional Competitive  Glucose Patulin Apple juice, 0.05 ng/mL 0.1-50 ng/mL [94]
group grape juice
Hydrogel Aptamer Competitive  Glucoamylase Cocaine Urine 3.8 uM 0—750 uM [97]
Other signal Streptavidin-Biotin Aptamer Competitive  Invertase Ampicillin Milk 25x1071°M 2.5 x 10710 — [105]
amplification 25 x 107" M
CRISPR-Cas12a RNA Label-free Invertase Salmonella target gene Milk 5 CFU/reaction 1 x 103 CFU/reaction [107]
CER Antibody Sandwich Hexokinase IgE Serum 29.59 ng/mL 10—400 ng/mL [114]

“N” means not specified in the reference.

D32 nq d ‘SubM 'H ‘0H o

SiNPs: silica nanoparticles; GOx: glucose oxidase; Au@Pt/SiO, NPs: Au-Pt bimetallic nanoparticles functionalized silica nanoparticles; E. coli: Escherichia coli 0157:H7; DMSNs: dendritic mesoporous silica nanoparticles; AFB;:
aflatoxin B1; AuNPs: gold nanoparticles; CLB: clenbuterol; EV: En Vision reagent; -CD: B-cyclodextrin; CAP: chloramphenicol; PCR: polymerase chain reaction; CeO, NPs: cerium oxide nanoparticles; LAMP: loop-mediated
isothermal amplification; CHA: catalytic hairpin assembly; ompA and malB: genes of Cronobacter sakazakii and Escherichia coli; OTA: ochratoxin A; Exo III: exonuclease III; PEI-MSN: polyethylenimine-coated mesoporous silica
nanocontainers; MMB: magnetic mesoporous NiCo,0,4 nanostructure; PbTx-2: brevetoxin B; MSN: mesoporous silica nanoparticles; CRISPR-Cas12a: clustered regularly interspaced short palindromic repeats and associated
proteins; CER: cascade enzymatic reaction; IgE: immunoglobulin E.
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the signal conversion and amplification processes or find
easier-to-use media (e.g., nanocarriers, hydrogels, liposomes,
and MOFs) in the future. In addition, given that food can be
contaminated by multiple agents, it is imperative to expand
the range of PGM detection targets from single analytes to
complex multicomponent systems, despite the challenges
involved. In contrast, the complexity of food types (sample
matrices and endogenous sugars) may interfere with the
detection of PGMs. Therefore, it is necessary to exclude foods
containing endogenous sucrose and glucose or to develop
reasonable methods to eliminate their interference in real
food samples, such as treating it as a background signal
[23,97], diluting it to below the detection threshold (washing
step) [39,40], or removing it enzymatically [97,117].

Despite these challenges, the use of PGM-based biosensors and
signal amplification technologies for food safety hazard analysis
shows great potential and is an active field of research. The
development of more accurate, sensitive, and user-friendly PGM-
based biosensors can help to improve food safety and reduce the
risk of foodborne illnesses. The relevant reports on PGM-based
detection of food hazards in recent years are summarized in Table 1
[41—43,46,48—54,66,69,71,72—82,89—94,97,105,107,114].

5. Conclusions and perspectives

In conclusion, PGMs are being developed as effective tools to
address food safety issues. Various signal amplification technologies,
combined with PGM-based biosensing strategies, remain an emerging
field in food safety detection and are undergoing substantial devel-
opment. This review presents typical examples and recent advancesin
using PGM-based assays combined with signal amplification tech-
niques as an accurate and promising alternative to conventional
analytical processes (e.g., HPLC, electrochemical workstations, and
ELISA) for rapidly screening food hazards to ensure food safety.

There are several future perspectives for using PGM-based
biosensors and signal amplification technologies for food safety
hazard analysis. Some of the potential developments include:

(1) Advances in signal amplification technologies: The use of
new signal amplification technologies such as CRISPR-based
detection and biosensors based on machine learning are
expected to further enhance the sensitivity and specificity of
detection.

(2) Integration with other technologies: The integration of PGMs
with other technologies, such as blockchain and the Internet
of Things (IoT), can help improve traceability and food safety
management by providing real-time monitoring and data
analysis.

(3) Point-of-care and on-site testing: The development of PGM-
based biosensors that can be used for on-site or point-of-
care testing will help reduce the time between sample
collection and analysis and minimize the risk of food
contamination.

(4) Miniaturization: The miniaturization of PGM-based biosensors
can further improve their portability and ease of use, making
them suitable for use in remote or resource-limited settings.

(5) Development of multiplexed biosensors: Multiplexing, or the
ability to detect multiple targets in a single assay, can in-
crease the efficiency and cost-effectiveness of food safety
analysis.

(6) Development of affordable and user-friendly biosensors: The
development of low-cost and user-friendly biosensors can
make them more accessible for small and medium-sized
enterprises and farmers.
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(7) Development of biosensors with Al and ML abilities: With
the integration of artificial intelligence (Al) and machine
learning (ML) in biosensors, they can be trained to detect
new pathogens and adapt to changing conditions.
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