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Abstract

Background: Personal glucose meter (PGM) has become the most successful biosensor in past
decades due to its advantages of small size, convenient operation, and low cost. To take advantage
of many years of research and development of PGMs, new signal transduction methods has been
developed to expand the PGM from simple monitoring blood glucose to detection of numerous
non-glucose targets.

Objectives: This review summarizes recent advance of PGM-based biosensors for non-glucose
targets including signal transduction, signal amplification and target molecule recognition and
analysis. Current challenges and future directions are also discussed.

Conclusion: PGM can be used as biosensor readout to detect various non-glucose targets
from metal ion, small molecule to protein and even living organisms such as bacteria and other
pathogens by using different signal transduction elements such as invertase and amylase, and
different signal amplification methods such as nanomaterials, nucleic acid reaction, liposome
encapsulation, hydrogel trapping, DNAzyme amplification and biotin-streptavidin reaction.
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1. INTRODUCTION

With the development of global economy and the improvement of people's living standards,
the aging population continues to grow, and people with diabetes in the world is also
increasing rapidly. According to the latest Diabetes Atlas (9th Edition, 2019) released by
the International Diabetes Federation, 463 million adults are suffering from diabetes in the
world in 2019 (equivalent to one for every 11 people). It is estimated that the number

of people with diabetes will reach 578.4 million by 2030 and 702.01 million by 2045

[1]. Diabetes is a group of metabolic diseases characterized by hyperglycemia, which is
caused by the deficiency of insulin secretion or the impairment of its biological function,

or both. Chronic hyperglycemia can lead to chronic damage and dysfunction of various
tissues, especially eyes, kidneys, heart, blood vessels and nerves. Research shows that timely
and accurate blood glucose monitoring can help people with diabetes to adjust the dosage
of insulin according to the changes of blood glucose level, improve their daily life and
eating habits, further effectively control the blood glucose level, prevent the occurrence of
extremely high blood glucose and extremely low blood glucose, and reduce the incidence of
complications [2,3].

Because of the importance of glucose monitoring, enormous efforts have been devoted to
developing personal glucose meter (PGMs), also called blood glucose meter. At present,
there are about 10 billion times of glucose detection in the world every year, and the
majority of the biosensors produced in the world are used for glucose detection. Among
them, PGM accounts for about 80% of the diabetes detection device market [4,5]. Since

the first practical PGM was developed in 1968, PGM has gone through five stages of
development [5], with the first electrochemical PGM in 1986 as a major advancement.
Compared with colorimetric technology, electrochemical PGM has the advantages of
smaller volume, more convenient use, shorter reaction time and so on, gradually replacing
colorimetric method to become the mainstream of blood glucose meter market. According to
statistics, the market share of electrochemical PGM in the United States is more than 70%,
while it is 100% in Japan. The general working principle of PGM is that glucose in blood
interacts with enzymes such as glucose oxidase or glucose dehydrogenase to trigger a redox
reaction and resulting electrochemical event can be measured by an electrode [6-9].

While PGM has enjoyed tremendous success, it can normally detect only a single target of
glucose, even though there are needs to detect many other non-glucose targets, including
HbA1c, insulin and many other biomarkers for diseases associated with complications from
diabetes and those even without the diabetes. To meet the needs, many biosensing devices,
including those interfaced with smartphones, have been developed, but it takes time and
costly to develop a new biosensing device from laboratory to market. As a result, few, if any,
biosensing device can match the portability, cost effectiveness and familiarity to millions of
users of PGMs.

Instead of developing a new competing biosensing device, in 2011, Lu Group used sucrose
invertase as a signal transduction element and successfully applied the PGM to detect
several non-glucose targets, making a novel contribution to the applications of PGM [10].
This work demonstrates that people can use the approved medical technology PGM to
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detect non-glucose targets, which will greatly reduce the cost, time and risk of new
products to the market. Inspired by this original work, many researchers have developed

a series of biosensors to detect non-glucose targets with PGMs as readout devices, which
greatly enriched the application of PGMs in clinical diagnosis, food safety, environmental
monitoring and other fields, opening a new avenue for the point-of-care test (POCT) of
various targets [5,11-14]. In this review, we summarize progresses that have been made in
recent years in applying PGMs for the analysis of non-glucose targets from the aspects of
signal transduction, signal amplification, target molecule recognition and analysis. We also
discuss the existing challenges and future development trend in this area.

2. SIGNAL TRANSDUCTOIN

Although studies have shown that some of the PGMs can also be used to detect NAD(P)H
(nicotinamide adenine dinucleotide (phosphate) hydrogen) due to the redox interact or
involvement of NAD(P)H in the enzymatic reaction for the detection [15,16], most PGM-
based biosensors for non-glucose targets reported in the literature are based on the detection
of glucose. Therefore, in the aspect of signal transduction, researchers mainly consider

how to transform target-recognition events into glucose detection. In addition to invertase,
researchers also use other enzymes to convert their respective substrates, such as starch,
maltose, or lactose into glucose (Figure 1). An alternative method is to encapsulate glucose
directly in liposomes or porous materials, and then release the glucose upon selective
binding of the target.

2.1. Sucrose converted to glucose by invertase

Invertase is a common enzyme, which exists in yeast, bacteria and plants. It can catalyze
hydrolysis of sucrose to produce glucose and fructose. Lu Group is the first to use invertase
as a signal transduction element to detect non-glucose targets with a blood glucose meter
[10]. They used sulfoccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-
SMCC) to conjugate amino groups on the surface of invertase with a sulfhydryl modification
at the end of DNA aptamers or DNAzymes. In this way, they constructed biosensors that

can detect small organic molecules such as cocaine, adenosine, protein macromolecule such
as interferon gamma (IFN-y) and metal ion uranium (UO,2*), respectively. As shown in
Figure 2, they immobilized the biotin-modified nucleic acid strand to the avidin modified
magnetic beads through biotin-avidin affinity reaction, and then formed a sandwich structure
with aptamer probe and invertase signal probe. When there is a target molecule in the
sample, the aptamer probe can specifically recognize and bind cocaine, adenosine or IFN-y
molecules, leading to the displacement and release of invertase signal probe. After magnetic
separation, the invertase signal probe reacts with sucrose to catalyze the hydrolysis of
sucrose to produce glucose, so as to establish biosensors with a PGM as signal readout
devices for these non-glucose targets. To detect UO,2*, a uranyl-specific 39E DNAzyme
and the corresponding substrate strand are used as recognition elements. When the sample
contains UO,2*, the DNAzyme catalyzes the hydrolysis and cleavage of the substrate strand,
which releases invertase-labeled substrate strand fragment and finally produce the detection
signal of glucose.
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Inspired by this pioneering work, researchers have developed a series of different biosensors
for detecting non-glucose targets by using invertase as signal transduction element [15-60].
In most of these sensors, invertase is labeled on the nucleic acid strand as a signal probe.
For example, Xiang and Lu immobilized the capture probe on the magnetic beads, and then
formed a sandwich structure with the target DNA and invertase-labeled nucleic acid probe.
With this design, a biosensor for the detection of hepatitis B virus (HBV) DNA fragment
was established, with a detection limit of 40pm [17]. Xiang and Lu also immobilized

the antibody on the magnetic beads, labeled the ochratoxin A (OTA) aptamer probe with
invertase, and formed a sandwich structure with the target molecule OTA to realize the
competitive detection of small molecule of OTA toxin, with the detection limit of 6.8
ng/mL [18]. In addition, Ma et al. immobilized the aptamer probe of platelet-derived
growth factor-BB (PDGF-BB) on magnetic beads, and then formed a sandwich reaction
structure with the target molecule PDGF-BB and sucrose invertase labeled aptamer probe.
The sensitive analysis of PDGF-BB was realized with a PGM as the signal readout device,
and the detection limit was 2.9 fM [58]. Moreover, Wang et al. immobilized the antibody
of cardiac biomarker myoglobin on the microplate, and then formed a sandwich structure
with the target molecule myoglobin and the invertase labeled myoglobin aptamer probe,
which realized the quantitative detection of myoglobin with a detection limit of 50 pM
[62]. Furthermore, Zhou et al. used invertase-labeled alkynyl functionalized DNA as a signal
probe and realized the quantitative analysis of Cu?* by click chemistry. Using a GM as

a signal readout device, the detection limit was 3.4 nM [19]. Also, Gu et al. immobilized
biotinylated DNA on magnetic beads, hybridized with aptamer probe and invertase-labeled
signal probe of melamine, and realized the sensitive detection of melamine in milk by
PGM (Figure 3A). The detection limit of melamine in 80% whole milk without any
pretreatment can reach 67.5 ppb, which meets the analysis requirements of melamine in
milk [22]. Additionally, Xu et al. used nucleic acid probes that can recognize mercury ions,
by taking advantage of biotinylated T-base contained capture probe and invertase modified
T-base contained signal probe, to recognize and detect mercury ions through T-Hg2*-T
complex, and the linear detection range can reach 3 orders of magnitude [23]. Meanwhile,
Deng et al. immobilized biotinylated nucleic acid probe on magnetic beads and hybridized
with invertase modified signal probe. With M.Sssl CpG methyltransferase, the 5'-CCGG-3'
fragment in the hybridized double strand was methylated, and then cleaved by Hpa Il
restriction endonuclease, resulting in release of invertase labeled fragment. The activity of
M.Sssl DNA methyltransferase was analyzed by PGM [30].

Invertase can also be labeled with biotin to realize signal transduction through biotin-avidin
reaction. For example, Xiang and Lu immobilized prostate-specific antigen (PSA) antibody
the magnetic beads and reacted with the target molecule PSA and biotinylated PSA antibody
to for sandwich structure, and then reacted with avidin and invertase labeled biotin to
achieve the sensitive detection of tumor marker PSA [18]. Su et al. immobilized the
biotin-labeled invertase and biotin-labeled DNA on the avidin modified magnetic beads

and achieved the amplified detection of Cu?* by click chemistry, with the detection limit

of 10 nM [51]. Yang et al. used Zr#* functionalized magnetic beads to selectively capture
protein kinase-induced biotin-phosphopeptide, and then realized the detection of protein
kinase through the sandwich reaction between avidin and invertase labeled biotin, achieving
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a detection limit of 0.0001 U/uL [24] (Figure 3B). Biotinylated antibody and biotinylated
invertase were immobilized on avidin-modified gold nanoparticles as signal transduction
elements. Using lateral flow test strip, competitive reaction occurred when the sample
contained small molecule 8-OHdG, while sandwich reaction occurred when the sample
contained large molecule PSA, and then sucrose solution was added to the detection line
and control line, respectively. The biotinylated invertase immobilized on gold nanoparticles
catalyze the hydrolysis of sucrose to glucose, which can be detected by PGM. The sensitive
analysis of small molecule 8-OHdG and large molecule PSA could be realized with
detection limits of 0.23 ng/mL and 1.26 ng/mL, respectively [54].

Furthermore, invertase can be labeled on the antibody as a signal transduction element. Joo
et al. immobilized monoclonal antibody on magnetic beads, and then formed sandwich
structure with target molecule Salmonella bacteria and its invertase-labeled polyclonal
antibody, which can realize the quantitative and sensitive analysis of Salmonella with the
detection limit of 10 cfu/mL [40]. Zhu et al. immobilized alpha-fetoprotein antibody (anti-
AFP) on the surface of screen-printed gold electrode (SPGE), and then formed sandwich
structure with AFP and invertase-labeled anti-AFP. Quantitative analysis of AFP was
realized by using PGM as signal readout device with the detection limit of 0.18 ng/mL
[60] (Figure 3 C).

It was also reported that invertase was modified on B-cyclodextrin polymer, and B-
cyclodextrin/invertase polymer bioconjugate was used as a signal probe to form a sandwich
structure with target chloramphenicol and the polydopamine molecularly imprinted
membrane immobilized on the magnetic beads. The PGM was used as a signal readout

to realize the analysis of chloramphenicol in food with the detection limit of 0.16 ng/mL
[20].

In addition, invertase can be modified on hanomaterials as a signal transduction element.
Xu et al. mixed invertase with gold nanoparticles, then modified the nucleic acid strand

on gold nanoparticles as a signal probe, which could hybridize with the aptamer probe

of dopamine immobilized in the microplate (Figure 3D). To detect dopamine, an aptamer
probe selectively recognized dopamine, the signal probe was replaced, and the sensitive
analysis of dopamine was realized by the invertase-modified on the gold nanoparticles

with the detection limit of 30 nM [25]. Similarly, Zhang et al. modified the nucleic acid
strand and invertase on gold nanoparticles to obtain signal probes. The substrate strand was
immobilized on the microplate and hybridized with the DNAzyme strand. Upon addition of
the cofactor Pb2*, the substrate strand was hydrolyzed and cleaved, and the residue of the
substrate strand on the microplate hybridized with the signal probe to realize the sensitive
analysis of Pb2* with the detection limit of 1.0 pM [27]. Moreover, Huang et al. modified
invertase and £. coli O157:H7 antibody on magnetic nanoparticles as labeling probe and
immobilized another antibody of £. co/i O157: H7 on nitrocellulose membrane as detection
line. The pathogenic bacteria £. coli O157: H7 in the sample was fixed on the detection line
by sandwich reaction, while the unreacted magnetic nanoparticles labeled probe flowed to
the absorption pad and reacted with the sucrose stored in the absorption pad. The generated
glucose was quantitatively analyzed by PGM. The detection limit of £. coli O157: H7 was
6.2 x 104 cfu/mL [42].
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2.2. Amylose converted to glucose by amylase

Other glucose-producing enzymes can also be used to build biosensors based on PGM.
Among them, amylase is one of the most studied. It can hydrolyze amylose to produce
glucose, which can be used as a signal transduction element to construct PGM-based
biosensor [63-71]. Yang Group first reported the use of amylase to hydrolyze amylose
trapped in hydrogels to detect non-glucose target (Figure 4A). They grafted two short

DNA sequences (strand A and strand B) onto linear polyacrylamide polymers to form
polymer strands A and B (PS-A and PS-B). The strand A and strand B hybridizes with
aptamers to form a sandwich complex, thereby cross-linking PS-A and PS-B to form gels,
which contain glucoamylase. Without the target, the glucoamylase was captured in the gel
steadily and separated from the amylose in the gel solution. When the target molecules

are introduced, aptamer specifically and preferentially bind with target molecules to form
target-aptamer complexes, resulting in the collapse of hydrogel and release of glucoamylase,
which catalyzes the hydrolysis of amylose to produce large amounts of glucose for PGM
quantitative readout. The detection limit was as low as 3.8 uM [63]. Li Group used similar
principle to construct hydrogel for microRNA (miRNA) detection. When the target miRNA
was added, the activity of MNAzyme was restored, inducing the cleavage of the substrate
strand and resulting in the collapse of hydrogel and the release of amylase. Then the
amylose was generated to produce glucose, which was used to detect the miRNA-21 with
the detection limit of 0.325 fmol [69]. Furthermore, Gao et al. trapped amyloglucosidase

in the hydrogel formed by DNA tetrahedron. The tetrahedral edge contained methylation
sites of Dam methyltransferase. After methylation, the site was cleaved by Dpn | restriction
endonuclease, resulting in collapse of hydrogel and release of amyloglucosidase, which
catalyzed the hydrolysis of starch to produce glucose. The sensitive analysis of Dam
methyltransferase was achieved by PGM, and the detection limit was as low as 0.001 U/mL
[71].

In addition to amylase encapsulated in hydrogels, amylase can be encapsulated in the
liposome as a signal transduction element. For example, Yang Group encapsulated amylase
amyloglucosidase in liposome, modified thrombin aptamer probe on liposome, and formed
sandwich structure with thrombin target and another aptamer immobilized on magnetic
bead. Upon addition of surfactant, the liposome was ruptured and amyloglucosidase were
released, which catalyzed amylose to produce glucose and realized macromolecular protein
detection of thrombin and C-reactive protein (CRP) with detection limit of 1.8 nM and 0.3
nM, respectively [66]. Zhang et al. modified the nucleic acid strand on the glucoamylase-
encapsulated liposome and hybridized with the nucleic acid strand immobilized on the
magnetic bead to form double strands complex (Figure 4B). The hybrid complex contained
the active site of Dam methyltransferase, which was cut by Dpn | restriction endonuclease
after methylation. The magnetic separation supernatant was added with surfactant and

the released glucoamylase catalyzed substrate amylose to generate glucose. The sensitive
analysis of methyltransferase Dam was realized, and the detection limit was 0.002 U/L [68].

Moreover, glucoamylase can also be modified on nanomaterials as a signal transduction
element. Fu et al. modified the glucoamylase and antibody on gold nanoparticles to form a
sandwich structure with neuron-specific enolase and antibody immobilized in the microplate
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(Figure 4C). Glucoamylase catalyzed amylopectin to produce glucose. Finally, the sensitive
analysis of neuron specific enolase was realized by PGM with the detection limit of 0.05
ng/mL [64].

2.3. Other forms of signal transduction

Besides most commonly used invertase and amylase, other glucose-producing enzymes have
been reported to construct PGM-based biosensors. For example, Lu group labeled glycated
hemoglobin (HbA1c) antibody with alkaline phosphatase (ALP) to form a sandwich
structure with the target protein HbAlc and another antibody immobilized on the magnetic
bead. With this structure, HbAlc was detected with a PGM by using the ALP to catalyze
Glucose-1-phosphate to produce glucose. The detection limit of HbAlc was 3mg/L [72].
We also used ALP to detect galactose-1-phosphate uridine transferase activity, which can

be used for galactosemia detection in real clinical samples [73]. Similarly, Abardia-Serrano
et al. used ALP modified signal probe to hybridize with PCA3 (nuclear acid prostate

cancer antigen 3) and capture probe immobilized on magnetic beads to catalyze glucose-1-
phosphate to produce glucose. The sensitive analysis of PCA3 was realized by PGM, and the
target DNA as low as 5 pM could be detected [74].

In addition to glucose production, some glucose consuming reactions can also be used

to construct PGM-based biosensors [75-80]. For example, Luo et al. used antibody
functionalized magnetic nanoparticles to capture and enrich Salmonella, formed sandwich
structure with antibody on glucose oxidase modified silica nanoparticles. Upon addition of a
certain amount of glucose, glucose oxidase catalyzed glucose to produce gluconic acid, and
the amount of glucose concentration reduction was linearly correlated with the concentration
of Salmonella with a detection limit of 72 CFU/mL [76]. Fang et al. also used PGM to
evaluate the biological toxicity of environmental pollutants. The microorganism in water can
consume glucose, and the environmental pollutants in water can reduce the consumption of
glucose after the microorganism apoptosis. The change of glucose concentration can be used
to evaluate the biological toxicity of environmental pollutants in water [77].

There is also a more direct way of signal transduction, i.e., glucose is directly encapsulated
in some materials (such as liposomes, porous materials) and can be released upon binding
of targets. Lin group reported a novel sensing strategy, in which glucose was encapsulated

in liposomes, and the antibody was modified on liposomes. The antibody modified on
magnetic beads and the target protein phospho-p531° (protein 53 phosphorylated on Serine
15) were sandwiched, and then surfactant Triton X-100 destroyed the liposome to release the
encapsulated glucose, which can be detected by PGM. The detection limit of phospho-p531°
protein was 50 pg/mL [81]. The group also trapped the liposomes coated with glucose on
the conjugate pad of lateral flow strip, and adsorbed the magnetic beads modified with
antibodies on the detection area with magnets. When the sample contained the target protein
phospho-p531°, the antibody on the liposome, the target protein and the antibody on the
magnetic bead formed a sandwich structure, so that the liposome was enriched in the
detection area, and then the surfactant Triton X-100 was added to destroy the liposome and
release glucose. Finally, phospho-p53!° protein can be detected by PGM with the detection
limit of 50 pg/mL [82]. Tang et al. encapsulated glucose in liposomes, modified biotin
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on liposomes, and immobilized the antibody of model analyte AFB1 on the microplate.
Through the sandwich reaction with the target AFB1 and biotin labeled antibody, as well

as the sandwich reaction of antibody-biotin/avidin/biotin labeled liposomes, the sensitive
analysis of small molecule toxin AFB1 was realized, and the detection limit was as low

as 0.6 pg/mL [83]. Liang et al encapsulated glucose in porous silica nanomaterials with
positive charge, sealed the pores with single nucleic acid strand with negative charge. Hg2*
in the sample induce the formation of T-Hg2*-T base pair with nucleic acid strand, which
makes single nucleic acid strand break away from porous silica nanomaterials, releases
encapsulated glucose and detects it with PGM, which can realize the quantitative analysis of
Hg?* with a detection limit of 0.1 nM [84].

In addition, a sensing strategy that can be measured with a PGM without using glucose
has been reported recently. The Lu group found that the PGM also has a metrological
response to nicotinamide coenzymes, such as NAD(P)H (nicotinamide adenine dinucleotide
(phosphate) hydrogen) [15,16]. Since numerous enzymatic assays use NAD(P)H either as
a cofactor or as a product of the enzymatic reactions, this discovery has expanded the
targets of PGM-based biosensor for many non-glucose targets that cannot be recognized
by antibodies, DNAzymes or aptamers. For example, using the sensing strategy based

on this principle to detect L-lactate in serum and blood, the detection limit is 0.14

mM and 0.11 mM, respectively [85]. Li group constructed a biosensor for the detection
of organophosphorus peptide (OP) by directly reducing ferrocyanide from mediator
ferricyanide in PGM. The detection limit of paraoxon can reach 5 pg/L [86].

In general, there are two main approaches used for signal transduction in developing
PGM-based biosensing strategies, namely enzymatic generation of glucose and nanocarrier
encapsulation of glucose. For enzymatic generation of glucose, the enzyme turnover is the
main factor affecting the analytical performance of the biosensor. It has been reported that
the highest number of 3430 s~1 was found for invertase [12], that is why invertase is used

as the signal transduction element in most reports. For nanocarrier encapsulation of glucose,
the amount of encapsulated glucose is the main factor affecting the analytical performance
of the sensor. Liposome has become the most commonly used nanocarrier because of its
superior loading capacity and convenient unloading capacity.

3. SIGNAL AMPLIFICATION

The quantitative linear detection range of glucose for commercial PGM is only 0.6-33
mmol/L (10-600 mg/L), and the limit of detection (LOD) is often way above those required
for many non-glucose targets. Therefore, it is necessary to employ signal amplification

in the construction of PGM-based biosensors to reach the required LOD. Besides the
enzymatic amplification of glucose-producing enzyme itself, the signal amplification
methods commonly used in PGM-based biosensors to detect non-glucose targets include
nanomaterials amplification, nucleic acid reaction amplification (such as RCA, HCR,

CHA and ICSDP), DNAzyme amplification, liposome encapsulation amplification, hydrogel
encapsulation amplification, and biotin-avidin reaction amplification.
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Nanomaterials amplification

Nanomaterials commonly used in PGM-based biosensors include gold

nanoparticles, magnetic nanoparticles, porous silica nanomaterials, and graphene
[21,25,27,43,51,54,55,64,75,84,87,88]. For example, Fu et al. modified the antibody of
glucoamylase and NSE (neuron-specific enolase) on the surface of gold nanoparticles with
a diameter of 16 nm as signal amplification elements, and achieved quantitative analysis

of NSE in microplate by sandwich reaction. Large amount of amylase modified on gold
nanoparticles was used to achieve the amplified detection of NSE with the detection limit
of 0.05 ng/mL [64]. In addition, Xu et al. modified DNA2 and a large number of invertase
on gold nanoparticles as signal amplification elements, modified DNA1 in microplates,

and hybridized DNA1 with DNA2 to form double strand complex. The dopamine in the
sample reacts with aptamer probe DNA1 to replace the DNA2-gold nanoparticle-invertase,
and then catalyzes the hydrolysis of sucrose to produce glucose. The amplified detection

of dopamine can be realized by PGM [25]. Furthermore, Fang et al. reduced HAuCl4 on
PAMAM dendrimer with NaBH, to form gold nanoparticles and formed gold nanoparticles-
PAMAM complex, and then modified gold nanoparticles with a large amount of invertase
as signal amplification element to achieve the sensitive analysis of target nucleic acid with
the detection limit as low as 0.26 pM [43]. In addition to the direct modification of invertase
on the surface of gold nanoparticles, avidin can also be modified on the surface of gold
nanoparticles, and then biotin labeled invertase can be modified on the surface of gold
nanoparticles through biotin-avidin reaction to achieve signal amplification [54].

In addition to being used as sensing interface in PGM-based biosensors, magnetic
nanoparticles can also be used as signal amplification elements. For example, Su et al.
connected the biotin labeled invertase and biotin labeled nucleic acid strand to the avidin
modified magnetic beads through biotin-avidin reaction, which realized signal amplification
and sensitive analysis of Cu* [51]. Similarly, Hu et al. modified invertase onto magnetic
beads as signal amplification elements to achieve the amplification and detection of PSA
[21] (Figure 5A).

Nucleic acid reaction amplification

Accurate, sensitive and rapid detection of specific nucleic acid sequences is of major
significance in drug development, clinical diagnosis and environmental science. When using
PGM as signal readout device to construct a biosensor for the detection of nucleic acid
samples, various nucleic acid reactions can be used as signal amplification elements to
achieve highly sensitive analysis of target nucleic acid, such as exonuclease 111 (Exo 1)
auxiliary signal amplification [59], isothermal circular strand displacement polymerization
(ICSDP) [26], hybridization chain reaction (HCR) [37], catalyzed hairpin assembly (CHA)
[46], strand displacement amplification (SDA) [70], rolling circle amplification (RCA)
[47,53], and the combination of several nucleic acid reaction amplification methods
[36,45,89,90]. Moreover, due to the application of functional nucleic acids, these signal
amplification methods based on nucleic acid reaction can be used not only for the highly
sensitive analysis of nucleic acids, but also for the detection of other target molecules
recognized by functional nucleic acids [91]. For example, Xu et al. hybridized a short DNA
strand with a long DNA strand and left the protruding 3 'end of the long DNA strand which
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Exo Il could not digest. After adding the target DNA to hybridize with the double strands
to obtain the blunt 3' end, Exo Il can digest the long strand from the blunt 3 'end and
releases the short strand, which is used to hybridize with the capture probe on the magnetic
bead and the signal probe labeled with invertase to form a sandwich structure. Then,
through the transduction of invertase, the target DNA can be amplified and detected by

a personal glucose meter [59]. Xu et al. also used the isothermal circular strand displacement
polymerization (ICSDP) signal amplification technology in the construction of PGM-based
biosensor. They modified the hairpin probe on the magnetic bead, which can be opened
upon hybridization with the target DNA. The invertase modified primer hybridize with the
opened hairpin probe, and induced the ICSDP reaction in the presence of Klenow DNA
polymerase to replace the target DNA strand and achieve the purpose of signal amplification
[26]. Zhu et al. immobilized the antibody of vascular endothelial growth factor (VEGF) in
the microplate, and then formed a sandwich structure with VEGF and its aptamer probe.
Then, the aptamer probe was used to initiate the hybridization reaction of two invertase
labeled nucleic acid strand. Thus, the highly sensitive analysis of VEGF was realized, and
the detection limit was as low as 1.2 pg/mL [37]. Ge et al. immobilized the AFP antibody

in the microplate, then formed a sandwich structure with the target protein AFP and the
antibody labeled with gold nanoparticles, and then used the nucleic acid chain modified on
gold nanoparticles as the primer for rolling circle amplification. The amplified long strand
product hybridized with tens of thousands of invertase labeled signal probe to achieve signal
amplification, which can realize the highly sensitive detection of AFP [47]. Sun et al. used
the similar sensing strategy to developed an ultrasensitive PGM-based biosensor for PSA
detection based on rolling circle amplification [53] (Figure 5B).

3.3. Liposome encapsulation amplification

Liposomes are promising candidates for signal amplification since it is easy to encapsulate
molecules in their lumen and used as functional vesicles [81]. When using liposome
encapsulation for signal amplification, glucose molecules can be directly encapsulated in
liposome [81-83], and some glucose producing enzymes (such as glucoamylase) can be also
encapsulated in liposome [66-68] as signal elements. For example, Xue et al. hybridized the
miRNA with the padlock probe which can be cyclized in the presence of T4 RNA ligase 2.
With the help of Phi 29 DNA polymerase, rolling circle amplification reaction occurred and
the products were digested by Nb.BbvCl nickase to obtain a large number of trigger probes.
The trigger probe reacted with cDNA modified on magnetic beads and pDNA modified

on glucoamylase encapsulated liposomes. As a result, the target miRNA was analyzed

with ultra-sensitivity by using multiple signal amplification of rolling circle amplification,
nickase cleavage and liposome. The detection limit was as low as 0.1 fM [67]. Tang et

al. developed a novel PGM-based immunosensing strategy for sensitive detection of AFB1
using surfactant-responsive cargo release from glucose-encapsulated liposome nanocarrier
[83] (Figure 5C).

3.4. Hydrogel trapping amplification

DNA hydrogel, especially hydrogel formed entirely from DNA, is a widely hydrated three-
dimensional DNA network formed by sequential directional self-assembly. These hydrogels
have many advantages, such as large surface area, good biocompatibility, designed
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mechanical properties and abundant functional sites. They can be used as functional
materials for sensing, tissue engineering and drug release. In particular, their sensitive
response to external trigger factors makes them favored by POCT device construction.
For example, Yan et al. hybridized cocaine aptamer with two nucleic acid strands bond
with linear polyacrylamide polymers to form DNA hydrogel, and trapped glucoamylase
in the hydrogel to separate the amylose from the hydrogel. The target molecule cocaine
specifically binds with the aptamer sequence, resulting in the collapse of the hydrogel and
releasing of glucoamylase. The amylose was catalyzed to generate glucose, which can be
read by PGM for amplified detection of cocaine [63].

3.5. DNAzyme amplification

As a kind of functional nucleic acid, DNAzyme can catalyze the cleavage of substrate strand
with the help of metal ion cofactor, which can be used for metal ions detection. DNAzyme
can also be used as a signal amplifier to construct PGM-based biosensors [29,38,44,50,56].
Lu group used 8-17 DNAzyme and 39E DNAzyme to construct biosensors for different
non-targets based on personal glucose meter. In the presence of metal ions to be measured,
DNAzyme catalyzes the hydrolysis and cleavage of the substrate strand, and the released
substrate fragment was used as invasive DNA to replace the invertase labeled signal probe
hybridized with biotinylated nucleic acid immobilized on magnetic beads, and catalyzes
the hydrolysis of sucrose to produce glucose, which realizes the detection of Pb2* and
UO,2* [29]. Yang et al. hybridized aptamer probe of aflatoxin AFB1 with the substrate
strand which was modified with thiol group and invertase in the two ends. When the target
molecule was added, aptamer probe specifically binds with AFB1 and released from the
substrate chain. Then the added DNAzyme strand can hybridize with the substrate strand
and cleave the substrate strand in the presence of cofactors. The invertase labeled substrate
fragment was released from the electrode and used to catalyze the hydrolysis of sucrose

to produce glucose, thus realizing the quantitative analysis of AFB1 [44]. Recently, we
hybridized the aptamer probe of OTA with the DNAzyme strand and immobilized it on
magnetic beads together with the invertase modified substrate strand (Figure 5 D). After the
target molecule of OTA in the sample specifically combines with the aptamer probe, the
DNAzyme strand is replaced to react with the substrate strand on the magnetic bead, and the
hydrolysis of the substrate strand is catalyzed by the cofactor. Theoretically, one molecule
of OTA can trigger the hydrolysis of all the substrate strands on the magnetic bead, thus
realizing the highly sensitive detection of OTA [92].

3.6. Biotin-avidin amplification

One molecule avidin can bind to four molecules of biotin, which can be used to amplify
the signal through biotin-avidin reaction. Most of the signal amplification methods reported
in the literature are based on modifying biotinylated invertase to the surface of avidin
functionalized magnetic beads to achieve signal amplification [51,54]. However, there are
also reports that biotin-avidin is directly used as signal amplification element [24,39,74].
For example, Yang et al. immobilized phosphorylated peptides on the surface of Zr#*
functionalized magnetic beads (ZrMBs), and connected biotinylated invertase to ZrMBs
with avidin as a bridge to realize the amplification detection of protein kinase A [24].
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From the above reports, most of the sensing strategies directly make use of the turnover of
enzyme to achieve enzymatic amplification. In order to obtain higher detection sensitivity,
researchers often combine an additional or even multiple amplification strategy to achieve
lower detection limit and wider linear detection range. However, the more complex the
amplification strategy is, the slower the detection speed may be. Therefore, how to achieve
signal amplification without sacrificing detection speed remains a big challenge.

4. TARGET RECOGNITION AND ANALYSIS

4.1.

In the process of constructing PGM-based biosensors for quantitative analysis of different
target molecules, it is necessary to select different recognition elements to specifically
recognize the target molecules of interest, and then combine with signal transduction
elements and signal amplification elements to design sensing strategy, and finally use
personal glucose meter to carry out quantitative analysis. According to the literature reports,
current PGMs can analyze metal ions, small molecules, macromolecular proteins, nucleic
acids and even cells and bacteria. Especially in recent years, the development of aptamers
(obtained by SELEX technology in vitro, which can specifically recognize a variety of target
molecules [56,92-104]) has greatly expanded the detection range of PGMs.

Metal ions recognition and analysis

Metal ions, especially Pb2*, Cu?*, and Hg?* and other heavy metal ions are the main
pollutants in the environment. After they enter the biological chain, they can interact with
protein, enzyme, nucleic acid and other cellular components, change their functions, cause
diseases, endanger the normal growth of human body, and destroy the ecological balance

of the environment. Therefore, it is of significance to develop rapid analytical method for
detection of heavy metal ions in the environment. The commonly used metal ion recognition
elements include DNAzymes, aptamers and other nucleic acids with specific sequences.
DNAzymes can catalyze cleavage of substrates when some metal ions are used as cofactors.
For example, Xiang and Lu constructed a biosensor for the detection of Pb2+ and UO,2*
using 8-17 DNAzyme and 39E DNAzyme, which specifically recognize Pb?* and UO,2*,
respectively [29]. In the presence of cofactors, DNAzyme catalyzes the hydrolysis and
cleavage of the substrate strand, and the cleaved fragment of the substrate strand is used to
displace the invertase labeled signal probe immobilized on the magnetic beads and realize
the detection of heavy metal ions. Zhang et al. used 8-17 DNAzyme, which has specific
response to Ph2*, as the recognition element, and immobilized the biotinylated substrate
chain on the microplate. In the presence of Pb?*, DNAzyme catalyzed the hydrolysis and
cleavage of the substrate strand. The remained biotinylated substrate fragment hybridized
with the signal probe immobilized on invertase modified gold nanoparticles and achieve
sensitive detection of PbZ* using PGM as the readout device [27].

The recognition elements of Cu2* mainly depends on the click chemistry reaction [51]
between alkynyl-DNA and azido-DNA or the ligation DNAzyme [35] which specifically
recognize Cu?*. For example, Su et al. constructed a biosensor to detect Cu2* by using click
chemistry and personal glucose meter. The Cu?* is reduced to Cu* by sodium ascorbate,
which catalyzes the click linking between the alkynyl-DNA immobilized on screen printed
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carbon electrode and the azido-DNA attached to the invertase modified magnetic bead. The
invertase catalyzed the hydrolysis of sucrose to generate glucose, which is detected by the
PGM and realize amplified analysis of Cu2* [51]. Ming et al. constructed a biosensor for
detecting Cu?* based on PGM and ligation DNAzyme releasing strategy. The DNAzyme
catalyzed the ligation of nucleophilic attack of the phosphorus center of DNA1 by the
hydroxyl group on DNA2 and forming a phosphodiester bond in the presence of Cu2*. By
introducing invertase labeled DNA and capture-DNA modified magnetic beads, the ligation
product can hybridize with them and form invertase modified MBs. The invertase can
catalyze the hydrolysis of sucrose to generate glucose and can be monitored by the PGM.
The detection limit of Cu?* is 1 nM [35].

The main recognition element for detecting Hg2* is thymine (T)-containing oligonucleotide
[23,36,84]. Liang et al. used wrapping DNA as bio-gate to encapsulate glucose in
mesoporous silica nanoparticles (MSNs). A T-terminal assistant DNA hybridized with bio-
gate DNA to form T-Hg2*—T base pairing. Exo Il can digest the wrapping DNA from

the 3’-hydroxyl terminus of the duplex DNA, which further releases Hg2* and continuous
detachment of wrapping DNA from MSNs. As a result, the bio-gate is opened, allowing

the pore-trapped glucose to diffuse out of MSNs and be detected by PGM [84]. Huang

et al. employed thymine-thymine (T-T) mismatches DNA as specific recognition elements
for selectively capturing Hg2* to form hairpin structure, which triggered the operation

of T-rich DNA machine and produce a large amount of product for signal amplification.
The product hybridized with capture DNA and invertase labeled signal probe to form

a sandwich hybridization structure. The invertase catalyzed sucrose into glucose, which

can be monitored by PGM to realize quantification of Hg?* concentration [36]. Table 1
summarizes the analytical performance of some representative reports using PGM for metal
ion detection.

4.2. Small molecules recognition and analysis

Aptamer is usually used as recognition element for detection of small molecules with
PGM-based bhiosensors [22,25,28,44,63]. For example, melamine detection in milk and other
foods has attracted many attentions since the discovesry that melamine-adulterated food
causes sever kidney. Lu group obtained a melamine aptamer by structure-switching selection
method, and used the aptamer sequence to form a sandwich structure with invertase labeled
signal probe biotinylated nucleic acid probe immobilized on magnetic beads. After the
melamine molecule in the sample specifically combined with the aptamer, the invertase
labeled signal probe was replaced and catalyze the sucrose to produce. High sensitivity
detection of melamine in milk was realized by PGM [22]. Lu group also used the aptamer
sequence of cocaine to construct a similar sandwich structure to obtain MB/DNA-INV
conjugate, which was captured in the conjugate pad of lateral flow dipstick. When the
sample flowed through the conjugate pad, the aptamer probe bond specifically with cocaine
molecule, and the invertase labeled signal probe was replaced and flowed to the absorption
pad to catalyze the hydrolysis of sucrose in the absorption pad to generate glucose, thus
realizing the rapid detection of small molecule of cocaine [28]. There are also reports

on the use of molecularly imprinted probe [20,88] or antibody [34,48,83] to recognize

small molecules. Chen et al. developed a portable and antibody-free sandwich assay for
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determination of chloramphenicol (CAP) in animal derived food by a PGM based on
magnetic molecular imprinted probe (m-MIP) nanoparticles and a B-cyclodextrin/invertase
functionalized signal tag [20]. Tang et al. used antibody as recognition element to form
sandwich structure with small molecule target of AFB1, and glucose encapsulated liposome
as signal amplification element to realize high sensitivity analysis of AFB1 [83]. Zhao et

al. developed an immunosensor by using a primary antibody coated ZnFe,O4 nanoparticles
to capture the target MC-LR. Invertase coated secondary antibody-conjugated graphene
oxide-Au NPs can be immobilized for formatting the sandwich immuno-complexes, which
allowed for enzymatic conversion of sucrose to glucose [55]. For example, Xiang and Lu
immobilized OTA antibody on magnetic beads, and used invertase labeled aptamer as a
signal probe to form a sandwich structure with OTA small molecule and OTA antibody,
which realized the sensitive analysis of OTA small molecule with a detection limit of 6.8
ng/mL [18]. The analytical performance of some representative reports using PGM for small
molecules detection are summarized in Table 2.

4.3. Protein recognition and analysis

The development of a rapid and highly sensitive protein detection technology is of great
significance for diagnosing and treating diseases, and screening drugs. When developing
biosensors based on PGMs to detect proteins, antibodies [47,53,54,60,64,72,81,82] or
aptamers [33,37,38,58,66] or combinations of antibodies and aptamers [62] are usually
used as the recognition element. For the detection of methyltransferase protein, nuclear

acid with specific methylation site is used as the recognition element [30,39,68,71]. Sun

et al. immobilized antibody Abl of PSA on the magnetic beads and antibody Ab2 on

the gold nanoparticles to react with PSA to form sandwich structure. The nucleic acid
strand modified on the gold nanoparticles was used as a primer to initiate the rolling circle
amplification reaction, and then the invertase modified detection probe was hybridized with
the amplification products to realize the amplified detection of PSA [53]. We hybridized

the aptamer probe of interferon-y (IFN-v) with biotinylated DNA immobilized on magnetic
beads and the invertase labeled signal probe to form a sandwich structure. After the target
molecule specifically combined with the aptamer probe, the invertase modified signal probe
was replaced, and then the sucrose was hydrolyzed to glucose. Finally, we measured
glucose with a personal glucose meter to realize the quantitative analysis of IFN-y [33].
Platelet derived growth factor BB (PDGF-BB), an important cytokine in serum, plays a
vital role in regulating cell growth and division. Hong et al. synthesized ZnS nano crystal
clusters and modified the aptamers of PDGF-BB on them, then formed a sandwich structure
with the target protein of PDGF-BB and another aptamer immobilized on the surface

of gold electrode. When Ag* was added to the sample, the Zn2* in ZnS nano crystal
clusters was replaced by Ag*, and then 8-17 DNAzyme catalyzed the hydrolysis of the
substrate strand under the help of Zn2* cofactor. The substrate strand fragment labeled

with invertase catalyzed the hydrolysis of sucrose to glucose, thus the sensitive analysis of
PDGF-BB was realized by the PGM [38]. Wang Group immobilized antibody of cardiac
biomarker myoglobin (anti-Myo) on polystyrene microplate to serve as recognition element.
A biosensor for the detection of myoglobin was successfully constructed by using the
invertase labeled aptamer probe to react with myoglobin to form a sandwich structure [62].
DNA methyltransferase (MTase) plays an important role in many biological processes and
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has been recognized as a predictive cancer biomarker far before other signs of malignancy
and a therapeutic target in cancer treatment. Yuan group immobilized the hybrid duplex

of S1/S2 containing the active site of M.Sssl methyltransferase and Hpa Il restriction
endonuclease on the gold electrode as the recognition element. Methylated dsDNA was
formed after methylated by M.Sssl methyltransferase, Hpa Il endonuclease can specifically
recognize this site and cleave the unmethylated double strand S1/S2, while the methylated
dsDNA remains intact. Biotinylated S3 can be further hybridized with methylated dsDNA.
Then, avidin and biotinylated invertase are added in turn to catalyze the hydrolysis of
sucrose to glucose to realize the sensitive analysis of M.Sssl methyltransferase [39]. Table
3 summarizes the analytical performance of some representative reports using PGM for
protein analysis.

4.4. Nucleic acid recognition and analysis

DNA detection has attracted more attention because of its important role in etiology
analysis, genetic disease diagnosis and forensic examination. Recent studies have shown
that microRNA (miRNA, 18-25 nt small non-coding RNA, known to help regulate gene
expression and maintain cell physiological processes) is associated with the occurrence
and development of human cancer cells. The tumor specific fingerprints of miRNAs can
provide important information for tumor occurrence, invasion and metastasis. Therefore, it
is of great significance to develop biosensors for nucleic acid detection. When constructing
PGM-based biosensors for detecting nucleic acids (including DNA and miRNA), nucleic
acids are usually used as recognition elements [15,18,21,65,67,68,72,86]. Lu group used
capture probe immobilized on magnetic beads and invertase labeled signal probe as the
recognition element to recognize target DNA hepatitis B virus (HBV) DNA fragment to
form a sandwich structure. Sucrose was hydrolyzed to glucose by invertase, and the sensitive
detection of HBV DNA fragment was realized by a personal glucose meter [17]. Wang
Group uses polystyrene plates to make a chip with one central channel and four branch
channels. Capture-B, Capture-C and Capture-D that recognizes the target DNA of HBV-B,
HBV-C and HBV-D, respectively, and a negative control Capture-R were immobilized in
four branch channels, respectively. Samples were injected into central channel and flowed
through four branch channels, the target DNA in the sample hybridized with different
capture probes, then the invertase labeled signal probe was added to form a sandwich
structure with the target DNA, and then the sucrose solution was added to react with the
invertase in the channel. The generated glucose was detected by a personal glucose meter,
and the target DNA of HBV-B, HBV-C and HBV-D could be analyzed simultaneously
[61]. Using nucleic acid as recognition element, Shan et al. constructed a DNA biosensor
by using loop based DNA competitive hybridization reaction and personal glucose meter.
When the sample contains the target DNA, the target DNA replaces the invertase labeled
signal probe labeled due to the competitive binding, and catalyzes the hydrolysis of sucrose
to produce glucose. As a result, the sensing strategy for quantitative analysis of target
DNA is constructed [52]. Zhang group has developed a DNA walking machine that can
detect miRNA-21 with a personal glucose meter and a fluorescence meter. The hairpin
probe H1 labeled with quenching group BHQ and fluorescent group FAM at both ends
was immobilized on the magnetic bead. The target miRNA in the sample hybridized with
hairpin probe H1. After opening the hairpin structure, the invertase labeled hairpin probe H2
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hybridized with H1. As a result, the target miRNA was replaced and reacted with another
molecule H1. The restore of FAM labeled on H1 and invertase labeled on H2 make the
proposed sensor can be used to detect miRNA-21 by PGM and fluorescent meter with
detection limit of 98 pM and 60 pM, respectively [46]. Using nucleic acid as recognition
element, Huang et al. hybridized DNAzyme strand with locking strand and immobilized

the duplex and invertase labeled substrate strand on magnetic beads. Upon hybridization

of miRNA-21 with locking strand, the DNAzyme strand was released and hybridized with
the substrate strand, and catalyzed the hydrolysis of the substrate strand in the presence of
cofactor. The invertase labeled substrate fragment was released to catalyze the hydrolysis of
sucrose to produce glucose, and the amplified detection of miRNA-21 was realized [56]. The
analytical performance of some representative reports using PGM for nucleic acid detection
are summarized in Table 4.

4.5. Cell and bacteria recognition and analysis

The detection, identification and quantification of pathogens are very important for clinical
diagnosis, environmental monitoring and food safety. PGMs can also be used as readout

to detect pathogenic bacteria, such as Sa/monella[40,75], E. coli O157:H7 [41,42,76],
Staphylococcus aureus [32] and other pathogenic bacteria using antibody or aptamer as
recognition elements. For example, Luo et al. used antibodies as recognition elements

to immobilize on magnetic beads and glucose oxidase functionalized silica nanoparticles
(SiNPs), respectively. The analyte Salmonella reacted with antibodies to form a sandwich
structure. Glucose oxidase catalyzed the hydrolysis of glucose, and there was a linear
relationship between the amount of glucose reduction detected by personal glucose meter
and the content of Sa/monella[75]. Huang et al. modified the magnetic beads with
antibodies as recognition elements, and then reacted with £. co/i O157:H7 and invertase
labeled antibody to form a sandwich structure. The magnetic beads were adsorbed in the
capillary with magnets. The sucrose flowed through the capillary and was hydrolyzed by
invertase to produce glucose which was detected by personal glucose meter. The detection
limit of £. coli O157:H7 was 79 CFU/mL [41]. Wan et al. constructed a biosensor for
detection of Staphylococcus aureus based on personal glucose meter with aptamer as
recognition element, and the detection limit was 1.0 x 10° CFU/mL [32]. There are

also a few reports that the sensor can be constructed to detect cells based on personal
glucose meter. Circulating tumor cells (CTCs) are malignant cells in peripheral blood stream
or lymphatic system that are shed from tumor tissues, which play critical roles in the
occurrence of cancer and metastases. Using SK-BR-3 breast cancer cell line CTC as model
target and two different antibodies, anti-EpCAM and anti-human epidermal growth factor
receptor 2 (HER2), as recognition elements, Yang et al. constructed a PGM-based biosensor
for CTC detection. They fixed anti-EpCAM antibody on magnetic beads and anti-HER?2
antibody on streptavidin coated polystyrenes microbeads. The target CTC cells reacted with
two antibodies to form a sandwich structure, and then the invertase catalyze the hydrolysis
of sucrose to generate glucose. Using a PGM as readout device, the detection limit of CTC
cells was 7 cells [49]. Table 5 summarizes the analytical performance of some representative
reports using PGM for cell and bacteria detection.
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From the perspective of target recognition and analysis, many sensing strategies for different
analytes have been developed, and the most commonly used target recognition elements are
still antibodies and aptamers. It is still an important direction for researchers to develop

new recognition elements and construct new analysis strategies for new targets. In addition,
the development of multi-component sensing strategy is still a challenge for blood glucose
meter as a readout.

CONCLUSIONS AND PERSPECTIVES

As a POCT device, personal glucose meter is widely used in clinical diagnosis and

personal blood glucose monitoring of diabetic patients because of its convenient operation,
low cost, good selectivity and no need of expensive instruments. In recent years, it has

been reported that PGM can be used to detect various non-glucose targets, which greatly
expands the application scope of PGM. Starting from the main components of biosensor,
this review summarizes the signal transduction models, signal amplification methods and
target recognition elements of PGM-based biosensors and provide examples of applying the
sensors in detecting different non-glucose targets.

In the area of signal transduction, glucose producing enzymes, such as invertase, amylase
and alkaline phosphatase, can be used to convert different sugar sources into glucose,

or glucose can be directly encapsulated in liposomes and other materials and can be
releases upon binding of the target. For signal amplification, nanomaterials, nucleic acid
reactions, liposomes or hydrogel, DNAzyme, biotin-avidin reaction have been used. For
target recognition and analysis, for the detection of metal ions, DNAzyme and aptamers
with specific response to some metal ions are usually used as recognition elements. For
some metal ions detection, special nucleic acids can also be used as recognition elements,
such as click chemistry for Cu2* detection and T-Hg?*-T base pair for Hg2* detection.
Antibodies or aptamers are mainly used as recognition elements for the detection of small
organic molecules such as mycotoxins and drug residues. For protein detection, antibodies,
aptamers or the combination of the two are usually used as recognition elements. Nucleic
acid modifying enzymes, such as methyltransferase, can also be used to detect nucleic
acids containing methylation recognition sites. For the detection of nucleic acids such as
target DNA or miRNA, nucleic acids with complementary sequences are usually used

as recognition elements through nucleic acid hybridization. For the detection of cells or
bacteria, antibodies are mainly used as recognition elements, and a few pathogenic bacteria
(such as Staphylococcus aureus) have corresponding aptamers as recognition elements. By
using these strategies, the PGM-based biosensors are widely used in clinical diagnosis, food
safety and environmental detection.

Although much progress has been made in the construction of biosensors for detecting non-
glucose targets based on PGMs, there are still challenges in each area of signal transduction,
amplification and target recognition for practical applications and thus require further
development in the future. (1) In the area of signal transduction, most of the biosensors
based on PGMs use glucose-producing enzymes. New signal transduction methods with
more robust enzymes and higher activities need to be developed to improve better analytical
performance. (2) In signal amplification, the detection sensitivity of PGM itself is not high
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enough. Therefore, various signal amplification methods are needed. To meet the need, the
use of complex signal amplification methods has been reported, but implementation of these
steps often reduces the detection speed. Therefore, it is necessary to develop new signal
amplification methods, which can improve the detection sensitivity, realize the sensitive
detection of low abundance analytes without the sacrifice of detection speed. (3) In target
recognition, in addition to antibody, aptamer, DNAzyme, modified nucleic acid and other
recognition elements with more functional groups can be developed to allow detecting new
targets with higher affinity and selectivity. (4) In the aspect of target analysis, the first

is to expand the application range of PGMs in different fields and different targets. The
second is that most of the biosensors based on PGMs as readout can only detect one target
analyte at a time. The development of biochip and other methods using PGMs as signal
readout to realize multi-component analysis is also needed. (5) In the design of the PGM
itself, we need to develop the software to make the detection results of non-glucose targets
directly displayed on the meter, eliminating the manual conversion steps and enhancing the
practicability of its detection of non-glucose targets.
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Typical components and strategies of the PGM-based biosensor for non-glucose targets.
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PGM-based biosensors using amylase as transduction element. (A) Amylase trapped
in hydrogel. (B) Amylase encapsulated in liposome. (C) Amylase immobilized on

nanoparticles.
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Table 1.

Analytical performance of some representative PGM sensors for metal ion detection.

Page 30

Target Reelcgn;tqiton trar?;gﬂijtion Signal amplification Detection limit | References
Hg?* T-Hg?*-T invertase enzymatic N.A. [21]
Pb2* DNAzyme invertase AuNPs 1.0 pM [27]
Pb2Z DNAzyme invertase enzymatic 16 nM [29]
Cu?* ligation DNAzyme invertase enzymatic 1nM [35]
Hg?* T-Hg?*-T invertase nicking enzyme 1077 ™m [36]
Cu?* | click chemistry reaction invertase magnetic bead 10 nM [51]
Hg?* T-Hg?*-T encapsulated glucose | Exo Il and mesoporous silica nanoparticles 0.1nM [84]

Abbreviations: T—Hg2+-T = thymine-Hg2+-thymine; N.A. = Not applicable; AuNPs = gold nanoparticles; Exo = exonuclease.
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Table 2.
Analytical performance of some representative PGM sensors for small molecules.
Target choe'%n;iton trar?sgniltion Signal amplification Detection limit | References
chloramphenicol | molecularly imprinted probe invertase AuNPs 0.16 ng/mL [20]
melamine aptamer invertase enzymatic 0.33 uM [22]
dopamine aptamer invertase AuNPs 0.03 uM [25]
cocaine aptamer invertase enzymatic 7.7uM [28]
AFB1 aptamer invertase DNAzyme 10 pM [44]
OTA aptamer invertase enzymatic 72 pg/mL [48]
MC-LR antibody invertase GO-Au NPs 0.1 ng/mL [55]
AFB1 antibody encapsulated glucose | liposome encapsulation 0.6 pg/mL [83]
RAC antibody invertase AuNPs 0.34 pg/kg [88]
cocaine aptamer amylase hydrogel trapping 3.8uM [63]
OTA aptamer invertase DNAzyme 0.88 pg/mL [92]
8-OHdG antibody invertase enzymatic 1.73 ng/mL [34]
OTA antibody and aptamer invertase enzymatic 6.8 ng/mL [18]

Abbreviations: AuNPs = gold nanoparticles; AFB1 = aflatoxin B1; OTA = ochratoxin A; MC-LR = microcystin-LR; GO = graphene oxide; RAC =
ractopamine; 8-OHdG = 8-hydroxy-2’-deoxyguanosine.
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Table 3.

Analytical performance of some representative PGM sensors for protein analysis.

Target Reé:gr%n;rt]iton tra?gzitlion Signal amplification Detection limit | References
M.Sssl MTase nucleic acid invertase enzymatic 0.37 U/mL [30]
VEGF antibody and aptamer invertase HCR 1.2 pg/mL [37]
PDGF-BB aptamer invertase DNAzyme 0.11fM [38]
M.Sssl MTase nucleic acid invertase biotin-streptavidin 0.3 U/mL [39]
AFP antibody invertase RCA 0.087 ng/mL [47]
PSA antibody invertase AuNPs and RCA 0.1 pg/mL [53]
PSA antibody invertase AuNPs 1.26 ng/mL [54]
AFP antibody invertase enzymatic 0.18 ng/mL [60]
myoglobin aptamer invertase enzymatic 50 pM [62]
NSE antibody invertase AUNPs 0.05 ng/mL [64]
Dam MTase nucleic acid amylase liposome encapsulation 0.002 U/mL [68]
Dam MTase nucleic acid amyloglucosidase hydrogel trapping 0.001 U/mL [71]
HbAlc antibody ALP enzymatic 3mg/L [72]
phospho-p5315 antibody encapsulated glucose | liposome encapsulation 50 pg/mL [81]
PDGF-BB aptamer invertase enzymatic 2.9fM [58]

Abbreviations: MTase = methyltransferase; VEGF = vascular endothelia growth factor; HCR = hybridization chain reaction; PDGF-BB =
platelet-derived growth factor BB; AFP = alpha-fetoprotein; PSA = prostate specific antigen; AuNPs = gold nanoparticles; NSE = neuron-specific

enolase; HbAlc = glycated hemoglobin; ALP = alkaline phosphatase; phospho-p5315 = protein 53 phosphorylated on Serine 15.
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Table 4.

Analytical performance of some representative PGM sensors for nucleic acid.

Target choa%neirt]iton trar?sgﬂiltion Signal amplification Detection limit | References
HBV DNA nucleic acid invertase enzymatic 40 pM [17]
miRNA-21 nucleic acid invertase DNA walking machine 60 pM [46]

specific DNA | nucleic acid invertase enzymatic 100 pM [52]
specific DNA | nucleic acid invertase Exo 11 50 pM [59]
HBV DNA nucleic acid invertase enzymatic 10 pM [61]
miRNA-21 nucleic acid amylase RCA and liposome encapsulation 0.1fM [67]
miRNA-21 nucleic acid amylase hydrogel trapping 0.325 fmol [69]
miRNA-21 nucleic acid amylase TCSDR and liposome encapsulation 0.7 fM [70]

PCA3 nucleic acid ALP biotin-avidin 5pM [74]

miRNA-21 nucleic acid | encapsulated glucose mesoporous silica nanoparticle 19 pM [87]

Abbreviations: HBV = hepatitis B virus; Exo = exonuclease; AuNPs = gold nanoparticles; miRNA = microRNA; TCSDR = toehold-mediated

circular strand displacement reaction; PCA3 = prostate cancer antigen 3; ALP = alkaline phosphatase.
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Table 5.

Analytical performance of some representative PGM sensors for cell and bacteria detection.

Target Reé:oeg]n;iton tra?gﬂiion Signal amplification Detection limit References
S. aureus aptamer invertase enzymatic 1.0x105 CFU/mL [32]
salmonella antibody invertase enzymatic 10 CFU/mL [40]
E. coli O157:H7 antibody invertase invertase-nanocluster 79 CFU/mL [41]
E. coliO157:H7 antibody invertase magnetic nanoparticle 6.2x10% CFU/mL [42]
CTCs antibody invertase polystyrene microsphere 7 cells [49]
salmonella antibody glucose oxidase silica nanoparticle 72 CFU/mL [75]

Abbreviations: S. aureus = Staphylococcus aureus, E. coli = Escherichia colf; CTCs = circulating tumor cells.
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