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Pb(II) ions pose a grave concern due to their ability to inflict irreparable harm upon humans, even at exceedingly
low concentrations. Conventional techniques have limitations due to the need for complex sample pre-treatment,
specialized operation, and expensive equipment for widespread Pb(II) ion detection. Consequently, there is a
burgeoning interest in developing a DNA biosensor that employs fluorescence methodology to detect Pb(II) ions.
It offers heightened sensitivity, an impressive lower detection limit, and user-friendly operation, thus rendering it
a focal point of contemporary scientific inquiry. One noteworthy observation is the Pb(II) ion’s capacity to form
remarkably stable G-quadruplex structures when paired with G-base-rich oligonucleotide sequences (GOS),
surpassing the stability achieved with K(I) ions. This observation opens up exciting avenues and possibilities for
detecting Pb(II) ions. In this review, we undertake a comprehensive classification and summarization of diverse
fluorescent biosensors for Pb(II) ion detection, relying on the formation of G-quadruplex structures through both
label-free and labeled methodologies. The categorization encompasses signal on-off/off-on models and
enzymatic-assisted approaches within the label-free methods. In the labeling method, our scrutiny delves into
various classes of quenching groups, including conventional quenchers, continuous G bases, and nanomaterials,
offering a comprehensive discussion of their respective merits and applications. Moreover, this review endeavors
to explicate the formation of G-quadruplex structures triggered by Pb(Il) ions, thereby fostering a more explicit
understanding among researchers of these intricate structures.

1. Introduction

Lead is frequently encountered on the Earth’s surface and is
commonly found within ores. In the wake of burgeoning heavy in-
dustries, the extensive global application of Pb(II) has resulted in a
significant release of Pb(II) ions waste into the natural environment (Du
et al., 2015). Upon investigation, it has come to light that contaminated
soil, food, and drinking water harbor discernible Pb(II) ions (Liu et al.,
2016). Of all the pernicious heavy metals, Pb(II) ions rank among the
most detrimental, characterized by their resistance to degradation,
prolonged half-life, and potent bioaccumulation (Chen et al., 2021).
Even minute quantities of Pb(II) ions present in food or potable water
can inflict considerable damage upon vital human organs and systems
(Fu et al., 2020), including the kidneys, liver (Du et al., 2015), immune
system (Chen et al., 2021), as well as the neurological and urinary sys-
tems (Ozdemir et al., 2017). This dire threat gravely jeopardizes human

life and health. In recognition of this critical issue, the U.S. Environ-
mental Protection Agency (EPA) and the World Health Organization
(WHO) have set strict safety thresholds for Pb(II) in drinking water at
53.6 nM and 35.7 nM, respectively (Chen et al., 2020). Consequently, it
is necessary to investigate and develop a facile and highly sensitive
methodology capable of detecting low concentrations of Pb(II) ions,
applicable to real-life scenarios.

Numerous conventional techniques have been devised for Pb(II) ion
detection, comprising atomic absorption spectrometry (Bechlin et al.,
2014, Chahid et al., 2014), atomic emission spectrometry (Yu et al.,
2017), inductively coupled plasma mass spectrometry (ICP-MS) (Ozde-
mir et al., 2017, Jia et al., 2018), and anodic stripping voltammetry
(Jayadevimanoranjitham and Narayanan, 2019). Regrettably, these
methods suffer significant drawbacks that hinder their applicability in
on-site and real-time analyses. Chief among these limitations is the
considerable expense of the requisite instrumentation, coupled with the
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intricacy and tedium of the pre-processing steps, necessitating special-
ized technicians for operation. Moreover, the detection sensitivity of
these traditional approaches is fraught with uncertainty, influenced by
the sample’s inherent nature, the method employed for sample prepa-
ration, instrumentation nuances, and the specific operating conditions
(Dil et al., 2020, Dil et al., 2021, Mehrabi et al., 2023). As a result, these
unstable outcomes are prone to manifest, severely constraining the daily
expeditious detection of Pb(II) ions.

DNA-based Pb(II) ion detection represents an innovative and
recently developed methodology. Its effectiveness hinges on deploying
oligonucleotide aptamers, lauded for their remarkable binding capacity,
facile adaptability, exceptional stability, and uncomplicated synthesis
procedures (Krishnamoorthy, 2018, Amalraj et al., 2021, Arunjegan
etal., 2021). A pivotal component of this approach is the formation of G-
quadruplex (G-4) structures, a nucleic acid secondary conformation that
arises from the folding of sequences rich in consecutive guanine (G)
bases (Sun et al., 2019). The interaction between Pb(II) and G-rich se-
quences is of particular significance, giving rise to highly stable tetra-
meric structures (Sun et al., 2015). It is noteworthy that Pb(II) exhibits
higher stability to G-4 compared to K(I) (Sun et al., 2013), an essential
property ingeniously harnessed by scientists to devise an array of
ingenious techniques and concepts for Pb(Il) ions detection. The fluo-
rescence method represents a powerful and innovative approach for
detecting and tracking individual target molecules, such as Pb(II), with
exceptional sensitivity (Amalraj and Perumal, 2022, Mehta et al., 2022,
Zhang et al., 2023). Its capacity to monitor fluorescence signals allows
for high precision and a broader linear range of detection, enabling the
identification of targets across a broad concentration spectrum (Krish-
namoorthy, 2018). The fluorescence-based approach boasts several
distinct advantages (Ravikumar et al., 2017, Sivakumar and Lee, 2021).
For example, operational simplicity, lower cost, and allow for real-time
analysis. Thus, integrating fluorescence and aptamer technology pre-
sents a promising avenue to address the pressing challenges posed by Pb
(II) detection, propelling scientific inquiry and advancements in this
critical domain.

This paper expatiates a synthetical review of contemporary in-
vestigations concerning forming Pb/G-4 complexes by employing Pb(II)-
specific oligonucleotides. A novel fluorescence-based technique is
elucidated with this context, specifically designed to detect low con-
centrations of Pb(II) ions in aqueous environments. Emphasis is placed
on analyzing two fluorescence methods, namely label-free and labeled
methods, each boasting unique attributes and mechanisms for recog-
nizing fluorescent signals. The following essays are specifically dis-
cussed: signal on—off/off-on (Li et al., 2010, Xu et al., 2015, Huang et al.,
2016) models, enzyme-assisted (Wen et al., 2016, Rajaji and Pan-
neerselvam, 2020) for label-free methods. Moreover, the different
quenchers of the labeled probes are classified as common quenchers (Liu
et al., 2009, Lu et al., 2019), G bases (Wang et al., 2013, Zhang et al.,
2021) and nanomaterials (Li et al., 2013, Li et al., 2013, Khoshbin et al.,
2019).

2. Label-free methods

Label-free methods significantly advance in detecting specific
structures, such as G-4 or Pb(II) binding G-4 structures. Notably, various
intercalator dyes have proven effective in discerning G-4/G-4-Pb(Il)
structures, including N-Methylmesoporphyrin IX (NMM) (Guo et al.,
2012), SYBR Green I (Zhan et al., 2014, Huang et al., 2016), Thiazole
orange (TO) (Jacobi et al., 2012), Malachite green (MG) (Li et al., 2018),
AMT (Geng et al., 2020), and GeneFinder™ (Zhan et al., 2015). These
fluorochromes are capable of inducing fluorescence changes, and their
interactions with G-4/G-4-Pb(Il) structures can manifest in different
fluorescence models, characterized as either “on—-off” or “off-on”.
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2.1. “On-off” model

In the “on—off” model, the fluorescence is enhanced by binding to the
target DNA structures, while the fluorescence is quenched upon inter-
action with the G-4-Pb(Il) structures. In 2013, Zhang et al. devised a
DNA sensor (Fig. la) predicated on the exchange between double-
stranded DNA (dsDNA) and G-4 structures to detect Pb(II) ions (Zhang
et al., 2013). SYBR Green I was employed, which could be embedded
into dsDNA. GOS-1 (Table 1) and its complementary strand could form a
dsDNA configuration that exhibited robust fluorescence. However, upon
introducing Pb(II) ions, GOS-1 underwent a conformational change,
adopting a compact G-4 structure. As a result, this structural transition
induced the detachment of the fluorophore SYBR Green I from dsDNA,
resulting in a substantial decline in fluorescence intensity. The sensor
demonstrated a consistent decrease in fluorescence as the concentration
of Pb(II) ions increased from 10 to 100 nM and 100 to 1000 nM, dis-
playing a reliable linear relationship with concentration (Table 2).
However, preparation of dsDNA takes up to 3 h and 2 h to monitor the Pb
(I) detection, making the detection process time-consuming and labo-
rious. Despite these limitations, the pioneering work in designing the
DNA sensor contributes to Pb(II) ion detection, offering valuable in-
sights for future developments and improvements in DNA-based sensing
strategies.

In 2016, a novel approach utilizing GOS-2 (Table 1) was introduced
to hinge on a comparable principle of interconversion between dsDNA
and G-4 structures (Huang et al., 2016). This design enabled the
detection of Pb(II) ions by extinguishing the fluorescence signal of
PicoGreen (PG) (Fig. 1b, Table 2). In contrast to the sensor mentioned
above, this method remarkably expedited Pb(II) detection. The detec-
tion process was achieved in 13 min, even at RT. The work addresses
existing limitations and showcases the remarkable potential for refining
and optimizing detection methodologies. The accelerated and simplified
approach, exemplified by the GOS-2 design, is poised to leave a lasting
impact on the Pb(II) ion detection landscape, enhancing efficiency and
effectiveness in diverse settings.

To optimize the sensor for Pb(Il) ion detection, the same sequence of
GOS-1 (Table 1) was harnessed to design the sensor for Pb(II) ion
detection (Guo et al., 2012). The introduction of K(I) ions led GOS-1 to
assume a G-4 configuration, a state that exhibited heightened fluores-
cence upon interaction with NMM, which was renowned for its selec-
tivity toward the G-4 structure. However, upon Pb(Il) ions, these ions
displaced K(I) ions, binding to the G-4 and generating a more stable G-4
structure. As a result, NMM’s binding affinity to this stable structure
diminished, extinguishing the fluorescence signal and facilitating Pb(II)
ion detection (Fig. 2a, Table 2). Similarly, Yang et al. capitalized on
ethyl-substituted thioflavin T (ThT-E) (Yang et al., 2019). In their
method, the presence of K(I) ions prompted GOS-1 to assemble into
parallel G-4 with embedded ThT-E, showcasing robust fluorescence.
ThT-E is a derivative of ThT, representing an advancement over ThT due
to its heightened sensitivity and suitability for G-4 detection. In contrast,
introducing Pb(II) ions induced the formation of antiparallel G-4 within
the GOS-1, resulting in a reduced fluorescence signal. This approach
boasted a swift detection response time of merely 5 min compared to 30
min incubation time of NMM, alongside an impressively low detection
limit of 0.76 nM (Table 2), signifying remarkable sensitivity and
considerable practical value (Fig. 2b). Without the assistance of K(I),
Zhan et al. pioneered a novel sensor (Fig. 2c) that employed the fluo-
rophore SYBR Green I, which was adept at binding to the GOS-3 probe
through electrostatic interaction, yielding a stronger fluorescence signal
(Zhan et al., 2014). However, the presence of Pb(I) ions instigated GOS-
3 to adopt a G-4 conformation, causing the fluorescence excited by SYBR
Green I to undergo a significant attenuation, facilitating the detection of
Pb(Il) ions. The sensor’s fluorescence intensity exhibited a linear
decrease proportionate to the rising Pb(II) ion concentration within the
0-100 ppb (0-483 nM). This sensor achieved a detection limit of 3.79
ppb (18.31 nM) (Table 2). By leveraging the interplay between Pb(II)
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Fig. 1. Based on the interplay between dsDNA and G-4 structural conversions: (a) SYBR Green I as the fluorescence indicator (Zhang et al., 2013); (b) PG as the
fluorescence indicator to monitor Pb(II) (Huang et al., 2016).

Table 1
The sequences of the probes mentioned above.
Probe Nucleotide sequence
GOS-1 GTGGGTAGGGCGGGTTGG
GOS-2 GGTTGGTGTGGTTGG
GOS-3 GGGTGGGTGGGTGGGT
GOS-4 Gss
GOS-5 TTTTTTGGGTGGGTGGGTGGGTTTTTTT
GOS-6 GGTGGTGGTGGTTGTGGTGGTGGTGG
GOS-7 GGGGAGAAGGACGGGUCCAGUGCGAAACACGCACUGUUGAGUAGAGUGUGAGCUCCC
GOS-8 AGGGTTAGGGTTAGGGTTAGGG
GOS-9 GGGTAGGGCGGGTTGGG
GOS-10 CACTrAGGAAGAGATGTGGGTAGGGCGGGTTGGATCTCTGAAGTAGCGCCGCCGTAGTG
GOS-11 GGGTTGGGCGGGATGGGTATCATTACTATTAGGAAGAGAGATTACTAAACGATCGCCCA
GOS-12 GGGTTGGGCGGGATGGGTTTCACTrAGGCACTTTGGGTAGGG
GOS-13 GTTAGGGCATCACTATrAGGTTAGGGCATCACTAT
GOS-14 TCAGGGTTTTGGGTTTTTTGGGTTTTGGGAGAGTArATATCAGGGACACTT
GOS-15 TAGGGCCCCGGGCCCCCCGGGCCCCGGGAGAGCTrAGGCACTTTGGGTAGGG
GOS-16 BHQ-2-(CH2)6-GGCGCCGGAAGGTGTGGAAGGTCACCGGCGCC-(CHy)6-TAMRA
GOS-17 CGTCATGGGTGGGTGGGTGGGTGACGGGG
GOS-18 CCCTCCTTCCCTTCCTTTTCCAACCCAACCACCGGTTGGTGTGGTTGG
GOS-19 GGGCCGGCTTCGGCCGGCGGGG
GOS-20 GGAAGGTGTGGAAGG
GOSs-21 NH>—(CH2)6-GGGTGGGTGGGTGGGT
GOS-22 HS-3(CHCH20)6-GGAAGGTGTGGAAGGTTCCAGACCT
GOSs-23 NH-GGGTGGGTGGGTGGGT

Table 2

Comparison of the label-free fluorescent biosensors for Pb(II) detection.
Label-free Probe Fluorophore Detection linear range LOD Signal Ref.
On-off GOS-1 SYBR Green I 10-1000 nM 3 nM Turn Off (Zhang et al., 2013)
On-off GOS-2 PG 4.83-4830 nM 4.83 nM Turn Off (Huang et al., 2016)
On-off GOS-1 NMM 5-1000 nM 1nM Turn Off (Guo et al., 2012)
On-off GOS-1 ThT-E 0-1000 nM 0.76 nM Turn Off (Yang et al., 2019)
On-off GOS-3 SYBR Green I 0-483 nM 18.31 nM Turn Off (Zhan et al., 2014)
On-off GOS-4 Tb(III) 3-50 nM 1nM Turn Off (Lin et al., 2011)
On-off GOS-5 GeneFinder™ 0-386 nM 12.66 nM Turn Off (Zhan et al., 2015)
On-off GOS-6 NMM 10-200 nM 5nM Turn Off (Zhu et al., 2018)
Off-on GOS-3 ZnPPIX 20-1000 nM 20 nM Turn On (Li et al., 2010)
Off-on GOS-3 AMT 100-1000 nM 3.6 nM Turn On (Geng et al., 2020)
Off-on GOS-6 TO 0-40 nM 8 nM Turn On (Jacobi et al., 2012)
Off-on GOS-6 NMM 0-1000 nM 3 nM Turn On (Xu et al., 2015)
Off-on GOS-7 DFHBI 5-500 nM 6 nM Turn On (DasGupta et al., 2015)
Off-on GOS-8 MG 22.4-475 nM 6.7 nM Turn On (Li et al., 2018)
Off-on GOS-9 Cationic perylene derivative 10-1000 nM 5 nM Turn On (Zhao et al., 2016)
Enzyme-assisted GOsS-10 AED 0.05-50 nM 0.0228 nM Turn Off (Zhao et al., 2013)
Enzyme-assisted GOS-11 ZnPPIX 5-100 nM 3 nM Turn On (Fu et al., 2016)
Enzyme-assisted GOS-12 ThT 10-1000 nM 0.06 nM Turn On (Wen et al., 2016)
Enzyme-assisted GOS-13 CV 2.5-25000 nM 5 nM Turn On (Zhou et al., 2021)
Enzyme-assisted GOS-14 ThT 0-0.05 nM 0.096 nM Turn On (Ravikumar et al., 2017)
Enzyme-assisted GOS-15 ThT 3-9 nM 1.6 nM Turn On (Rajaji and Panneerselvam, 2020)
Enzyme-assisted GOS-6 AUR 0-1000 nM 0.4 nM Turn On (Li et al., 2011)
Enzyme-assisted GOS-2 TMB 0.5-460 nM 0.25 nM Turn On (Li et al., 2020)
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Fig. 2. Formation of G-4-Pb(II) enables fluorescence release: (a) NMM as the fluorescence indicator (Guo et al., 2012); (b) ThT-E as the fluorescence indicator (Yang

et al., 2019); (c) SYBR Green I as the fluorescence indicator (Zhan et al., 2014).

ions and G-4 structures, researchers continue to push the boundaries of
detection methodologies, advancing our ability to sensitively and effi-
ciently monitor Pb(II) ions for various applications.

To enhance the application of Pb(II) detection sensors, the multi-
functional sensors were designed, which were capable of detecting two
distinct types of metal ions, namely Pb(II) and Hg(II). In 2011, Lin et al.
proposed the use of probes poly guanidine GOS-4 (Table 1) and terbium
ion (Tb(III)) for the identification of Pb(II) ions, where the Tb(III) ion
probe GOS-4 binds to the Tb(III) ion and changes its structure to a G-
quarter structure, transferring energy from the nucleic acid sequence to
Tb(II) and thus increasing the fluorescence signal; the Pb(II) ion com-
petes with the Tb(III) ion to interact with GOS-4 forming a G-4 structure,
which immediately decreases fluorescence and thus detects Pb(II) ions
(Lin et al., 2011) (Fig. 3a). The team also found that the use of poly-
thymidine (T33) and a benzothiazole-4-quinoline dimer derivative
(TOTO-3) enabled the detection of mercury ions. This inexpensive
method increases the detectable Pb(II) and Hg(II) concentrations to
3-50 nM and 25-500 nM. The detection limits were 1 nM for Pb(II) and
10 nM for Hg(II) (Table 2).

Notably, in 2015, Zhan et al. engineered a novel structure for GOS-5
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(Table 1), incorporating six T bases at both the 5 and 3"-ends. This
structural modification facilitated the concurrent detection of Pb(II) and
Hg(II) ions (Zhan et al., 2015). The fluorescent indicator GeneFinder™
distinguished by its heightened affinity for dsSDNA compared to ssDNA,
was instrumental in this configuration, eliciting a more robust fluores-
cence signal. It is effectively bound to GOS-5 by electrostatic in-
teractions, producing moderate-intensity fluorescence. The presence of
Pb(ID) ions prompted the formation of a G-4 structure, leading to the
stacking of the GeneFinder™ fluorophore and subsequent quenching of
fluorescence. On the other hand, Hg(II) ions facilitated the creation of a
T-Hg(ID-T hairpin structure with GOS-5, engendering more intense
fluorescence when the fluorophore was excited (Fig. 3b). This approach,
while effective, did involve a detection process lasting 45 min. Never-
theless, it’s remarkable that the GOS-5 sensor demonstrated remarkable
sensitivity, detecting Hg(II) and Pb(II) ions at concentrations as little as
2.33 ppb (11.62 nM) and 2.62 ppb (12.66 nM), separately (Table 2). This
dual detection capability provided a pioneering avenue to detect mul-
tiple heavy metal ions simultaneously. Building on this progress, Zhu
et al. further refined their efforts in 2018 by designing a bifunctional
sensor (Fig. 3¢, Table 2) capable of individually detecting Pb(II) and Hg
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Fig. 3. Dual function of DNA-based biosensors for Pb(II) and Hg(II) detection: (a) TOTO-3 and Tb(III) as the fluorescence indicator (Lin et al., 2011); (b) Gene-
Finder™ as the fluorescence indicator (Zhan et al., 2015); (¢) NMM as the fluorescence indicator (Zhu et al., 2018).
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(ID) ions (Zhu et al., 2018). This novel approach relied on distinct fluo-
rescence changes for each type of ion. This design significantly reduced
detection time, achieving an impressive 10-minute reduction.

“Off-on” model

In the “off-on” model, the fluorescence of intercalated dyes is
restored by binding to the target DNA structures due to the assistance of
Pb(I). In 2010, Li et al. introduced a novel approach utilizing the GOS-3
probe in conjunction with the fluorophore ZnPPIX (Li et al., 2010). The
method involved the formation of a dsDNA between GOS-3 and its
complementary strand, with ZnPPIX exhibiting no recognition capa-
bility toward dsDNA. When Pb(II) existed, GOS-3 underwent a structural
transformation, folding into a G-4 configuration. Intriguingly, ZnPPIX
demonstrated an affinity for G-4, resulting in a significant enhancement
in the fluorescence signal (Fig. 4a). Subsequently, after detecting Pb(II),
the introduction of DOTA competitively bound to Pb(II), reinstating the
sensor to its original state, thus allowing for multiple reuse cycles. The
fluorescence intensity correlated linearly with Pb(II) concentrations
from 20 nM to 1 pM (Table 2). Impressively, the detection limit for Pb(II)
stood at 20 nM, underscoring the method’s remarkable sensitivity. This
innovative strategy facilitated the specific recognition of Pb(II) ions and
demonstrated the potential for multiple reuse cycles through competi-
tive binding.

In 2020, a significant advancement was made by Geng et al. with the
introduction of a sensor that harnessed the same sequence of the GOS-3
probe in combination with the fluorophore AMT (Geng et al., 2020). The
methodology capitalized on AMT’s inherent propensity for strong fluo-
rescence in solution. The interaction between AMT and the GOS-3 probe
led to the formation of a G-4/AMT complex. The fluorescence was
quenched because of electron transfer from the G bases in G-4 to AMT.
However, when Pb(II) ions induced GOS-3 to fold into a G-4 structure,
releasing AMT from G-4. This exchange triggered fluorescence excita-
tion and subsequent Pb(Il) ion recognition (Fig. 4b). The resulting
fluorescence exhibited a linear relationship with increasing concentra-
tions of Pb(II) ions within the range of 0.1 uM to 1 uM (Table 2). This
property allowed for quantitative analysis of Pb(II) ions in clinical
samples, presenting a powerful tool for clinical analysis.

Meanwhile, various other G-base-rich oligonucleotide sequences
have been harnessed for Pb(II) detection, leading to diverse detection
methodologies. Notably, in 2012, Jacobi et al. strategically employed
GOS-6 for Pb(II) detection (Fig. 5a) (Jacobi et al., 2012). This method
incorporated the fluorescent agent TO to stain GOS-6, manifesting as
yellow and yielding a relatively weak fluorescent signal. However, upon
the introduction of Pb(I), the two GOS-6 orchestrated the formation of a
G-4 structure. This structural alteration induced a shift in staining color
to green, accompanied by a significantly enhanced fluorescent signal.
While effective, It is essential to note that this sensor demonstrated a
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relatively high detection limit of 8 nM, indicating potential for further
sensitivity improvement (Table 2). Similarly, in 2015, Xu et al. pursued
a parallel avenue (Fig. 5b), capitalizing on the same sequences of GOS-6
and embedded fluorescent agent NMM (Xu et al., 2015). Pb(II) ions were
instrumental in guiding GOS-6 towards folding into a G-4 structure,
thereby inducing fluorescence. Notably, this approach demonstrated an
impressive reduction in the detection limit for Pb(II) ions, achieving
sensitivity levels as low as 3 nM (Table 2). An additional advantage lay
in the rapid binding kinetics of NMM to the G-4 structure catalyzed by
Pb(II) ions, resulting in a fluorescence signal saturation time of less than
2 min. This efficiency enhancement effectively curtailed detection times
and augmented the method’s practical applicability.

An innovative breakthrough was achieved by DasGupta et al., who
conceived the pioneering RNA probe GOS-7 (Table 1) (DasGupta et al.,
2015). This development marked a significant departure, representing
the first instance of an RNA aptamer being utilized for Pb(II) detection.
The strategy hinged on the inherent structural dynamics of RNA se-
quences, leading to novel advantages and possibilities. Upon intro-
ducing a limited quantity of Pb(II) ions, GOS-7 exhibited a distinctive
folding pattern, assembling into a two-layered G-4 structure. This
structure, in turn, interacted with the fluorophore DFHBI, inducing a
substantial fluorescence signal (Fig. 5¢). The sensor’s fluorescence in-
tensity demonstrated a linear correlation with Pb(II) ion concentrations
within the range of 5 nM to 500 nM, with an impressive detection limit
of 6 nM for Pb(II) ions (Table 2). It marked a pioneering foray into RNA-
based Pb(II) detection, offering simplicity, ease of design, and operation.
Furthermore, in 2018, Lu et al. revealed a novel application involving
the probe GOS-8 (Table 1) and the fluorophore MG (Li et al., 2018). This
strategy identified an antiparallel G-4 structure induced by Pb(II) ions.
This complex interaction with Pb(II) ions yielded distinctive structural
characteristics that could be harnessed for sensitive detection purposes
(Fig. 5d). The outcomes of this study demonstrated a linear correlation
between the fluorescence intensity difference and the concentration of
Pb(II) ions. This linear relationship spanned the concentration range
from 22.4 nmol/L to 475 nmol/L (Table 2). This achievement marked a
significant stride toward enhanced detection methodologies for Pb(II)
ions, offering insights into the dynamic interactions between specific
nucleic acid structures and heavy metal ions.

In a departure from commercially available dyes, Zhao et al. intro-
duced a homemade fluorescent indicator called “compound 17, a water-
soluble cationic perylene derivative (Zhao et al., 2016). This innovative
strategy (Fig. 5e) showcased a distinct pathway to achieve sensitive Pb
(I) detection, capitalizing on the interaction between compound 1 and
the GOS-9 probe, as outlined in Table 1. In this methodology, the strong
affinity between compound 1 and GOS-9 led to the accumulation of
compound 1 and consequent fluorescence quenching. However, upon
adding Pb(II) ions, GOS-9 transformed from an irregular coil structure to
a G-4 configuration. This structural shift significantly weakened the

Q: Pb2* N p
NH,
GOS-3 AMT 4 N
o (oo}

Fig. 4. Based on the interplay between dsDNA and G-4 structural conversions: (a) ZnPPIX as the fluorescence indicator (Li et al., 2010); (b) AMT as the fluorescence

indicator (Geng et al., 2020).
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affinity between GOS-9 and compound 1, resulting in the release of was also impressively reduced to 5 nM (Table 2). The practicality of this

compound 1 and the subsequent restoration of fluorescence. One note- method was further emphasized by its potential for yielding a unique
worthy achievement of this method was extending the range of detect- response in the presence of Pb(II) ions, demonstrating the versatility and
able Pb(II) ion concentration from 10 nM to 1 uM. The detection limit creativity of contemporary sensor design.
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2.3. Engyme-assisted methods

The emergence of DNAzymes as functional nucleic acids with both
catalytic activity and specificity for divalent metal ions has garnered
substantial interest in recent years, particularly for their application in
label-free sensor design. In the presence of Pb(Il), the substrate chain
undergoes an inducement to cleave at the designated cleavage site rA.
This cleavage liberates G-rich sequences, subsequently facilitating the
assembly of a G-4 structure. This structural alteration triggers the
recognition of an intercalator dye, thereby eliciting a fluorescence
signal. In 2013, Zhao et al. contributed to this evolving field by
designing a novel sensor with distinct capabilities (Zhao et al., 2013).
The essence of this sensor lay in its response to the presence of Pb(II) and
K(I) ions. No significant fluorescence alteration was observed when each
ion was present individually. However, a unique response emerged
when Pb(II) and K(I) were simultaneously introduced. In this scenario,
Pb(Il) initiated the fracture of the GR-5 DNAzyme strand, while K(I)
prompted the folding of the poly-G loop of the GOS-10 probe (Table 1)
into G-4. As a result, the fluorescence of the aloe-emodin derivative
(AED) was quenched (Fig. 6a). Remarkably, this method exhibited a
shallow detection limit for Pb(II), reaching an impressive 22.8 pM. A
robust linear relationship between ion concentration and fluorescence
burst efficiency was observed within 50 pM to 50 nM (Table 2).

In 2016, a parallel innovation was introduced by Fu et al., who
devised a sensor also grounded in the GR-5 DNAzyme, as depicted in
Fig. 6b (Fuetal., 2016). This ingenious design harnessed the DNAzyme’s
catalytic abilities to affect a responsive detection mechanism. The sen-
sor’s operation was elegantly orchestrated: the presence of Pb(II) ions
led to the cleavage of the GOS-11 probe (Table 1) at the GR-5 DNAzyme
stem. Consequently, the G-rich sequences of GOS-11 underwent a
pivotal transformation, folding into a G-4 structure. ZnPPIX is incorpo-
rated within this structure, resulting in a heightened and more pro-
nounced fluorescent signal. The critical attribute of this method lay in its
impressive detection limit for Pb(II) ions, which stood at a mere 3 nM.
Additionally, the range of detectable concentrations was notably
expanded, encompassing the spectrum from 5 nM to 100 nM (Table 2).

Similar work was carried out by Wen et al., leveraging the synergy
between DNAzymes and ThT, and a dynamic and responsive sensor was
created, as outlined in Fig. 6¢ (Wen et al., 2016). The sensor’s archi-
tecture revolved around the GOS-12 probe (Table 1), which formed a
hybrid structure with the DNAzyme chain, effectively inhibiting the
form of the G-4 structure. However, the introduction of Pb(II) ions had a
transformative effect. Pb(II) cleaved the GOS-12 and liberated G-rich
sequences. Subsequently, these liberated sequences were skillfully
induced to fold into a G-4 configuration through the interaction with
ThT. This event culminated in the manifestation of a strong fluorescent
signal. A linear correlation between the fluorescence signal and the Pb
(ID) ion concentration logarithm was established within the concentra-
tion range of 10 nM to 1000 nM. Significantly, the detection limit ach-
ieved was a mere 0.06 nM (Table 2).

Recently, Zhou et al. employed a Pb(Il) ion-dependent 8-17 DNA
enzyme to activate the cleavage site rA, resulting in the liberation of an
ss-DNA fragment (Fig. 6d) (Zhou et al., 2021). This ss-DNA strand served
as a catalyst, effectively opening the dumbbell-shaped hairpin DNA by
orchestrating them folding into two G-4 structures. Upon the subsequent
introduction of K(I) ions and crystalline violet (CV), a synergistic effect
occurred, leading to the encapsulation of CV as a fluorescent agent
within a CV/G-4 conjugate complex, releasing the fluorescent signal.
Remarkably, the developed sensor exhibited a robust linear correlation
between the fluorescence signal and Pb(II) concentration within 5 nM to
2.5 uM and 2.5 pM to 25 pM. The sensor’s detection capabilities show-
cased an impressive breadth, as summarized in Table 2.

However, the GR-5 DNAzyme exhibits superior selectivity compared
to the 8-17 DNAzyme (Liang et al., 2017). This heightened selectivity is
attributed to the GR-5 DNAzyme’s interaction with the graphene oxide
(GO) surface, which is mediated by hydrogen bonding and =n-stacking
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interactions. In 2017, Ravikumar et al. orchestrated a dual-metal ion
detection system targeting Pb(II) and Hg(II) (Ravikumar et al., 2017).
The design hinged on the strategic interplay between the GOS-14 probe
(Table 1), GR-5 DNAzyme strand, and GO, leading to a responsive
sensing mechanism. Initially, GOS-14 formed a complex with the
DNAzyme, followed by binding to the GO surface, culminating in
creating the GO-DNAzyme complex. When Pb(II) was introduced, a
transformative cascade was set in motion. The presence of Pb(II)
prompted the cleavage of the GOS-14 complex, leading to the release of
the DNA chains containing GT. Subsequently, this liberated sequence
folded into a G-4 structure, inducing a strong fluorescent signal through
ThT. On this basis, the introduction of Hg(II) ushered in a discernible
response. Hg(II) was pivotal in creating a distinctive T-Hg(II)-T struc-
ture. This structural shift disrupted the pre-existing G-4 configuration,
yielding a pronounced reduction in the emitted fluorescent signal.
Consequently, this unique alteration in fluorescence behavior provided
a means for accurately detecting Hg(Il), as demonstrated in Fig. 7a.
Notably, this biosensor exhibited an impressive detection prowess,
boasting remarkably low detection limits for both Pb(II) and Hg(II),
quantified at 96 pM and 356 pM, respectively (Table 2). The fluores-
cence intensity gradually enhanced, increasing Pb(II) ion concentration
within the range of 0 nM to 0.05 nM. Conversely, it gradually declined
with the elevation in Hg(II) ions concentration. While the quantitative
range was relatively limited, the sensitivity of the method held signifi-
cant promise for sensitive dual-metal ion detection.

Similarly, in 2020, Panneerselvam et al. contributed to the
advancement of dual-metal ion detection, specifically targeting Pb(II)
and Ag(I) (Rajaji and Panneerselvam, 2020). The sensor’s architecture
rested on DNAzyme/MnCoPBAs-PDANCs complexes and the GOS-15
probe, as outlined in Table 1. The binding between GOS-15 and the
DNAzyme strand facilitated the attachment to MnCoPBAs-PDANCs
surfaces, inhibiting the fluorescence signal. The introduction of Pb(II)
initiated a complex sequence of events: the cleavage of the complex, the
release of a GC-containing sequence, and its subsequent folding into a G-
4 structure, leading to a pronounced fluorescence enhancement through
ThT. Remarkably, the presence of Ag(I) disrupted this sequence, forming
a C-Ag(D)-C dsDNA and inducing a drastic reduction in fluorescence
(Fig. 7b). The sensing element showcased linearity within the Pb(II)
concentration range of 3 nM to 9 nM and the Ag(I) concentration range
of 6 nM to 20 nM, with a detection limit of 1.6 nM and 4.2 nM (Table 2).

The formation of a steady complex between the G-4 structure and
Hemin yields the G-4/hemin DNAzyme, renowned for its robust cata-
lytic activity, often harnessed for identifying heavy metals like Pb(II). In
2011, a notable study by Li et al., a Pb(II) detection strategy employing
the GOS-6 designed sensor was introduced (Fig. 8a) (Li et al., 2011). In
this approach, Pb(II) induces the GOS-6 probe to adopt a G-4 structure.
Subsequently, this G-4 configuration interacts with hemoglobin, cata-
lyzing Hy05-mediated oxidation of Amplex UltraRed (AUR), resulting in
a striking augmentation of fluorescence intensity. The concentration of
Pb(Il) ions exhibited a linear correlation with fluorescence intensity
within a range spanning 0 to 1000 nM, achieving a remarkably low
detection limit of a mere 0.4 nM, as detailed in Table 2. This technique
showcases exceptional sensitivity and selectivity in detecting Pb(II).

In 2020, Li et al. achieved a significant breakthrough in the realm of
Pb(II) detection by harnessing Gold-doped carbon dots (CDy,) (Li et al.,
2020). The pivotal concept revolved around the coupling of the GOS-2
sequence, which was adsorbed onto the surface of CDay. This coupling
resulted in a non-fluorescent state of the system. The introduction of Pb
(II) induces the folding of the Pb(Il)-aptamer into a G-4 structure,
leading to the detachment of the G-4 from CDpy. The liberated G-4
molecule, in conjunction with heme, served as the foundation for a G-4/
heme DNAzyme entity. This DNAzyme configuration catalyzed the
oxidation of Hy0,-TMB, ultimately yielding the production of the
oxidized TMB compound (TMBgpyx) with a fluorescence signal, as
depicted in Fig. 8b. The method exhibited a commendable capability in
detecting Pb(II) concentrations spanning from 0.0005 to 0.46 uM, and
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showcased an impressive limit of detection, reaching 0.25 nM. The
sensitivity of this sensor marks a significant advancement compared to
previously reported sensing approaches, as outlined in Table 2. This
innovation holds promise for enhanced Pb(II) detection, signifying a
step forward in heavy metal ion analysis.

3. Labeled-methods

Labeling involves attaching a fluorescent dye and a quenching group
to a probe. The configuration of the DNA probes, induced by Pb(Il),
undergoes a transition into a G-4 structure, thereby triggering a change
in fluorescence that serves as the basis for Pb(I) detection. Commonly
employed quenchers encompass 4-([4-(dimethylamino)phenyl]azo)
benzoic acid (DABCYL) (Liu et al., 2009) and members of the black hole
quencher (BHQ) series (Lu et al., 2019). In subsequent investigations, it
has been determined that consecutive G bases, along with G-based G-4
structures (Zhan et al., 2013, Zhang et al., 2018), can also serve as
effective quenchers. Moreover, nanomaterials have gained prominence
in constructing DNA biosensors due to their robust quenching capabil-
ities. Notably, materials such as GO (Li et al., 2013) and gold nano-
particles (Chung et al., 2013) have been harnessed in the context of Pb
(II) detection.

3.1. Common quenchers

In 2009, Liu et al. introduced a GOS-2 probe, as outlined in Table 1,

which was labeled with fluorescein (FAM) at one end and the quencher
DABCYL at the other (Liu et al., 2009). Upon interaction with Pb(II),
GOS-2 underwent a conformational shift from an unbound state to a G-4
structure. The resulting fluorescence resonance energy transfer (FRET)
between FAM and DABCYL led to fluorescence quenching. Similarly,
when exposed to Hg(II), GOS-2 adopted a double helix configuration,
resulting in analogous FRET-induced fluorescence attenuation, depicted
in Fig. 9a. Pb(II) and Hg(II) were detected as low as 300 pM and 5 nM,
respectively. The fluorescence response exhibited a linear correlation
with ion concentration within the ranges of 0.5-30 nM for Pb(II) and
10-200 nM for Hg(Il), as indicated in Table 3. Notably, this marks the
advent of the first sensor with the remarkable capability to concurrently
detect both Hg(II) and Pb(Il), thereby introducing a novel avenue for
designing sensing elements.

In 2019, Lu et al. introduced an innovative approach by incorpo-
rating BHQ-2 as the quencher to enhance assay sensitivity (Lu et al.,
2019). The fluorophore tetramethyl-6-carboxy rhodamine (TAMRA)
was conjugated to the probe GOS-16 (Table 1). As shown in Fig. 9b, the
probe showcased a hairpin configuration wherein TAMRA and BHQ-2
existed close, resulting in quenched fluorescence. Upon the presence
of Pb(II), the GOS-17 probe underwent a structural shift from a hairpin
to a G-4 arrangement. This transition facilitated the separation of
TAMRA from BHQ-2, subsequently reinstating the fluorescence signal.
Additionally, a similar probe was designed to enable Hg(II) detection,
wherein the fluorophore FAM and the quencher BHQ-1 were incorpo-
rated. Upon the introduction of Hg(Il), a T-Hg(ID)-T structure formed,
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Table 3

Comparison of the labeled fluorescent biosensors for Pb(II) detection.
Probe Fluorophore Quencher Detection linear range LOD Signal Ref.
GOS-2 FAM DABCYL 0.5-30 nM 0.3 nM Turn Off (Liu et al., 2009)
GOS-16 TAMRA BHQ-2 0.2-24 nM 0.16 nM Turn On (Lu et al., 2019)
GOS-3 FAM G-4 4.83-96.62 nM 3.72 nM Turn Off (Zhan et al., 2013)
GOS-3 NMM, FAM G-4 60-300 nM 28 nM Turn Off (Liu et al., 2021)
GOS-17 FAM G bases 0.5-500 nM 0.4 nM Turn Off (Wang et al., 2013)
GOS-18 HEX G-4 1-100 nM 0.096 nM Turn On (Zhang et al., 2018)
GOS-19 HEX G bases 1-20 nM 0.092 nM Turn Off (Zhang et al., 2021)
GOS-20 FAM GO 2-50 nM 0.400 nM Turn On (Li et al., 2013)
GOS-3 FAM GO 0.005-0.07 nM; 0.07-20 nM 0.0005 nM Turn On (Khoshbin et al., 2019)
GOS-21 CdSe/ZnS QD GO 0.1-10 nM 0.09 nM Turn On (Li et al., 2013)
GOS-21 1GQDs GO 9.9-435 nM 0.6 nM Turn On (Qian et al., 2015)
GOS-22 Cy 5.5™ AuNPs 0.01-1000 nM 0.027 nM Turn On (Chung et al., 2013)
GOS-23 UCNPs AuNPs 0.1-100 nM 0.05 nM Turn On (Wu et al., 2014)

akin to the previously discussed mechanism, leading to the separation of
FAM from BHQ-1 and the consequent restoration of the fluorescence
signal. The fluorescence response of Pb(II) exhibited a linear correlation
with TAMRA fluorescence between 0.2 and 24 nmol/L concentration.
Similarly, the fluorescence of Hg(II) displayed a linear relationship
within the concentration range of 0.7 to 84 nmol/L. The calculated
detection limits were 0.16 nmol/L for Pb(II) and 0.36 nmol/L for Hg(II),
respectively, as illustrated in Table 3. This research demonstrated a
creative and sensitive approach to simultaneous Pb(II) and Hg(II)
detection.

3.2. G bases as quenchers

Although conventional quenchers have good quenching ability, they
have some disadvantages, such as poor stability and short life. One of the

primary concerns is the high cost and complexity associated with the
labeling process, which involves attaching the quenchers to DNA se-
quences. This procedure can be time-consuming and technically
demanding, potentially leading to an increase in price, and the purity of
the probes was also affected. Therefore, methods that utilize DNA
structural changes to quench the fluorescence have attracted much
attention from researchers.

In 2013, Zhan et al. achieved a substantial advancement in Pb(II) ion
detection through the utilization of a FAM-labeled GOS-3 probe
(Table 1) (Zhan et al., 2013). This innovative sensor design exhibited a
broad Pb(II) ion detection range: the labeled FAM exhibited a strong
fluorescence signal in its free state. Upon introducing Pb(II) ions, the
probe underwent a conformational change to form a G-4 structure. This
structural alteration brought the FAM-Pb(II) distance in proximity to the
Pb-O distance, facilitating reasonable FRET and resulting in fluorescence
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Fig. 10. G bases as the fluorescence quenchers: (a) Pb(Il)-stabilized G-4 formation (Zhan et al., 2013); (b) a combination of labeled and unlabeled methods (Liu et al.,
2021); (c) based on different PIET interactions between G bases and G-quartet (Wang et al., 2013).

quenching, as illustrated in Fig. 10a. Within the concentration range of
1-20 ppb (4.83-96.62 nM), the fluorescence signal demonstrated a
gradual decline with increasing Pb(II) ion concentration, thereby
establishing a robust linear relationship, the detection limit for Pb(II)
was only 0.77 ppb (3.72 nM) (Table 3). Furthermore, while K(I) does
possess the capability to induce G-rich oligonucleotides to form G-4
structures, the distance of K-O, O-O and the vertical separation of G-4 is
typically longer than those of the stable G-4 formed by Pb(II). Conse-
quently, the FRET rate with K(I) is significantly lower than that observed
with Pb(II), rendering the assay highly specific for Pb(II) ion detection. A
notable advantage of this method is its rapid reaction time of only 5 min,
contributing to a considerable reduction in detection time. The method
achieves detection by generating a G-4 structure and changing the
conformation of GOS-3 to quench the fluorescent dye.

In 2021, Liu et al. devised an innovative sensor design with more
accurate detection capabilities. The sensor’s functioning is structured as
follows: K(I) triggers the GOS-3 probe (Table 1) to assume a parallel G-4
structure that can bind to NMM, generating a strong fluorescent signal.
However, when Pb(II) ions are introduced, the G-4 transforms into an
antiparallel G-4 structure. In this conformation, it cannot effectively
bind to NMM, leading to the extinguishing of the fluorescent signal, as
depicted in Fig. 10b (Liu et al., 2021). Furthermore, FAM, which is
labeled at the end of the GOS-3 probe, serves as a fluorescent reference
for the proportional determination of Pb(II). The proportional assay
remains unaffected by changes in probe concentration and instrumental
variations. The concentration of Pb(II) ions exhibited a robust linear
relationship with fluorescence intensity in the range of 0.06-0.3 uM,
with a remarkable detection limit of just 0.028 uM, as detailed in
Table 3. While NMM is commonly utilized as a fluorescent agent for
recognizing G-4, its utilization as a single signal can render assay out-
comes susceptible to fluctuations in probe concentration and instru-
mental factors. This method ingeniously combines the stability-
enhancing qualities of NMM with the FAM fluorophore positioned at
the probe’s end to significantly improve the accuracy and reliability of
Pb(II) detection. This method demonstrates that G bases have a specific
quenching ability, but their quenching effect is affected by the distance
between the G base and the fluorophore.

Some researchers have already found that G bases have good
bursting ability, which can be detected for metal ions by photo-induced
electron transfer (PIET) between the fluorescent dye and the G bases,
leading to fluorescence quenching (Knemeyer et al., 2000). In 2013,
Wang et al. devised an innovative approach utilizing the GOS-17 probe
(Wang et al., 2013), outlined in Table 1. Their strategy capitalized on the
distinct quenching abilities between G bases and G-quartet structures.
They incorporated three G bases at the 3’ end of the GOS-17, and FAM
was introduced at the 5 end. The hairpin DNA structure brought the

10

three G bases and FAM in close proximity, promoting electron transfer
and leading to decreased fluorescence intensity. However, in the pres-
ence of Pb(Il) ions, the hairpin DNA structure transformed into a G-4
arrangement. In this configuration, FAM was able to stack onto the G-4
structure, enhancing the electron transfer capability and consequently
leading to a further reduction of the fluorescence intensity (Fig. 10c).
This method exhibited a remarkable capacity to detect Pb(IlI) ions at a
sensitivity of 0.4 nM, demonstrating both cost-effectiveness and high
sensitivity. The fluorescence quenching efficiency exhibited a linear
relationship with ion concentration within the range of 0.5-500 nM for
Pb(Il) (Table 3). This approach presented a unique Pb(II) detection
strategy, showcasing the potential for sensitive and selective analysis.

In 2018, Zhang et al. developed a sensor that capitalizes on the G-4s
ability to quench fluorophores (Zhang et al., 2018). This sensor, based
on the GOS-18 probe (Table 1), exhibited a unique dual-detection
capability for Pb(II) and Ag(I). When solely Pb(II) is present, the G-
rich segment of GOS-18 forms a G-4 structure. At this point, the fluo-
rophore HEX is distanced from the G-4 structure, resulting in a strong
fluorescent signal from HEX. However, when Ag(I) is also introduced,
the formation of a C-Ag(I)-C complex with the C base facilitates photo-
induced electron transfer (PET) in the proximity of HEX and the G-4,
effectively quenching the fluorescence signal, illustrated in Fig. 1la.
Similarly, in cases where only Ag(l) is present, a hairpin structure is
formed, leading to a strong fluorescence signal from HEX. Upon intro-
ducing Pb(II), induced folding of GOS-18 into a G-4 structure, resulting
in the quenching of the fluorescence signal. The sensor demonstrated a
linear correlation between fluorescence intensity and the concentrations
of both ions in the range of 1-100 nmol/L. Notably, the detection limits
were reported as 96 pmol/L for Pb(II) and 21 pmol/L for Ag(l), as
summarized in Table 3. This innovative approach provides a promising
avenue for simultaneously detecting these two metal ions with high
sensitivity.

In 2021, Zhang et al. made further refinements and introduced the
GOS-19 probe (Table 1) (Zhang et al., 2021). Again, the fluorophore
HEX was labeled at the 5’ end of the probe based on the formation of a G-
4 structure by Pb(II) and a C-Ag(I)-C mismatch structure by Ag(I). The
difference, however, is that the identification of Pb(II) and Ag(l) is in-
dependent, and the two ions do not need to rely on the other to achieve
detection. The probe has four consecutive G bases near the fluorophore
HEX and undergoes PET-quenched fluorescence when a hairpin struc-
ture is formed in the presence of Ag(I). This innovative strategy enabled
a single probe to simultaneously detect two distinct metal ions, as
depicted in Fig. 11b. The fluorescence intensity displayed a linear
relationship with ion concentration for Pb(II) and Ag(I) within the 1-20
x 10™ mol/L concentration range. The detection limits achieved were
92 x 102 mol/L for Pb(I) and 82 x 102 mol/L for Ag(D), as
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Fig. 11. Fluorophore quenched by the formation of G-4 for two heavy metal ions detection: (a) the simultaneous detection of trace Pb(II) and Ag(I) ions using a HEX-
labeled GOS-18 (Zhang et al., 2018); (b) the simultaneous detection of Pb(II) and Ag(I) ions using a HEX-labeled GOS-19 probe (Zhang et al., 2021).

summarized in Table 3. This advancement marked a significant stride in
multiplex metal ion detection, underlining the potential for dual-metal
ion sensing using a single probe.

3.3. Nanomaterials as quenching groups

Although G base as a quencher has the advantages of inexpensive and
straightforward operation, it has certain limitations in probe design,
which not only has more stringent requirements on the spatial structure
of the probe but also has lower quenching efficiency, leading to cur-
tailing the sensitivity of ion detection. To overcome these limitations,
researchers have utilized various nanomaterials as alternatives (Dil
etal., 2021, Mehrabi and Ghaedi, 2023). Nanomaterials such as GO and
nanoparticles offer distinct advantages over traditional labeling
methods. Many nanomaterials have been developed in recent years,
such as GO (Li et al., 2013, Khoshbin et al., 2019), quantum dots (Li
et al., 2013, Qian et al., 2015), and nanoparticles (Chung et al., 2013,
Wu et al., 2014), due to their better quenching ability, high stability,
long lifetime, and biocompatibility.

GO has become an essential nanomaterial in biosensing due to its
distinctive properties, including its capability to quench fluorescence
through n-n interactions with adsorbed ss-DNA. This quenching can
occur through mechanisms like FRET (Li et al., 2013, Khoshbin et al.,
2019) or phototransfer electron (Qian et al., 2015) transfer. One of the
applications of GO in biosensing is its role in quenching the fluorescence
of labeled probes, which can then be modulated based on the presence of
specific target molecules. In 2013, Li et al. utilized a modified G-rich
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Fig. 12. GO as the fluorescence quencher: (a) a FAM-labeled GOS-20 probe for Pb(II) detection (Li et al.,

(Khoshbin et al., 2019).
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oligonucleotide sequence called GOS-20 (Table 1) (Li et al., 2013). The
FAM fluorophore, labeled on the GOS-20, is brought into proximity to
the GO surface due to the high affinity between ss-GOS-20 and GO,
resulting in a significant reduction in fluorescence signal. As shown in
Fig. 12a, in the presence of Pb(II) ions, the GOS-20 assumes a specific G-
4 complex structure that weakens its affinity for GO, leading to a
reduced quenching effect. The signal reduction correlates with Pb(II)
ions, enabling the sensor to detect the ions. This method takes 10 min for
Pb(II) detection, demonstrating high specificity and efficiency. It in-
dicates that the sensor’s fluorescence signal exhibited a linear rela-
tionship with the concentration of Pb(II) ions when present in the range
of 2-50 nM, and the detection limit was 400 pM (Table 3).

In 2019, Khoshbin et al. developed a paper-based sensing sensor, as
illustrated in Fig. 12b (Khoshbin et al., 2019). The FAM-labeled nucleic
acid chain binds to GO by non-covalent bonding, at which time the FAM
fluorophore is transferred to the surface of GO by FRET, and fluores-
cence quenching occurs. The presence of Pb(II) induced the folding of
GOS-3 from freestyle to a G-4 structure, at which point the charge
density was enhanced, thereby reducing the binding of the nucleic acid
chain to the GO, and the fluorescence signal was restored. Using fluo-
rophore FAM-labeled nucleic acid chains GOS-3 (Table 1) reduced the
detection limit to 0.5 pM. The Pb(II) concentration was linearly corre-
lated with the fluorescence intensity at 5-70 pM and 0.07-20 nM ion
concentrations (Table 3). Paper sensors have the advantage of low cost
and real-time detection (Jiang et al., 2017). Nowadays, it has been

applied in many fields, such as environmental monitoring and medical
diagnosis.

The method combines nanomaterials with paper-based

2013); (b) paper-based sensors for Pb(II) detection
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components, resulting in a notable increase in detection sensitivity.

Conventional organic dyes have high fluorescence intensity but have
the disadvantage of being susceptible to photobleaching. However, this
problem is avoided by using inorganic quantum dots (QDs), which offer
advantages such as good resistance to photobleaching and high fluo-
rescence quantum yields (Zhang et al., 2022). In a study conducted by Li
et al. in 2013, they developed a biosensor that harnessed the properties
of CdSe/ZnS QDs and GO, as shown in Fig. 13a (Li et al., 2013). They
designed nucleotide chains labeled as GOS-21 (Table 1). They incorpo-
rated them into an aqueous solution containing GO, forming a stable
GO/aptamer-QD complex that exhibited relatively weak fluorescence.
However, introducing Pb(II) ions into this system induced the formation
of G-4/Pb(II) complexes within the nucleic acid chains, causing a sig-
nificant increase in the fluorescence signal. This phenomenon effectively
“turned on” the fluorescence signal, enabling the detection of Pb(II)
ions. This rapid detection method requires only 25 min for the entire
process, and it can be applied for the trace detection of Pb(II) ions in a
river water environment, with an impressive detection limit of 90 pM.
The fluorescence signal displayed a linear correlation with the increase
in Pb(II) ion concentration within the range of 0.1-10 nM, as detailed in
Table 3.

Graphene quantum dots (GQDs), known for their biocompatibility,
hold great potential in biosensor construction (Qian et al., 2014). In
2015, Qian et al. developed a novel sensing method utilizing GOS-21
(Table 1) for the detection of Pb(II) ions (Qian et al., 2015), illustrated
in Fig. 13b. This method employed a unique combination of GOS-21,
reduced graphene quantum dots (rGQDs), and GO to achieve
fluorescence-based Pb(II) detection. When Pb(II) ions were introduced,
it caused the conformational change of GOS-21 and formed a stable G-4/
Pb(II) complex. This structural alteration of the aptamer allowed it to
detach from GO, resulting in fluorescence recovery. As a result, this
method exhibited a wide detectable concentration range for Pb(II) ions,
spanning from 9.9 nM to 435 nM. It achieved an impressive low
detection limit of only 0.6 nM (Table 3).

In 2013, Chung et al. developed a versatile sensor that employs gold
nanoparticles (AuNPs) as quenchers, allowing for the dual detection of
Hg(II) and Pb(II) ions (Chung et al., 2013), as shown in Fig. 14a. A probe
called GOS-22 (Table 1), which was coupled to AuNPs and hybridized to
a Cy 5.5™.]abeled partially complementary DNA chain. In the absence
of Pb(II), this setup caused the Cy 5.5™ {0 shift toward the AuNPs,
effectively quenching the fluorescence signal. However, in the presence
of Pb(II) ions, GOS-22 formed a G-4 structure, increasing the distance
between Cy 5.5™ and AuNPs, resulting in the recovery of the fluores-
cence signal. And the same story to the Hg(II) detection. This sensor
achieved simultaneous detection of two different metal ions and suc-
cessfully demonstrated its applicability in serum containing DNA en-
zymes. The fluorescence intensity of both Pb(II) and Hg(II) increased
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linearly with their respective ion concentrations in the range of 10 pM to
1 uM, with detection limits of 27 pM for Pb(II) and 51 pM for Hg(II)
(Table 3). High sensitivity and dual-ion capability make this sensor
highly suitable for various applications, particularly environmental
monitoring and clinical diagnostics.

In 2014, Wu et al. introduced a dual FRET sensor that enabled the
detection of both Pb(II) and Hg(II) ions (Wu et al., 2014). The sensor
design involved an amino-modified GOS-23 (Table 1), which was
initially linked to upconversion nanoparticles (UCNPs) and later bound
to complementary DNA with gold nanoparticles (AuNPs). In this
configuration, FRET occurred between UCNPs and AuNPs, leading to
fluorescence quenching. However, when Pb(Il) ions were introduced,
they altered the conformation of GOS-23, causing it to fold into a G-4
structure. This structural transition led to the de-hybridization of the
gold nanospheres and the subsequent fluorescence restoration. A similar
principle was applied to detect Hg(II) ions. The sensor demonstrated a
linear relationship between the Pb(II) concentration and the corre-
sponding fluorescence intensity from 0.1 nM to 100 nM. Similarly, it
exhibited a linear relationship between the Hg(II) concentration and the
resultant fluorescence intensity, gracefully extending its sensitivity
across the vast span of 0.5 nM to a commanding 500 nM. The method
exhibited remarkable sensitivity, with detection limits of 50 pM for Pb
(II) and 150 pM for Hg(II) (Table 3). This dual FRET sensor offered
excellent sensitivity and selectivity, making it suitable for various
environmental monitoring and analytical chemistry applications.

4. Conclusions

Fluorescent DNA biosensors possess unique properties that make
them suitable for simple operation, high accuracy, and cost-
effectiveness. These advantages, alongside their high application value
and development potential, position them as a valuable tool for envi-
ronmental detection and analysis, such as Pb(II) detection. This review
explores various methods for detecting Pb(II) ions by forming Pb/G-4
structures using Pb(II)-specific oligonucleotides. These methods can be
broadly categorized into non-fluorescently labeled probes and fluo-
rescently labeled probes, and their construction principles are further
categorized based on these distinctions. Among the non-labeling
methods, there are subcategories such as signal on-off/off-on models.
Pb(II) detection is accomplished using fluorophores embedded in DNA
that bind differently to various structures, such as G-4 and DNA duplex,
resulting in distinct fluorescent signals. The enzyme-assisted method
employs DNA enzymes to cleave the substrate strand, facilitating the
formation of the G-quadruplex structure, and has demonstrated signif-
icant advancements in lowering the limit of detection for Pb(Il). In the
labeling method, quenching groups play a crucial role, and these groups
are further categorized into conventional quenchers, continuous G
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Fig. 13. GO as the fluorescence quencher: (a) CdSe/ZnS QDs were labeled to GOS-21 for Pb(II) detection (Li et al., 2013); (b) rGQDs were labeled to GOS-21 for Pb

(II) detection (Qian et al., 2015).
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bases, and nanomaterials. The probes incorporate a conventional
quencher and fluorescent dye, resulting in a robust quenching response
by altering the DNA structure. However, the DNA probes have lower
yields and higher costs. Using G bases as quenchers can simplify the DNA
probe synthesis, but it may limit the diversification of DNA probe design,
and fluorescence quenching ability may be compromised. Nano-
materials, including GO and AuNPs, are known for their high stability,
excellent quenching ability, and strong biocompatibility. They are
extensively used as fluorescent quenchers in Pb(II) detection, and this
area of research is likely to be a prominent focus for future in-
vestigations. This review serves as a valuable reference platform for
researchers interested in designing convenient and ultra-sensitive bio-
sensors. These biosensors hold the potential to yield results of unparal-
leled precision and sensitivity in the realm of Pb(II) ion detection,
thereby illuminating the path forward in this critical domain. The
methods discussed, particularly those utilizing fluorescence, offer
practical approaches for achieving real-time, sensitive, and specific Pb
(II) ion detection. Such detection methods are crucial for various ap-
plications, including environmental monitoring, food analysis, and dis-
ease detection.
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