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RNA Mango-based sensors for lead†
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Lead (Pb2+) toxicity poses a serious threat to human health and remains a global concern; therefore, there

is a critical need for the development of easy-to-use and cost-effective tools for the rapid monitoring of

Pb2+. In this study, we demonstrate the potential of the RNA Mango aptamer as a sensitive and selective

sensor for Pb2+. Our findings reveal that trace amounts of Pb2+ induce the formation of a G-quadruplex

motif in RNA Mango, which facilitates dye binding and activates fluorescence. A detailed investigation of

the fluorescence properties of RNA Mango with three different dyes, TO1-biotin, TO3-biotin, and thiofla-

vin-T, in the presence of Pb2+ shows that RNA Mango has the highest binding affinity for Pb2+ in combi-

nation with TO1-biotin, with a KD value as low as ∼100 nM. In the presence of Pb2+, RNA Mango has sub-

micromolar affinity for all three dyes, showing the tightest binding to TO1-biotin (KD ∼ 40 nM). Mango

lead sensors detect low nanomolar concentrations of Pb2+ with limits of detection of 2–16 nM, which are

significantly lower than its allowable limit in drinking water. RNA Mango exhibits remarkable selectivity

toward Pb2+ and can detect Pb2+ in tap water samples. This work reports a new class of simple and in-

expensive fluorescence-based sensors for lead and expands the repertoire of RNA-based lead sensors.

Introduction

Heavy metal contamination is a persistent global threat to
environmental and human health. Among these metals, lead
(Pb2+) is of particular concern due to its high toxicity even at
low exposure levels. Industrial processes such as the mining
and smelting of lead ores,1 the production of leaded gasoline,2

and the manufacturing of lead-acid batteries3 and lead-con-
taining pigments4 release large amounts of lead into the
environment. Importantly, chronic exposure to low amounts of
lead, primarily through contaminated drinking water,5 indus-
trial waste,6 and deteriorating infrastructure such as lead-
based pipes,7 has been linked to cognitive deficits,8 develop-
mental disorders,9 cardiovascular diseases,10 and kidney dys-
function.11 Pb2+ toxicity poses a heightened risk to children,
where exposure is associated with neurodevelopmental impair-
ments, behavioral disorders, and reduced attention spans.12,13

Given these health risks, regulatory agencies such as the U.S.
Environmental Protection Agency (EPA) and the World Health
Organization (WHO) have set stringent limits for lead in drink-

ing water at 15 parts per billion (72 nM) and 10 parts per
billion (46 nM), respectively.14,15 Ensuring compliance with
these regulations requires sensitive and reliable detection
methods.

Traditional analytical techniques for Pb2+ detection include
atomic absorption spectrometry, inductively coupled plasma
mass spectrometry, anodic stripping voltammetry, and X-ray
fluorescence spectroscopy.16 These methods allow highly sen-
sitive Pb2+ detection; however, the requirements for expensive
and elaborate instrumentation, trained personnel, and
complex sample preparation make them less suited for rapid,
on-site monitoring. Organic scaffolds, like small molecule che-
lators, macrocycles, or even metal–organic frameworks
(MOFs), have been used for fluorescence-based and colori-
metric detection of Pb2+.17–19 Although these chemical sensors
are capable of detecting Pb2+ without sophisticated instrumen-
tation, they are not sufficiently selective and often fail to detect
trace amounts of Pb2+.

To address these limitations, there is increasing interest in
developing biosensors that offer rapid, cost-effective, and por-
table lead detection with minimal technical expertise.
Biosensors generally outperform chemical sensors in selecti-
vity and sensitivity metrics, presumably due to more sophisti-
cated molecular recognition by biomolecules.20,21 Nucleic
acid-based biosensors detect Pb2+ by leveraging structural
changes induced by Pb2+ binding.22,23 For example, Pb2+

binding to RNA-cleaving DNAzymes induce the formation of
their catalytic conformation, which results in the cleavage of
an RNA strand.24 Pb2+-induced cleavage of a fluorescently-
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labeled RNA substrate spatially separates the fluorophore on
the RNA from the quencher on the DNAzyme, generating a
fluorescence ‘On’ signal. A similar strategy can be used to
create colorimetric DNAzyme-based sensors by conjugating
them to gold nanoparticles.25 G-quadruplex-based biosensors
exploit the Pb2+-induced folding of guanine-rich sequences
into a G-quadruplex. G-quadruplexes are typically formed in
the presence of monovalent cations like Na+ and K+.22 Pb2+,
due to its similar ionic radius to K+ and twice the charge,
facilitates the formation of a stable G-quadruplex structure at
lower concentrations. G-quadruplex-based sensors exploit the
structural change from single-stranded to a G-quadruplex in
different ways.26 Pb2+-induced quadruplex formation may
bring the two DNA termini, modified with a fluorophore and
quencher, into close proximity, resulting in a fluorescence ‘Off’
signal.27 Certain G-quadruplex sequences exhibit peroxidase
activity upon binding to hemin and appropriate reactants like
ABTS, generating colored, chemiluminescent, or fluorescent
products.28 Therefore, the catalytic activity of these quadruplex-
hemin DNAzymes has also been used as a Pb2+ sensing plat-
form. DNA-based electrochemical sensors convert G-quadruplex
formation into an electrochemical signal, which is detected by
techniques such as cyclic voltammetry.29 However, the require-
ment for nucleic acid modification with fluorophores/quenchers
or nanoparticles, pH-sensitive chemical reactions, or expensive
electrochemical assemblies poses significant challenges to the
practical application of these biosensors.

A new strategy that leveraged Pb2+-induced G-quadruplex
formation in the fluorogenic RNA aptamer, Spinach, generated
the first RNA-based biosensor for Pb2+.30 Stabilization of the
Spinach G-quadruplex by trace amounts of Pb2+ allows its
cognate dye, DFHBI, to bind to this platform, activating strong
and stable green fluorescence. Spinach demonstrated moder-
ate binding affinity for Pb2+ (KD ∼ 1.3 μM) but high sensitivity,
with a limit of detection (LOD) of 6 nM. This system consists
of just the RNA aptamer and its cognate dye, where the fluo-
rescence signal results from non-covalent dye binding.
Therefore, fluorogenic RNA aptamers offer a simple and
efficient platform for Pb2+ detection, addressing key limit-
ations related to covalent modifications of nucleic acids with
dyes or nanoparticles, optimal reaction conditions for colori-
metric or chemiluminescence detection, and elaborate electro-
chemical assemblies. Despite the creation of numerous
G-quadruplex-containing fluorogenic RNA aptamers since its
development, the Spinach sensor remained the only RNA-
based biosensor for Pb2+. In this study, we expand the reper-
toire of RNA-based Pb2+ sensors by evaluating alternative
fluorogenic RNA aptamers for enhanced binding affinity to
Pb2+, increased sensitivity, and improved selectivity. We ident-
ify the RNA Mango aptamer as an excellent candidate for creat-
ing Pb2+ sensors and describe its Pb2+-sensing properties in
combination with three dyes: TO1-biotin and TO3-biotin, the
cognate dyes for this aptamer, and thioflavin-T (ThT), a
sequence agnostic but G-quadruplex-specific dye.31–34 A
detailed characterization of the fluorescence properties of the
Mango aptamer with these dyes in the presence of Pb2+

allowed us to develop the most sensitive RNA-based Pb2+

sensors to date.

Results and discussion
RNA Mango exhibits strong fluorescence in the presence of
Pb2+

Since the development of the Spinach sensor, other
G-quadruplex-containing fluorogenic RNA aptamers such as
Broccoli, Mango, Peach, and Beetroot have been artificially
evolved (Fig. S1†).35–38 The Broccoli (Fig. S1A†) and Beetroot
(Fig. S1B†) aptamers were isolated from random RNA libraries
by virtue of their ability to bind to DFHBI-1T and DFHO and
exhibit green and yellow fluorescence, respectively
(Table S1†).35,36 The Mango aptamer (Fig. S1C†) was similarly
obtained for binding to thiazole orange derivatives, namely
TO1-biotin and TO3-biotin.39 Various RNA Mango aptamers
have been reported in the literature – all of which bind to their
cognate dyes with nanomolar affinities. Mango III exhibits the
brightest fluorescence among the existing Mango aptamers
(Mango aptamers I–IV),40 and the A10U mutant of Mango III
(MangoIII_A10U) was reported to show a higher quantum yield
and 18% higher fluorescence enhancement over wild-type
Mango III.38 Given our goal of developing a fluorescence sensor
for Pb2+, we selected the Mango III_A10U aptamer due to its
superior fluorescence properties. The availability of a high-
resolution crystal structure of Mango III_A10U during our
screening process afforded opportunities for engineering a trun-
cated version of this aptamer (Fig. S1C†).38 Peach, an aptamer
related to Mango, was selected for binding to TO3-biotin.37 The
G-quadruplex motif in each aptamer, stabilized by 100 mM K+

in the folding buffer, serves as the dye binding platform and is
consequently key to the aptamer’s fluorescence properties. To
assess whether these G-quadruplex-containing RNA aptamers
can be used to detect Pb2+, we examined the fluorescence pro-
perties of Broccoli, Mango III_A10U (henceforth as Mango),
Peach, and Beetroot in the presence of their respective dyes,
both in the absence and presence of 1 µM Pb2+ (Fig. 1 and S2†).

Although all four aptamers use G-quadruplexes for binding
to their cognate dyes, only RNA Mango in combination with

Fig. 1 Schematic illustration of a fluorogenic RNA-based lead sensor.
The unstructured region (shown by curved lines) in the RNA aptamer
folds into a G-quadruplex structure in the presence of Pb2+ and binds to
the fluorophore, triggering a fluorescence signal.
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TO1-biotin exhibited a significant fluorescence enhancement
(∼8-fold) in the presence of 1 μM Pb2+ (Fig. S2A†). The Peach/
TO3-biotin combination also showed fluorescence enhance-
ment upon the addition of Pb2+; however, this enhancement
was less pronounced (3-fold) with a less intense signal than
Mango/TO1-biotin (Fig. S2B†). No noticeable enhancement in
fluorescence was observed for the Broccoli/DFHBI-1T and
Beetroot/DFHO aptamer-dye pairs (Fig. S2C and S2D†). This
could be due to the relatively lower affinity of Broccoli and
Beetroot for their cognate dyes DFHBI-1T (KD ∼ 0.36 μM) and
DFHO (KD ∼ 2.6 μM) compared to the low nanomolar affinities
of Mango and Peach to their dyes in ∼100 mM K+.35–37 Despite
the lower affinity for their dyes, the poor fluorescence enhance-
ment observed in Broccoli and Beetroot is unexpected and
may reflect the differences in their dye binding affinities in the
presence of 1 µM Pb2+. Fluorescence enhancement exhibited
by Mango/TO1-biotin in the presence of 1 µM Pb2+ was
33-fold, 308-fold, and 1449-fold higher relative to Peach/TO3-

biotin, Broccoli/DFHBI-1T, and Beetroot/DFHO, respectively
(Fig. 2A and B). These results suggested that, among the apta-
mers tested, Mango was the most promising candidate for a
Pb2+ sensor.

As Mango showed the highest increase in fluorescence in
the presence of Pb2+, we studied its fluorescence properties
with TO3-biotin and ThT, dyes that have been previously
reported to bind Mango in addition to TO1-biotin.38,40 While
TO3-biotin is a cognate dye of the Mango and Peach apta-
mers, ThT exhibits green fluorescence upon specifically
binding to G-quadruplex structures in a context-independent
manner (Table S1†).31–34 Mango showed fluorescence
enhancements of ∼2-fold and ∼5-fold in the presence of
TO3-biotin and ThT, respectively, upon Pb2+ addition
(Fig. 2C and D). This ability of Mango to exhibit fluorescence
enhancements with all three dyes in the presence of just
1 μM Pb2+ highlights its robustness and versatility as a
potential Pb2+ sensor.

Fig. 2 RNA Mango exhibits fluorescence enhancement in the presence of Pb2+. (A) Fluorescence enhancement in different RNA aptamers/dye
combinations upon the addition of 1 μM Pb2+. (B)–(D) Fluorescence spectra of (B) Mango-TO1-biotin, (C) Mango-TO3-biotin, and (D) Mango-ThT in
the absence (black) and presence of 1 μM Pb2+ (red). Mango-TO1-biotin and Mango-ThT showed significant fluorescence enhancement with Pb2+.
Concentrations of the RNA and dye were 300 nM and 3 μM, respectively. Experiments were performed at pH 8 and 5 mM Mg2+. Error bars in (A)
correspond to the standard deviation of three independent experiments.
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Pb2+-induced fluorescence activation of RNA Mango is depen-
dent on G-quadruplex stabilization

Stabilization of the G-quadruplex motif in Mango is central to
its fluorescence activation by Pb2+ as this motif serves as the
binding platform for the dye. RNA G-quadruplexes usually
exist in the parallel topology and are characterized by a promi-
nent positive peak at ∼260 nm and a prominent negative peak
at ∼240 nm.41 We observed an enhancement of the positive
peak at 263 nm upon the addition of 1 μM Pb2+ to Mango in
the absence of any dye, which further increased in intensity in
the presence of 10 μM Pb2+ (Fig. 3A). This Pb2+-induced
increase in CD intensity at 263 nm was accompanied by a
decrease in intensity at ∼240 nm. These results provide direct
evidence of the Pb2+-induced stabilization of the G-quadruplex
motif in Mango that is independent of dye binding.

To further investigate the effect of Pb2+-induced
G-quadruplex formation on the fluorescence properties of
Mango, we mutated guanine residues critical for quadruplex
formation to adenines (Fig. 3B and Table S2†). Mutating these
key guanine residues in the G-quadruplex resulted in a near-
complete loss of fluorescence for TO1-biotin and ThT (Fig. 3C
and E). Although significantly reduced, some fluorescence was
detected in the quadruplex mutants of Mango when bound to
TO3-biotin (Fig. 3D), likely due to the higher intrinsic fluo-
rescence of TO3-biotin in buffer. Collectively, these results
confirm that Pb2+-induced fluorescence activation of Mango is
dependent on G-quadruplex formation.

RNA Mango is a sensitive Pb2+ sensor

An ideal Pb2+ sensor should exhibit high sensitivity with a
limit of detection (LOD) in the low nanomolar range. To evalu-
ate its sensitivity, we investigated Mango fluorescence with
TO1-biotin, TO3-biotin, or ThT in response to increasing con-
centrations of Pb2+. The binding affinity of Mango to Pb2+ in
the presence of each dye was determined by fitting the data to
the Hill equation (Fig. 4A–C). The apparent KD values for Pb2+

binding with Mango in the presence of TO1-biotin, TO3-
biotin, and ThT dyes were calculated as 113 ± 31 nM, 295 ± 52
nM, and 157 ± 32 nM, respectively (Fig. 4D). These results
revealed that sensors created with Mango/TO1-biotin, Mango/
TO3-biotin, and Mango/ThT bind Pb2+ with 12-fold, 4-fold,
and 8-fold greater affinities than the Spinach sensor (KD ∼
1.3 μM).30 LOD of the Mango lead sensor with TO1-biotin,
TO3-biotin, and ThT were calculated as 2 nM, 16 nM, and 4
nM (Fig. 4E and S3†), respectively (based on the 3σ/slope
method, where σ is the standard deviation of the blank). This
is consistent with the trend in their binding affinities for Pb2+.
Sensors prepared with Mango/TO1-biotin and Mango/ThT are
the most sensitive RNA-based Pb2+ sensors reported to date.
Importantly, the LOD values for all three Mango-based lead
sensors are significantly lower than the acceptable limits for
Pb2+ in drinking water.

The increase in the fluorescence signal in response to
increasing concentrations of Pb2+ was directly imaged for all
three Mango-based sensors (Fig. S4†). While the Mango/TO1-

biotin and Mango/ThT sensors exhibited a clear, concen-
tration-dependent enhancement of green fluorescence upon
Pb2+ addition with a negligible signal without Pb2+, the red
fluorescence enhancement in the Mango/TO3-biotin sensor
was less discernible due to the high intrinsic fluorescence of
the TO3-biotin dye. Although Pb2+-induced fluorescence
enhancement in the Mango/TO3-biotin sensor can be clearly
measured by fluorimetry, its inability to provide a distinct
visual readout of this enhancement prevents its use as a point-
of-care lead sensor in its current form. In contrast, the ease of
Pb2+ detection using the Mango/TO1-biotin and Mango/ThT
combinations makes them attractive candidates for cheap,
easy-to-use, point-of-care sensors for lead.

In addition to the sensors’ high affinity for Pb2+, the
strong fluorescence signal in the presence of a trace amount
of Pb2+ could be due to tighter binding of the dye. To assess
the affinity of RNA Mango to the three dyes in the presence
of 1 μM Pb2+, we performed fluorescence titrations in the
presence of increasing concentrations of TO1-biotin, TO3-
biotin, and ThT (Fig. S5A–C†). The apparent KD values for
dye binding were determined as 39 ± 8 nM for TO1-biotin
(Fig. S5A and D†), 792 ± 72 nM for TO3-biotin (Fig. S5B and
D†), and 193 ± 27 nM for ThT (Fig. S5C and D†). The
highest affinity of Mango to TO1 is consistent with the
highest sensitivity and Pb2+ affinity exhibited by the Mango/
TO1-biotin sensor. In comparison, the apparent KD value for
DFHBI binding for the Spinach sensor in the presence of
10 μM Pb2+ was determined to be ∼1 μM.30 Therefore,
Mango-based lead sensors bind to their dyes with at least
1.4–28.5-fold greater affinity than the Spinach sensor.
Consequently, Mango-based lead sensors require lower dye
concentrations for Pb2+ detection.

RNA Mango is a selective Pb2+ sensor

To investigate the selectivity of Mango sensors for Pb2+ detec-
tion, we measured their fluorescence in the presence of thir-
teen other metal ions that may be encountered in environmen-
tally relevant samples (Fig. 5). Pb2+-specific fluorescence
signals could be detected visually for the Mango/TO1-biotin
and Mango/ThT sensors; however, this was not possible for
the Mango/TO3-biotin sensor, which showed a high back-
ground signal due to the intrinsic fluorescence of the TO3-
biotin dye (Fig. S6†). In fluorimetric experiments, we observed
strong fluorescence enhancement only upon Pb2+ addition
with all three dyes; however, weak signals were detected in the
presence of Ca2+ and K+ with TO1-biotin (Fig. 5A and B) and
TO3-biotin (Fig. 5C and D). In contrast, the Mango/ThT sensor
showed weak but detectable fluorescence only when Ca2+ was
present (Fig. 5E and F). These results are consistent with
reports of G-quadruplex stabilization by Ca2+ and K+, with the
lower signals reflective of much weaker binding than Pb2+.30

The Mango/TO1-biotin sensor exhibited ∼20-fold and ∼25-fold
higher signals for Pb2+ over K+ and Ca2+, respectively (Fig. 5B),
whereas the Mango/TO3-biotin sensor showed an ∼10-fold
higher signal for Pb2+ relative to both Ca2+ and K+ (Fig. 5D). In
contrast, the Mango/ThT sensor exhibited a 53-fold and
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Fig. 3 The G-quadruplex motif in RNA Mango is central to its ability to detect Pb2+. (A) CD spectra of RNA Mango show an increase in the intensity
of the positive peak at ∼260 nm and a decrease in the intensity of the negative peak at ∼240 nm after the addition of 1 μM (red) and 10 μM (blue)
Pb2+. This suggests that Pb2+ stabilizes the RNA Mango G-quadruplex. The spectrum in black was obtained without Pb2+. Experiments were per-
formed at pH 8, 5 mM Mg2+, and 10 μM RNA. (B) Secondary structure of the RNA Mango aptamer used in this study. Two of the eight guanine resi-
dues critical for G-quadruplex formation that were changed to adenine in our mutational study are shown in red and green. (C)–(E) Mutations to
G-quadruplex nucleotides abolish Pb2+-induced Mango fluorescence with TO1-biotin and ThT and significantly reduce fluorescence with TO3-
biotin. WT Mango shows strong fluorescence in the presence of Pb2+, but quadruplex mutants of the sensor, MutI, MutII, and MutIII, do not
fluoresce over background with TO1-biotin and ThT dyes. Detectable fluorescence exhibited by the quadruplex mutants with TO3-biotin may be
attributed to the intrinsic fluorescence of the dye in buffer (see Fig. S4B†). Concentrations of RNA and the dye were 100 nM and 1 μM, respectively.
Error bars in (C)–(E) correspond to the standard deviation of three independent experiments.
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142-fold higher signal for Pb2+ compared to Ca2+ and K+,
respectively (Fig. 5F). The superior selectivity for Pb2+, com-
bined with a low limit of detection, makes Mango/ThT the
best Mango-based lead sensor. The combined attributes of
high binding affinity, excellent sensitivity, and strong selecti-
vity for Pb2+ detection underscore the potential of Mango-
based sensors as robust tools for the quantitative detection of
Pb2+ at low concentrations.

RNA Mango detects Pb2+ in tap water

A reliable sensor must demonstrate functionality in practical,
real-world applications. We tested the applicability of the
Mango lead sensors for detecting Pb2+ in tap water. RNA
Mango generated fluorescence within minutes of exposure to
Pb2+ and remained stable in tap water containing 1 μM Pb2+

for at least 24 hours – the longest duration tested (Fig. S7†).

Fig. 4 RNA Mango exhibits high sensitivity for Pb2+ detection. (A–C) Fluorescence signals exhibited by RNA Mango in response to increasing con-
centrations of Pb2+ with (A) TO1-biotin, (B) TO3-biotin, and (C) ThT. (D) RNA Mango binds to Pb2+ with high affinity in the presence of all three dyes,
exhibiting KD values of 100–300 nM. (E) RNA Mango is highly sensitive to low nanomolar concentrations of Pb2+ in the presence of all three dyes,
with LOD of 2–16 nM. Experiments were performed at pH 8 and 5 mM Mg2+. Concentrations of RNA and the dye were 100 nM and 1 μM, respect-
ively, with Pb2+ concentrations in the range of 5 nM–10 μM. Error bars correspond to the standard deviation of three independent experiments.
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Encouraged by this observation, we assessed the performance
of the Mango/TO1-biotin and Mango/ThT sensors by spiking
tap water samples with different concentrations of Pb2+. We
observed an increase in the fluorescence signal with Pb2+ con-
centrations ranging from 5 nM to 5 μM for TO1-biotin (Fig. 6A)

and ThT (Fig. 6B), indicating that the Mango sensor can detect
Pb2+ in tap water. The increase in the fluorescence signal
observed within minutes after the addition of Pb2+-spiked tap
water and the stability of the Mango sensor in tap water
demonstrate the potential applicability of our sensor in real-

Fig. 5 RNA Mango is selective for Pb2+. Fluorescence spectra of the Mango sensor with (A) TO1-biotin, (C) TO3-biotin, and (E) ThT in the presence
of various metal ions. Relative fluorescence intensities of the Mango sensor in the presence of Pb2+, Ca2+, and K+ with (B) TO1-biotin, (D) TO3-
biotin, and (F) ThT. Experiments were performed with 100 nM RNA, 250 nM dye, and 1 μM metal ions at pH 8 and 5 mM Mg2+. Error bars in (B), (D),
and (F) correspond to the standard deviation of three independent experiments.
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world samples. However, both Mango sensors showed modest
background fluorescence in tap water samples, even in the
absence of Pb2+. High concentrations of Ca2+ in the hard water
samples may interfere with Pb2+ detection by Mango sensors;
however, this can be remedied by several approaches, as dis-
cussed in the next section.

Conclusions

In this work, we created a new class of fluorescence biosensors
for detecting Pb2+ based on the RNA Mango aptamer, thus
expanding the analytical applications of RNA in heavy metal
sensing. Notably, our sensors demonstrate excellent sensitivity
with limits of detection (2–16 nM) significantly below the per-
missible level of Pb2+ in drinking water (72 nM). The Mango
sensors are able to discriminate between the Pb2+ and other
metal ions, showing only a weak signal with K+ and Ca2+. The
Mango/ThT sensor emerged as the most promising candidate
exhibiting high affinity for its analyte, Pb2+ and its dye, ThT in
the presence of Pb2+, and showing the highest selectivity
among the Mango sensors. The versatility of Mango-based
lead sensors is highlighted by their compatibility with dyes
spanning different spectral regions, including TO1-biotin and
ThT in the green and TO3-biotin in the red regions of the
spectra, which allows users to select the dye best suited to
their needs. Additionally, to detect lead, one simply needs to
add the sample to the RNA/dye solution, which eliminates the
need for complex chemical reactions or sophisticated sensor
assemblies. Fluorescence signal is observed in the presence of
Pb2+ within minutes by simply shining light from a handheld
UV lamp. These features make Mango lead sensors attractive
for on-site detection of Pb2+.

However, to enable broad applicability in point-of-care
devices, we are currently optimizing the concentrations of the
Mango RNA aptamer and its fluorogenic dyes to reduce

responsiveness to Ca2+, which, if present in real-world
samples, may trigger weak false positives. Alternatively, water
samples may be pre-treated with NH4OH to precipitate Ca2+ as
Ca(OH)2, which can then be removed via filtration.42 A sub-
sequent pH adjustment to ∼pH 8 with HCl will allow Mango
sensors to function as intended. As Ca2+ is primarily present
as Ca(HCO3)2 in hard water, boiling water samples will remove
dissolved Ca2+ as CaCO3, allowing Pb2+ detection by Mango
sensors.43 Another consideration for on-site detection is the
potential to incorporate Mango sensors into inexpensive and
portable point-of-care analytical devices. Toward this goal, we
are developing paper-based analytical devices (PADs) and
microfluidic chips for Pb2+ detection that use the Mango
sensors reported in this work.

Experimental
Materials

Tris-HCl (pH 8) buffer was purchased from Invitrogen. Metal
salts Pb(NO3)2·3H2O, AgNO3, CdCl2·H2O, CuSO4·5H2O,
FeSO4·7H2O, NiNO3·6H2O, ZnCl2, HgNO3·H2O, and Mn
(CH3COO)2·4H2O were purchased from Sigma-Aldrich (ACS
grade). MgCl2, NaCl, KCl, and CaCl2 were purchased as filtered
solutions from Invitrogen. Dyes DFHBI, DFHBI-1T, and DFHO
were purchased from Lucerna Technologies. TO1-biotin and
TO3-biotin were purchased from Applied Biological Materials
Inc. (abm) and thioflavin-T (ThT) was purchased from
Millipore Sigma. The details of all the dyes used in this work
are listed in ESI Table S1.† The RNA oligonucleotides used in
this work are listed in ESI Table S2† and were purchased from
Integrated DNA Technologies (IDT).

Methods

Instrumentation for fluorescence assays. Fluorescence emis-
sion was measured using a Fluorolog-3 spectrofluorometer

Fig. 6 Mango lead sensors are functional in tap water. Fluorescence signals exhibited by RNA Mango in response to increasing concentrations of
Pb2+ in tap water for (A) TO1-biotin and (B) ThT. Experiments were performed at pH 8 and 5 mM Mg2+. Concentrations of RNA and the dye were 100
nM and 1 μM, respectively, with Pb2+ concentrations in the range of 5 nM–5 μM. Error bars correspond to the standard deviation of three indepen-
dent experiments.
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equipped with a thermocontroller (Horiba Inc.) and a slit
width of 2 nm for all the measurements. Excitation wave-
lengths of 510 nm, 637 nm, and 450 nm and emission ranges
of 515–700 nm, 642–750 nm, and 455–600 nm were used for
the fluorescence measurements for TO1-biotin, TO3-biotin,
and ThT, respectively (see ESI Table S1†). All measurements
were performed in triplicate at 25 °C. Data were plotted using
Origin 2025 and GraphPad Prism 8.4.3.

Identification of optimal aptamer-dye pairs for Pb2+ detec-
tion. To identify the optimal RNA-dye pairs for Pb2+ detection,
we screened four fluorogenic RNA aptamers that use
G-quadruplex motifs as their dye-binding platform. In these
experiments, 300 nM RNA was heated in the presence of
10 mM Tris-HCl (pH 8) at 90 °C for two minutes, followed by
incubation with 5 mM MgCl2 (for Mango) or 1 mM MgCl2 (for
the Peach, Broccoli, and Beetroot aptamers) at 50 °C for
15 minutes. 3 μM dye (TO1-biotin for Mango, DFHBI-1T for
Broccoli, TO3-biotin for Peach, or DFHO for Beetroot) was
added to this solution and incubated at 37 °C for 10 minutes.
Finally, 1 μM Pb(NO3)2 was added and incubated at 37 °C for
10 minutes. Fluorescence intensities for samples containing
RNA and the dye (‘blank’) were subtracted from the fluo-
rescence intensities for samples containing RNA, dye, and
Pb2+.

Sensitivity and selectivity assays. Samples for sensitivity
assays contained 1 μM dye, 100 nM RNA, and 5 nM–10 μM
Pb2+. Binding affinities of RNA Mango for Pb2+ in the presence
of the three dyes were determined by plotting normalized fluo-
rescence (normalization was performed with respect to the
highest signal) for each concentration of Pb2+ and fitting the
data to the Hill equation: y = Bmax × xh/(Kh

D + xh), where Bmax =
highest fluorescence signal, KD = dissociation constant, and h
= hill slope. The limit of detection (LOD) was measured from
sensitivity assays using the 3σ/slope method (where σ rep-
resents the standard deviation of the 10 blanks). The fluo-
rescence signal corresponding to the linear region of the
binding plot was fitted into a simple linear regression model
to obtain the slope. Samples for selectivity assays contained
100 nM RNA, 250 nM dye, and 1 μM metal ions (Pb2+ or non-
Pb2+).

Sensitivity and selectivity assays were performed with
Mango and each of the three dyes (TO1-biotin, TO3-biotin, or
ThT). In addition to measuring fluorescence intensities using
a fluorimeter, we imaged samples containing different Pb2+

concentrations (0.01, 0.1, 0.5, 1, 5, and 10 μM) or different
metal ions at 1 μM using an Azure 600 imaging system with
filters closest to the excitation and emission wavelengths of
each dye. Samples containing TO1-biotin, TO3-biotin, and ThT
were imaged under AzureRed (λex = 524 nm/λem = 572 nm),
AzureSpectra 650 (λex = 628 nm/λem = 684 nm), or AzureSpectra
490 (λex = 472 nm/λem = 513 nm), respectively.

Dye-binding assays. 5 nM–10 μM of each of the three dyes –

TO1-biotin, TO3-biotin, or ThT – were added to 100 nM RNA
in the presence of 1 μM Pb2+ and incubated at 37 °C for
10 minutes. Fluorescence intensities at each dye concentration
in buffer containing Pb2+, but in the absence of RNA, were sub-

tracted from those observed for samples containing both the
dye and RNA. Binding affinities of the Mango lead sensor for
each dye in the presence of Pb2+ were determined by plotting
normalized fluorescence at each dye concentration and fitting
the data to the Hill equation.

Mutational studies on the RNA Mango G-quadruplex. We
determined fluorescence intensities for three RNA Mango con-
structs (MutI, MutII, and MutIII; see Table S2†) with mutations
to their G-quadruplex regions. The fluorescence was measured
for each mutant construct in the presence of TO1-biotin, TO3-
biotin, or ThT. For each construct, the fluorescence signal
without Pb2+ was subtracted from that observed with Pb2+.

Stability of the RNA Mango aptamer in tap water. The stabi-
lity of RNA Mango was evaluated under conditions that mimic
potential real-world applications. For tap water assays, the
sensor was incubated with 1 μM Pb2+ at 25 °C in tap water for
0, 30, 60, 120, 180 minutes and 24 h. Aliquots were quenched
with 5 volumes of quench buffer (8 M urea, 100 mM Tris-HCl,
100 mM boric acid, 100 mM EDTA) and loaded on an analyti-
cal 10% denaturing PAGE. The gel was stained with SYBR Gold
for visualization and scanned using an Amersham Typhoon
RGB Instrument (Cytiva).

Detection of Pb2+ in tap water. To demonstrate the Pb2+

detection ability of the Mango sensors in a real-world sample,
we added tap water samples spiked with 5 nM–5 μM Pb2+ to
the Mango sensors (100 nM RNA + 1 μM TO1-biotin or ThT
incubated at 37 °C for 10 minutes). The samples were further
incubated at 37 °C for 10 minutes, and fluorescence intensities
were measured as described above. The average fluorescence
intensity of 10 samples containing 100 nM RNA, 1 μM TO1-
biotin or ThT, and tap water was subtracted from each of the
above Pb2+-spiked samples to calculate the fluorescence inten-
sity solely due to Pb2+ in the spiked tap water samples.

Circular dichroism (CD) spectroscopy. CD samples were pre-
pared in the same way as in the case of fluorescence experi-
ments, except that they contained 10 μM RNA Mango and no
dye. CD measurements were carried out in a Jasco J-1500 CD
spectrometer in the wavelength range from 180 to 320 nm,
using a path length of 1 mm. Each CD spectrum represents
the average of three scans measured at a rate of 50 nm min−1

with a 1 nm interval. All measurements were conducted at
25 °C. Data were smoothed and plotted using Origin 2025.
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Data availability

Additional supporting data for this article have been included
in the ESI.† This includes (1) chemical structures of the dyes
and the sequences of the oligonucleotides used in this work,
(2) secondary structures of the fluorogenic RNA aptamers
tested and their fluorescence spectra with their corresponding
dyes in the absence and presence of Pb2+, (3) sensitivity plots
of the Mango sensor with TO1-biotin, TO3-biotin and ThT for
Pb2+, (4) images of the Mango lead sensors with increasing
concentrations of Pb2+ and different metal ions, (5) binding
curves for measuring the affinity of TO1-biotin, TO3-biotin,
and ThT to RNA Mango in the presence of 1 μM Pb2+, and (6) a
denaturing PAGE gel to demonstrate the stability of the Mango
lead sensor in tap water in the presence of 1 μM Pb2+.
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