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Highlights

. A duplex functional fluorescent biosensor was established for the label-free and separate

detection of Pb?* and Hg?*

. The K*-induced fluorescent G-quadruplex probe was assembled by a guanine-rich DNA

sequence and N-methyl mesoporphyrin IX

. Both Pb?* and Hg?* could cause the reassembly of DNA probe, consequently resulting in

obvious fluorescence decrease

. The method exhibited a low detection limit of 5.0 nM for Pb?* and 18.6 nM for Hg?*,

respectively

Abstract: To meet the severe water pollution status, multi-target biosensor becomes
one of research focus. We herein report a novel duplex functional fluorescent
biosensor for the label-free and separate detection of Pb?* and Hg?* with high
sensitivity and selectivity. A K*-induced fluorescent G-quadruplex probe was
assembled by a guanine-rich sequence (AGRO100) and N-methyl mesoporphyrin
IX(NMM). It changed into a more stably non-fluorescent G-quadruplex structure and
a hairpin-like structure upon binding Pb?* and Hg?* ions, respectively. As a result, the
fluorescence decreased with relation to the addition of targets, allowing the separate
detection of Pb?* and Hg?* ions at concentrations as low as 5 nM and 18.6 nM. The

linear correlation existed between the fluorescence intensity and the concentration of



Pb2* and Hg?* over the range of 10 to 200 nM (R?= 0.98) and 20 to 1000 nM (R?=

0.99), respectively. All real lake samples, even containing Pb?* or Hg?* at 50 nM,

could be determined by the duplex functional fluorescent probe with recovery rates 96%
and 104%, respectively. Considering that this sensor is label-free, simple, time-saving,
cost-effective and easy-to-handle, it is possible to pave its way for Pb?* and Hg?*

detection in various application fields.

Keywords: Fluorescent DNA probe; N-methyl mesoporphyrin IX; G-quadruplex;

Lead(Il) ion; Mercury(ll) ion

1 Introduction

Detection of heavy metal ions is of great importance because of their high toxicity and
severe adverse effect on both environment and human health[1]. Lead and mercury are
two of the most toxic metallic pollutants[2], thus the detection of them in
environmental media, especially in aquatic media has caused worldwide concern.
Traditional techniques to detect these two ions such as inductively coupled plasma
mass spectrometry (ICP-MS) and atomic absorption spectrometry have been well
developed and widely used[3-6], nevertheless, those techniques are expensive,
complicated, and not suitable for on-site analyses.

Biosensors based on functional nucleic acids have been developed for the selective

detection of Pb?* and/or Hg?* ions due to their rapid, simple, on-site, accurate and



low-cost advantages compared with the traditional chemical analysis[7]. For detection
of lead ions, rationally designed G-quadruplex DNA probes have been extensively
studied to realize a highly selective detection of Pb?* in several decades[8-10].
G-quadruplexes are high-order structures formed from G-rich oligonucleotides
through the stacking of planar G-tetrads[11-13]. In the presence of K™, the
guanine-rich sequences (e.g., PS2.M, AGR0O100) form stable K*-induced
G-quadruplexes, which could bind to N-methyl mesoporphyrin IXX (NMM) and cause
enhanced fluorescence. NMM is an unsymmetrical anionic porphyrin with a
pronounced structural selectivity for K*-induced G-quadruplexes other than duplexes,
triplexes, or single-stranded oligonucleotides[14]. The bound state of NMM would
result in pronounced fluorescence enhancement compared with its free state, giving
rise to specific detection of DNA G-quadruplex assembly and disassembly[15]. Pb?
has been proved to competitively bind with K*-induced G-quadruplexes due to the
formation of more compact DNA folds[8, 16]. And Guo’s work claimed that some
Pb2*-induced G-quadruplexes could show non-fit structures with NMM, hence leading
to weak fluorescence[15]. For detection of Hg?*, since the pioneering work by Ono
and Togashi reported that mercury ions could bind in between two T-bases, promoting
T-T mismatch[17], Over the past decade, various poly-T oligonucleotides based
biosensors for Hg?* using different signal transduction modes have been reported,
including fluorescence[18, 19], colorimetry[20, 21], surface plasmon resonance[22,
23], surface-enhanced Raman scattering[24, 25] and electrochemistry[26, 27].

To meet the high demands of developing biosensors capable of multi-analyte detection



for heavy metal ions, many efforts have been taken over the years. However, although
many previously reported biosensors realized to monitor Hg?* or Pb?*, a few of them
could detect both kinds of metal ions simultaneously. Moreover, these duplex
biosensor for detection of Hg?* and Pb?* still have some limitations such as high cost
(e.g., TI3C2 MXenes sensor[28]), needing complicated modifications (e.g., FAM and
quencher labeling[29]). Although the label-free biosensors for the detection of Pb?*
and Hg?* were in high demand due to their simplicity, rapidity and low cost, none such
kind biosensors were reported to achieve sensitive and selective detection of Pb?* and
Hg?*, simultaneously.

To circumvent these limitations, we herein reported a novel, facile technique for the
selective and sensitive detection of Pb?* and Hg?*, separately, by using a DNA
sequence called AGRO100 and NMM. The oligonucleotide AGRO100, which is
originally selected as a potent anticancer aptamer[30], contains many T residues in
addition to G residues with the ability to bind with Pb?* or Hg?* selectively. Inspired
by this observation, we constructed a K*-induced G-quadruplex’/NMM complex, a
fluorescent probe could be utilized as a turn-off sensor to detect Pb?* and Hg?*
separately. The structure changes of the K*-induced G-quadruplex/NMM fluorescent
probe in the absence and presence of Pb?* or Hg?* were investigated by Circular
Dichroism (CD). The experimental observations confirm the practicability of the
quantitative analysis of aqueous Pb?* or Hg?* with high selectivity and sensitivity via

this fluorescent biosensor.



2 Experimental

2.1 Chemicals and Instruments

Purified oligonucleotide AGRO100, d (GGTGGTGGTGGTTGTGGTGGTGGTGG),

and purified oligonucleotide T20, d (TTTTTTTTTTTTTTTTTTTT), were obtained
from Sangon Biotechnology Co., Ltd. (Shanghai, China). Acetic acid,
2,6-pyridinedicarboxylic acid (PDCA), N-methyl mesoporphyrin IXX (NMM), Tris-
(hydroxymethyl) aminomethane (Tris) and 19:1 acrylamide were bought from Sigma-—
Aldrich (USA). The used metal salts (KAc, HgCl,, Pb(Ac)., CdCl,, CrClz, MgCl.,
CaCly, CoCly, ZnCly, NiCl,, FeClz and CuCl) were obtained from Beijing Chemical
Reagent Company (Beijing, China). SYBR® Gold Nucleic Acid Gel stain was
purchased from Thermo Fisher Scientific (USA). All other chemicals were of
analytical grade. All reagents were used as received without further purification.
Before use, the stock solution of NMM (1 mM) was prepared in ultrapure water and
stored in the dark at -20 °C, and diluted to the required concentrations with Tris—HACc
buffer (10 mM, 20 mM KAc, pH 7.4).

Before use, the stock solution of AGRO100 was prepared by DNase- and RNase-free
water and quantified by using UV-vis absorption spectroscopy with the following
extinction coefficients (£260 nm, Mt cm™): A=15400, G=11500, C=7400, T=8700.
Before fluorescent measurement, the AGRO100 stock solution was heated at 88 °C for
10 min and gradually cooled down to room temperature. 500 uL AGRO100 stock

solution of 10 uM was firstly prepared in Tris—HAc buffer (10 mM, 20 mM KAc, pH



7.4).

A HITACHI F-7000 fluorescence spectrophotometer was used to record the
fluorescence intensity. The optical chamber (1 cm path length, 0.35 mL volume) was
deoxygenated with dry purified nitrogen (99.99 %) before use. Circular Dichroism
(CD) was conducted using a by a Chirascan™ circular dichroism spectrometer
(Applied Photophysics, UK). A gel imaging system Doc XR (BioRad, America) was

used to record the image of DNA bands.

2.2 Circular Dichroism and Non-denaturing PAGE

Circular Dichroism. A quartz cuvette with a 1-mm path length was used for the
spectra recorded over wavelengths ranging from 230 nm to 320 nm at 1 nm bandwidth,
1 nm step size, and 0.5 s per point. 10 mM Tris-HAc buffer (pH 7.4) was applied to
make blank corrections before measurement. All samples were prepared with 20 uM
AGRO100 in 10 mM Tris-HAc buffer (pH 7.4) and incubated 20 min at room
temperature. Moreover, the spectra were monitored at different temperatures at 260
nm to determine the melting temperature (Tm) with the control wavelength of 320 nm.
The temperature gradient was 1°C/min between 10°C and 90°C.

Non-denaturing PAGE. All samples were prepared with 4 uM AGRO100 in 10 mM
Tris-HAc buffer (pH 7.4) and incubated 20 min at room temperature. Non-denaturing
20% PAGE was run in 1x TBE buffer at 100 Vecm™ and 4°C for 4 h, then the gel was

stained with 3x SYBR® Gold Nucleic Acid Gel Stain for 30 min for PAGE imaging.



2.3 Analysis of Samples

Sensitivity. For Pb?* testing, Pb?* at various concentrations was introduced into 200
uL aliquots of Tris—HAc buffer (10 mM, 20 mM KAc, pH 7.4), containing 1 uM
AGRO100. After incubated 20 min at room temperature, 4.6 uL. NMM of 100 uM was
added into each sample. After incubation, samples were kept in darkness at room
temperature for 15 min, and then the fluorescence intensity of each sample was
monitored. For Hg?* testing, the similar procedures were carried out except that Pb?*
were replaced by Hg?*.

Selectivity. To investigate the selectivity, different nonspecific metal ions, including
100 pM Ca?*, 100 pM Mg?*, 10 uM Mn?*, 10 pM Fe®*, 1 uM Cd?*, 1 uM Cr?*, 1 uM
Co?*, 1 uM Zn?**, 1 uM Ni?* and 1 pM Cu?*, were added into the sensing solution
individually and the differences in the fluorescence intensity were analyzed.
Quenching efficiency ((lo-1)/1o) of the fluorescence intensity at wavelength of 610 nm
was selected as an index to indicate the selectivity.

Environmental samples. Real water samples from Hetang Lake (Beijing, China)
were selected to demonstrate the practicability of this developed biosensor. The water
samples were filtered through a 0.22 um filter and adjusted to pH 7.4 before analysis.

To improve accuracy, all measurements were performed in triplicate.



3 Results and discussion
3.1 Sensing mechanism

The sensing strategy of duplex functional K*-induced G-quadruplex’NMM complex
fluorescent probe toward the detection of Pb?* and Hg?* ions is demonstrated in
Scheme 1. The AGRO100 has been reported to have a random coil structure that
could fold into a G-quartet structure in the presence of a very small amount of K*
ions[31, 32]. The K*-induced G-quadruplexes bound to NMM, giving arise to high
fluorescence. When the Pb?* ions were added into the system, considering the
Pb2*-induced G-quadruplexes were more stable than K* ones[8, 16], the reassembly of
Pb2*-induced G-quadruplexes occurred, which showed little interaction with NMM][2,
6, 15], leading to decreased fluorescence. Alternatively, with the addition of Hg?* to
the sensing system, the T residues of the AGRO100 probe could bind to Hg?* ions
through T-Hg?*-T interaction. It induced the formation of a hairpin-like structure,

causing a decrease in fluorescence as similar as the addition of Pb?*.
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Scheme 1 Cartoon schematic of K*-induced G-quadruplex/NMM complex fluorescent
probe utilizing AGRO100 and NMM for label-free and facile detection of Hg?* and

Pb?*, separately



Proof-of-concept experiments were carried out to confirm the above proposed
principle. As shown in Figure 1, the pure NMM displayed almost no fluorescence
(curve a), while after the interaction with AGRO100 probe and K*, the fluorescence
was greatly enhanced (curve b). As expected, the fluorescence was decreased to
different degrees upon addition of Hg?* (500 nM) or Pb?* (100 nM), as curves ¢ and d

indicated, respectively.
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Figure 1 Fluorescence emission spectra. a. 2.3 uM NMM b. 1 uM AGRO100, 2.3 uM
NMM. ¢. 500 nM Hg?*. d. 100 nM Pb?*. All samples were prepared in 200 uL Tris—

HAc buffer (10 mM, 20 mM KAc, pH 7.4)

3.2 Characterization of AGRO100 structure by CD and PAGE

To characterize the structure of different G-quadruplexes, several techniques,
including Circular Dichroism (CD), Gel Electrophoresis, Electrospray Mass
Spectrometry, Thermal Denaturation, have been developed in recent years[33-36]. In

this work, CD spectra and non-denaturing Polyacrylamide Gel Electrophoresis
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(non-denaturing PAGE) experiments were carried out to investigate the structures of
AGRO100.

The CD spectra were obtained to provide the experimental evidence of formation of
K*-induced G-quadruplexes and its structure changes in presence of Pb?* or Hg?*.
Figure 2 shows the CD spectra of AGRO100 structure influenced by metal ions. The
CD spectra of AGRO100 without salt exhibited a weak absorption (curve a) showing
that few secondary structures existed. In the presence of K*ions, a high positive peak
at A = 260 nm and a weak positive band at A =290 nm were observed due to the form
of of a parallel G-quadruplex structure induced by K* ions, in agreement with previous
reports[33, 34, 36, 37] (curve b). After the addition of Hg?*, there was a decrease in
the height and the amplitude of the positive peaks of K*-induced G-quadruplexes
(curve c), indicating a change of DNA structure. By contrast, the addition of Pb?*
made no significant difference (curve d), indicating the possibility that
G-quadruplexes induced by K* and Pb?* were parallel structure, respectively, which

could not be distinguished by CD spectra.
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Figure 2 CD spectra of AGRO100 structure. a. No salt. b. 400 mM K*. ¢. 400 mM K7,
40 uM Hg?*. d. 400 mM K*, 40 uM Pb?*. All samples included 20 pM AGRO100 in
10 mM Tris-HAc buffer (pH 7.4)

For further characterization of G-quadruplex topologies, the non-denaturing PAGE
was conducted. Figure 3 shows the results of non-denaturing PAGE for AGRO100 in
10 mM Tris—HACc buffer (pH 7.4) at 4°C. The PAGE experiment was obtained at low
temperature as 4°C to avoid potential change of DNA structure during electrophoresis.
In native conditions, the migration of single-stranded oligonucleotides (Lane 2 and
Lane 3) was faster than 20-base pair duplex of 40 bases (Lane 1). Two different bands
were observed in Lane 4, probably indicating that G-quadruplexes formed in the
presence of K*. Considering the G-quadruplex structure migrated slower than the
single-stranded DNA with same sequence, combined with the results of CD spectra, it
is reasonable to assume that K*-induced G-quadruplex corresponded to an

intramolecular parallel G-quadruplex[33].

a|gjag

~Slower Band
20 bp —
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Figure 3 Non-denaturing 20% PAGE image of AGRO100 (4 uM) in 10 mM Tris—HAC

buffer (pH 7.4) at 4°C. (Lane 1, Marker; Lane 2 and Lane 3, no K* ions; Lane 4, 160
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mM K¥)

To further illustrate the structure changes of AGRO100 in the presence of Hg?* or Pb?*,
the thermal denaturation experiments were further conducted. As Figure 2 shows, the
CD spectra of K*-induced G-quadruplexes had a high positive peak at A = 260 nm.
Therefore, CD at 260 nm was monitored from 10 °C to 90 °C, and Tm was calculated
as Marky described[38]. Figure 4 shows the melting curves of AGRO100 with metal
ions. In the presence of K*ions, oligonucleotides formed stable G-quadruplex
structure (curve a), and the T value of K*-induced G-quadruplexes is 77°C. When
Pb2* or Hg?* ions were added, the characteristic peak of K*-induced G-quadruplexes at
260 nm performed weaker CD signal and lower T (64°C for curve b and 64°C for
curve c). The results prove that Pb?* or Hg?* ions could destroy K*-induced
G-quadruplexes and form other stable structures instead, indicating the practicability

of the mechanism shown in Scheme 1.
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Figure 4 CD melting curves for AGRO100 monitored at 260 nm. a. 400 mM K*. b.
400 mM K*, 100 uM Pb?*. ¢. 400 mM K*, 100 uM Hg?*. All samples included 20 uM

AGRO100 in 10 mM Tris-HAc buffer (pH 7.4)
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3.3 Sensitivity

Under the optimized conditions (see Figure S1 and S2), the sensitivities of the
established method towards Pb?* and Hg?* were investigated individually. As expected,
the fluorescence intensities decreased with the increased concentrations of Pb?*
(Figures 5a and 5b) or Hg?* (Figures 5c and 5d). The insets in Figures 5b and 5d
show the linear responses of fluorescence against the concentrations of Pb?* and Hg?*
over the ranges from 10 nM to 200 nM (R?= 0.98) and 20 nM to 1000 nM (R?=0.99),
respectively. The limits of detection (LoDs, based on 3¢ /slope rule) are 5.0 nM for
Pb?* and 18.6 nM for Hg?*. As illustrated in Table 1, relative to other Pb?* and/or Hg?*
sensors, this biosensor showed better or comparable sensitivity. According to the
World Health Organization (WHO) defined toxicity level of Hg?* (30 nM) and Pb?*
(48 nM) in drinking water[39], the established biosensor could be enough sensitive to

monitor the Pb?* or Hg?* contaminants for the requirement of drinking water standard.
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Figure 5 Sensitivity for detection of aqueous Pb?* or Hg?* ions. a. Fluorescence
emission spectra of Pb?* ions concentration (0, 5, 10, 20, 50, 100, 200, 500, 800, 1000
nM). b. Fluorescence intensity at wavelength of 610 nm with respect to the Pb?* ions
concentrations used in a. The inset shows the linear relationship over the concentration
range from 10 to 200 nM. c. Fluorescence emission spectra of Hg?* ions concentration
(0, 10, 20, 50, 100, 200, 500, 800, 1000 nM). d. Fluorescence intensity at wavelength
of 610 nm with respect to the Hg?* ions concentrations used in c. The inset shows the
linear relationship between the fluorescence and the concentration of Hg?* over the
range from 20 to 1000 nM.

Table 1 Comparison of the sensitivities using different Pb?* and/or Hg?* sensors
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Methods Target LOD Linear range Reference

Pb? 20 nM 20 nM-1 upM [10]
Hg?* 40 nM 40 nM-100 nM [17]
Fluorescence
Pb? 0.3nM 0.5-30 nM
[29]
Hg?* 5nM 10-200 nM
Colorimetry Hg?* 8 nM 10 nM-5 pM [20]
Pb?* 41 nM 100 nM-550 nM
Electrochemistry [28]
Hg?* 130 nM 1.0 uM-1.9 uM
Pb? 5nM 10 nM-200 nM
This study
Hg?* 18.6 nM 20 nM-1000 nM
Label-free
Pb2* 1 nM 5.0 nM-1.0 uM [15]
Hg?* 15 nM 50 nM-300 nM [21]

3.4 Selectivity

The selectivity of the sensing system for Hg?* or Pb?* detection was evaluated by
using other environmentally relevant metal ions instead of targets, including Ca?*,
Mg?*, Mn?", Fe3*, Cd?*, Cr?*, Co?*, Zn?*, Ni?* and Cu?* under the same conditions,
respectively.

To overcome the interference from Pb?* in Hg?* detection, 2,6-pyridinedicarboxylic
acid (PDCA) was introduced as the masking agent. PDCA has been reported as an
effective chelating agent able to strongly complex with Pb?* in aqueous solutions[40,

41]. Thus, PDCA was selected to improve the selectivity for Hg?* detection. As shown

16



in Figure 6, in the selectivity trials, 200 nM Pb?* or 1 uM Hg?* significantly changed
the fluorescence intensity, the quenching efficiency was about 0.5. By contrast, other
competing ions (including 100 uM Ca?*, 100 pM Mg?*, 10 uM Mn?*, 10 uM Fe?*, 1
uM Cd?*, 1 uM Cr?*, 1 uM Co?*, 1 uM Zn?*, 1 uM Ni?*and 1 pM Cu?*) caused
virtually no positive change in the quenching efficiency. These results suggest that the
developed biosensor for Pb?" and Hg?* displayed a highly favorable and specific
recognition comparable with competing ions, indicating high selectivity of Pb?* and
Hg?*, respectively. Figure 6 shows that no interference from Pb?" was found in the
presence of PDCA. To overcome the interference from Hg?* in Pb?*detection, T20
sequence was selected as a masking agent. Considering the T-Hg?*-T mismatch[17],
this oligonucleotides with 20 T residues could competitively bind to Hg?* and form
more stable structure. The concentration of T20 added to samples was studied (see
Figure S3), and Figure 6 shows that no interference from Hg?* was found in the
presence of 500 nM T20, demonstrating that Pb?* and Hg?* could be detected and

distinguished by this biosensor.

CaMgMn Fe Cd Cr Co Zn Ni CuHg Pb Hg Pb Hg Pb
POCA PDCA T20 T20

17



Figure 6 Quenching efficiency ((lo-1)/l0) of the fluorescence intensity at wavelength of
610 nm in the presence of individual metal ion. All tested metal ions were 100 uM
Ca%*, 100 uM Mg?*, 10 uM Mn?*, 10 uM Fe**, 1 uM Cd?*, 1 uM Cr?*, 1 uM Co?*, 1
uM Zn?*, 1 uM Ni?*, 1 pM Cu?*, 1 uM Hg?*, 200 nM Pb?*, 1 uM Hg?* with 20 uM
PDCA, 200 nM Pb?* with 20 uM PDCA, 1 uM Hg?* with 500 nM T20, 200 nM Pb?*
with 500 nM T20. Other experimental conditions were equal to those shown in Figure

1b.

3.5 Recovery Study

The recovery study of this biosensor was performed in real lake water samples from
Hetang Lake at Tsinghua University campus, spiked with or without Pb?* or Hg?* (0,

50 nM), respectively. All water samples were filtered by a 0.22 um filter before
measurement. The concentrations measured were compared with those added and

results are exhibited in Table 2. The biosensor showed no significant signal change
when the non-spiked samples were added, indicating that Pb?* and Hg?* were not

present in these samples. The average recoveries of Pb?* (96% * 12%) and Hg?* (104%
+ 7%) demonstrated the satisfactory accuracy of the biosensor and indicated the
application potential in real water samples.

Table 2 Recovery study in spiked lake water samples

Sample Found Spiked Recovered  Recovery RSD

(nM) (nM) (nM) (%) (%)

Lake water not detected 50 nM Pb?*  47.8 96 12

18



50 nM Hg®*  51.8 104 7

4. Conclusion

In summary, we demonstrated a novel, duplex functional fluorescent biosensor for the
facile detection of lead(Il) or mercury(l1) with high sensitivity and selectivity. The
LoDs of this method were as low as 5.0 nM for Pb?* and 18.6 nM for Hg?",
respectively. Compared with previous studies, the established method is label-free,
cost-effective, time-effective, simple and easy-to-handle. Considering that real lake
samples containing Pb?* or Hg?* at 50 nM were determined by the biosensor with
recovery rates 96% and 104%, this biosensor could be applied in the practical

measurement of Pb?* or Hg?* in real water samples.
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