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Abstract
A UV-vis, CD, and differential pulse voltammetric study was performed on the deactivation of the activity of parallel G-
quadruplex/hemin DNAzymes (G4 DNAzymes) by Pb(II). The G4 DNAzyme carries a d[TC] sequence at its 3′ end and
is stabilized by potassium(I). On addition of Pb(II), the K(I) ions in the parallel G4 are replaced by Pb(II) to keep the
parallel topology. Intruded Pb(II) decrease the affinity between the topology and hemin, this leads to a decrease of
DNAzyme activity for catalyzing the oxidation of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) by hydrogen
peroxide to form a green dye with an absorption maximum at 420 nm. The assay does not use any amplification, and has
a linear response in the 0.01 to 10 μM Pb(II) concentration range and a 7.1 nM limit of detection. The method was
successfully applied to the analysis of spiked water samples.

Keywords Peroxidase .Non-amplification .Catalyst .Leadion .Colorimetricmethod .High-activityDNAzyme .d[TC]flanking
sequence

Introduction

Pb2+ pollution has irreversible effects on humans, such as
anemia, cardiovascular dysfunction, and irritability [1]. The
safety limit of total lead in drinking water established by
WHO is 10 ppb (48.3 nM) [2]. To monitor the Pb2+ pollution,
traditional and reliable methods have been developed, such as
atomic fluorescence spectroscopy (AFS), atomic absorption

spectroscopy (AAS), anodic stripping voltammetry (ASV)
and inductively coupled plasma-mass spectrometry (ICP-
MS) [3]. These techniques are accurate but require sophisti-
cated equipment or complicated sample preparations [4], most
of them are costly and cannot be used on-site. Thus, it is
highly desirable to design a sensitive method based on simple
sample preparation, selective and inexpensive strategies for
the detection and quantification of Pb2+.

Peroxidases has received intensive interests because of its
functional diversity [5–7], and also exploited to catalyze a
wide variety of chemical reaction, especially for analytical
applications [8]. However, most natural peroxidases are pro-
teins, which are often difficult and/or expensive to synthesize
and sensitive to the environment. To overcome these limita-
tions, a series of artificial enzymes have been designed to
imitate the biological function of peroxidases [9]. These arti-
ficial enzymes can be organic compounds, metal and metal
oxide-based nanomaterials, carbon-based nanomaterials,
metal-organic frameworks, or catalytic nucleic acids (known
as DNAzymes or ribozymes) [10]. In particular, DNA-based
artificial enzymes have attracted a lot of attention due to their
advantages of high selectivity, biocompatibility and sensitivi-
ty. The first DNAzyme for Pb2+ detection is 8–17 DNAzyme
[11], which is the main detection element of nucleic acid-
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based Pb2+ probe [12, 13]. Even though this DNAzyme is
highly sensitive and selective, its low robustness limits its
application in complex environments, and sequences optimi-
zation is onerous to ensure high-efficiency.

G-quadruplexes (G4s) are highly ordered DNA structures,
which involve four guanines arranged in a square-planar array
via Hoogsteen hydrogen-bonding [14]. G4s can be stabilized
by a number of metal ions, such as K+, Na+, and Pb2+. The
binding ability of these cations to G4s generally depends on
several factors, such as ionic radius, hydration effect, and co-
ordination behavior [15]. In the meanwhile, G4s can effective-
ly bind with hemin and possess catalytic properties as horse-
radish peroxidases (named as G4 DNAzymes) [16].
Additionally, the activities of G4 DNAzymes adopting a par-
allel conformation are higher than other topologies (antiparal-
lel or hybrid) [17–19]. Compared with monovalent ions, Pb2+

has a greater ability to stabilize G4 [20, 21]. Li and coworkers
discovered that Pb2+ can compete with K+ to induce a confor-
mational change, and decrease the activity of G4 DNAzyme
[22]. These G4 DNAzymes have been successfully used for
colorimetric detection of Pb2+ [23–26]. In addition, G4
DNAzymes are also work with some nanomaterials to detect
Pb2+, including graphene oxide and gold nanoparticles
[27–29]. However, it should be noted that most G4
DNAzymes are limited by their low catalytic proficiency. In
order to increase the detection sensitivity, several amplifica-
tion strategies and nanomaterials are introduced, which make
the detection systems too complicated, sample preparations
too complex, and cannot be used to on-site detection.
Therefore, the one-step method without any amplification as-
say deserves to be developed.

In 2018, we performed a precise analysis and assessment of
the position-dependent catalytic enhancement in the G4
DNAzymes model reactions [30]. The results show a highly
enhanced activity of G4 DNAzyme when hemin binds to par-
allel G4 with a d[TC] flanking sequence at the 3′ end
(PG4TC). So, we chose the constructed PG4TC as a probe
to improve the sensitivity for Pb2+ detection. The experimen-
tal results demonstrate that the binding of Pb2+ into G4 does
not induce a structural change, but decrease the binding affin-
ity of hemin with G4. To the best of our knowledge, this is the
first successful use of highly active G4 DNAzyme for the
sensitive and selectivemonitoring of Pb2+ without introducing
other signal amplification methods. Finally, this method was
applied to the determination of Pb2+ in spiked water samples.

Experimental section

Materials and reagents

HPLC-purified DNA oligonucleotides listed in Table 1 were
obtained from Sangon (Shanghai, China, https://www.sangon.

com). Their concentrations were determined by measuring the
absorbance at 260 nm using the extinction coefficients given by
OligoAnalyzer 3.1 (http://sg.idtdna.com/calc/analyzer).
Hemin, Triton X-100, DMSO, tris-(hydroxymethyl)-amino-
methane (Tris), acetic acid (HAc), citric acid, tris(2-
carboxyethyl) phosphine hydrochloride (TCEP), 6-mercapto-
1-hexanol (MCH), KCl, Pb(NO3)2, Zn(NO3)2·6H2O,
FeCl3·6H2O, CuSO4·5H2O, Hg(NO3)2, MnCl2, CaCl2,
CdCl2·2.5H2O, BaCl2·2H2O, KSCN, SrCl2·6H2O,
MgCl2·6H2O, 2,2′-azino-bis (3-ethylben-zothiazoline-6-sul-
fonic acid) (ABTS) and NaClO4 were purchased from Sigma-
Aldrich (St. Louis, MO, USA, https://www.sigmaaldrich.com).
H2SO4 and H2O2 were obtained from Lingfengshiji (Shanghai,
China, http://lingfengshiji.foodmate.net).

Hemin was dissolved in DMSO and diluted to 50 μM, and
then stored in the dark at 4 °C. Freshly prepared ABTS was
dissolved in ultrapure water to 50 mM. DNA samples were
prepared in 10 mM Tris-HAc buffer (pH titrated with acetic
acid, HAc, to 6.5) with different concentrations of K+ or Pb2+.
They were heated to 95 °C for 5 min, then cooled slowly to
room temperature and stored at room temperature for 2 h to
thoroughly fold into K+ or Pb2+ stabilized G4s.

Apparatus

UV absorbance spectra were measured with a Cary 100 UV-
vis spectrophotometer (Agilent Technologies, USA, https://
www.agilent.com) in a sealed tandem cuvette with a path
length of 10 mm. Circular dichroism (CD) spectra were re-
corded on a Chirascan equipped with a Peltier temperature
control accessory (Applied Photophysics, UK, https://www.
photophysics.com). Electrochemical measurements were
performed on a CHI 660D electrochemical workstation (CH
Instruments Inc., USA, https://www.chinstr.com) at room
temperature with a conventional three-electrode configuration
composed of a platinum wire as counter, Ag/AgCl as refer-
ence, and a gold disk electrode (AuE) with 2 mm diameter as
working electrodes.

Typical oxidation procedure

The K+ or Pb2+ stabilizedG4s were incubated with hemin (at a
molar ratio of 1:1) at 25 °C for 30 min in 10 mM Tris-HAc
buffer (pH 6.5) containing 0.05% (v/v) Triton X-100. Then,

Table 1 The DNA sequences used in this work

Name Sequences (5′–3′)

PG4TC TTGGGTGGGTGGGTGGGTC

PS2.M GTGGGTAGGGCGGGTTGG

SH-PG4TC SH-C6-TTGGGTGGGTGGGTGGGTC

PG4AC AAGGGAGGGAGGGAGGGAC

  786 Page 2 of 8 Microchim Acta         (2019) 186:786 

https://www.sangon.com
https://www.sangon.com
http://sg.idtdna.com/calc/analyzer
https://www.sigmaaldrich.com
http://lingfengshiji.foodmate.net
https://www.agilent.com
https://www.agilent.com
https://www.photophysics.com
https://www.photophysics.com
https://www.chinstr.com


6 μL 50 mMABTS was added. The reaction was started with
the addition of 6 μL 50 mM H2O2. The generation of oxida-
tion product ABTS·+ was estimated by monitoring the absor-
bance at 420 nm. The initial rate (V0, nM/s) of the oxidation
reaction was obtained from the slope of the initial linear por-
tion (the first 10 s) of the plot of absorbance versus reaction
time. All kinetic measurements were repeated three times.

UV–vis absorption titration experiments

To evaluate the binding ratio between PG4TC and Pb2+, UV
absorbance spectra were collected from 240 nm to 350 nm at
25 °C in a cuvette with a path length of 10 mm. The spectro-
photometric titration of PG4TC with increasing concentra-
tions of Pb2+ was performed by incubating Pb2+ (0 to
50 μM) with PG4TC (5.0 μM) in 10 mM Tris-HAc buffer at

25 °C for 2 h. The difference spectra ΔAλ=Aλ
F–A

λ
U were ob-

tained by subtracting the absorbance spectra of the unfolded
G4 from the folded form. The resulting ΔA at 303 nm were
then plotted as a function of the [Pb2+]/[PG4TC] molar ratio.

Circular dichroism (CD) experiments

CD spectra were collected from 220 nm to 350 nm at 25 °C.
5 μMDNA samples were prepared in 10mMTris-HAc buffer
(pH 6.5) containing 2 mM KCl or 100 μM Pb(NO3)2, or
2 mM KCl in the presence of 1 to 100 μM Pb(NO3)2. The
lamp was kept under a stable stream of dry purified nitrogen
(99.99%) during experiments, and the measurements were
repeated three times.

Electrochemical analysis

The AuE was firstly immersed into freshly prepared piranha
solution (H2SO4/H2O2, 3:1) for 1 h and polished with 0.05μm
Al2O3 slurry. Then, the electrode was electrochemically acti-
vated by scanning the potential from −0.2 to +1.6 V in 0.5 M
H2SO4 at a scan rate of 0.1 V s−1 for 80 cycles. The annealed
SH-PG4TC (1 μM) and TCEP (500 μM) were mixed for 1 h
to reduce disulfide bonds. An amount of 10 μL of PG4TC
(1 μM) was dropped on the electrode surface to incubate at
37 °C for 2 h. After rinsing with 10 mM Tris-HAc buffer
(pH 7.0) and drying with nitrogen, 10 μL of MCH (1 mM)
was dropped on the electrode and incubated for 1 h to block
the unmodified DNA. The MCH/SH-PG4TC/AuE was incu-
bated in 10 mM Tris-HAc containing 2 mM KCl or 100 μM
Pb(NO3)2 for 2 h at room temperature to allow the appropriate
structure to fold. After thorough washing with 10 mM Tris-
HAc buffer (pH 7.0), the electrode was immersed in 10 mM
Tris-HAc buffer (pH 7.0) containing 0.1 M NaClO4 for dif-
ferential pulse voltammetry (DPV) detection from – 0.1 V to –
0.6 V, using pulse amplitude of 50 mVand width of 50 ms.

Measurement procedure of Pb2+

1.25 μL, 100 μM DNA samples were prepared with 2 μL,
500 mM KSCN and different concentrations of Pb(NO3)2 in
buffer (10 mM Tris-HAc, 1 mM citric acid, pH 6.5).
Thereafter, the samples were heated to 95 °C for 5 min, slowly
cooled to room temperature and stored 2 h at room tempera-
ture to thoroughly fold into K+ or Pb2+ stabilized G4s. After
that, samples were incubated with 2.5 μL, 50 μM hemin in
40 μL buffer (100 mM Tris-HAc, 10 mM citric acid, pH 6.5),
containing 0.05% (v/v) Triton X-100 and 1% DMSO for
30 min at 25 °C. Finally, 6 μL ABTS (50 mM) and 6 μL
H2O2 (50 mM) were added. The detection procedures were
the same as above mentioned.

Regarding to the environmental water sample detection
(water from Xuanwu Lake in Nanjing, P. R. China). Firstly,
50 μL filtered environmental water sample (centrifuged at
10000 rpm for 15 min, and then filtered through a 0.45 μm
membrane (www.tansoole.com)), mixed with 1.25 μL,
100 μM G-quadruplex, 2 μL, 500 mM KSCN, and 10 μL
buffer (containing 100 mM Tris and 10 mM citric acid,
pH 6.5), 36.8 μL ultrapure water added to make sure the
total volume into 100 μL. Then the sample annealed at
95 °C for 5 min and naturally annealed to room temperature,
kept for 2 h. Secondly, 2.5 μL, 50 μM Hemin, 40 μL buffer
(containing 100 mM Tris, 10 mM citric acid and 0.5% v/v
Triton X-100) and 345.5 μL ultrapure water were added into
the sample. Finally, 6 μL 50 mM ABTS and 6 μL 50 mM
H2O2 were added into this system to start the reaction, then
collected the absorbance at 420 nm for 2 min.

Results and discussion

Influence of Pb2+ on catalytic ability of G4 DNAzyme

In our previous studies, dozens of G4s were designed to
decipher the mechanism of G4 DNAzymes, and the result
indicated that the d[TC] flanking sequence at the 3′ end of
parallel G4s (PG4TC) presented the highest catalytic effi-
ciency [19, 30]. Therefore, we chose PG4TC to investi-
gate the effect of Pb2+ on K+-stabilized G4 DNAzyme.
PS2.M, a well-known G4 sequence GTGGGTAG
GGCGGGTTGG (Table 1), was exploited as a reference
sequence because it was previously described as G4
DNAzyme-based assay for Pb2+ detection [23].

To investigate the catalytic activities of the resulting
DNAzymes formed by the PG4TC-hemin (PG4TC
DNAzyme) or PS2.M-hemin (PS2.M DNAzyme) complexes,
the oxidation substrate ABTS was used. The green-color ox-
idized product ABTS•+ can be conveniently monitored by
absorbance around 420 nm, so the catalytic efficiency of the
DNAzyme was assessed by the measurement of absorbance at
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this wavelength as a function of time (Fig. 1a). Strikingly, both
PG4TC and PS2.MDNAzymes exhibit a remarkable decrease
in catalytic efficiency when 50 μM Pb2+ were added. We
quantified the catalytic activity of DNAzymes via the initial
velocity V0, defined as the concentration of ABTS

•+ generated
as a function of time (V0 expressed in nM/s). The V0 values of
PG4TC and PS2.M DNAzymes are 275.8 nM/s and 42.0 nM/
s, which are dropped to 70.5 nM/s and 10.5 nM/s in the pres-
ence of 50 μM Pb2+, respectively (Fig. 1b). Both DNAzymes
show a similar decrease rate (4-fold), but the PG4TC
DNAzyme system exhibit a greater extent signal change than
PS2.M, implying that G4TC DNAzyme has potential in fur-
ther visual detection (Fig. 1b).

The Pb2+-induced decrease in PS2.M DNAzyme catalytic
efficiency has been attributed to a Pb2+-dependent conforma-
tional change, further hindering hemin from stacking on G4
[22]. To verify the interaction between PG4TC and hemin,
UV-vis absorption spectroscopy was conducted to study their
interaction. As shown in Fig. S1, the absorption spectra of
PG4TC/hemin complex in the absence of metal ion feature
an absorption peak around 400 nm. Upon addition of
2 mM K+, a concomitant hyperchromism at 404 nm is ob-
served, indicating the formation of PG4TC DNAzyme.
Subsequently, the Soret band intensity at 404 nm diminish
with increasing concentration of Pb2+ ([Pb2+]/[PG4TC] = 1,
2, 4, 8, 12, 16, 20) (Fig. S1). This hypochromism indicate that
Pb2+ will introduce the dissociation between PG4TC and he-
min. To assess the role of Pb2+ on DNAzymes, we systemat-
ically study the difference between Pb2+ and K+-stabilized G4
in all subsequent experiments.

Binding mechanism of PG4TC with Pb2+

To understand the effect of Pb2+ on the PG4TC DNAzyme,
the binding mode of Pb2+ to PG4TCwas investigated by UV–
vis absorbance titration experiments. The difference spectrum
obtained by subtracting the spectrum of the fully unfolded
oligomer from the absorption spectrum of PG4TC in the pres-
ence of Pb2+. As shown in Fig. S2a, the difference absorbance
spectra at 303 nm increase, but at 245 and 275 nm decrease

with increasing the concentration of Pb2+. Different from un-
folded oligonucleotide, the formation of Pb2+-driven G4 is
accompanied by a hyperchromic effect at 303 nm [31].
Therefore, we monitor the absorbance change at 303 nm for
PG4TC, with different molar ratios of [Pb2+]/[PG4TC] (Fig.
S2b). We get 2:1 stoichiometric, suggesting that two Pb2+

cations are sufficient to induce one PG4TC molecule to form
G4, suggesting that each of the two quartets coordinate with
one Pb2+ ion.

Comparation of thermal properties of K+ or Pb2+

stabilized G4

To elucidate which cation is embedded in PG4TC when K+

and Pb2+ coexist, it is necessary to compare their stability in
the presence of these two metal ions. The Tm (melting temper-
ature) of K+ and Pb2+-PG4TC are 73.5 and 83.1 °C in 2 mM
K+ or 10 μM Pb2+, respectively, with 9.6 °C difference (Fig.
S3). Furthermore, the ΔGo (298 K) of PG4TC, calculated by
Van’t Hoff analysis [32], transforming into K+-PG4TC was –
31.2 kJ/mol, which is less favorable (by 7.3 kJ/mol) than that
of Pb2+-PG4TC (−38.5 kJ/mol) (Table S1). These results il-
lustrate that the Pb2+ stabilized PG4TC is more stable than that
of K+ one. Therefore, we hypothesize that Pb2+ may replace
the position of K+ in G4 and decrease the catalytic activity of
PG4TC DNAzyme.

Studies of competing process between Pb2+

and K+-induced PG4TC

To prove the hypothesis, we measured CD spectra of PG4TC
in the presence of both K+ and Pb2+ firstly. CD spectra for K+-
and Pb2+-induced PG4TC both show a negative peak around
240 nm and a positive peak around 260 nm (Fig. S4a), indi-
cating that both of them promote parallel conformation
PG4TC [33]. However, subtle differences are found upon ad-
dition of 100 μM Pb2+. Interestingly, the negative peak at
295 nm will gradually increase with lead ion addition (Fig.
S4b). We think the negative peak at 295 nm maybe attributed
to the interaction between Pb2+ and dT in loops and flanking

Fig. 1 a Kinetic curves of ABTS-
H2O2 reaction catalyzed by hemin
(blank), PG4TC DNAzyme and
PS2.M DNAzyme with 2 mM K+

in the absence or presence of
50 μMPb2+. bDNAzyme activity
of two G4 DNAzymes under
2 mM K+ in the absence (1, 3) or
presence (2, 4) of 50 μM Pb2+.
Inset: Solutions catalyzed by two
G4 DNAzymes in the absence or
presence of 50 μM Pb2+
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regions due to single thymine (dT) has a small negative CD
signal at 295 nm [34]. Therefore, all dT bases were replaced
by dA bases in the PG4AC sequence, but displays the same
CD spectra (Fig. S4c). These results suggest that the negative

peak around 295 nm can be used as a useful character of Pb2+-
induced G4.

Then, differential pulse voltammetry (DPV) method was
introduced to check whether Pb2+ replace K+ to get a new

Scheme 1 Schematic diagram of
the colorimetric assay of Pb2+

based on the competition between
K+ and Pb2+ stabilized G4

Fig. 2 a CD intensities of 5 μM
PG4TC at 265 nm with different
K+ concentration. b Absorbance
at 420 nm of 0.4 μM PG4TC
DNAzyme with different K+

concentration. c Absorbance at
420 nm of 0.4 μM PG4TC
DNAzyme with different pH. d
A0/A1 with different PG4TC
concentration. A0 and A1

represent the absorption at
420 nm for ABTS-H2O2 system
in the absence or presence of
50 μM Pb2+
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G-quadruplex. From Fig. S5, PG4TC system does not show
distinctive reduction peak ranging from 0 to – 0.6 V, while a
strong negative reduction peak at −0.3 V (vs. Ag/AgCl)
shown in the presence of 100 μMPb2+ (Fig. S5). These results
indicate the direct reduction of Pb2+ in PG4TC [35]. When
100 μM Pb2+ coexist with 2 mM K+ (blue curve in Fig. S5),
strong negative reduction peak at −0.3 V still exist, with a bit
lower reduction current than Pb2+-stabilized PG4TC. From
these results, we propose that Pb2+ replaces K+ within the
G4 instead of inducing a conformational switch.

Highly active DNAzyme for Pb2+ detection

The results above illustrate the influence of Pb2+ on the struc-
ture of PG4TC and the activity of PG4TC DNAzyme
(Scheme 1). In order to assess the potential applications of
the highly active DNAzyme on Pb2+ detection, the effects of
various experimental parameters such as K+ pH, and
DNAzyme concentration were investigated.

Since the low activity of Pb2+- PG4TC DNAzyme results
from Pb2+ competing and replacing the position of K+, the
minimum concentration of K+ to stabilize and keep the high
activity of PG4TC DNAzyme was determined. As shown in
Fig. 2a and Fig. S6a, the CD spectra of PG4TC at 265 nm
reach a maximum value at 2 mM K+, consistent with the

activity analysis of PG4TC DNAzyme under different con-
centrations of K+ (maximum activity was observed at
2 mM K+, Fig. 2b and Fig. S6b). These results illustrate that
2 mM K+ is sufficient for PG4TC to fold into a parallel struc-
ture and simultaneously binds to hemin to form the PG4TC
DNAzyme. Furthermore, the optimal pH value is demonstrat-
ed to be 6.5 (Fig. 2c and Fig. S6c). The optimal amount of
PG4TC is also optimized to 0.25 μM, which was chosen for
colorimetric assay, based on the signal-to-noise ratio value
before and after the addition of 50 μM Pb2+ (Fig. 2d and
Fig. S6d). To mask Hg2+, which may interact with thymine
residues of PG4TC to form T-Hg2+-T, and other potential in-
terference ions, KSCN was used to provide the coordination
cation K+ and introduce the chelator SCN− [23]. Furthermore,
citric acid was introduced to chelate Fe3+ [36]. Both additives
(KSCN and citric acid) proved to have no influence on the
catalytic activity of the DNAzyme (Fig. S7).

Under optimized conditions, various Pb2+ concentra-
tions were added to 2 mM K+ stabilized PG4TC, subse-
quently incubated with hemin for 30 min and then corre-
sponding kinetic curves were measured. As shown in
Fig. 3a, the color change of the solution (from green to
colorless) can be used to estimate the Pb2+ concentration
visually. The kinetic curves indicate that increasing con-
centrations of Pb2+ ions induce a decrease of the generation

Fig. 3 Application of K+

stabilized PG4TC for colorimetric
analysis of Pb2+ in ABTS-H2O2

system: a Solutions with different
concentrations of Pb2+. b Kinetic
absorbance curves for 0.25 μM
PG4TC in the presence of 0, 0.01,
0.05, 0.1, 0.5, 1, 5, 10, 30, 50,
100 μM Pb2+, respectively (from
top to bottom). c Plot of
absorbance at 420 nm vs
logarithm of target Pb2+

concentration. Inset: Calibration
plot

Table 2 Comparison of
colorimetric methods for
Pb2+detection

Strategy Linear range (μM) Detection
limit (nM)

Reference

G4 DNAzyme 0.1–10 32 [23]

G4 DNAzyme and Pb2+dependent cleaving DNAzyme 0.03–0.3 100 [24]

G4 DNAzyme and Pb2+dependent cleaving DNAzyme Not report 10 [25]

G4 and graphene oxide–gold nanohybrids Not report 500 [27]

G4 and gold nanoparticles 0.01–0.1 20 [28]

G4 DNAzyme 0.01–10 7.1 This method
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velocity of ABTS.+ (Fig. 3b). Notably, we find a linear
relationship between the absorbance at 420 nm and the
logarithm value of the lead ion concentration ranging from
0.01 to 10 μMwith a correlation coefficient of 0.9948 (Fig.
3c). The regression equation is expressed as follow:

A0−A1 ¼ 0:0751� lg Pb2þ
� �þ 0:619;

where A0 and A1 are the absorbance at 420 nm in the
absence and presence of corresponding Pb2+, [Pb2+] is
the concentration of Pb2+ in solution.

In consequence, the detection limit is 7.1 nM at a signal-to-
noise ratio of 3, which is much lower than the concentration of
48.3 nM in drinking water permitted by the WHO. Relative to
previous colorimetric strategies based on G4 DNAzymes and
G4s, this high catalytic DNAzyme has a lower detection limit
in the meanwhile (Table 2) [23–25, 27, 28].

Selectivity was evaluated by adding 5 or 15-folds com-
mon metal ions of Pb2+ concentration to the system re-
spectively, such as Ba2+, Ca2+, Cd2+, Hg2+, Cu2+, Mg2+,
Sr2+, Zn2+, Fe2+, Fe3+. As shown in Fig. 4, the A0-A1

signal is about 5-fold more selective for Pb2+ than other
metal ions, indicating its good selectivity against other
environmentally relevant metal ions.

To further validate the performance of the PG4TC
DNAzyme for Pb2+ ion in practical applications, spiked-
recovery experiments of Pb2+ in environmental water
samples were performed. The water samples were spiked
with 10 nM, 500 nM and 10 μM for recovery

experiments, then quantitatively determined via the re-
gression equation acquired above. The recovery is from
95.90 to 103.27%, and the RSD is from 2.55 to 4.84% for
environmental water (Table 3), demonstrate that this assay
has a prospect application for real samples.

Conclusions

This work bases on high activity G-quadruplex/hemin
DNAzyme, PG4TC DNAzyme. Owing to the higher affinity
of Pb2+ to PG4TC, Pb2+ can replace K+ inside of G4, then a
non-amplification and cost-efficient colorimetric strategy is
built to detect Pb2+. This method has good sensitivity and
detection range, and also show high tolerance to other metal
ions. Our study not only introduces a new method for the
sensitive detection of Pb2+, but also provides new insight into
the competition of K+ and Pb2+ in parallel G4 structure. The
use of high activity G4 DNAzyme makes it hopeful to be
applied to other analytical applications related to peroxidases.
However, the process is still not fast enough, even though our
probe can be prepared quickly. Therefore, future researches in
our group will focus on simplify this method and verify the
feasibility of this method for on-site application.
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