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• DNAzyme biorecognition-induced DNA 
cyclic assembly was used to construct 
the biosensor. 

• Hairpin probes were used to build the Y- 
shaped sensing scaffold. 

• The linear range of the biosensor is from 
1 pM to 100 nM and the detection limit 
is 0.2 pM. 

• The assay is robust and has been applied 
to the detection of the available lead in 
soil samples.  
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A B S T R A C T   

A fluorescence biosensor was developed for the ultrasensitive detection of the available lead in soil samples by 
coupling with DNAzyme and hairpin DNA cyclic assembly. The biorecognition between lead and 8-17 DNAzyme 
will cleave the substrate strands (DNA2) and release the trigger DNA (T), which can be used to initiate the DNA 
assembly reactions among the hairpins (H1, H2, and H3). The formed Y-shaped sensing scaffold (H1-H2-H3) 
contains active Mg2+-DNAyzmes at three directions. In the presence of Mg2+, the BHQ and FAM modified H4 will 
be cleaved by the Mg2+-DNAyzme to generate a high fluorescence signal for lead monitoring. The linear range of 
the fluorescence biosensor is from 1 pM to 100 nM and the detection limit is 0.2 pM. The biosensor also exhibited 
high selectivity and the nontarget competing heavy metals did not interfere with the detection results. Compare 
with the traditional method (DTPA+ICP-MS) for the available lead detection, the relative error (Re) is in the 
range from − 8.3 % to 9.5 %. The results indicated that our constructed fluorescence biosensor is robust, accurate, 
and reliable, and can be applied directly to the detection of the available lead in soil samples without complex 
extraction steps.   
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1. Introduction 

Heavy metal accumulation in soil samples is a major issue of global 
concern because the transfer of heavy metals from soil samples into 
crops will affect food safety and human health (Malematja et al., 2023). 
The heavy metal-mediated toxicity on ecosystem and human health 
usually depends on the available metal concentrations rather than the 
total amount in the environment (Ibrahim et al., 2022). The free ions of 
heavy metals in soil samples are generally considered as the key species 
that control their availability for plants (Gao et al., 2022; Parker and 
Pedler, 1997). One can define the available metal as the soluble, ionic, 
and the easily released form of the metal, which can interact with sur
rounding plant cells or other biota (Rensing and Maier, 2003). As one of 
the widely distributed heavy metals, the available lead can cause 
neurological, cardiovascular, and nephritic disorders even at low con
centrations due to its bioaccumulative and nonbiodegradable nature 
(Liang et al., 2023; Yang et al., 2023). Considering the detrimental ef
fects of the available lead, developing simple, sensitive, and selective 
methods for the available lead detection is of great significance. 

Traditional methods for the available lead detection focused on 
atomic absorption spectrometry (AAS), atomic fluorescence spectrom
etry (AFS), inductively coupled plasma optical emission spectrometer 
(ICP-OES), and inductively coupled plasma mass spectrometer (ICP-MS) 
(Mao et al., 2021; Xu et al., 2022). Although these methos are sensitive 
and accurate, they usually require complicated sample extraction pro
cedures, such as DTPA method (Lindsay and Norvell, 1978), BCR 
extraction (Ure et al., 1993), and Tessier protocol (Tessier et al., 1979). 
Thus, it is highly desirable to develop a rapid, convenient, and reliable 
method for the detection of the available lead without complex extrac
tion steps. Some interesting electrochemical sensors based on nano
composite platforms have been reported for lead detection and they 
exhibited good selectivity (Deshmukh et al., 2018a, 2018b, 2018c). To 
date, fluorescence biosensor has also attracted considerable attention 
due to the advantages of easy modification, rapid response, simple 
operation, and cost-effective and convenient preprocessing (Geng et al., 
2020; Yang et al., 2022a). In order to detect the trace concentrations of 
available heavy metal in complex soil samples, the detection sensitivity 
of fluorescence biosensor should be further improved. 

One way to improve the sensitivity is through signal amplification 
(Lan et al., 2019; Xu et al., 2018, 2019). Some elegant signal amplifi
cation strategies have been reported for lead detection (Huang et al., 
2019; Liu et al., 2019; Meng et al., 2020; Miao et al., 2011; Wen et al., 
2017; Yao et al., 2019), such as using nanomaterials as the labels or 
using protein enzyme as the tools (Ji et al., 2019; Li et al., 2022; Rajaji 
and Panneerselvam, 2020; Yang et al., 2022b). The synthesis of nano
materials is a complex process and the leakage of the nanomaterial may 
even pollute the environment (El-Kady et al., 2023). The protein enzyme 
is susceptible to temperature and environmental parameter, which may 
affect the analytical performance in complex samples (Li et al., 2023). As 
an alternative, the nanomaterial-free and protein enzyme-free biosensor 
based on pure DNA assembly has the advantage of high stability, envi
ronment friendly, and efficient signal amplification (Guan et al., 2021; 
Lv et al., 2022; Suo et al., 2023; Teng et al., 2023; Wang et al., 2022a, 
2022b; Zhao et al., 2022). In this work, we developed a fluorescence 
biosensor for the available lead detection based on DNA cyclic assembly. 
Using Pb2+ as a standard species of the available lead, the 8–17 DNA
zyme (Brown et al., 2003; Liu and Lu, 2004; McConnell et al., 2021; 
Zheng et al., 2021) was used as the molecular recognition element to 
recognize the available lead in soil samples. The available lead can 
recognize the probe of the 8–17 DNAzyme to cleave the substrate chain 
of the probe. The released substrate chain then can be used to trigger the 
DNA cyclic assembly. Through continuous assembly reactions among 
the hairpin probes (H1, H2, and H3), the formed H-H2-H3 products 
containing Mg2+-DNAzymes in the Y-shaped sensing scaffold can cleave 
the BHQ-FAM labelled H4 to give a high fluorescence signal for output. 

2. Experimental section 

2.1. Chemicals and materials 

DNA probes were ordered from Shanghai Sangon Biotechnology Co., 
Ltd. (Shanghai, China) and the sequences were listed in Table S1 (Sup
porting Information). Streptavidin (SA)-coated magnetic beads (MB, 1 
μM in diameter) were purchased from Shanghai Aladdin Biochemical 
Technology Co., Ltd. (Shanghai, China). Other chemicals were pur
chased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Milli-Q 
water (18.2 MΩ/cm) was used in the experiments. 

2.2. Procedure for lead detection 

All DNA probes were separately heated at 95 ◦C for 10 min and then 
gradually cooled down to room temperature at a constant rate of 1 ◦C/ 
min. 100 nM biotinylated DNA1 and 130 nM DNA2 were added to the 
SA-coated MB solution (200 μL, 1.2 mg/mL) and incubated at room 
temperature for 30 min with gentle shaking. After magnetic separation 
and washing three times with the washing buffer (20 mM PBS, 0.01 % 
Tween-20, pH 7.4), the resulting MB-DNA1-DNA2 conjugates were 
redispersed in the reaction buffer (20 mM Tris-AC, 100 mM NaAC, 50 
mM MgAC2, pH 7.4). Different concentrations of lead were added to the 
MB-DNA1-DNA2 conjugates and incubated at room temperature for 40 
min. After magnetic separation, the supernatant was transferred to 250 
nM H1, 250 nM H2, 250 nM H3, and 400 nM H4 and incubated at room 
temperature for 60 min. The fluorescence spectra of the solution were 
recorded by the SpectraMax i3x (Molecular Devices, San Jose, USA). 

2.3. Procedure of real sample analysis 

The soil samples were collected from an agricultural field near South 
China Botanical Garden (Guangzhou, China). After air-drying, the soil 
was sieved to pass through 0.15 mm mesh and homogenized thoroughly. 
We used two methods to detect the available lead in soil samples: DTPA 
method and fluorescence biosensor. For the DTPA method, the DTPA 
extracting solution was prepared to contain 10 mM CaCl2, 100 mM 
triethanolamine, and 5 mM DTPA in deionized water matrix. The pH of 
the extracting solution was adjusted to 7.3 by addition of HCl. 10 g soil 
and 20 mL DTPA extracting solution were mixed and shaken on a hor
izontal shaker at 160 cycles/min for 2 h. After centrifugation at 5000 
rpm for 10 min, the supernatant was filtered through Whatman No. 42 
filter paper. The filtrates were used to analyze the available lead using 
inductively coupled plasma mass spectrometer (ICP-MS). For the fluo
rescence biosensor assay, the homogenized soil samples were directly 
added to the reaction buffer containing DNA1-DNA2 and incubated at 
room temperature (about 25 ◦C) for 40 min. After magnetic separation, 
the supernatant was transferred to the reaction buffer containing H1, 
H2, H3 (250 nM) and H4 (400) nM. Other procedures were the same as 
described in the section of “Procedure for lead detection”. 

2.4. Native polyacrylamide gel electrophoresis (PAGE) 

The details of the native PAGE procedures were listed in the Sup
porting Information. 

3. Results and discussion 

3.1. Sensing principle 

The sensing principle of the fluorescence biosensor for the available 
lead detection is illustrated in Scheme 1. The 8–17 DNAzyme was used 
to recognize the available lead. MB-modified DNA1 is the DNAzyme 
strand of 8–17 DNAzyme and DNA2 is the substrate strand containing a 
ribonucleoside adenosine (rA, indicated in blue). In the presence of the 
available lead, DNA2 was cleaved into two fragments at the rA position 
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due to the specific biorecognition between the available lead and 
DNAzyme. After magnetic separation, the trigger strand (T) was used to 
activate the cyclic assembly reactions among H1, H2, and H3. The 
exposed domain 1* of T serves as a toehold to bind with the domain 1 of 
H1 and initiates toehold-mediated strand displacement to open H1, 
resulting in the formation of the T-H1 intermediate where the domain 2* 
of H1 is opened. The newly opened toehold 2* of H1 can further hy
bridize to the domain 2 of H2, again initiating toehold-mediated strand 
displacement to open H2 and form the T-H1-H2 complex where the 
domain 3* of H2 is also opened. Similarly, the domain 3 of H3 can 
interact with the domain 3* of H2 to open H3 and generate the T-H1-H2- 
H3 hybrid. T will spontaneously depart from the hybrid and form the 
stable H1-H2-H3 product. The released T can be recycled to activate the 
assembly reactions of additional hairpins that can produce numerous 
H1-H2-H3 products. The DNA hairpins of H1, H2, and H3 contain the 
split sequences of the Mg2+-DNAyzme at their two termini (domains 4 
and 5). The successfully assembled H1-H2-H3 product can bring the split 
sequences into close proximity to form active Mg2+-DNAyzmes at three 
directions in the Y-shaped sensing scaffold. In the presence of Mg2+, the 
substrate strand (H4) will be cleaved by the Mg2+-DNAyzme. The sep
aration of FAM and BHQ will generate a high fluorescence signal. 
Importantly, the released DNA fragment has the same sequence as the 
trigger DNA (T), which can also be recycled to activate the assembly 
reactions of H1, H2, and H3. Through the DNA cyclic assembly pro
cesses, the fluorescence biosensor can realize the ultrasensitive detec
tion of the available lead. 

3.2. Feasibility verification 

To evaluate the feasibility of the biosensor for the available lead 

detection, the fluorescence signals were recorded under different con
ditions. As shown in Fig. 1A, the mixture of DNA1-DNA2, H1, H2, H3, 
and H4 without Pb2+ only yielded a background signal (curve a). The 
solution of DNA1-DNA2, Pb2+, H1, and H4 also generated a weak 
response compared with curve a (curve b), indicating that the formed T- 
H1 complex failed to generate an active Mg2+-DNAzyme. In the presence 
of DNA1-DNA2, Pb2+, H1, H2, and H4, a slight fluorescence recovery 
can be observed (curve c) because of the formation of an active Mg2+- 
DNAzyme at one end of the T-H1-H2 complex, which can cleave H4 to 
give a fluorescence signal. When all the sensing elements (DNA1-DNA2, 
Pb2+, H1, H2, H3, and H4) existed in the solution, the fluorescence 
signal improved sharply (curve d), implying the successful assembly of 
the H1-H2-H3 products and the recycled T can improve the detection 
sensitivity. The corresponding fluorescence intensity at 525 nm was 
recorded in the Inset of Fig. 1A. The hybridization of DNA was further 
verified by circular dichroism (CD) spectroscopy and the results were 
shown in Fig. S1 (Supporting Information). 

The native polyacrylamide gel electrophoresis (PAGE) was further 
carried out to confirm the feasibility of the hairpin assembly. As shown 
in Fig. 1B, the band in lane 1 corresponded to H1. Mixing T with H1 can 
generate a band of T-H1 complex in lane 2. H2 then can react with T-H1 
to produce a band that corresponded to the complex T-H1-H2 (lane 3). 
The band in lane 4 with low mobility should be mainly composed of the 
H1-H2-H3 product, which was formed through the step-wise reaction of 
T, H1, H2, and H3. Those results successfully verified the feasibility of 
the fluorescence biosensor for the available lead detection based on DNA 
cyclic assembly. 

Scheme 1. The sensing principle of the fluorescence biosensor for the available lead detection based on heavy metal biorecognition-induced DNA cyclic assembly. 
DNA1 and DNA2 are the biorecognition elements, in which DNA1 is immobilized on magnetic beads (MB). The hairpin probes H1, H2, and H3 are used to construct 
the Y-shaped sensing scaffold. The hairpin probe H4 modified with FAM and BHQ is used as the signal reporter. 
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3.3. Analytical performance 

To obtain the best analytical performance of the fluorescence 
biosensor for the available lead detection, some experimental condi
tions, such as the hairpin concentration (H1, H2, and H3), the assembly 
time among the hairpins, the reaction temperature, and the pH of the 
buffer solution were optimized. As shown in Fig. 2A, with the increase of 
the hairpin concentration (H1, H2, and H3) from 50 to 350 nM, the 
fluorescence intensity increased in the presence of 10 nM Pb2+. At the 
same time, the background signal kept increasing with the concentration 
increased. The signal-to-noise ratio (S/N) reached a maximum when the 
concentration reached 250 nM. Thus, the optimal hairpin concentration 
(H1, H2, and H3) is 250 nM. The effect of the assembly time among the 
hairpins was also optimized. As shown in Fig. 2B, the fluorescence signal 
increased with the augment of the assembly time from 10 to 60 min and 
reached a plateau after 60 min. The results indicated that the assembly 
reaction the hairpins can be completed in 60 min. Thus, we choose 60 
min as the optimal assembly time. The effects of the reaction tempera
ture and the pH of the buffer solution on the fluorescence responses of 
the biosensor were further optimized and the results were shown in 

Figs. S2 and S3 (Supporting Information). 
Under the optimal experimental conditions, the fluorescence 

biosensor was used to detect Pb2+ with different concentrations. As the 
Pb2+ concentrations increased from 0 to 500 nM, the corresponding 
fluorescence signals increased gradually and the fluorescence spectra of 
the biosensor were recorded in Fig. 3A. The FAM fluorescence intensities 
at 525 nm were recorded in Fig. 3B. The resulting calibration curve 
shows that the fluorescence intensity is proportional to the logarithm of 
Pb2+ concentration in the range of 1 pM-100 nM (Fig. 3B, inset). The 
linear regression equation is: F = 4.58 × 106 + 4.67 × 106 Lg C (R2 =

0.996), where F is the fluorescence intensity and C is the Pb2+ concen
tration. The limit of detection (LOD) is calculated to be 0.2 pM based on 
3S/N rule. Compared with the protein enzyme and nanomaterial-based 
lead sensors (Chen et al., 2020; Song et al., 2019), our constructed 
nanomaterial-free and protein enzyme-free biosensor exhibited a higher 
sensitivity. Compared with some previously reported Pb2+ detectors, 
our proposed fluorescence biosensor also has comparable or more sen
sitive detection limit (Table S2, Supporting Information). The high 
sensitivity can be primarily attributed to the continuous DNA assembly 
reactions in the dual signal amplification pathways, which can generate 

Fig. 1. (A) Fluorescence responses of the sensing system under different conditions. (a): DNA1-DNA2 + H1 + H2 + H3 + H4. (b): DNA1-DNA2 + Pb2++H1 + H4. (c): 
DNA1-DNA2 + Pb2+

+H1 + H2 + H4. (d): DNA1-DNA2 + Pb2+
+H1 + H2 + H3 + H4. Inset: The corresponding fluorescence intensity of the solution at 525 nm. (B) 

Native PAGE verification of the hairpin assembly among H1, H2, and H3. Lane 1: H1. Lane 2: T + H1. Lane 3: T + H1 + H2. Lane 4: T + H1 + H2 + H3. Con
centrations for each DNA in PAGE are 1 μM. 

Fig. 2. (A) Effect of hairpin concentration (H1, H2, and H3) on the fluorescence response of the biosensor. DNA1: 100 nM; DNA2: 130 nM; H4: 400 nM. The ex
periments were performed at room temperature. (B) Effect of the assembly time among the hairpins on the fluorescence response of the biosensor. DNA1: 100 nM; 
DNA2: 130 nM; H1, H2, and H3: 250 nM; H4: 400 nM. Pb2+: 10 nM. The experiments were performed at room temperature. 
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numerous H1-H2-H3 products even at low concentration of the available 
lead. 

3.4. Selectivity of the biosensor 

To investigate the selectivity of the fluorescence biosensor, the 
control interfering ions, including Hg2+, Cu2+, Cr3+, Fe2+, Mn2+, Sn2+, 
Al3+, Ag+, and their mixture were examined in the same condition as 
that for Pb2+ detection. As shown in Fig. 4, the fluorescence signals of 
the biosensor towards the control heavy metal ions and the mixture are 
almost as the same as the blank samples. In the presence of Pb2+, the 
fluorescence signals enhanced dramatically. In addition, when adding 
Pb2+ to the control interferent mixture, the biosensor also exhibited a 
high fluorescence response. Such excellent selectivity of the fluores
cence biosensor can be ascribed to the specific biorecognition between 
Pb and the 8–17 DNAzyme. 

3.5. Real sample analysis 

To validate the practicability and reliability of the fluorescence 
biosensor, the sensing system was used to detect the available Pb in soil 
samples. For the conventional detection method, the available Pb in soil 

samples were extracted by the DTPA method and then quantified by the 
ICP-MS method. For the fluorescence biosensor method, the homoge
nized soil samples were directly added to the reaction buffer for assay 
without complex extraction steps. As shown in Table 1, the biosensor 
detection results have good consistency with the ICP-MS method. The 
relative standard deviation (RSD) of the fluorescence biosensor was 
below 5 %. The relative error (Re) between the DTPA + ICP-MS and the 
fluorescence biosensor was from − 8.3 % to 9.5 %. These results indi
cated that our proposed fluorescence biosensor is robust and can be used 
to directly detect the available Pb without complex extraction steps in 
soil samples with good accuracy and reliability. 

4. Conclusions 

In conclusion, we have successfully constructed a fluorescence 
biosensor for the ultrasensitive detection of the available lead on the 
basis of DNAzyme biorecognition and hairpin DNA probes assembly. In 
the presence of the available lead, the released trigger strand (T) can 
activate the hairpin assembly among H1, H2, and H3 to produce the Y- 
shaped sensing scaffold (H1-H2-H3) through toehold-mediated strand 
displacement reactions. In the H1-H2-H3 products, the formed active 
Mg2+-DNAyzmes at the three arms can cleave H4 to produce the fluo
rescence signal for the available lead detection. Importantly, the strand 
T can be recycled to trigger the continuous assembly reactions among 
the hairpins, which can realize the signal amplification purpose. Our 
constructed sensing system has three characteristics: (1) The dual signal 
amplification pathways in the platform can effectively improve the 
detection sensitivity. The detection limit of the fluorescence biosensor is 
0.2 pM, which exhibits a higher sensitivity compared with some 

Fig. 3. (A) Fluorescence spectra of the biosensor upon the addition of different concentrations of Pb2+. (B) Plots of the fluorescence intensity at 525 nm as a function 
of the Pb2+ concentration. Inset: Linear relationship between the fluorescence intensity and the logarithm of Pb2+ concentration in the range from 1 pM to 100 nM. 

Fig. 4. Selectivity results of the fluorescence biosensor for Pb2+ and several 
competing heavy metal ions. 10 pM, 1 nM, and 100 nM Pb2+ and control ions 
were tested in the same condition. 

Table 1 
Detection of the available Pb in soil samples using the fluorescence biosensor 
and the conventional DTPA + ICP-MS method.  

Samples ICP-MSa Biosensorb RSDc (%)  Red (%) 

Soil 1# 0.26 nM 0.24 nM  3.7  − 8.3 
Soil 2# 7.45 nM 7.98 nM  4.5  6.6 
Soil 3# 15.36 nM 16.97 nM  4.2  9.5 
Soil 4# 28.78 nM 27.16 nM  3.8  − 5.9 
Soil 5# 75.92 nM 79.84 nM  4.9  4.9  

a The available Pb was extracted by DTPA method and detected by inductively 
coupled plasma mass spectrometer (ICP-MS). 

b Fluorescence biosensor detection using 8–17 DNAzyme as the bio
recognition element (n = 3). 

c Relative standard deviation (n = 3). 
d Relative error: Proposed fluorescence biosensor vs. ICP-MS. 
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previously reported lead detectors. (2) The assay method eliminates 
protein enzyme and nanomaterial label, which facilitates the simple, 
rapid, and environment friendly detection of the available lead in 
complex samples. The biosensor is robust and can be used to detect Pb in 
real soil samples with good accuracy and reliability. The relative stan
dard deviation (RSD) of the fluorescence biosensor was below 5 %. (3) 
Compared with the traditional sequential extraction procedure, the 
fluorescence biosensor can realize the fast detection of the available lead 
without complex extraction steps. This is an end-user friendly sensor and 
the operation is simple. We have applied the sensing system to the 
detection of the available lead in soil sample with good accuracy and 
reliability compared with the traditional DTPA + ICP-MS method. We 
think our proposed sensing platform can serve as a useful tool for the 
ultrasensitive and reliable detection of other available heavy metals by 
simply choosing other heavy metal-specific nucleic acids as molecular 
recognition elements. 
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