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Abstract
As a common heavy metal ion with strong toxicity and wide distribution, lead ions (Pb2+) had great harm to the human 
body. In this work, a low-noise ratiometric fluorescence biosensor was developed based on Pb2+-dependent DNAzyme and 
exonuclease III (Exo III)–assisted cascade signal amplification. Firstly, the substrate chain of DNAzyme (S-DNA) was modi-
fied on the surface of magnetic beads (MBs) through the combination of biotin and streptavidin, and then the enzyme chain 
of DNAzyme (E-DNA) was connected to the MBs by forming a double-stranded DNA (dsDNA) with S-DNA. A hairpin 
DNA (HP) labelled with Cy3 and Cy5 respectively at both ends was used as a fluorescence probe. The emission peaks of 
Cy3 and Cy5 can appear at 562 nm and 665 nm respectively, and their fluorescence intensity ratio (F562/F665) was chosen 
as the acquisition signal. The ratiometric sensor can reduce the interference of detection environment and avoid false posi-
tive reactivity. Due to the cleavage of DNAzyme and the release of single-stranded DNA (ssDNA) in the presence of Pb2+, 
the hairpin structure of HP was opened and the FRET between two fluorophores disappeared, resulting in the strengthened 
signal of Cy3 and the weakened signal of Cy5. Furthermore, the ratio F

562
∕F

665
 signal increased gradually with the increase 

of Pb2+ concentration. When the concentration of Pb2+ was in the range of 0.1–1000 nM, F
562

∕F
665

 had a good linear rela-
tionship with ��CPb2+ , the correlation coefficient (R2) was 0.997, and the limit of detection (LOD) was 77 pM. The presented 
ratiometric fluorescence biosensor had lower LOD and wider detection range via comparing with other methods. At the 
same time, the sensor also obtained the satisfactory results for detection of Pb2+ in tap water, tea, and rice flour samples. 
The provided ratiometric biosensor has great potential in the monitoring of various targets.

Keywords  Ratiometric fluorescence biosensor · DNAzyme · Exonuclease III · Signal amplification · Lead ion

Introduction

The fluorescence sensor has many advantages such as sim-
ple experimental operation, fast response, and high sensi-
tivity, so it was widely applied in the target detection such 
as heavy metals, proteins, and small molecules in recent 
years [1]. Ratajczak K developed a fluorescent-switching 
DNA aptamer–based biosensor system for the ATP level 

monitoring [2]. However, the sensors with a single fluores-
cence signal were prone to false positive results and easily 
disturbed by the detection environment. There, the fluores-
cence resonance energy transfer (FRET) between two fluo-
rophores can easily be designed to obtain two fluorescent 
signals changing at the same time [3]. Compared with the 
single signal fluorescence sensor, the ratiometric fluores-
cence sensor quantitatively determines the target through the 
emission ratio of two signals, which can reduce the impact of 
detection environment and obtain low-noise results [4]. For 
example, Li developed a ratiometric fluorescence aptasensor 
based on dual dye-labelled G-quadruplex for thallium ion 
(TI+) detection [5]. The G-rich aptamer of TI+ was modified 
with Cy3 and Cy5 respectively at both ends. After binding 
with TI+, the structure of aptamer changed to a G-quadru-
plex, resulting in the decreased distance between two fluo-
rophores and the FRET from Cy3 to Cy5.
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To improve the selectivity of fluorescence sensor, anti-
bodies, synthetic functional nucleic acids (FNAs), and 
other recognition elements were used in the construction 
of the sensor. FNAs have many advantages such as flex-
ible design, high affinity, low cost, strong selectivity, and 
good stability, which are the ideal substitute for antibodies. 
Research has found that FNAs such as aptamer [6, 7] and 
DNAzyme [8, 9] can specifically bind to a target using dif-
ferent modes of action. Compared with aptamer, DNAzyme 
cannot only specifically recognize the target, but also release 
the enzyme strand of DNAzyme (E-DNA) and target to cir-
cularly participate in the reaction under certain conditions, 
which can improve the detectability of the sensor. Heavy 
metal ions are the most active cofactor of DNAzyme [10]. 
Memon et al. developed a DNAzyme-based colorimetric 
sensor for detection of Pb2+, on the account of the released 
single-stranded DNA (ssDNA) from the substrate chain of 
DNAzyme (S-DNA) under the action of Pb2+ [11]. The 
adsorption of ssDNA on the surface of AuNPs can effec-
tively prevent the aggregation and color change of AuNPs 
under the salt induction, resulting in the potent selectivity. 
The sensor still achieved good results under the potential 
interference of other metal ions and sample matrices. There-
fore, Pb2+-dependent DNAzyme can be used to specifically 
recognize metal ions even in complex environments.

Metal ions exist widely in the environment, but the con-
tent is very small. In recent years, Pb2+ pollution has become 
one of the most common heavy metal pollutions in food. The 
limit of Pb2+ in drinking water is only 70 nM according to 
the US Environmental Protection Agency (EPA) [12]. Sen-
sors with low background signal and high signal recovery 
can achieve sensitive detection of Pb2+. Furthermore, the 
magnetic materials can be easily separated from the solution 
through magnetic separation, which can decrease the back-
ground signal [13]. As a kind of magnetic nanomaterials, 
magnetic beads (MBs) have uniform particle size distribu-
tion and can quickly respond to the applied magnetic field. 
Further, the modification of functional groups in MB surface 
makes it widely used [14]. Chen et al. successfully fabricated 
an Au-SiO2@Fe3O4 magnetic nanomaterial, which can be 
combined with more DNAzyme systems for reaction due to 
the large specific surface area [15]. Therefore, MBs can be 
used to remove the unreacted DNAzyme from the sensor for 
a low background signal by magnetic separation process.

In order to improve the sensitivity of the fluorescence 
sensor, some signal amplification strategies were usually 
used such as nanomaterials and enzymes. Exonuclease III 
(Exo III) as an enzyme can hydrolyze the double-stranded 
DNA (dsDNA) from the flush or concave ends of 3′ to 5′ 
ends [16]. Ning designed an Exo III–assisted double-cycle 
fluorescence sensor for Hg2+ detection with a low detection 
limit of picomolar level [17], showing that the signal ampli-
fication strategy of Exo III in the sensor had a good effect.

Inspired by these studies, based on the FRET between 
Cy3 fluorescent donor and Cy5 fluorescent receptor, a low-
noise ratiometric fluorescence biosensor MBs@S-DNA/E-
DNA/Pb2+/HP/Exo III was developed to detect Pb2+. The 
DNAzyme structure was modified on the surface of MBs 
firstly, and it will be cut to form three chains under the 
action of Pb2+. The dropped E-DNA can combine with a 
new S-DNA to produce the cyclic reaction, and the released 
ssDNA can open the HP, resulting in the disappearance of 
FRET between Cy3 and Cy5 labelled at both ends of HP. 
Here, the signal of Cy3 increased and the signal of Cy5 
decreased, resulting in an increased F

562
∕F

665
 . By adding 

Exo III, the opened hairpin was hydrolyzed, and the falling 
ssDNA will open a new HP to form a cycle. In this paper, 
Pb2+-dependent DNAzyme was chosen as the specific rec-
ognition element of Pb2+ to improve the selectivity of the 
sensor. In addition, MBs were used to reduce background 
signal, and DNAzyme and Exo III–assisted double signal 
amplification was used as the signal amplification strategy 
to improve the sensitivity of the sensor.

Experimental sections

Materials and chemicals

The oligonucleotides used in this paper were all synthe-
sized by Shanghai Sangon Biotech Co., Ltd., and purified 
by HPLC. The sequences are as follows: substrate strand of 
DNAzyme (S-DNA): 5′-GGG GGG GGG GTG AGT GCT 
TCC ACT AT rA GGA AGA GAT GAA AAA A-(CH2)6-
bio-3′; enzyme strand of DNAzyme (E-DNA): 5′-CAT 
CTC TTC TCC GAG CCG GTC GAA ATA GTG GAA 
GCA C-3′; and hairpin DNA (HP): 5′-Cy3-TGA GTG CGA 
AGC ACT CAC CCC CCC CCC-Cy5-3′. Tris (hydroxym-
ethyl) aminomethane was purchased from Shanghai Shanpu 
Chemical Co., Ltd., ethylenediaminetetraacetic acid (EDTA) 
was purchased from Luoyang Chemical Reagent Factory, 
Tween-20 was purchased from Guangzhou Saiguo Biotech-
nology Co., Ltd., Exo III was purchased from Beijing Baori 
Doctor Physical Technology Co., Ltd., and the streptavi-
din-coated magnetic beads (MBs) were purchased from 
Suzhou Beaver Biology Co., Ltd. Buffer I (pH 7.5, 10 mM 
Tris, 1.04 M NaCl, 4 mM EDTA, and 500 µL Tween-20 in 
1000 mL ultrapure water) and 50 mM Tris–HCl buffer (pH 
7.4, 50 mM Tris, 0.2 M NaCl, and 1 mM EDTA) were used 
in this paper.

The construction of ratiometric fluorescence 
biosensor

The ratiometric fluorescence biosensor MBs@S-DNA/E-
DNA/Pb2+/HP/Exo III was prepared according to the 
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following procedures. Here, the S-DNA and E-DNA were 
all diluented with buffer I to maintain the dispersion of MBs 
during the reaction process. Firstly, 5 µL 10 mg/mL MBs 
were added into a 200-µL EP tube after mixing with a vor-
tex oscillator and washed three times with 50 µL buffer I. 
Thereafter, 10 µL 1 µM S-DNA and 10 µL buffer I were 
added to the tube, and incubated in 37 °C water bath thermo-
static oscillator for 1 h. The mixture was magnetic separated 
and washed three times with buffer I. Subsequently, 10 µL 
0.5 µM E-DNA and 10 µL buffer I were added into the mix-
ture and incubated at 37 °C for 2 h. The mixture was mag-
netic separated and washed three times with buffer I again.

Then, 35 µL 50 nM Pb2+ solution was added and incu-
bated at 37 °C for 30 min. The supernatant was left after 
magnetic separation. Subsequently, 5 U Exo III and 10 
µL 1 µM HP diluented with 50 mM Tris–HCl buffer 
were added into the supernatant and incubated at 37 °C 
for 1 h. The mixture was inactivated at 75 °C for 20 min 
and slowly reduced to room temperature in turn. Finally, 
the mixture was replenished to 200 µL using 50 mM 
Tris–HCl buffer. The f luorescence emission spectra 
were measured at 512-nm excitation wavelength under 
the conditions of 750-V voltage and 10-nm excitation 
and emission slit width using a G9800A fluorescence 
spectrophotometer (Henan Yinuojiasheng Instrument 
Equipment Co., Ltd.).

Application of the ratiometric fluorescence 
biosensor in real samples

To further study the practicality of the ratiometric fluores-
cence biosensor, Pb2+ detection was performed in tap water, 
tea, and rice flour. The rice flour was a certified reference 
material. The tea was digested by microwave, and tap water 
was directly used for detection of Pb2+. First, 0.5 g tea, 
8 mL nitric acid, and 2 mL hydrogen peroxide were added 
into the digestion tank. Then, the digestion tank was placed 
in the microwave digestion oven. The digestion parameters 
were set as follows: 180 °C reaction temperature, 400-psi 
pressure, 12-min heating time, and 15-min holding time. 
After digestion reaction, the digestion tank was moved to 
the 160 °C electric heating plate to drive out the acid in 
the solution. Then, the digestion tank was cooled at room 
temperature. Finally, the digestion solution was diluted to 
10 mL with ultrapure water in a volumetric flask and mixed 
well for future use. The real samples were detected using 
the standard addition recovery method. The added scalars 
of Pb2+ were 0.5, 10, and 1000 nM. Under the optimal con-
ditions of the MBs@S-DNA/E-DNA/Pb2+/HP/Exo III sen-
sor, the fluorescence emission spectra of the real samples 
were scanned, and the Pb2+ was determined according to 

the standard curve. Each sample was measured three times 
and averaged.

Results and discussion

Design principle of the MBs@S‑DNA/E‑DNA/Pb2+/
HP/Exo III ratiometric fluorescence biosensor

The ratiometric fluorescence biosensor was designed using 
Cy3 and Cy5 simultaneously as signal indicators based on 
DNAzyme and exonuclease III–assisted cascade signal 
amplification. S-DNA was immobilized on MBs by the 
affinity interaction between biotin on S-DNA and strepta-
vidin on the surface of MBs, and then the E-DNA was 
combined with S-DNA through partial base complemen-
tary pairing to form DNAzyme. The detection principle 
of the MBs@S-DNA/E-DNA/Pb2+/HP/Exo III sensor is 
shown in Scheme 1A. The DNAzyme will not be activated 
in the absence of Pb2+. The ratiometric fluorescence bio-
sensor will not be triggered. Thus, the hairpin structure 
labelled with Cy3 and Cy5 dyes at both ends will maintain 
stable when adding into the biosensor. Because the distance 
between Cy3 and Cy5 was 10 bases, an effective and stable 
FRET system occurred between Cy3 and Cy5, resulting in 
two fluorescence emission peaks at 562 nm and 665 nm, 
respectively [18].

S-DNA was cleaved at the modified RNA adenine base 
(rA) cleavage site in the presence of Pb2+. Thus, the DNA-
zyme structure will not exist stably under the influence 
of the number of base coordination, and release the Pb2+, 
E-DNA, and a single-stranded DNA (ssDNA) (Scheme 1B). 
The released E-DNA can combine with a new S-DNA to 
release more ssDNA with the help of Pb2+ until the S-DNA 
is depleted. Here, the circulation of E-DNA can obtain more 
released ssDNA to participate in the next reaction, which 
was the step 1 signal amplification. After magnetic separa-
tion, the released ssDNA in the supernatant can partially 
complement the HP and open the hairpin structure to form 
a dsDNA. After Exo III was introduced, HP contained in 
dsDNA can be digested into single nucleotide from the 3′ 
flat end, and the ssDNA contained in dsDNA was released 
into the solution. Hence, the distance between Cy3 and 
Cy5 increased and the FRET between them was elimi-
nated which led to the fluorescence weakening of Cy5 and 
the enhancing of Cy3 [19]. At the same time, the released 
ssDNA can hybridize with a new HP and start the next 
round of cracking to repeatedly enhance the change of two 
fluorescence signals, which was the step 2 signal amplifica-
tion. The fluorescence ratio of Cy3 and Cy5 was employed 
as a detection signal for the determination of Pb2+ which 
effectively avoids the influence of background signal com-
pared with the single signal fluorescence sensor.
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Feasibility analysis of the ratiometric fluorescence 
sensor

The prepared MBs@S-DNA/E-DNA/Pb2+/HP/Exo III rati-
ometric fluorescence sensor was analyzed in the absence 
and presence of 50 nM Pb2+. As shown in Fig.  1, the 
ratio of F

562
∕F

665
 was 1.49 in the absence of Pb2+ (a) and 

increased to 5.83 in the presence of Pb2+ (b). The ratio 
F
562

∕F
665

 increased 2.9 times compared to without Pb2+, 
indicating the feasibility of this ratiometric fluorescence 
biosensor. Here, the S-DNA was cut by Pb2+ and released 

ssDNA that can combine with HP to form dsDNA. With 
the opening of the hairpin structure, the distance between 
Cy3 and Cy5 will be increased resulting in the FRET 
elimination between them. Then, the ratio F

562
∕F

665
 was 

increased to 9.72 in the presence of 50 nM Pb2+ and 5 U 
Exo III which increased 0.7 times compared with when 
only presence of Pb2+ (c). This improving signal was con-
tributed to the enzyme digestion cyclic signal amplifica-
tion strategy of Exo III. These results demonstrated the 
ratiometric fluorescence biosensor based on DNAzyme 

Scheme 1   (A) Schematic diagram on the fabrication of MBs@S-DNA/E-DNA/Pb2+/HP/Exo III and mechanism of Pb2+ detection; (B) the spe-
cific structure of Pb2+-dependent DNAzyme and the cleavage of S-DNA under Pb2+
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and Exo III–assisted cascade signal amplification can sen-
sitively detect Pb2+.

Optimization of the experimental parameters

In order to obtain the best performance of the MBs@S-
DNA/E-DNA/Pb2+/HP/Exo III ratiometric fluorescence 
biosensor, experimental parameters such as the dosage of 
MBs, the ratio of E-DNA to S-DNA, the fabrication time of 
sensor, the incubation time of Pb2+, and the dosage of Exo 
III were optimized. Here, the experimental parameters were 
optimized by changing one condition at a time while keeping 
others unchanged. As shown in Figure S1B (see Electronic 
Supplementary Material), the F

562
∕F

665
 of the ratiometric 

fluorescence sensor gradually increased with the increasing 
MBs, because more DNAzyme modified in the MBs can 
obtain more ssDNA to involve in the reaction. When the 

dosage of MBs reached 5 µL, the F
562

∕F
665

 obtained the 
maximum value. However, the F

562
∕F

665
 decreased when 

dosage of MBs was higher than 5 µL on the account of the 
excessive MBs will agglomerate and degrade the sensor 
performance [20]. Therefore, 5 µL was chosen the opti-
mum dosage of MBs. In addition, at a certain concentra-
tion of S-DNA, the F

562
∕F

665
 increased with the augment 

of E-DNA dosage and reached the highest value at the 0.5 
of the dosage ratio of E-DNA to S-DNA. At the 0.5 of dos-
age ratio, the cycle reaction of E-DNA can complete the 
cleavage of quantitative S-DNA [21]. And, the F

562
∕F

665
 

tended to be flat when the dosage ratio was over 0.5 (see 
Electronic Supplementary Material Figure S1D). Thus, the 
optimal ratio of E-DNA to S-DNA was selected as 0.5. After 
that, the fabrication time of sensor was respectively set at 
0.5, 1, 1.5, 2, 2.5, and 3 h to obtain the optimal condition. 
Figure S2B (see Electronic Supplementary Material) dem-
onstrates the influence of the sensor fabrication time on the 
response signal in the presence of 50 nM Pb2+. Obviously, 
the F

562
∕F

665
 value monotonously increased at the incuba-

tion time from 0.5 to 3 h. After incubation for 2 h, the value 
of F

562
∕F

665
 reached to the stable. So the fabrication time of 

sensor was set as 2 h.
Subsequently, the incubation time of Pb2+ was optimized. 

With the prolongation of Pb2+ incubation time, the signal 
response F

562
∕F

665
 increased in the range of 5–30 min and 

tended to be stable, so the incubation time of Pb2+ was set 
as 30 min in the next experiment (Fig. 2B). For the excel-
lent signal amplification, the concentration of Exo III was 
optimized. The F

562
∕F

665
 increased rapidly with the increase 

of Exo III when the dosage of Exo III was less than 5 U 
which profits from the potent hydrolysis efficiency of Exo 
III. The reaction will be saturated in the 5 U Exo III due to 
the limited concentration of HP (see Electronic Supplemen-
tary Material Figure S2D). Therefore, the optimal dosage of 
Exo III was 5 U. There, a ratiometric fluorescence biosensor 
was employed for the detection of Pb2+.

Fig. 1   The fluorescence spectra at different preparation stages. (a) 
MBs@S-DNA/E-DNA/HP; (b) MBs@S-DNA/E-DNA/Pb2+/HP; (c) 
MBs@S-DNA/E-DNA/Pb2+/HP/Exo III [experimental conditions: 5 
μL MBs, 1 µM S-DNA, 0.5 µM E-DNA, 2-h fabrication time of sen-
sor, 50 nM Pb2+, 30-min incubation time of Pb2+, and 5 U Exo III]

Fig. 2   Optimization of detec-
tion condition incubation time 
of Pb2+. (A) The fluorescence 
spectra with different incubation 
times of Pb2+; (B) the fluores-
cence intensities with differ-
ent incubation times of Pb2+ 
[experimental conditions: 5 μL 
MBs, 1 µM S-DNA, 0.5 µM 
E-DNA, 2-h fabrication time 
of sensor, 50 nM Pb2+, and 5 U 
Exo III]
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Detection of Pb2+

In recent years, the discharge of factory wastewater has been 
increasing with the gradual industrialization of life and pro-
duction, causing serious pollution to water resources. As one 
of the common heavy metals, Pb2+ has the strongest toxicity 
and the widest distribution, which is abundant in the harmful 
substances of factory wastewater. When Pb2+ entered and 
enriched into the organisms through biological chain, it will 
seriously damage the immune system and nervous system, 
causing various diseases such as anemia, arrhythmia, and 
renal failure, which greatly threatens the human health [22]. 
Especially for infants, the enrichment of Pb2+ in vivo cannot 
only affect intelligence and development, but also leave life-
long disability [23]. Here, Pb2+ with various concentrations 
was determined using the established low-noise ratiometric 
fluorescence biosensor.

Under the optimal experimental conditions, F
562

∕F
665

 was 
measured by analyzing Pb2+ solution with different concen-
trations (Fig. 3A). It can be seen from the spectra that with 
the increase of Pb2+, the emission peak at 562 nm increased 
but the peak at 665  nm decreased. The ratio F

562
∕F

665
 

increased rapidly with the concentration of Pb2+ ranging 
from 0.1 to 1000 nM and tended to be flat with the further 
increase of Pb2+. A good linear relationship was obtained 
between F

562
∕F

665
 and the logarithm of Pb2+ (Fig. 3B). 

The linear regression equation was y = 3.06lgC + 32.71 
( R2 = 0.997 ). The LOD was calculated to be 77 pM, and 
the limit of quantitation (LOQ) was 258 pM according to 
the International Union of Pure and Applied Chemistry. The 
results indicated the prepared MBs@S-DNA/E-DNA/Pb2+/
HP/Exo III ratiometric fluorescence biosensor had good 

signal response and low LOD for Pb2+ detection. Each data 
was tested three times.

There, six identical sensors were prepared for 50 nM 
Pb2+ detection. The relative standard deviation (RSD) was 
4.8%, indicating the good reproducibility of the ratiomet-
ric fluorescence biosensor (see Electronic Supplementary 
Material Figure S3A). Similarly, 50 nM Pb2+ was measured 
six times using the same sensor, and the RSD was 2% as 
shown in Figure S3B (see Electronic Supplementary Mate-
rial), which shows that the sensor prepared in this paper had 
good repeatability.

To verify the selectivity, the ratio F
562

∕F
665

 responses 
were recorded toward different metal ions. Under the same 
experimental conditions, 50 nM Pb2+, 5 μM interference 
ions such as Zn2+, Hg2+, Mg2+, Cu2+, Fe3+, Mn2+, CO

2+, 
Ba2+, Cd2+, and K+, and the mixture of Pb2+ with all inter-
ference ions were detected. As shown in Fig. 4, a high 
F
562

∕F
665

 value was measured in the presence of Pb2+ even 
if it coexisted with interfering ions. However, the F

562
∕F

665
 

has no obvious change compared with blank sample only in 
the presence of interfering ions. These results showed that 
other metal ions cannot affect the detection performance of 
the sensor, indicating the excellent selectivity of the pre-
pared ratiometric fluorescence biosensor.

To highlight the superiority of the proposed ratiomet-
ric fluorescence biosensor, a comparison is summarized in 
Table 1, which exhibited that the constructed MBs@S-DNA/
E-DNA/Pb2+/HP/Exo III sensor had lower detection limit 
compared with other methods for Pb2+ detection. The result 
shows that the double-cycle signal amplification strategy 
designed in this paper can effectively improve the detect-
ability and reduce the detection limit of the sensor. Thus, the 

Fig. 3   (A) The fluorescence spectra of the prepared biosensor after 
incubation with different concentrations of Pb2+: 0.1, 0.5, 1, 5, 10, 
50, 100, 500, and 1000  nM; (B) the fluorescence signal of the pre-
pared biosensor to different concentrations of Pb2+: 0.1, 0.5, 1, 5, 10, 
50, 100, 500, 1000, and 5000 nM. Inset: linear relationship between 

F562/F665 and lg (CPb
2+). The concentrations of Pb2+: 0.1–1000  nM 

[experimental conditions: 5 μL MBs, 1 µM S-DNA, 0.5 µM E-DNA, 
2-h fabrication time of sensor, 30-min incubation time of Pb2+, and 5 
U Exo III]
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ratiometric fluorescence biosensor has potential application 
for sensitive detection of Pb2+.

Detection of real samples

To verify the accuracy and reliability of the prepared ratio-
metric fluorescence biosensor in the real samples, tap water, 
tea, and rice flour samples were determined by the stand-
ard addition method. The added scalars of Pb2+ were 0.5, 
10, and 1000 nM respectively. As shown in Table 2, the 
recoveries were in the range of 92.7–111.8% for tap water, 
94.5–101.3% for tea, and 103.9–119.6% for rice flour, 
respectively, and their RSD was all less than 15%. The 
rice flour was a standard sample measured by the graphite 
furnace atomic absorption spectrophotometric (GFAAS) 
method, and the content of Pb2+ was 0.463 nM. According to 
the t-test method, the calculated value of t was 3.866, which 
was less than the 4.303 of t(0.95,n=3). The results showed that 
the prepared ratiometric fluorescence biosensor had a certain 
accuracy, and the confidence reached 95%, indicating the 
sensor had a strong practical application potential.

Conclusion

Based on the FRET effect between Cy3 fluorescent donor 
and Cy5 fluorescent receptor, a ratiometric fluorescence 
biosensor was developed for the detection of Pb2+ in food. 
FRET between Cy3 and Cy5 can obtain two changed fluo-
rescence signals only through the change of the distance 
between them without modifying the fluorescence quenching 
group. The strategy can eliminate the impact of the detection 
environment. Here, Pb2+-dependent DNAzyme can ensure 
the selectivity of the sensor. In addition, a double-cycle 
signal amplification was effectively induced by DNAzyme 
and Exo III, which can ensure the selectivity of the sensor. 
The signal was firstly amplified through the cycle of E-DNA 

Fig. 4   The selectivity of the developed biosensor for Pb2+ (50  nM) 
compared with blank samples and other interfering ions (5  μM) 
[experimental conditions: 5 μL MBs, 1 µM S-DNA, 0.5 µM E-DNA, 
2-h fabrication time of sensor, 30-min incubation time, and 5 U Exo 
III]

Table 1   Comparison with other published methods for Pb2+ detection

Methods Linear range (nM) LOD (nM) Ref

Graphite furnace atomic 
absorption spectrom-
etry

- 1 [24]

Electrochemistry 5–1000 1 [25]
Electrochemistry 100–50,000 55 [26]
Photoelectrochemical 1–10,000 0.34 [27]
Electrochemilumines-

cence
1–1000 1 [28]

Colorimetry 2.58–18 0.77 [29]
Fluorescence 100–1000 3.6 [30]
Fluorescence 20–1000 1 [31]
Fluorescence 0–50 4.1 [32]
Fluorescence 0.1–1000 0.077 This work

Table 2   The analytical results 
obtained from real samples 
using the as-fabricated 
ratiometric fluorescence 
biosensor (n = 3)

Samples Standard addition 
(nM)

Found amount (nM) Average recovery (%) RSD (%)

Tap water 0.5 0.46 ± 0.04 92.7 ± 0.08 9
10 11.18 ± 0.63 111.8 ± 0.06 5.6
1000 1062.37 ± 26.1 106.2 ± 0.03 2.5

Tea 0 0.12 ± 0.02 - -
0.5 0.61 ± 0.06 99.1 ± 0.11 11.3
10 10.25 ± 0.62 101.3 ± 0.06 6.1
1000 945.22 ± 56.08 94.5 ± 0.06 5.9

Rice flour 0 0.51 ± 0.02 - -
0.5 1.11 ± 0.07 119.6 ± 0.14 11.3
10 11.85 ± 1.06 113.3 ± 0.11 9.4
1000 1039.38 ± 37.9 103.9 ± 0.04 3.6
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in DNAzyme, and further amplified with the ssDNA cycle 
triggered by the hydrolysis function of Exo III. There, the 
LOD of the sensitive ratiometric fluorescence biosensor 
was measured to be 77 pM, which was much lower than 
that of other detection methods. Even if it coexisted with 
interfering ions, Pb2+ can be specifically determined using 
the sensor. In addition, the ratiometric fluorescence biosen-
sor had been successfully applied to the detection of Pb2+ 
in tap water, tea, and rice flour. In practice, the sensor has 
a strong potential to detect other targets by changing the 
DNAzyme sequences obtained through in vitro screening 
and amplification.
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