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ABSTRACT: A novel platform for effective “turn-on”
fluorescence sensing of lead ions (Pb2+) in aqueous solution
was developed based on gold nanoparticle (AuNP)-function-
alized graphene. The AuNP-functionalized graphene exhibited
minimal background fluorescence because of the extraordi-
narily high quenching ability of AuNPs. Interestingly, the
AuNP-functionalized graphene underwent fluorescence resto-
ration as well as significant enhancement upon adding Pb2+,
which was attributed to the fact that Pb2+ could accelerate the
leaching rate of the AuNPs on graphene surfaces in the
presence of both thiosulfate (S2O3

2−) and 2-mercaptoethanol
(2-ME). Consequently, this could be utilized as the basis for
selective detection of Pb2+. With the optimum conditions
chosen, the relative fluorescence intensity showed good linearity versus logarithm concentration of Pb2+ in the range of 50−1000
nM (R = 0.9982), and a detection limit of 10 nM. High selectivity over common coexistent metal ions was also demonstrated.
The practical application had been carried out for determination of Pb2+ in tap water and mineral water samples. The Pb2+-
specific “turn-on” fluorescence sensor, based on Pb2+ accelerated leaching of AuNPs on the surface of graphene, provided new
opportunities for highly sensitive and selective Pb2+ detection in aqueous media.
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■ INTRODUCTION
Graphene, a monolayer of carbon atoms packed into a
honeycomb two-dimensional crystal structure, has attracted
intensive interests in recent years, due to its remarkable
electronic, mechanical, optical and thermal properties.1−4

Particularly, graphene has found important applications in
fluorescence detection.5−8 In addition to the ability of
quenching fluorescence, both graphene and graphene oxide
(GO) have the characteristic of photoluminescence arising
from electron−hole pairs localized within small sp2 carbon
clusters embedded in a sp3 matrix.9−11 Seo and co-workers had
demonstrated that GO photoluminescence could be quenched
by gold nanoparticles (AuNPs) because of fluorescence
resonance energy transfer (FRET) between GO and
AuNPs.12,13 However, there are still few studies about graphene
photoluminescence based on “turn-on” FRET.
Recently, graphene-metal nanocomposites have been synthe-

sized in a water-ethylene glycol mixture system.14,15 The
nanocomposites possess particular properties applicable in
certain technology fields such as optical, electrical and sensor
areas.16 For the graphene-gold nanocomposites (G-Au NCs),
the AuNPs on the surface of graphene can not only enhance
the Raman intensity but also quench the graphene

fluorescence.15 AuNPs have been proved to be excellent
quenchers of fluorophores such as organic fluorescent tags17

and semiconductor fluorescent quantum dots.18 Once the
AuNPs are leached from the surface of graphene, especially
they are completely dissolved into the solution, the
fluorescence of graphene can greatly recover and increase,
with “turn-on” fluorescence observed.
According to the previous researches, AuNPs could be

leached in the ammoniacal thiosulfate (S2O3
2−) system, and the

important parameters influencing the dissolution behavior of
gold in the ammoniacal S2O3

2− system have been inves-
tigated.19−24 Also, these studies have suggested that some heavy
metals, such as Pb, Ag, and Hg, could enhance gold leaching.
Notably, Huang and co-workers have developed a sensitive
method based on the fact that Pb2+ ions could accelerate the
leaching rate of AuNPs by both S2O3

2− and 2-mercaptoethanol,
for colorimetric assay of Pb2+.25

Meanwhile, as is well-known, heavy metal pollution, as a
severe environmental problem, has received increasing
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concerns throughout the world because of their potential
toxicity effects toward animals and human.26−31 Among heavy
metals, lead (Pb) is of great toxicological interest becaues of its
damage to the kidney and nervous system. For these reasons,
the measurement of Pb2+ is becoming more common and
imperative in chemical, environmental, clinical and toxicology
fields.32−35 Various methods are available for the determination
of Pb2+ in aqueous samples. For examples, Liu et al. have
developed a colorimetric sensing platform based on DNAzyme-
directed assembly of AuNPs for the detection of Pb2+.36 Wu et
al. have demonstrated an electrochemical method for detection
of Pb2+ on the basis of 2,5-dimercapto-1,3,4-thiadiazole self-
assembled monolayer on gold electrode.37 Saito and co-workers
have reported a direct fluorescence detection of Pb2+ by high-
performance liquid chromatography.38

Herein, we proposed a novel platform for effective sensing of
Pb2+ using G-Au NCs, taking advantage of the quenching
capability of AuNPs as well as the optical property of graphene.
Graphene was used as fluorescence creating source, and the
interaction between graphene and AuNPs could cause the
fluorescence intensity to decrease/quench. Moreover, Pb2+

could accelerate the leaching rate of the AuNPs on the surface
of graphene. Upon the addition of Pb2+, the fluorescence of

graphene could reappear and increase, showing “turn-on”
fluorescence observation. The detection occurred with high
sensitivity and selectivity toward Pb2+ using G-Au NCs, which
was based on graphene photoluminescence quenched by
AuNPs through FRET. As far as we know, this is the first
application of graphene fluorescence “turn-on” to detect Pb2+,
and it offers an ideal alternative for sensitive detection of heavy
metal ions.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Graphene oxide was purchased from

Nanjing XFNano Materials Technology Company (Nanjing, China).
2-mercaptoethanol (2-ME), sodium thiosulfate (Na2S2O3), ethylene
glycol, gold chloride trihydrate (HAuCl4·3H2O), KCl, MgCl2, CaCl2,
CrCl3, MnCl2, FeCl2, CoCl2, NiCl2, CuCl2, ZnCl2, Cd(ClO4)2, AlCl3,
Pb(NO3)2, HgCl2, and AgNO3 were obtained from Sinopharm
Chemical Reagent (Shanghai, China). All chemicals were of analytical
grade. Buffer solution was 5 mM glycine solution (pH 10.0) and the
pH was adjusted with 1.0 M NaOH. Deionized water (18.2 MΩ cm
specific resistance) obtained with a Pall Cascada laboratory water
system (USA) was used throughout.

Instrumentation. Transmission electron microscopy (TEM)
images were captured on a JEM-1230 electron microscope operating

Scheme 1. Schematic Representation of the Sensing Mechanism for the Detection of Pb2+ Ions Based on Accelerated Leaching
of Gold Nanoparticles on the Surface of Graphene

Figure 1. TEM images of G-Au NCs (upper) in different conditions and corresponding size distribution histograms of nanoparticles (below). (A, D)
G-Au NCs, (B, E) G-Au NCs + Na2S2O3, and (C, F) G-Au NCs + Na2S2O3 + 2-ME+Pb2+ (100 nM).
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at 100 kV (Japan). The fluorescence spectra were recorded on a
HORIBA Scientific Fluoromax-4 spectrofluorometer (France).
Synthesis of G-Au NCs. G-Au NCs were synthesized according to

the procedure reported.14 Generally, 1 mg/mL graphene oxide (10
mL) was sonicated for 1 h to form stable graphene oxide colloid.
Then, 0.5 mL of 10 mM HAuCl4 and 20 mL of ethylene glycol were
added to the graphene oxide colloid solution with magnetic stirring for
30 min. After that, the mixture was heated to 100 °C and aged at that
temperature for 6 h. Finally, the bulk samples of G-Au NCs could be
obtained by centrifugation and washed with deionized water and
ethanol for several times. Graphene was synthesized by the similar way
without of the HAuCl4.
Synthesis of AuNPs. AuNPs were synthesized by reducing

HAuCl4 using trisodium citrate method.39 100 mL of 1 mM HAuCl4
was brought to a vigorous boil with stirring in a round-bottom flask
fitted with a reflux condenser, and then 38.8 mM trisodium citrate (10
mL) was added rapidly to the solution, resulting in a change in
solution color from pale yellow to deep red. And then the solution was
boiled for another 15 min. Finally, the solution was cooled to room
temperature with continuous stirring. A typical solution of 13 nm
diameter gold particles exhibited a characteristic absorption at 519 nm.
Solution Preparation. For Pb2+ sensing, aliquots of 2700 μL of 5

mM glycine-NaOH (pH 10.0) solutions containing 100 μL of 100 ng/
mL G-Au NCs, 30 μL of 100 mM Na2S2O3, and Pb2+ with various
concentrations (final concentration: 0−1000 nM) were equilibrated at
room temperature for 15 min. Then 2-ME (10 mM, 300 μL) was
added into each of these mixtures. After equilibrating through gentle
shaking at room temperature for another 1.0 h, the resultant solutions
were subjected to fluorescence analysis.
Water Sample Preparation. Tap water was collected after

flowing for about 5 min in our laboratory when needed. Barreled
mineral water, i.e., KunYu mountain mineral water, was purchased
from local supermarket. For tap water samples, three aliquots of 5-fold
diluted tap water were spiked with standard Pb2+ solutions to result in
different final concentrations (50, 100, and 500 nM). For mineral
water, three aliquots of 2-fold diluted KunYu mountain mineral water
were spiked with standard Pb2+ solutions to result in different final
concentrations (50, 100, and 500 nM). All the water samples with and
without spiking were analyzed by the developed method.

■ RESULTS AND DISCUSSION
Sensing Strategy. Scheme 1 illustrates the sensing strategy

for Pb2+ based on G-Au NCs. The G-Au NCs were synthesized
by an in situ method of nucleating AuNPs in the presence of
GO and ethylene glycol.14 Subsequently, in thiosulfate liquors,
AuNPs could react with thiosulfate, and complexes were
formed immediately on the AuNPs surfaces. Usually the
complexes were reported as Au(S2O3)2

3−.21 After adding Pb2+

and 2-ME, the AuNPs could rapidly be dissolved to form Au(2-
ME)2

− complexes in solution. As a result, the fluorescence of
the G-Au NCs increased owing to the gradual dissolution of
AuNPs.
AuNPs played a pivotal role in reduction of GO with

ethylene glycol, leading to the formation of G-Au NCs, as
shown in Figure 1A, D (diameter of AuNPs about 86 ± 30 nm
(70%)). The results demonstrated that the metal salt could not
only be easily reduced in the water-ethylene glycol solution but
also grow in situ on the defects originating from the
oxygenation of graphite by strong oxidant.14 The resulting
graphene itself had the characteristic of photoluminescence
which was dependent on the electron−hole pairs that were
localized in small sp2 carbon clusters embedded within a sp3

matrix.9 However, the AuNPs on the surface of graphene could
quench fluorescence by FRET between graphene sheets and
AuNPs. After adding Na2S2O3 solution, the S2O3

2− ions reacted
with AuNPs to generate Au(S2O3)2

3− complexes owing to low-
spin d10 Au+ ions {log β[Au(S2O3)2

3−] ≈ 26}.21,40 And the

complexes formed a dense passive layer on the surface of
AuNPs in the presence of dissolved oxygen (eq 1),21,25

resulting in slight decrease of the size of AuNPs on the surface
of graphene, as shown in Figure 1B, E (diameter about 79 ± 35
nm (70%)).

+ + +

→ +

−

− −
4Au O 2H O 8S O

4Au(S O ) 4OH

0
2 2 2 3

2

2 3 2
3

(1)

And, because of a high activation energy (Ea = 27.99 kJ/mol) in
the absence of a redox mediator such as Cu+/Cu2+, the leaching
rate of AuNPs became lower in the system of S2O3

2−.19,21,41

Fortunately, alkanethiols, such as 2-mercaptoethanol (2-ME),
were strong etching agents because of the high Au−S band
energy (184 kJ/mol).25,42 The stability constant for Au(SH)2

−

species {log β[Au(2-ME)2
−] ≈ 30} indicated that Au(2-ME)2

−

was 4 orders of magnitude more stable than the complexes
Au(S2O3)2

3− in aqueous solution at 298 K, corresponding to a
free energy difference of 22.6 kJ/mol.25,40 However, if there was
only 2-ME, i.e. in the absence of Na2S2O3, the G-Au NCs
would aggregate.25 So, we supposed that the redox mediator
(RS-SR/RSH) of 2-ME involved in the thiosulfate leaching
system could increase the leaching rate of the S2O3

2−-AuNPs.
Chen and co-workers have reported that the Pb2+ could
accelerate the dissolution of gold in the 2-ME/S2O3

2−-AuNPs
system.25 Pb2+ could react with gold to form AuPb2, AuPb3
alloy or metallic Pb on the surface of gold, leading to a potential
drop of the gold and thus an increased rate of dissolution.25 So,
in the existence of 2-ME/S2O3

2−, Pb2+ played an important role
to accelerate the leaching rate of AuNPs from the surface of
graphene. As shown in Figure 1C, F, the size of AuNPs was
significantly decreased (diameter ≤ 38 nm (70%)), which was
in consistent with that reported.25 It should be noted that,
separate existence of S2O3

2−, 2-ME, or Pb2+ could not lead to
fluorescence increase. Therefore, in this system, S2O3

2− was
primarily used as a stabilizing agent, 2-ME acted as both a
reducing agent and a complexing agent, and Pb2+ could enable
and accelerate the reaction. The developed sensing strategy for
Pb2+ was based on the fact that Pb2+ could accelerate the
leaching rate of AuNPs on the surface of graphene by S2O3

2−

and 2-ME, accompanied with fluorescence recovery and
increase of graphene.
To further verify the roles that S2O3

2−, 2-ME, and Pb2+

played in accelerating the leaching rate of AuNPs, we
monitored the fluorescence intensity of graphene. As seen
from Figure 2, the fluorescence spectrum of G-Au NCs in 5
mM glycine-NaOH solution (pH 10.0) was displayed (curve a),
and a low fluorescence emission appeared at 380 nm. In the
presence of 1.0 mM Na2S2O3 (curve b), although the size of
AuNPs had a slight decrease, the fluorescence intensity of
graphene was similar to that given by curve a because of the low
leaching rate of AuNPs. After addition of 1.0 mM 2-ME, the
fluorescence intensity of graphene increased slightly (curve c),
which was consistent with the increased leaching rate of
AuNPs. If there were only G-Au NCs and Pb2+, the AuNPs
could not be leached and thereby the fluorescence of graphene
was still low (curve d). In the existence of AuNPs, Na2S2O3, 2-
ME, and Pb2+, fluorescence was hardly observed (curve e),
indicating that the fluorescence was almost completely from the
graphene, and only a slight interference was caused by the
AuNPs, Na2S2O3, 2-ME, and Pb2+. With the assistance of 2-
ME/Na2S2O3 and Pb2+, the AuNPs would be acceleratedly
oxidized and leached into the solution, and thereby
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fluorescence intensity of graphene was dramatically increased as
shown in curve f of Figure 2. At the same time, according to
curves g and h, it could be concluded that the fluorescence of
graphene could be quenched only by AuNPs. Therefore, in this
system, the sensing mechanism for Pb2+ was based on the
accelerated leaching effect of AuNPs on the graphene surfaces
in the presence of both S2O3

2− and 2-ME.
Parameter Optimization. Sensitivity of the fluorescence

detection strongly depended on the main experimental

parameters including size of GO, concentration of HAuCl4,
pH, concentration of Na2S2O3, concentration of 2-ME and
reaction time. The effects of these parameters had been
systematically investigated as follows.

Effect of GO Size and HAuCl4 Concentration. The
fluorescence properties of graphene was strongly dependent
on the size of the precursors GO. When the length or width of
GO was >1 μm, the fluorescence “turn-on” efficiency was low,
resulting in low sensitivity of fluorescence detection. So in our
system, the size of GO <1 μm was used.
The fluorescence “turn-on” efficiency was influenced by the

total amount of AuNPs on the surface of graphene, which was
determined by the concentration of HAuCl4. The relationship
between the concentration of HAuCl4 and the relative
fluorescence intensity was investigated and the corresponding
results were shown in Figure 3A, where F0 and F were
fluorescence intensities at 380 nm in the absence and presence
of Pb2+ ions (1.0 μM), respectively. It could be seen that the
relative fluorescence intensity gradually increased in the
concentration range of 0.2−1.0 mM, which was because of
the increased amount of AuNPs that would increase the
fluorescence quenching efficiency of AuNPs to graphene. At
concentration >1.0 mM, the relative fluorescence intensity of
graphene decreased, which was probably due to the fact that
AuNPs on the surface of graphene were close to saturation and
the superabundant AuNPs in the solution reacted with Pb2+,
and thereby decreased quenching efficiency of AuNPs to
graphene. Therefore, the optimal concentration of HAuCl4 was
chosen as 1.0 mM.

Effect of pH. The pH of the solution would affect the
leaching of AuNPs in the 2-ME/S2O3

2−−G-Au NCs system in
the absence and presence of Pb2+ ions. Therefore, it was

Figure 2. Fluorescence spectra of G-AuNCs at different conditions:
(a) G-AuNCs (3 ng/mL) in glycine-NaOH buffer (black line); (b) G-
AuNCs (3 ng/mL) + Na2S2O3 (1.0 mM); (c) G-AuNCs (3 ng/mL) +
Na2S2O3 (1.0 mM)+2-ME(1.0 mM); (d) G-AuNCs (3 ng/mL) + Pb2+

(1000 nM); (e) AuNPs (5 μL) + Na2S2O3 (1.0 mM) + 2-ME (1.0
mM) + Pb2+ (1000 nM); (f) G-AuNCs (3 ng/mL) + Na2S2O3 (1.0
mM) + 2-ME (1.0 mM)+Pb2+ (500 nM); (g) G (3 ng/mL); h) G (3
ng/mL) + Na2S2O3 (1.0 mM) + 2-ME (1.0 mM)+Pb2+ (1000 nM).

Figure 3. Effects of (A) concentration of HAuCl4 (0.2−1.5 mM), (B) pH (8.6−10.6), (C) concentration of Na2S2O3 (0.2−1.2 mM) and (D)
concentration of 2-ME (0.2−1.5 mM) on the relative fluorescence intensity changes of graphene. The concentration of Pb2+ was 1000 nM and
excitation was 200 nm.
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necessary to investigate the effect of pH on the fluorescence
response. Figure 3B shows the relative fluorescence intensity of
graphene in various pH solutions. When the pH shifted from
8.6 to 10.0, the relative fluorescence intensity of graphene
increased greatly, which was attributed to two aspects: (i)
S2O3

2− was more stable in the solution at higher pH and (ii)
Au(2-ME)2

− complexes were more stable at pH greater than
the pKa (8.8−9.1) of 2-ME.43,44 However, further increasing
the pH could cause a relatively lower fluorescence intensity,
which might be mainly because of the formation of passive
layers of Pb(OH)2, PbO, Au(OH)3, or Au2O3 on the surface of
the AuNPs.25 So, pH 10.0 was selected as the optimal pH value.
Effect of Na2S2O3 Concentration. Na2S2O3 had been

demonstrated to act as both a reducing and a stabilizing
agent for the dissolution of gold. The reduction ability of
Na2S2O3 was subsidiary, and the stabilizing power was primary.
From Figure 3C, we could observe that the relative
fluorescence intensity of graphene increased with the increased
concentration of Na2S2O3 in the range of 0.2−1.0 mM. The
increased response might result from the increase of stability.
Further increasing the concentration of Na2S2O3 would induce
a relative lower response. That was because the increased
thickness of the passive layer hindered Pb2+ and 2-ME to
contact the surface of AuNPs and therefore decreased the
leaching rate. Thus, 1.0 mM Na2S2O3 was used in the following
work.
Effect of 2-ME Concentration. Figure 3D shows the effect of

the 2-ME concentration (0.2−1.5 mM) on the relative
fluorescence intensity of graphene in the absence and presence
of Pb2+ ions (1.0 μM). Here, 2-ME acted as both a reducing
agent and a complexing agent. Obviously, lower concentrations
of 2-ME in the solution yielded smaller relative fluorescence
intensity of graphene; and an increase in the concentration of 2-
ME yielded greater relative fluorescence intensity. This might
be ascribed to the increased dissolution rate of AuNPs into the
solution. The response to 1.0 μM Pb2+ increased rapidly with
the concentration of 2-ME increase until 1.0 mM, and then
tended to increase slowly. So, 1.0 mM 2-ME was used in this
work.
Effect of Reaction Time. The sensitivity of the proposed

method for detection of Pb2+ was undoubtedly promoted with
the increase of the reaction time because of the increased
leaching amount of AuNPs into the solution. However, this
tendency would not be prolonged all the time. As shown in
Figure 4, the response to 100 nM Pb2+ increased rapidly with
the reaction time increasing up to 40 min, and then began to
level off. To obtain stable fluorescence, 1.0 h was chosen as the
reaction time.
Sensitivity and Selectivity. Under the above optimized

conditions, the method performance was evaluated for the
determination of Pb2+. As shown in Figure 5, the intensity of
the fluorescence emission of graphene increased upon
increasing the concentration of Pb2+. The graphene showed a
good linear response of the relative fluorescence intensity with
respect to the logarithm of the Pb2+ concentration in the range
of 50−1000 nM (R = 0.9982) as shown in the inset. The error
bars (relative standard deviation (RSD), less than 0.3%) of the
relative fluorescence intensity were relatively small, indicating
that the method is quite stable and reproducible. The minimum
detectable concentration using the method was obtained of 10
nM, which was lower than the maximum contamination level
(MCL) of 72 nM for Pb2+ in drinking water as defined by the
U.S. Environmental Protection Agency (EPA).45 A number of

studies for the detection of Pb2+ have been reported, so some
methods based on AuNPs were summarized and compared
with the present work, as listed in Table 1. As can be seen from
the table, as a new sensing strategy, the “turn-on” fluorometry
based on accelerated leaching of AuNPs on the surface of
graphene is an ideal candidate for sensitive detection of Pb2+

ions.
To further verify the performance of the developed method

for Pb2+ in practical applications, we investigated the selectivity
of this turn-on fluorescence response toward Pb2+ ions. Other
metal ions commonly found coexistent with Pb2+, including
Al3+, Ca2+, Cd2+, K+, Mg2+, Zn2+, Li+, Co2+, Ni2+, Hg2+, Cu2+,
Ag+, Mn2+, Cr3+, and Fe2+, were tested. The relative
fluorescence intensity of the solution containing 1.0 μM Pb2+

and other metal ions individual, respectively, were shown in
Figure 6. The results showed that 100-fold of Al3+, Ca2+, Cd2+,
K+, Mg2+, Zn2+, Li+, Co2+, and Ni2+, 10-fold of Hg2+, Cu2+, Ag+,
and Mn2+, and 5-fold of Cr3+ and Fe2+ had much lower
fluorescence intensity than that of 1.0 μM Pb2+. The developed
method supplied an attractive selectivity for Pb2+.

Practical Application. To evaluate the practicality of the
developed sensing platform, we further carried out the recovery
experiments by analyzing the tap water and mineral water
samples. No Pb2+ was detected in the tap water and mineral
water. Then, standard addition technique was used. Three

Figure 4. Effect of time on the fluorescence intensity of graphene
without and with the presence of 100 nM Pb2+. Excitation: 200 nm.

Figure 5. Fluorescence spectra of G-Au NCs in 5 mM glycine solution
upon the addition of increasing concentrations of Pb2+ ions (0 M−
1000 nM) under the optimal conditions. The inset was the calibration
curve of the G-Au NCs for detection of Pb2+ ions. Error bars were
obtained from five parallel experiments.
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levels of 50, 100, and 500 nM Pb2+ were spiked to 5-fold
diluted tap water and 2-fold diluted mineral water samples,
respectively. Five replicate analyses were performed for each
sample to determine recoveries and the measured results of the
water samples were listed in Table 2. Satisfactory recoveries of

Pb2+ were obtained, namely, 90.6−102.0% with the precision of
1.08−1.30% for tap water, and 92.1−110.8% with the precision
of 0.91−8.08% for mineral water, respectively. This demon-
strated the developed method potentially applicable for the
detection of Pb2+ in water samples.

■ CONCLUSIONS

In summary, a novel “turn-on” fluorescent chemosensor was
developed for Pb2+ by using G-Au NCs, based on the
accelerated leaching of AuNPs on graphene surfaces that
induced the restoration and enhancement of graphene
fluorescence. In particular, this assay allowed selective detection

of Pb2+ as low as 10 nM in aqueous solution using a very simple
approach. Moreover, the method provided potential oppor-
tunities for sensitive detection of heavy metal ions by virtue of
the analyte-induced depletion of quenchers. Thus the develop-
ment of new strategies based on similar reactions has a
promising future in environmental analysis/monitoring and
other related fields.
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Table 1. Comparison of Linear Range and Limit of Detection (LOD) for Detection of Pb2+ Using AuNP-Based Methods

detection techniques recognition probe assisted probe linear range LOD ref

fluorometry G-Au NCs 50−1000 nM 10 nM this work
fluorometry cysteamine and 11-mercaptoundecanoic acid CdTe-QDs and AuNPs 0.22−4.51 ppm 30 ppb 46
colorimetry DNAzymes AuNPs 0.4−2 μM 0.4 μM 47
colorimetry DNAzyme AuNPs 100 nM−4 μM 100 nM 36
colorimetry gallic acid AuNPs 10−1000 nM 10 nM 48
colorimetry DNAzyme AuNPs 3 nM−1 μM 3 nM 49
colorimetry AuNPs 2.5 nM−10 μM 0.5 nM 25
mass spectrometry AuNPs 1.0 × 10−9−5.0 × 10−6 M 0.5 nM 50

Figure 6. Relative fluorescence responses of G-Au NCs in 5 mM
glycine solution upon the addition of various metal ions. The
concentration of Al3+, Ca2+, Cd2+, K+, Mg2+, Zn2+, Li+, Co2+, and Ni2+

was 100 μM, respectively, the concentration of Hg2+, Cu2+, Ag+, Mn2+

was 10 μM, respectively, and the concentration of Cr3+, Fe2+ was 5
μM, respectively; the concentration of Pb2+ was 1.0 μM.

Table 2. Recoveries for the Detection of Pb2+ in Water
Samples (n = 5)

samples added (nM) recovery (%) RSD (%)

tap water 50 91.4 1.30
100 102.0 1.08
500 90.6 1.21

mineral water 50 104.4 0.91
100 110.8 6.92
500 92.1 8.08
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