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ABSTRACT: Highly green emissive gold nanoclusters (Au 4 = Q ) Q ['e)

NCs) are synthesized using glutathione as a stabilizing agent
and mercaptopropionic acid as a ligand, and the intensity of
fluorescence is specifically sensitive to lead ions. We then
fabricated a ratiometric fluorescence nanohybrid by covalently
linking the green Au NCs to the surface of silica nanoparticles
embedded with red quantum dots (QDs) for on-site visual
determination of lead ions. The green fluorescence can be
selectively quenched by lead ions, whereas the red fluorescence
is inert to lead ions as internal reference. The different response
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of the two emissions results in a continuous fluorescence color change from green to yellow that can be clearly observed by the
naked eyes. The nanohybrid sensor exhibits high sensitivity to lead ions with a detection limit of 3.5 nM and has been
demonstrated for determination of lead ions in real water samples including tap water, mineral water, groundwater, and seawater.
For practical application, we dope the Au NCs in poly(vinyl alcohol) (PVA) film and fabricate fluorescence test strips to directly
detect lead ions in water. The PVA-film method has a visual detection limit of 0.1 #M, showing its promising application for on-
site identification of lead ions without the need for elaborate equipment.
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B INTRODUCTION

Fluorescence materials have recently attracted much attention
due to their advantages of sensitivity, simplicity, and low
background signal for revealing trace amounts of analytes.'~* It
is also considered to be a conceivable way to indicate the
presence of an analyte that makes the changes of fluorescence
color able to be observed by the naked eye.’” Although
fluorescent probes based on organic dyes have been extensively
developed,'®™" these organic dyes often require complicated
synthesis and have narrow excitation and broad emission
spectra. Recently, fluorescent nanomaterials have been
employed for the design of new analytical methods because
of their significantly improved optical properties and the ability
for easy chemical functionalized modification."*”"” Among the
fluorescent nanomaterials reported to date, noble metal
nanoclusters such as gold and silver clusters have attracted a
great deal of attention owing to their ultrasmall sizes, low
toxicity, and tunable fluorescent properties."®>° Recently,
many different red fluorescence gold nanoclusters have been
synthesized by stabilizing with protein, BSA, and lysozyme
using the corresponding metal salt as precursors, while few
green emissive gold nanoclusters have been reported except for
a gold nanodot functionalized using mercaptoundecanoic acid
(MUA).*" However, the analytical performance of these
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fluorescence methods based on a single lumophore is generally
dependent on probe concentration, excitation intensity,
instrumental efficiency, and environmental conditions. For-
tunately, the ratiometric fluorescence method employing two
independent emissive bands as the signal possesses the
advantages of self-calibration, built-in correction for environ-
mental effects,”>~>* and visible color changes®* ™’ potential for
visual identification of target analytes. Therefore, it is practical
to develop a novel dual-color fluorescence sensor based on
ratiometric signal output for rapid visual identification of lead
ions.

Lead compounds have been widely used in paint pigments,
solders, storage batteries, water pipes, radiation shields, and
ammunition and gasoline additives, leading to wide lead
contamination and serious threat to environment and human
health.*** Lead is a kind of heavy metal element that is
difficult to be chemically and biologically detoxified and hence
easily accumulated in human nervous and cardiovascular
systems when exposed to contaminated water sources and
air.**™* In addition, lead ions can easily bond to the —SH
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Scheme 1. Schematic Illustration of the Ratiometric Probe Structure and the Visual Detection Principle for Lead Ions
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groups of enzymes or proteins and thus inhibit their activities
once up-taken by the human body.44_46 Therefore, the U.S.
Environmental Protection Agency (EPA) has set the maximum
allowable levels of lead in drinking water as 72 nM (15.0
ppb),”” and the Centers for Disease Control and Prevention
(CDC) also set the threshold for elevated blood lead at 480 nM
(100 ppb).*® Currently, several analytical methods have been
employed for lead determination, such as atomic absorption
spectrometry (AAS),**° inductive coupled plasma atomic
emission spectrometry (ICP-AES), anodic stripping voltamme-
try,>" inductive coupled plasma mass spectrometry (ICP-
MS).>*** These techniques often require expensive, sophisti-
cated instrumentation and long sample preparation time, which
hampers their practical application for in-field measurement.*
Thus, it is necessary to develop a reliable, low-cost, rapid, on-
site, and visual analytical technique for sensitive and selective
determination of lead ions.

A few visual detection methods based on gold nanoparticles
have recently been reported for lead ions detection with
detection limit (LOD) at nanomolar level (Table S1,
Supporting Information). These colorimetric methods gen-
erally use the dependence of localized surface plasmon
resonance absorption of gold nanoparticles on their intra-
particle distances, which are very sensitive and vulnerable to
surrounding condition variation, hence relatively low selectivity.
Therefore, in this work, we combine gold nanoclusters (Au
NCs) and quantum dots (QDs) embedded in silica nano-
particles to form a new ratiometric probe for visual
identification of Pb** by fluorescence color changes. The
dual-emission fluorescence nanohybrid probe has two emission
peaks under a single-wavelength excitation, as illustrated in
Scheme 1. The Au NCs emitting green fluorescence are
covalently attached to the silica nanoparticle surface through
the interaction between the gold atoms and the mercapto
groups. The red-colored fluorescence of QDs is insensitive to
Pb**, and the green-colored fluorescence of the Au NCs
modified with glutathione (GSH) and mercaptopropionic acid
(MPA) can be selectively quenched by Pb**. As the amounts of
Pb** increase, the dual-emission intensity ratios gradually vary
and lead to continuous changes of fluorescence color from
green to yellow, which can be clearly observed by the naked
eye. On the basis of the ratio and color change signatures, the
ratiometric probe can be practically applied for both qualitative
recognition and quantitative analysis. This method shows low
interference and high selectivity with a detection limit of as low
as 3.5 nM, which is much lower than the allowable level of lead
(~72 nM) in drinking water (EPA).*> Furthermore, we further
apply the ratiometric probe for visual identification of Pb** in
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real water samples including tap water, mineral water,
groundwater from Inner Mongolia, and seawater. In addition,
a simple test device using poly(vinyl alcohol) (PVA) film doped
with the ratiometric probe also has been successfully facilitated
for on-site visual determination, and a detection limit of 0.1 yuM
has been estimated through the fluorescence color changes.

B EXPERIMENTAL SECTION

Gold Nanoclusters Preparation. Green fluorescent Au NCs
were synthesized according to the reported methods with minor
modification.””® Typically, 125 L of 1 M NaOH solution and 3 uL
of 80% tetrakis(hydroxymethyl)phosphonium chloride (THPC)
solution were first introduced into 10 mL of ultrapure water. Then
125 pL of 0.1 M HAuCl,-3H,0 solution was rapidly added into the
mixture after stirring for 5 min. The color of the mixture turned from
light yellow to brown in 1 min, indicating formation of small gold
nanoparticles (Au NPs). At this point, S0 uL of 0.1 M GSH solution
was added to obtain Au NPs protected by GSH. After stirring for
another 15 min at room temperature, the stock Au NPs solution was
kept at 4 °C for future use.

After aging for 1 day, 10 mL of the stock Au NPs solution was
mixed with 1.8 mL of phosphate-buffered saline (PBS, 0.1 M) of pH
9.0 and 100 yL of MPA liquid. The mixture solution turned light
yellow from brown within 24 h, indicating formation of fluorescent Au
NCs. The Au NCs were purified by centrifugation and redispersed in
water for future use. Absorption and emission spectra are shown in
Figure S1, Supporting Information, and the fluorescence quantum
yield was estimated to be 6.8% using fluorescein as standard (Figure
82, Supporting Information).>®

Fabrication of Ratiometric Fluorescence Sensor. The red
emissive QDs functionalized with mercapto groups were first bonded
to the surface of Au NCs by a coordination reaction between —SH and
Au atoms. In a typical procedure, 4 mL of green emissive Au NCs (4,
= 520 nm) solution was mixed with 2 mL of 1 mg/mL of the
mercaptopropyltrimethoxysilane (MPTS) modified silica nanoparticles
under stirring in a 10 mL flask. The mixture was vigorously stirred for
2 h to form the nanohybrid. The resultant probes were collected by
centrifugation and washed with ultrapure water three times to remove
excess chemicals. The final product was dispersed in 6 mL of ultrapure
water.

Measurement of Lead lons. For aqueous Pb** detection, 1 mL of
the as-synthesized ratiometric probes was injected into 1.0 mL of PBS
(50 mM, pH = 6.0) in a spectrophotometer quartz cuvette. Then, S,
10, 15, 20, 25, 30, 40, and 50 uL of lead ions (107> M) was added into
the probe solution one by one, and the final concentrations of lead
ions presented were 25, 50, 75, 100, 125, 150, 200, and 250 nM. The
mixture was shaken thoroughly at room temperature prior to
fluorescence measurement. Fluorescence spectra were collected 30 s
after each addition because the fluorescence spectra became stable at
10 s after addition of lead ions. Spectra were measured by a
fluorescence spectrophotometer (LS-5S, PerkinElmer) excited at 390
nm. Fluorescence measurements were performed at room temperature
under ambient conditions, and the average was obtained by three
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independent measurements. Color changes were observed under a UV
lamp (excitation wavelength at 365 nm).

Selectivity and Interference Experiments. Solutions of other
metal ions were prepared in deionized (DI) water for the selectivity
experiments except that mercuric ion was prepared in 0.1 M HNO;
solution because it tends to hydrolyze in water. The fluorescent
responses of the ratiometric probe to these metal ions were examined
by a similar procedure used above for lead ions. The as-synthesized
ratiometric probe solution and a series of selected metal ions (Cd*,
Mg*, Ni**, Ca**, Co**, Ag*, Cu**, Ba**, Hg*, Pb**, and Fe**; 50, 100,
150 nM) were mixed in 2.0 mL of PBS (25 mM, pH = 6.0). The
mixtures were then added into a spectrophotometer quartz cuvette,
and spectra were then measured at 390 nm excitation. For interference
study, 150 nM Cd*, Mg™, Ni**, Ca**, Co*, Ag*, Cu*, Ba>*, Hg",
and Fe®* were mixed with the probe in 2.0 mL of PBS (25 mM, pH =
6.0) followed by measuring the fluorescence spectra. Then, 75 nM
Pb** was introduced into the mixture and the spectral responses were
collected. Fluorescence images of these solutions were taken under a
UV lamp with maximum output at 365 nm.

Analysis of Water Samples. Water samples included seawater,
groundwater from Inner Mongolia, tap water, and mineral water.
Seawater and groundwater were first filtered twice to remove any solid
suspensions using ordinary qualitative filter membranes with 0.22 ym
millipores (Sinopharm Chemical Reagent Co., Ltd.). Tap water was
obtained from local drinking water, which was directly used without
any pretreatment. Water samples spiked with different concentrations
of Pb®* were added to the sensing system, and the resultant
fluorescence spectra were measured.

Construction of Ratiometric PVA-Film Sensor. In order to
fabricate the PVA-film sensor, S g of PVA was first suspended in 100
mL of water in a flask. The mixture was then warmed at 90 °C in an
oven to completely dissolve PVA. A clear aqueous solution of PVA was
obtained after excess insoluble PVA was removed. The content of PVA
in the clear solution was estimated to be 4.5%. The PVA solution was
kept at room temperature in the dark for further use.

The nanohybrid probe solution (1 mL) was first centrifuged, and
the precipitate was again dissolved into 50 uL of DI water. The
purified probe solution was then mixed with 1 mL of the clear PVA
solution, and the mixture was vigorously shaken to become
homogeneous at room temperature. Glass slides were first washed in
10 mL of DI water by sonification for 10 min and then washed three
times with DI water before drying. A 100 yL amount of the above
mixture of probe and PVA was gently dripped onto a glass slide, which
was transferred into an oven and dried at S0 °C for about 1 h to form
the ratiometric PVA-film sensor.

On-Site Visual Measurement for Pb?* on the Ratiometric
PVA-Film Sensor. Lead solutions with concentrations of 10, 1, and
0.1 uM (10 mL) were prepared in dishes 5.5 cm in diameter. The
PVA-film ratiometric sensors were immersed in the solutions for some
time. Fluorescent photos of these films were taken once every 1 min
under a UV lamp. The photostability of the PVA films with ratiometric
probe and Au NCs were carefully examined and compared by
monitoring their fluorescence spectra for about 1 h (Figures S3 and
S4, Supporting Information).

B RESULTS AND DISCUSSION

Preparation of the Green Emissive Gold Nanoclusters.
Red fluorescent Au NCs have recently received much
attention,”” "° whereas green fluorescent Au NCs have been
rarely reported. In this work, we synthesized Au NCs with
green fluorescence using a multistep procedure. First, non-
fluorescent THPC/GSH-stabilized/protected Au NPs or the
“fluorescence off-state” Au NCs were synthesized during the
Au(IIl) ion reduction in the presence of GSH together with
THPC. Then MPA ligand was added for the subsequent ligand
exchange reaction to produce the highly green fluorescent Au
NCs.>*> The sizes of Au NCs, red QDs, and silica
nanoparticles were, respectively, measured to be 2.3 (+0.2),

3.1 (+0.2), and 222 (+3) nm using TEM and SEM (Figure SS,
Supporting Information). The green Au NCs show an emission
peak centered at 520 nm (Figure S6a, Supporting Information),
and a highly green fluorescence can be clearly observed under a
UV lamp (4, = 365 nm). The QDs-embedded silica
nanoparticles have a fluorescence maximum at 620 nm and
show strong red fluorescence under a UV lamp (Figure S6c,
Supporting Information). Both the fluorescence spectra and the
image of the ratiometric probe (Figure S6b, Supporting
Information) are significantly different from those of the
individual green Au NCs (Figure S6a, Supporting Information)
and the red QDs (Figure S6¢, Supporting Information) under a
UV lamp. These results indicate that the green emissive AuNCs
are successfully conjugated onto the surface of the red QD-
embedded silica nanoparticles and both are photoluminescent
under a single excitation.

Scheme 1 illustrates the architecture of the dual-emission
fluorescence nanohybrid probe and the working principle for
visually detecting lead ions. Red QDs are fully wrapped by the
silica shell to improve their optical and chemical stabilities,
which prevents direct contact of QDs with external Pb** and
provides a reliable reference signal for the ratiometric probe.
The surface of the silica nanoparticles is further functionalized
with MPTS, and the end mercapto groups react with the
surface of the green Au NCs.

The Au NCs act as recognition sites for Pb** through the
affinity toward lead ions of two carboxyl groups and one amino
group in glutathione on the surface of Au NCs,”" resulting in
the green fluorescence quenching, whereas the red fluorescence
of the QD embedded in silica nanoparticles is inert to Pb*".
Thus, the ratiometric fluorescence probe shows a clear color
variation upon green fluorescence quenching by Pb**, while the
red fluorescence intensity remains constant. A small variation of
the ratio of the two intensities results in noticeable fluorescence
color changes of the probe, hence facilitating visual detection of
Pb** with the naked eye under a UV lamp. Furthermore, it has
been demonstrated that the ratiometric probe was applied for
building a ratiometric sensor to detect Pb*" in real water
samples.

Effect of pH on the Fluorescence of Gold Nano-
clusters. The pH buffering systems are optimized by
monitoring the fluorescence stability and reproducibility in
PBS (25 mM). As shown in Figure 1, the fluorescence intensity
ratios vary in the range of pH values from 4.0 to 8.5 due to the
green fluorescence decrease of Au NCs with increasing pH
values (Figures S7 and S8, Supporting Information), resulting
in the variations of fluorescence color. Moreover, the
fluorescence quenching efficiency of the ratiometric probe by
lead ions is also studied at different pH values (Figures S9 and
S10, Supporting Information). The ratiometric probe performs
best in the pH range from 4 to 8.5 because the probe itself can
be destroyed at very low pH condition and the metal ions can
be hydrolyzed at high pH values. It can be clearly seen that the
quenching efficiency increases below pH 6.0 and decreases as
pH values increase. These results show that pH 6.0 is the most
suitable condition for detection of lead ions. The photostability
of the as-prepared ratiometric probe is systematically
investigated by flashing UV light on the PBS solution of the
ratiometric probe. After 10 consecutive illuminations with 2
min duration for each time, the relative fluorescence intensity
has no apparent change, implying the high photostability in
PBS solution (Figure S11, Supporting Information).
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Figure 1. (A) Changes of the fluorescence intensity of the ratiometric
probe upon different pH values in PBS (25 mM). (Inset) Fluorescence
photos of the ratiometric probe were taken under a UV lamp with an
excitation wavelength at 365 nm. (B) Plot of fluorescence quenching
efficiency of the ratiometric probe as a function of pH value with
addition of 25, 50, 75, 100, 150, 200, and 250 nM Pb*". (I5,0/Is0), and
(Isyo/I0) are the ratios of the fluorescence intensity of the ratiometric
probe in the absence and presence of different concentrations of Pb*,
respectively.

Response of the Fluorescence of Gold Nanoclusters
to Lead(ll) lons. To evaluate the sensitivity of the ratiometric
probe, fluorescence responses are measured upon addition of
different amounts of lead ions (Figure 2A). The fluorescence of
the green Au NCs at 520 nm gradually decreases, whereas the
fluorescence at 620 nm of the red QDs embedded in the silica
nanoparticles still remains unchanged. With the increase of
Pb** concentration, the changes in the intensity ratios of the
two emission wavelengths lead to continuous variation of the
fluorescence colors, as shown in the inset of Figure 2A. Clearly,
a distinguishable color change from the original background
could be observed upon even a slight decrease of the emission
intensity at 520 nm, which is favorable for visual detection of
Pb** by the naked eye. Figure 3 shows that the ratio of the
fluorescence intensity continuously decreases with the increase
of Pb** concentration, and it is closely related to the amount of
Pb** from 2.5 X 107 to 2.5 X 1077 M. A correlation can be
established between —log[1.98 — (I530/Iss0)0/ (Isz0/Is20)] and
concentration throughout the entire concentration range of
Pb?*, and the coefficient is calculated to be 0.999. The detection
limit is thus estimated to be as low as 3.5 nM (0.72 ppb) based
on the definition of three times the deviation of the blank signal
(30). The advantages of the ratiometric fluorescence probe for
visual detection of Pb** can be clearly noted by comparison
with the single-fluorescence quenching experiments (Figure
S12, Supporting Information). Furthermore, the fluorescence
color change of the pure Au NCs is hard to see by the naked
eye (inset Figure 2). The comparison further demonstrates that
the ratiometric fluorescence probe is more reliable for visual
detection than a single-fluorescence quenching method.

Selectivity of Gold Nanoclusters for Detection of Lead
lons. To examine the selectivity of the ratiometric fluorescence
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Figure 2. Fluorescence colors and the corresponding fluorescence
spectra (4., =390 nm) of (A) the ratiometric probe and (B) the pure
green Au NCs upon exposure to different concentrations of Pb** in
PBS (25 mM, pH = 6.0). Concentrations of Pb** from left to right are
0, 25, 50, 75, 100, 150, 200, and 250 nM. Fluorescence photos were
taken under a UV lamp (excitation wavelength at 365 nm). The
ratiometric fluorescence method shows clearer color changes than the
single-wavelength fluorescence method.
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Figure 3. Plot of fluorescence quenching efficiency of the ratiometric
probe as a function of the Pb** concentration in PBS (25 mM, pH =
6.0); detection limit of Pb** is calculated to be 3.5 nM on the basis of
three times deviation.

probe, the effects of different kinds of metal ions on the
fluorescence are investigated, including Cd**, Mg**, Ni**, Ca*',
Co®™, Ag', Cu®, Ba®, Hg®, and Fe*. Figure 4 shows the
fluorescence intensity changes of the ratiometric fluorescence
probe after adding different metal ions. It can be seen that the
fluorescence intensity at 520 nm is gradually quenched to about
73.4%, 63.7%, and 59.1% by lead ions of 50, 100, and 150 nM,
respectively. In contrast, addition of other metal ions do not
lead to any obvious changes in the fluorescence intensity ratio
and color, as shown in the inset of Figure 4. The results imply
the high selectivity of the ratiometric fluorescence sensor for
identification of Pb*" over other metal ions. Moreover, we
further examined the interference of other metal ions for Pb*"
detection by the following procedure. Metal ions (150 nM)
mixed with 75 nM of Pb** were added into the probe solution,

dx.doi.org/10.1021/am5064603 | ACS Appl. Mater. Interfaces 2014, 6, 21461-21467
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Figure 4. Selectivity of the ratiometric probe for Pb** over other metal
ions in PBS (25 mM, pH = 6.0) including Ag*, Hg*', Cu**, Cd**, Co™,
Fe®*, Ba®*, Ca?*, Mg, and Ni** at concentrations of 50, 100, and 150
nM. Inset images show the corresponding fluorescence colors under a
UV lamp.

followed by recording the fluorescence spectra. Clearly, there is
no obvious interference observed for lead ions detection, even
if the concentrations of the interfering ions are at least 2 times
higher than that of Pb*" (Figure S). These results indicate that
the coexistence of other metal ions indeed do not interfere with
the measurement of Pb**.

(1510/1650)0/(1510/1650)

Figure S. Interference of the ratiometric probe for 75 nM Pb%* in PBS
(25 mM, pH = 6.0) over other metal ions including 150 nM Ag*, Hg*',
Cu?, Cd*, Co®, Fe*, Ba**, Ca**, Mg*, and Ni*". No significant
interference can be observed.

Detection of Lead(ll) lons in Real Water Samples. To
further assess its applicability in real water samples, the
ratiometric sensor was applied to detect Pb** in real water
samples spiked with different amounts of Pb*, including
seawater, groundwater from Inner Mongolia, tap water, and
mineral water. Seawater and groundwater samples were first
filtered to remove any solid suspensions, whereas tap water and
mineral water samples were directly applied without any
pretreatment. Studies were carried out with seven concen-
trations (25, 50, 75, 100, 150, 200, and 250 nM) spiked in each
real sample. Each concentration was done in triplicate, and the
averages were presented with standard deviation. Figure 6
shows the comparison of the fluorescence quenching efficiency
by Pb** in different matrices of these water samples. Clearly, the
fluorescence intensity ratios increase upon addition of Pb** for
all of the real water samples. Furthermore, there are no
significant differences in the data for detecting Pb** in seawater
and groundwater when compared in deionized (DI) water,
implying no serious interference to the probe. The recovery
tests are performed in the four types of sample spiked with a
fixed amount of lead ions, and the relative standard deviations
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Figure 6. Fluorescence intensity ratios of the ratiometric probe as a
function of the concentrations of Pb** (0, 25, 50, 75, 100, 150, 200,
and 250 nM) spiked in different matrices of seawater, groundwater
from Inner Mongolia, and DI water samples.

(RSD) are obtained by repeating the experiment 3 times. The
measured recoveries of the tests and RSD are satisfactory, as
shown in Table 1. It can be seen that the recoveries in real

Table 1. Recoveries of Lead Ions Spiked in Seawater,
Groundwater, Tap Water, and Mineral Water by the
Ratiometric Probe

seawater groundwater
found found
added Pb** recovery RSD Pb** recovery  RSD
Pb* (nM)  (nM) %) (%)  (aM) (%) (%)
24.9 24.4 98.0 3.6 24.5 98.4 3.9
49.7 S1.3 103.1 3.9 47.3 95.2 10
243.9 253.5 103.9 13 252.5 103.5 0.4
mineral water tap water
found found
added Pb** recovery  RSD Pb** recovery  RSD
Pb* (nM)  (nM) (%) (%) (aM) (%) (%)
24.9 28.0 112.4 5.0 272 109.2 9.8
49.7 49.9 100 6.3 482 97.0 4.0
243.9 254.5 104.5 2.5 233.5 95.8 6.5

water samples at concentrations of 24.9, 49.7, and 243.9 nM are
statistically close to 100% (from 95% to 112%), indicating that
the ratiometric fluorescence method performs well for lead ions
determination in real water.

Fabrication of Fluorescent Sensor based on Gold
Nanoclusters Doped PVA Film. We applied this probe for
preparation of a practical sensor by the following procedure.
The ratiometric fluorescence probe was first mixed with PVA in
water to form a clear solution. The mixture solution was then
dripped onto a glass slide, followed by drying in an oven at 50
°C. The fluorescence intensities of the PVA film of a
ratiometric probe remain constant in 2 h, indicating its good
photostability (Figure S4, Supporting Information). We then
applied the sensors for visual detection of Pb** in water samples
by immersing in target solutions with 10, 1, and 0.1 M of lead
ions for different times. Figure 7 clearly shows the dependence
of fluorescence colors of the film probe on immersing time and
concentration of lead ions. It can be seen that the fluorescence
colors become stable at 11 min for the four water samples,
suggesting that 11 min is enough for complete reaction. In
addition, the fluorescence color quickly changes from yellow-
green to red and becomes more pronounced for high
concentrations of Pb** (10 uM). The visual detection limit is
thus estimated as 0.1 M, producing a least color variation that

dx.doi.org/10.1021/am5064603 | ACS Appl. Mater. Interfaces 2014, 6, 21461-21467
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Figure 7. Fluorescence images of the PVA-film sensor for visual
detection of trace Pb**. Prepared sensors were immersing into 0.1, 1,
and 10 M Pb*" and DI water for comparison; images were taken
every 1 min under a UV lamp under an excitation wavelength of 365
nm. Times indicate the duration of the film probe immersing in the
target solutions.

can be easily noted by independent observers. These results
demonstrate the utility of the film sensor for visual detection of
trace residues of Pb**. The stability and practical utility of the
film sensor were further examined by heating in an oven at 50
°C for 72 h, and it was found that the fluorescence color still
remained the same (Figure S13, Supporting Information). The
results show that the ratiometric PVA-film sensor has great
potential for real water sample analysis with good reliability as
well as on-site visual detection of lead residues in water.

H CONCLUSION

We demonstrated a new concept and utility for visual detection
of Pb*" in aqueous solution. The concept utilizes a dual-color
fluorescence nanohybrid probe, which is comprised of green-
emissive Au NCs and red-emissive QDs embedded in silica
nanoparticles, for determination of Pb*" according to
fluorescence color changes from green to yellow. This method
exhibits significantly enhanced visual detection selectivity and
reliability when compared with single Au NCs-based probes.
Finally, the ratiometric fluorescence probe has been successfully
applied to prepare test PVA film for efficient on-site visual
determination of lead ions in complex real water samples.

B ASSOCIATED CONTENT
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More detailed experiments including the preparation and
surface modification of quantum dots embedding in silica
nanoparticles. This material is available free of charge via the
Internet at http://pubs.acs.org.
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