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ABSTRACT: Mercury is highly toxic to human health in all of its
oxidation states. Thus, developing a low cost, efficient metal ion
sensor for the detection of mercury ions at concentration levels
down to parts-per-billion (ppb) remains a challenge. In the present
work, we have developed a silver nanoparticles (Ag-NPs)
impregnated poly(vinyle alcohol) capped 4-nitrophenylanthrani-
late (PVA-NPA) complex for mercury detection. The fluorescence
intensity of the synthesized PVA-NPA is found to be quenched by
the impregnated Ag-NPs through dynamic quenching. Moreover,
energy transfer (ET) between the acceptor (Ag-NPs) and the
donor (PVA-NPA) is observed to follow the nanosurface energy
transfer (NSET) mechanism. We have utilized the amalgamation
of Ag-NPs with Hg2+ to develop a low cost prototype, which is
highly efficient NSET based ultrasensitive “turn on” fluorescence mercury sensor. This sensor has high selectivity for Hg2+ ions
over a wide range of other competing heavy metal ions, generally present in water of natural sources. The sensor response is
found to be linear over the Hg2+ ions concentration regime from 0 to 1 ppb with a lower detection limit of 100 ppt (0.5 nM).
The proposed method demonstrated successfully for monitoring trace Hg2+ ions in real world samples.
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Mercury is an environmental pollutant and detrimental to
human health due to its high toxicity in all oxidation

states. Furthermore, mercury is heavily spread out in water, air,
soil, and our daily food.1−5 Such mercury exposure has serious
detrimental effects on the brain, heart, lungs, kidneys, central
nervous system, and immune system in humans and animals at
all ages.4,6−8 One of the most usual and stable forms of mercury
pollution is water-soluble oxidized divalent mercury (Hg2+)
ions,7,9 with the maximum permissible level in drinking water
and food being ∼2 ppb.10,11 Therefore, the environmental
monitoring and determination of low level (sub ppb)
concentrations of aqueous Hg2+ heavy metal ions has become
a vital as well as essential need for our healthy society. Several
sensitive and selective methods have been developed for
qualitative or quantitative detection of Hg2+ ion using various
analytical sophisticated instruments. Most of the instrumental
detection mechanism displayed limitations in practical use, such
as the time-consuming detection process and in certain cases
the applications are unstable or not functional in aqueous
media.12,13 To resolve such issues, noble metal nanoparticles
(NPs) are extensively used in the past few years for high
sensitive, selective and cost-effective fluorescence based sensor
development. Recently, with the development of nano-

technology, fluorescence quenching of fluorescent dyes by
noble metal NPs have attracted remarkable attention in
biophotonics, material sciences, as well as sensor applica-
tions.14,15 Noble metal NPs, in particular, silver nanoparticles
(Ag-NPs), have recently emerged as an important quencher in
energy transfer/quenching based fluorescence sensor because
of their, strong absorption of electromagnetic waves in the
visible region due to Surface Plasmon Resonance (SPR) bands
and tunable optical properties induced by small changes in size,
shape, surface nature and dielectric properties of the
media.7,16,17 Ag-NPs based sensors are relatively most efficient
and sensitive compared to Au-NPs based sensors because of the
(more than 100-fold) higher visible region molar extinction
coefficient of the Ag-NPs (1 × 108−6 × 1010 M−1 cm−1)
compared to Au-NPs.18,19 Although, Au-NPs have been widely
employed as colorimetric reporters due to the higher and
tunable SPR absorption in the visible region. However, few
potential problems including sensitivity, selectivity and cost
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have also been reported in the practical implementations of Au-
NPs-based mercury sensors.3,16,20−22 Naked eye visible Ag-NPs
are extensively used to alter the emission behavior of dye
molecules because of their SPR bands matching with the
emission bands of the dyes.14,23 In addition, fluorescence
quenching is one of the most powerful methods used in
medical science and material science due to its sensitive and
selective information about interaction between a dye and
quencher.13,24 Fluorescence intensity of a fluorophore is
quenched upon interaction with quencher through excited
state reaction, ground state complexation (static quenching),
collisional interaction (dynamic quenching) or energy trans-
fer.14,24 During the interaction between the dye and the NPs
through the process of Förster resonance energy transfer
(FRET) or nanosurface energy transfer (NSET), NPs work as
an energy acceptor and the dye works as an energy donor.25,26

There are various methods based on fluorescence/FRET/
NSET described in the literature for Hg2+ detection.10,13,14,20,23

These are efficient techniques for the determination of Hg2+;
however, highly selective and ultrasensitive fluorescence-NSET
based “turn on” fluorescence mercury sensor are not frequently
reported. In addition, some of the fluorescence-NSET based
Hg2+ sensors are not highly selective, i.e., suffer from cross-
sensitivity toward other metal ions, particularly Cu2+, Mn2+, and
Pb2+, and on the other hand require time-effective, sensitive,
and economical operation that is limited due to time-
consuming and complex sample preparation with relatively
high cost of starting materials.27−30 In the given context,
development of a highly efficient, low cost, ultrasensitive, and
highly selective NSET based Hg2+ sensors for rapid qualitative
as well as quantitative analysis of Hg2+ in real world water
samples is the motivation of the present work.
In this work, we report a highly efficient, low cost NSET

based ultrasensitive “turn on” fluorescence sensor capable of
exhibiting a high selectivity for Hg2+ ions in the background of a
wide range of competing heavy metal ions. This report is
devoted to study the steady-state fluorescence quenching of the
probe PVA-NPA by Ag-NPs and the interaction between them.
“Turn on” fluorescence depends on the interaction between
metal NPs (Ag-NPs) and Hg2+ ions in the solution. Picosecond
time-resolved NSET studies on the ligands with the metal NPs
confirm the excited-state energy transferred of fluorophores
through the nonradiative process to metal NPs. The emission
of the fluorescence probe PVA-NPA and Ag-NPs mixture
solution is increased following the addition of Hg2+ ions with a
short response time. The possible interaction between Ag-NPs
and mercury ions has been examined by TEM imaging studies.
To the best of our knowledge, this is the first NSET based
ultrasensitive “turn on” fluorescence sensor for Hg2+ ions
detection with very high selectivity even in the presence of
other metal ions within aqueous media.

■ MATERIALS AND METHODS
Materials. In this study, analytical grade chemicals were used as

received without further purification for synthesis and sample
preparation. Silver nitrate (AgNO3, 99.99%), sodium citrate, sodium
borohydride, sodium hydroxide, 4-nitrophenylanthranilate (NPA), and
poly(vinyl alcohol) (MW 89 000−98 000) (PVA) were purchased
from Sigma-Aldrich. Acetonitrile (Merck) was used as a suitable
solvent of NPA. All different metal ions, in the form of nitrate or
chloride salts, were purchased from chemical companies Merck or
Aldrich and used as received without further purification. The stock
solutions (50 mM) of all metal ions were prepared by taking a known
amount of chloride or nitrate salts in the aqueous medium. Millipore

water was used as aqueous solvent. Groundwater (from S. N. Bose
National Centre for Basic Sciences, Kolkata, India) was used as a real
water samples.

Synthesis of Silver Nanoparticles and PVA Capped NPA
Solution. Citrate capped silver nanoparticles were prepared in
aqueous solution by following the reported literature.31 The PVA
capped NPA solution was synthesized by mixing aqueous solution of
PVA with acetonitrile solution of NPA at a weight ratio of PVA/NPA
of 1200:1. The aqueous PVA solution was prepared by dissolving 0.9 g
of PVA in 30 mL of water under stirring condition upon heating at
temperature around 70 °C. The pH of the solution was adjusted to 7.5
by adding aqueous solution of NaOH. Then 4 mL of 1 mM
acetonitrile solution of NPA was prepared at room temperature. A 3
mL aliquot of stock NPA solution was added in a 30 mL PVA aqueous
solution at room temperature under stirring condition, in six aliquots
with an interval of 30 min. The greenish yellow solution was washed
extensively with ethanol (Merck) to remove free NPA and side
product. After that, the precipitated PVA capped NPA was dissolved in
a 30 mL water. The formation of PVA capped NPA was confirmed by
the strong emission band at around 420 nm.

Procedure for Hg2+ Ions Detection in Real World Samples.
Groundwater samples were collected from the campus and used as
model real world samples. The collected samples were spiked with
various known concentration ranges of mercury and filtered using 0.22
μm pore size filters. For sensing, 800 μL of Hg2+ spiked water samples
was taken for the analysis using our developed sensor (final
concentrations of mercury in the solution were prepared to be 1
ppb, 1 ppm, and 10 ppm).

Optical Studies. Optical absorption of the resulting solution was
measured by using Shimadzu UV-2600 spectrophotometer with a
quartz cell of 1 cm path length. The extinction coefficient of citrate-
capped Ag-NPs at 395 nm of 5.56 × 108 M−1 cm−1, derived from
literature,19 was used to calculate the nanoparticle concentration of the
stock samples by using the Beer−Lambert law. We used high-
resolution transmission electron microscopy (HRTEM) to character-
ize the particle size and detailed structural information on NPs. TEM
samples were prepared by dropwise addition of the diluted samples on
to carbon-coated copper grids. The steady-state emissions were
measured with a JobinYvon Fluorolog fluorometer. The emissions of
all the samples were taken upon excitation at the wavelength of 340
nm. Time correlated single photon counting (TCSPC) setup from
Edinburgh Instruments UK was used to measure picosecond time-
resolved fluorescence transients. For 375 nm excitation, we used a
picosecond pulsed laser diode with 80 ps instrument response function
(IRF). The excitation laser was vertically polarized and the emission
was collected through a polarizer oriented at 55° with the vertical
position. The picosecond transient fluorescence decays were fitted
with multiexponential (n) function, Σi = 1

n Ai exp(−t/τi) where, Ai’s are
weight percentages of the decay components with time constants of τi.
The average excited state lifetime is expressed by the equation τavg =
Σi = 1

n Aiτi, when Σi = 1
n Ai = 1.

Nanosurface Energy Transfer (NSET) Technique. The
technique is well explained in literature.25,32 The distances of
donor−acceptor pair can be easily calculated by using the following
equations.
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where c is the speed of light and ϕdye is the quantum yield of the donor
is 0.51.26 The angular frequency (ωdye) for the donor is 4.48 × 1015s−1,
and the angular frequency (ωF) and the Fermi wave vector (kF) for the
bulk silver are 8.3 × 1015 s−1 and 1.2 × 108 cm−1, respectively.34 d is
the donor−acceptor distance. The average lifetime of the dye (τdye) is
2.3 (ns). The d0 value is the distance at which a dye exhibits equal
probabilities for energy transfer and spontaneous emission. The d0
value is given by
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where τdonor−acceptor is the average donor−acceptor system lifetime.
Now the donor−acceptor distance d can be calculated by following
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■ RESULTS AND DISCUSSION
Characterization and Interaction of Ag-NPs with PVA-

NPA. The prepared Ag-NPs were characterized by TEM
imaging as well as UV−vis spectra. Figure 1a represents the
TEM image of the citrate capped Ag-NPs. The TEM images
reveal the spherical particles in shape with almost uniform size
distribution. The average diameter of particles has been found
to be 10 nm (inset of Figure 1a). The details crystallographic
structural information on Ag-NPs was provided by HRTEM.

Figure 1b illustrates the HRTEM image of the NPs, showing
continuous single directional lattice fringes. The interplanar
distance of the fringes measured to be about 0.23 nm
corresponds to the interplanar distance of Ag [111] lattice
planes.35 The UV−vis spectra of prepared Ag-NPs are shown in
the Figure 1c (yellow color). The observed characteristic
absorbance band peaking at around 395 nm due to SPR band of
the Ag-NPs also indicates the formed particle size is around 10
nm.19 As shown in Figure 1c, the fluorescent dye PVA capped
NPA (PVA-NPA) exhibits an absorption band peaking at
around 332 nm. In addition to that, the absorption band of
PVA-NPA in the presence of Ag-NPs was shifting toward the
absorbance maxima of Ag-NPs but the absorbance due to Ag-
NPs was unchanged. The absorbance maxima shift may be due
to the very strong and broad absorbance of Ag-NPs compared
to PVA-NPA in the overlapping region (pseudoshift) or the
complex formation between them. The deconvolution of
absorbance spectra of PVA-NPA with Ag-NPs (inset of Figure
1c) indicates a pseudoshift in the absorbance band of PVA-
NPA in the presence of Ag-NPs. All the absorbance spectra are
represented after scattering correction following the reported
literature.36,37 As shown in Figure 1d, the strong emission of
PVA-NPA was found at around 420 nm, upon 340 nm
excitation. A significant quenching of PVA-NPA emission was
observed upon addition of Ag-NPs, keeping fixed the
concentration of PVA-NPA in the solution. The Figure 1d
also shows the excitation spectra of PVA-NPA and PVA-NPA
with Ag-NPs monitored at the emission peak (420 nm). The
excitation spectra for both PVA-NPA and PVA-NPA with Ag-
NPs show maxima at around 330 nm. In addition, the
excitation spectra for PVA-NPA with Ag-NPs also reveal the

Figure 1. (a) TEM images of Ag-NPs with an average diameter of 10 nm. Inset shows the size distribution of the Ag-NPs. (b) High-resolution TEM
(HRTEM) image of Ag-NPs. (c) UV−vis absorption spectra of Ag-NPs (deep yellow), PVA-NPA (blue), and PVA-NPA in the presence of Ag-NPs
(red). Inset shows the curve deconvolution of PVA-NPA in the presence of Ag-NPs. (d) Steady-state fluorescence emission (λex = 340 nm) and
excitation (λem = 420 nm) spectra of PVA-NPA in the absence and presence of acceptor (Ag-NPs).
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pseudo shift which is in accordance to the observations made
from the curve deconvolution of absorption spectra.
Quenching Mechanisms and Titration Study. Figure 2a

represents the steady-state fluorescence quenching of PVA-

NPA in aqueous solution with increasing concentration of Ag-
NPs. Upon 340 nm excitation, the maximum emission
wavelength of PVA-NPA was at around 420 nm. In addition,
the emission peak is shifting toward higher wavelength with
increasing concentration of Ag-NPs. The observed peak shift
and decrease in fluorescence intensity of PVA-NPA in the
presence of Ag-NPs can arise either due to excited state
reaction or collisional interaction (dynamic) or static quenching
or both or even through nonmolecular mechanisms where
fluorophore itself or other absorbing species attenuates the
fluorescence intensity.38

The specified quenching mechanism can be determined by
lifetime measurements. Figure 2b represents the fluorescence
transients of PVA-NPA in the absence and presence of different
concentrations of Ag-NPs (acceptor) monitored at 445 nm.
The fluorescence transients of PVA-NPA exposed multi-
exponential time constants with an average lifetime (τ0) of
2.3 ns as tabulated in Table 1. Furthermore, it has also been
observed that the fluorescence transient for the donor−
acceptor system the average lifetime (τ) decreases with the
increase in Ag-NPs concentration (Table 1) which indicates
efficient energy transfer from PVA-NPA donor to Ag-NPs
acceptor.
In order to understand the quenching mechanism, the

relative change in fluorescence intensity and average lifetime of
PVA-NPA has been plotted as a function of the quencher (Ag-
NPs) concentration as shown in Figure 2c. For the collisional
(dynamic) quenching, the relative change in fluorescence
intensity and average lifetime is linearly related to the quencher
concentration, as described by the well-known Stern−Volmer
(SV) equation.39

τ= + = +F F k Q K Q/ 1 [ ] 1 [ ]0 q 0 SV (7)

and

τ τ τ= + = +k Q K Q/ 1 [ ] 1 [ ]0 q 0 D (8)

where kq is the bimolecular quenching constant, τ0 and τ are the
lifetime of the fluorophore in the absence and present of
quencher, respectively, [Q] is the quencher concentration, F0
and F are the fluorescence intensities in the absence and
presence of quencher, respectively, KSV is the Stern−Volmer
constant, and KD is the dynamic quenching constant. In the
case of pure collisional (dynamic) quenching, τ0/τ = F0/F,
while for static quenching F0/F increases but τ remains
unchanged, i.e, τ0/τ = 1.23,39 As shown in Figure 2c for the
quencher concentration below 1.13 × 10−9 M, a linear SV plot
F0/F vs [Q] (inset of Figure 2c) with almost equal slope value
of the plot τ0/τ vs [Q] has been observed. The observed results
indicate that the quenching mechanism is purely collisional
(dynamic) for the quencher (Ag-NPs) concentration lower
than 1.13 × 10−9 M. Then it is possible to estimate the dynamic
quenching constant (KD) and the Stern−Volmer constant

Figure 2. (a) Fluorescence emissions spectra (λex = 340 nm) of PVA-
NPA with increasing concentrations of Ag-NPs (0.00, 0.06, 0.12, 0.25,
0.37, 0.50, 0.62, 0.75, 0.87, 1.00, 1.13, 1.25, 1.37, and 1.63 × 10−9 M).
(b) Picosecond time-resolved fluorescence transients of the donor
with increasing concentrations of Ag-NPs (0.00, 0.18, 0.64, 1.10, and
1.65 × 10−9 M), upon excitation at 375 nm. (c) Plots of F0/F vs [Ag-
NPs] at 420 nm (red) and τ0/τ vs [Ag-NPs] (λex = 375 nm) (blue).
Inset shows the linear part of the plot of F0/F vs [Ag-NPs].

Table 1. Dynamics of Picosecond Time-Resolved Fluorescence Transients of PVA-NPA in the Absence and Presence of
Different Concentrations of Ag-NPs (acceptor), Monitored at 445 nm

figure samples Ag-NPs concn τ1 (ps) τ2 (ns) τ3 (ns) τavg (ns)

Figure 2b PVA-NPA 0.00 54 (53.4%) 1.0 (16.0%) 6.9 (30.5%) 2.3
PVA-NPA + Ag-NPs 0.55 × 10−9 M 48 (56.4%) 0.9 (15.7%) 6.6 (27.9%) 2.0

1.90 × 10−9 M 42 (60.4%) 1.0 (16.9%) 5.7 (22.7%) 1.5
3.30 × 10−9 M 32 (72.6%) 1.0 (9.4%) 5.6 (18.0%) 1.1
4.95 × 10−9 M 30 (73.3%) 0.8 (11.3%) 5.1 (15.4%) 0.9
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(KSV) based on eqs 7 and 8. It turns out that KSV and KD are
equal to 0.98 × 109 and 0.93 × 109 M−1, respectively. Now, in
the case of higher concentrations of Ag-NPs, the nonlinear
upward curvature SV plot (Figure 2c) suggests that maybe both
dynamic and static quenching mechanisms are occurring. When
both static and dynamic quenching mechanisms occur, the SV
equation gets modified as39

τ= + +F F k Q K Q/ (1 [ ])(1 [ ])0 q 0 S (9)

where KS represents the static quenching constant. In such a
case, the plot F0/F vs [Q] will have an upward curvature due to
the [Q]2 term, which accounts for the upward curvature in our
SV plots shown in Figure 2c.
FRET and NSET Studies. In order to rationalize the above

quenching phenomena, picosecond resolved fluorescence
spectroscopy was performed. As shown in Figure 3a, a huge
spectral overlap (overlap integral value [J(λ)] is equal to 1.06 ×
1019 M−1 cm−1 nm4) between the emission spectrum of PVA-
NPA and absorption spectrum of Ag-NPs makes these two
entities excellent donor−acceptor pairs, suggesting an efficient

energy transfer (ET) between them. To confirm the resonance
type of energy transfer from PVA-NPA to Ag-NPs, a
picosecond resolved fluorescence study was monitored at 445
nm upon excitation at 375 nm wavelength. The inset of Figure
3b represents the steady-state fluorescence spectra of PVA-
NPA in the absence and presence of Ag-NPs that indicates the
energy transfer occurs between the donor and acceptor. For
further confirmation, we measured the excited state lifetime of
PVA-NPA with and without Ag-NPs as shown in Figure 3b.
The time constants of the fluorescence transients at 445 nm for
PVA-NPA and PVA-NPA with Ag-NPs revealed multi-
exponential decay, with an average lifetime of 2.3 and 0.90
ns, respectively. The details of the lifetime components of the
transients are tabulated in Table 2. A significant faster
component observed in donor−acceptor system which
indicates efficient ET occurs from PVA-NPA to Ag-NPs.
Upon utilization of the FRET scheme32 the donor−acceptor
distance was found to be 18.13 nm. As the calculated donor−
acceptor distance exceeds 100 Å, the appropriate model for our
system is NSET, which typically occurs if donors are located

Figure 3. (a) Spectral overlap between emission spectrum of donor (PVA-NPA) and the absorption spectrum of acceptor (Ag-NPs). (b) Picosecond
time-resolved fluorescence transients of donor in the absence and presence of the acceptor, monitored at λem = 445 nm. Inset shows corresponding
fluorescence emissions spectra (λex = 340 nm). (c) Picosecond time-resolved fluorescence transients of the PVA-NPA + Ag-NPs complex upon
interaction with Hg2+ metal ions, monitored at λem = 445 nm. Inset shows corresponding fluorescence emissions spectra (λex = 340 nm). (d) TEM
image of the complex PVA-NPA + Ag-NPs after interaction with Hg2+ ions. Uper inset shows the HRTEM image obtained from the highlighted (red
square) region and lower inset shows the EDAX spectra.

Table 2. Dynamics of Picosecond Time-Resolved Fluorescence Transients of PVA-NPA, PVA-NPA + Ag-NPS, and PVA-NPA +
Ag-NPs + Hg2+, Monitored at 445 nm

figure samples τ1 (ps) τ2(ns) τ3 (ns) τavg (ns)

Figures 2b and 3c PVA-NPA 54 (53.4%) 1.0 (16.0%) 6.9 (30.5%) 2.3
PVA-NPA + Ag-NPs 30 (73.3%) 0.8 (11.3%) 5.1 (15.4%) 0.9
PVA-NPA+ Ag-NPs + Hg2+ 54 (49.4%) 1.0 (23.5%) 6.7 (27.1%) 2.1
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too close to acceptors surface.34 In order to approve the NSET
model, the distance between donor and acceptor is determined
to be 5.66 nm (d0 = 6.27 nm) from eqs 6 and 4, respectively.
Herein, we propose NSET from the donor PVA-NPA to the
acceptor Ag-NPs, as the measured donor−acceptor distance is
comparable to the radius (∼5 nm) of the silver NPs. Hence, it
is worth emphasizing that the energy transfers from PVA-NPA
to Ag-NPs results in the quenching of PVA-NPA emission.
Sensing Mechanism for Detection of Hg2+ Ions. In

order to understand, how the quenching phenomena as well as
lifetime of the dye are affected by the metal Hg2+ ions, we
furthermore performed the picosecond resolved fluorescence
transients at 445 nm for the quenched system in the presence
of Hg2+ ions. The inset of Figure 3c shows the drastic emissions
of the quenched system in the presence of Hg2+ ions, which are
almost same as the emissions of the PVA-NPA system, which
indicates no energy transfer occurs between the donor (PVA-
NPA) and acceptor (Ag-NPs) in the presence of Hg2+ ions. For
more confirmation, we present the fluorescence transient
spectra in Figure 3c, which shows the decay lifetime of the
donor−acceptor system in the presence of Hg2+ ions is similar
to that in the PVA-NPA system. The detailed lifetime
components of the transients are tabulated in Table 2. The
observed result indicates “turn on” fluorescence as well as “turn
off” NSET that is deactivation of NSET phenomena are
occurring in the presence of Hg2+ ions. This “on−off”
phenomenon is happening in the presence of Hg2+ ions due
to the aggregation40,41 of metal NPs as well as the amalgam
formation of Ag-NPs with Hg2+ ions.11,42,43 The amalgam
formed by reduction of Hg2+ in the presence of silver
nanoparticles.11,44,45 Silver nanoparticles reduce Hg2+ to form
the amalgam at the surface of the nanoparticles within the
polymer matrix. The oxidation state of the Ag-nanoparticles is
also reported to be changed (from 0 to +1) at the surface,
leading to significant reduction and blue shifting of the SPR
band (reduction of effective sizes of the Ag-NPs upon Hg2+

amalgamation), imparting remarkable selectivity for the sensing
response. As such reactions do not occur with the majority of
other transition metal ions, high selectivity is expected. In
addition to that, in the time of amalgamation, the Ag-NPs lead
to aggregation, leaving free the PVA-NPA dye. Due to
aggregation, Ag-NPs lose SPR band and increase the particles
size, and as a result the donor−acceptor system behaves like a
PVA-NPA system. The aggregation of metal NPs as well as the
amalgam formation of Ag-NPs with Hg are further confirmed
by the TEM image and EDAX spectra as shown in Figure 3d
and the lower inset. The HRTEM image obtained from the
square part of the aggregated Ag-NPs, shown in the upper inset
of Figure 3d. The continuous single directional lattice fringe
with measured interplanar distance of about 0.23 nm
corresponds to the interplanar distance of Ag [111] lattice
planes. The observed result confirms the aggregation of Ag-NPs
as well as the amalgam formation of Ag-NPs with Hg.
Factors Affecting the Sensing of Hg2+ ions. For better

analytical performance and in order to obtain a highly sensitive
sensor, the experimental conditions were optimized. We first
studied the concentration effects of PVA-NPA and Ag-NPs on
Hg2+ sensing. Three different concentration of as prepared
PVA-NPA, likely 10%, 20% and 30% (V/V) were employed for
the quenching and titration study with increasing concentration
of Ag-NPs. Although the normalized fluorescence intensity (F0/
F) increased with the increase in Ag-NPs concentration but it
was independent of PVA-NPA concentration. So, it is obvious

that the as prepared PVA-NPA concentration will not affect the
detection sensitivity significantly. Linear dependency between
the normalized fluorescence intensity (F0/F) and Ag-NPs
concentration (below 1.13 × 10−9 M) has also been observed
(Figure 2c, inset). So, the preferable concentrations for sensing
application should be equal or less than 1.13 × 10−9 M Ag-NPs
at 20% (V/V) as prepared PVA-NPA. The effects of pH on the
sensing was then investigated. We observed that the normalized
fluorescence intensity (F0/F) of as prepared sample with pH =
6.5 was weaker at acidic or basic conditions. So as prepared
sample (pH = 6.5) is chosen for sensing application. Finally, the
response time was studied. We observed that the interaction of
the Ag-NPs and Hg2+ is very fast, which can reach a steady
condition within 2 min. This result indicates that the present
method is time-saving.

Selectivity Studies. It is proved that the synthesized PVA-
NPA exhibits a strong emission and quenched by Ag-NPs. After
addition of Hg2+ ions to the quenched solution (final Hg
concentration in the solution is 100 ppm), the emission of the
solution dramatically increased within a minute and exhibits the
same emission as PVA-NPA (as shown in inset of the Figure
3c). Now to investigate the response of our sensor to others
meta ions, including Cu2+, Cd2+, Ca2+, Co2+, Mg2+, Na+, K+,
Pb2+, Ni2+, Zn2+, and Fe3+ were examined under same
condition. First, the same concentration (final metal ions
concentration in the solution is 100 ppm) of the stock solutions
of the as prepared various metals ions were added into sample
solution (PVA-NPA + Ag-NPs). These results demonstrate that
no significant change in fluorescence intensity in the presence
of other metal ions (as indicated in Figure 4). Second, all metal
ions (including Hg2+ and excluding Hg2+) with same
concentration were mixed together to form a mixture solution
and added into sample solution (PVA-NPA + Ag-NPs) for
interference testing. Inset of the Figure 4b reveals the dramatic

Figure 4. (a) Visual representation of PVA-NPA + Ag-NPs complexes
upon interaction with metal ions under UV light. (b) Relative
fluorescence intensity of the quenched fluorophore (PVA-NPA + Ag-
NPs) in the presence of various metal ions (with same concentration)
monitored at 433 nm. Inset shows the relative fluorescence intensity of
fluorophore and the quenched fluorophore with all metal (except
Hg2+) ions in absent and present of Hg2+ ions.
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change in fluorescence intensity occurs only when Hg2+-mixed
solution was added. The selectivity studies clearly exhibited the
high selectivity of our sensor (PVA-NPA + Ag-NPs) to Hg2+

ions in comparison to other metal ions. The observed result
indicated the potential applications of our method for the
detection of Hg2+ ions in aqueous medium without any
interference of other metal ions.
Sensitivity Studies. The sensing and optical properties of

the sensor were investigated by various measurements. In this
subsection, we are demonstrating the qualitative as well as
quantitative detection of mercury ions in aqueous medium by
our ultrasensitive sensor. Figure 5a reveals “turn on”
fluorescence signal instantly upon addition of Hg2+ ions into
the sensor (aqueous PVA-NPA with Ag-NPs) and intensity
increased as the concentration of Hg2+ ions increased in a
dynamic range that spanned 0−40 ppm. Meanwhile, the yellow
solution rapidly became colorless and a blue shift was observed
in the spectra due to decreasing concentration and the
aggregation of the nanoparticles. Inset of Figure 5a shows
that our highly efficient and ultrasensitive sensor had a
detection limit of 100 ppt (0.5 nM) for Hg2+ ions, which was
in the same range or at a lower value compared to recently
reported colorimetric as well as fluorescence and energy
transfer base sensor.13,20,46−53 Upper inset of Figure 5b exhibits
the linear response (with slope = 0.086) of the sensor for very
low concentration (0−1 ppb) of Hg2+ ions. For high
concentration (1 ppb to 40 ppm) of Hg2+ ions, the sensor
follows nonlinearity by the equation Y = (0.916 − 0.004X0.4)−1,
where Y is the normalized fluorescence intensity and X (in ppb)
is the Hg2+ ions concentration (shown in the lower inset of the
Figure 5b). These results imply that this highly selective, cost-
effective, and ultrasensitive novel sensor can be applied to the
direct detection of Hg2+ ions in real world water samples as well
as drinking water.
Determination of Hg2+ Ions in Real World Samples.

Application of our proposed method has been evaluated for the
determination of Hg2+ in a real world samples. We choose
groundwater as a real sample. In such environmental samples,
the concentration of other metal ions and some unknown
contamination are significantly higher than that of Hg2+ ions, so
it is highly challenging to detect mercury in real world samples.
Figure 5c represents the comparative analysis between the value
obtained from calibration curve and instrumental data for
different concentration of Hg2+ contaminated groundwater. It
has been found that the real world sample was free from Hg2+

ions contaminations. Upon addition of the Hg2+ ions
contamination in the water samples with various known
concentrations, it has been observed that the value obtained
from the calibration curve and the values measured were within
the 10% error range. This result suggests that the proposed
sensor has potential for sensing of Hg2+ ions in environmental
real world samples.

■ CONCLUSION
In summary, the quenching of dye fluorescence by Ag-NPs was
studied using fluorescence spectroscopy. The quenching
process was characterized by well-known Stern−Volmer plots
which display a dynamic quenching for the quencher
concentration bellow 1.13 × 10−9 M. The calculated donor−
acceptor distance (d = 5.66 nm) by NSET model confirmed the
energy transfer phenomenon between the fluorescent dye and
NPs. The present study demonstrates the unique potential of
metal nanoparticle in chemical sensing application followed by

the nonradiative energy transfer process. We have successfully
developed a very low cost, highly selective, and ultrasensitive
“turn on” fluorescence sensor based on NSET for direct
detection of Hg2+ in aqueous medium with the detection limit
100 ppt (0.5 nM). The developed sensor is not only insensitive
to other metal ions but also highly selective toward Hg2+ ions in
the presence of other metal ions. The developed sensor has
potential applications in monitoring trace Hg2+ ions in real
world samples. The scope for further development of this

Figure 5. (a) Steady-state fluorescence spectra (λex = 340 nm) of the
quenched fluorophore (PVA-NPA + Ag-NPs) upon addition of Hg2+

ions (0−40 ppm). Inset shows the magnified fluorescence spectra for
some low concentration (0, 100, 200, and 500 ppt) of Hg2+ ions. (b)
The plot of normalized fluorescence intensity vs [Hg2+], at 433 nm.
Upper inset shows the linear response with [Hg2+] from 0 to 1 ppb,
and the lower inset shows the nonlinear response with [Hg2+] from 1
ppb to 40 ppm. (c) Response of the sensor without and with
contaminated real water samples, and comparison of measured values
(solid bars) with proposed values (cross bars).

ACS Sensors Article

DOI: 10.1021/acssensors.6b00153
ACS Sens. 2016, 1, 789−797

795

http://dx.doi.org/10.1021/acssensors.6b00153


concept is extensive, which offers great potential for the
development of economical portable devices.
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