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A rapid and sensitive colorimetric sensing strategy employing silver nanoparticles (AgNPs) to detect trace
ng+ in agueous solutions is described. The citrate-capped AgNPs were functionalized to form a Tween
20-stabilized AgNPs (Tween 20-AgNPs) probe, which was stable in a high ionic strength environment.
When Hg?* was present in the aqueous solution, citrate reduced Hg?* to Hg® and formed a Ag/Hg
amalgam with the AgNPs, followed by the removal of Tween 20 from the surface of the AgNPs. The
AgNPs were unstable in high ionic strength solutions, resulting in AgNPs aggregation and co-stabilization
with Hg?*, observed by a decrease in the UV-vis absorption. This decrease in the UV-vis absorption was
proportional to the concentration of ng+. Under optimized conditions, the sensing system exhibited a
linear range of 5.0 x 1071% to 1.2 x 10~/ M for Hg?*, with a detection limit of 0.31 nM in buffer. The co-
stabilization assays showed no ng+ was detected to be remaining in solution using our proposed
method. The AgNPs removal percentage was correlated well with the concentration of Hg?* with a
correlation coefficient of 0.99862. When the concentration of Hg?* was in excess, the AgNPs removal
percentage correlated with the concentration of AgNPs with a correlation coefficient 0.994 as well.
Moreover, this probe was successfully used to detect and co-stabilize ng+ in tap water, spring water,
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the preparation of bare AgNPs and TEM images of the citrate-capped AgNPs,
bare AgNPs, Tween 20-AgNPs, and Ag/Hg amalgam in the presence of 100 nM
Hg®" (Fig. S1). Size distribution of bare AgNPs (Fig. S2). Zeta potential
measurement of the Tween 20-AgNPs (Fig. S3). Demonstration of the
displacement of Tween 20 with Hg** (Fig. S4). Extinction spectra of solutions
with and without the addition of 200 nM Hg>" (Fig. S5). Reduction of Hg>" at
room temperature by using citrate in the absence of Tween 20 AgNPs (Fig. S6).
EDX spectroscopy analysis of Tween 20-AgNPs and Ag/Hg amalgam (Fig. S7,
Table S1 and S2). XRD analysis of Ag/Hg amalgam in the presence of 50.0 and
500.0 nM Hg”>* (Fig. S8). Photographs of working solutions containing Tween
20-AgNPs after adding 100 and 200 nM Hg*" (Fig. S9). The calibration curve of
UV-vis absorbance intensity against Hg>" concentration in buffer samples and
response linearity of the assay with Hg?* concentrations of 0.5, 5.0, 20.0, 50.0,
80.0, 100.0, 120.0 and 200.0 nM (Fig. S10). The comparison of assay methods
for monitoring mercury in linear range and MDC (Table S3), and determination
of Hg*" in water samples using the proposed method and AFS (Table S4).
Photographs of working solutions containing Tween 20-AgNPs after adding
various concentrations of Hg>" in buffer (Fig. $11). See DOI: 10.1039/c4ra07621d
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1. Introduction

Heavy metal pollution has been an important concern
throughout the world for decades because of the severe risks
posed by heavy metals to human health and the environment.
Among them, Hg”" is the among the most noted ions due to the
damage it causes to the brain, nervous system, and endocrine
system.™ And Ag', most probably released from AgNPs, is
widely distributed in our surroundings.** These two heavy
metal ions exhibit serious adverse effects on the human body
and other biology in toxicology studies.*” Therefore, it is
important to develop efficient methods for the selective and
sensitive detection of trace Hg>*. The development of novel
methods to stabilize metals is urgently needed to protect our
environment and health.

To the best of our knowledge, traditional methods for Hg>*
quantification (such as cold vapor atomic absorption spec-
trometry,®® inductively coupled plasma mass spectrometry
(ICP-MS),"*** surface-enhanced Raman scattering,>" electro-
chemical sensing,'**® and stripping voltammetry,'®" etc.)
always have high sensitivity and selectivity but require bulky
instrumentation and extensive sample pretreatment processes
that limit their application to in situ analysis. To overcome these
limitations, researchers have developed various fluorescent and
colorimetric Hg>* sensing systems for the wide application of
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fluorescence and colorimetric-analysis in heavy metal ion
recognition." ™ These systems include molecular probes using
small organic molecules,>?* porphyrin derivative,>?*° DNA-
zymes,*'* proteins,***® and nanomaterials using nano-
particles,*** nanoclusters,*® and semiconductor quantum
dots.**** Although significant contributions have been made to
the detection of Hg>", these approaches have low sensitivity and
poor selectivity because they are based on interactions between
functional groups.

More recently, a method was developed to detect trace Hg*"
and Ag" that used Tween 20-modified gold nanoparticles as the
probe.*® This probe can react with Ag’, which might interfere
with the detection of Hg?" in the presence of Ag". Therefore, it is
desirable to develop a more suitable detection method. We
found that Tween 20-modified Ag nanoparticles are a good
choice for obtaining a high selectivity for Hg*" and are able to
form a co-stable Ag/Hg amalgam with Hg®.

It is well-known that elemental mercury can form complexes
with certain metals to form amalgams.**** It has previously
been demonstrated that Hg?" can selectively integrate into DNA-
protected AgNPs to form stable Ag/Hg amalgams,*® where the
dye-labeled ssDNA acted as the signal reporter. Hg>" detection
was achieved by forming a Ag/Hg amalgam upon reduction of
the mercury species to elemental mercury, with the silver atoms
acting as acceptors for the elemental mercury. The Ag/Hg
amalgam is stable and easily removed from the environment.
Considering these issues, a label-free, rapid, and homogeneous
method for sensing Hg®" using a Tween 20-stabilized AgNPs
(Tween 20-AgNPs) probe was proposed. The citrate ions on the
Tween 20-AgNPs surfaces reduced Hg>" to elemental mercury,
resulting in the formation of a Ag/Hg amalgam. This proposed
method exhibits higher sensitivity than some probes previously
reported and also has high selectivity toward Hg>", even in the
presence of other competitive heavy metal ions. The strong
selectivity toward Hg>*, combined with the high stability of the
Ag/Hg amalgam, provides a new and simple method for Hg>*
detection and Hg>"/Ag" stability in environmental or biological
samples.

2. Experimental section

2.1. Chemicals and apparatus

All of the chemical components were of analytical grade. Tween
20 was purchased from Solarbio (Beijing, China). AgNOj;
(99.99%), Hg(NO;3), (99.99%), and NaBH, (99.99%) were
purchased from Sigma Aldrich. Nickel acetate (99.9%) and
aluminium chloride (99.99%) were purchased from Alfa Aesar.
All other metal ion stock solutions were prepared from nitrate
or sulfate salts. Double distilled water was used throughout the
experiments. The concentrations of the AgNPs stock solutions
were analyzed with atomic absorption spectroscopy (AAS)
according to a previously published protocol.*’

UV-vis absorption was measured on a UV-visible spectro-
photometer (Model UV-2550, Shimadzu, Japan). TEM
measurement was made using a JEOL JEM-3010 transmission
electron microscope (Beijing, China) with an accelerating
voltage of 200 kv. The sample for TEM characterization was
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prepared by placing a drop of the sample solution on a carbon-
coated copper grid and allowing it to dry at room temperature.
Energy-dispersive X-ray (EDX) spectra were obtained using the
TEM microscope (JEOL JEM-2100F). The XRD pattern was
recorded using an automatic X-ray diffractometer (D8-Advance,
Bruker Company, Germany). Hydrodynamic diameters and zeta
(¥) potentials were quantified by dynamic light scattering (DLS)
conducted with a Malvern Zetasizer (Nano-ZS, Malvern Instru-
ments, UK). AAS data were obtained from an atomic absorption
spectrophotometer (AA700, Perkin-Elmer, USA). Atomic fluo-
rescence measurements were performed on an atomic fluores-
cence spectrometer (AFS-9700, Beijing, China).

2.2. Synthesis of citrate-capped AgNPs

The colloidal solution of AgNPs was synthesized according to
the method described by Liu et al.*® with little modification. A
59.8 mL solution containing 0.6 mM trisodium citrate and 0.4
mM NaBH, was prepared in double distilled water and stirred
vigorously in an ice bath. The solution turned yellow upon the
addition of 0.55 mL 23.5 mM AgNO;, indicating the formation
of the AgNPs. After 3 h of additional stirring at room tempera-
ture, the soluble byproducts were removed by centrifugal
ultrafiltration (molecular weight cutoff of 8000), and the AgNPs
were washed with double distilled water. TEM images
confirmed that the sizes of the AgNPs were 5.0-10.0 nm
(Fig. S1A%).

2.3. Preparation of Tween 20-AgNPs

Tween 20-AgNPs were prepared using a previously published
method with slight modifications.** Tween 20 (10% v/v, 200 pL)
was added to a solution of citrate-capped AgNPs (15.204 pg
mL~', 57.35 mL) with stirring. After a subsequent 0.5 h of
stirring, the AgNPs were filtered and stored at 4 °C for further
use. Details about the preparation of bare AgNPs (12.839 ug
mL ', 12.0 4+ 2 nm, Fig. S1B and S2) are described in the ESL

2.4. Detection of Hg>*

Tween 20-AgNPs were prepared in 100 mM sodium phosphate
solution. For Hg”" detection, 3 mL of the as-prepared Tween 20-
AgNPs mixture was added to a 10 mL volumetric pipe contain-
ing 15 pL 1.0 M sodium phosphate buffer sample. Then 35 pL
Hg(NOj3), solution of various concentrations was added. Finally,
the time-gated absorbance of different concentrations of Hg*"
was monitored after the completion of the aggregation and
stabilization. For optimizing the reaction time, 100 nM Hg*"*
was selected as the model to evaluate the optimum reaction
time. All the samples were incubated at room temperature with
gentle shaking. The spring water and surface water were
sampled from Yuelu Mountain and Taozi Lake in Changsha
City. The absorbance was recorded at the maximum absorption
peak at 400 nm.

2.5. Procedures for co-stability assays

For the co-stability assays, different concentrations of Hg>" and
AgNPs were mixed. Then the mixture was left for 5 h to complete
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precipitation before filtration with a 0.22 um filter membrane.
The Hg”* concentration in the filtration was determined by the
proposed method herein and the AgNPs concentration was
quantified with AAS.

The concentration of the AgNPs was determined by nitric acid/
hydrogen peroxide digestion (2 mL HNOs, 1 mL H,0,). AgNPs
solutions (120 uL) were digested in 20 mL disposable scintillation
vials for 24 h in triplicate, followed by filtration through 0.22 pm
filter to get rid of impurities. The resulting filtrate volume was
brought to 10 mL with 1% nitric acid (100 fold dilution) and its
concentration was then determined by AAS.

3. Results and discussion

3.1. Sensing and co-stabilization mechanism

In this study, we fabricated a special probe (Tween 20-AgNPs)
using Tween 20 as the stabilizer to block aggregation of citrate-
capped AgNPs in high ionic strength solutions. The citrate ions
on the surface of Tween 20-AgNPs act as a reducer of Hg>*. The
neutral Tween 20 coating acts as a shield for the citrate ions but
does not displace them, which was demonstrated by the zeta
potential of Tween 20-AgNPs (—14.6 mV, Fig. S31).>®

Fig. 1 shows the fundamental mechanism of Tween 20-AgNPs
sensing and co-stabilization of Hg>". We reasoned that the citrate
ions capping the AgNPs surface can act as a reducing agent for
Hg”" when the citrate-capped AgNPs had been modified with
Tween 20.*° When Hg>" was present, silver atoms acted as the
acceptors for elemental mercury. The reduced elemental mercury
was directly deposited onto the Ag surface due to the high affinity
between Ag and Hg," and led to the formation of a Ag/Hg
amalgam. As a result, Tween 20 was displaced from the AgNPs
surface. This can be seen in Fig. S4.f The gas chromatography
analysis in Fig. S41 shows Tween 20 (often analysed with oxirane
and 1,4-dioxane according to European Pharmacopoeia 6.0) in a
dialysis solution with 100 nM Hg>* (b) was higher than that
without Hg>" (c). This phenomenon clearly demonstrated the
displacement of Tween 20 after the addition of Hg>". The removal
of the stabilizer (Tween 20) caused the AgNPs to aggregate in high
ionic strength solutions, which results in a sharp decrease of the
absorbance of the AgNPs (Fig. 1 and S57).
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Fig. 1 Illustration of the mechanism of Tween 20-AgNPs sensing and
co-stabilizing with Hg>*.
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To demonstrate the feasibility of our design, two control
experiments were carried out: (1) to investigate whether Tween
20 has an effect on the sensor, a series of Hg”" concentrations
(0, 0.05, 0.2, 0.5, 5.0, 20.0, 50.0, 80.0, 100.0, 120.0, 140.0, 200.0,
and 500.0 nM) were added to solutions of citrate-capped AgNPs.
The UV-vis absorption decreased slightly with the addition of
Hg>" (Fig. 2A). The optimized linear fitting equation was y =
—0.00098x + 2.0726 (where x is the concentration of Hg”", and y
is the absorbance intensity), with the correlation coefficient of
0.50957 (Fig. 2B), which was far below the ideal value of 1.0. The
result showed that the decrease in the absorbance intensity had
little linear dependence on the concentration of Hg>", and the
citrate-capped AgNPs were unstable in high ionic strength
solutions. This assay demonstrated that AgNPs showed
heterogeneous aggregation without a stabilizer and Tween 20
was essential in the availability of the sensor.

(2) To test the function of citrate ions in the detection of
Hg>", citrate-capped AgNPs were replaced with bare AgNPs
(without citrate ions capped on the surface) in the synthesis of
Tween 20-AgNPs. Hg2+ (0,100.0,120.0, 140.0, and 200.0 nM) was
employed as a model to confirm this effect (Fig. 3). The
absorption showed little change when Hg>" was added to the
AgNPs solutions. In the absence of citrate ions, no significant
reduction of Hg*" occurred. This result indicated that citrate
ions acted as a reducing agent for Hg?". To further demonstrate
the reduction of Hg** with citrate ions, 35 puL of Hg(NOs),
solutions of various concentrations were added to 3 mL 1.0 M
citrate ions solution at room temperature to achieve the final
Hg>" concentrations of 0, 5.0, and 10.0 uM (we chose the higher
concentration of Hg”* for the better visual observation of the
reduction. Citrate ions were prepared in 100 mM sodium
phosphate solution with sodium citrate to achieve the final
concentration of 1.0 mM.). The reduction solution was photo-
graphed and the residual Hg>" concentration of the solution
was determined by AFS after appropriate filtration and dilution.
As shown in Fig. S6,7 the addition of citrate ions induces
obvious Hg>* reduction and precipitation. AFS almost couldn’t
detect the residual Hg?" after filtration and dilution. At the same
time, the reducing ability could be seen from the standard
electrode potentials: E°(Hg>*/Hg) = 0.852 V.* The electrode
potential of citrate ions is —0.121 V in sodium phosphate buffer.
So, citrate would reduce Hg>" to elemental mercury in the
sensor system. The results of the two control experiments
indicated that Tween 20 played an important role in the probe
in our present work, citrate ions acted as a reducing agent in the
sensing process, and Hg”" made a negligible contribution
toward decreasing the absorbance of AgNPs.

3.2. Evidence for the formation of a Ag/Hg amalgam

To test the hypothesis mentioned above, we measured the
absorbance spectra of Tween 20-AgNPs in the absence and
presence of Hg2+ at 100, 120, 140, and 200 nM. The surface
plasmon resonance wavelength of Tween 20-AgNPs appears at
400 nm (Fig. 4, curve a), and the resonance intensity showed
little decrease compared to the citrate-capped AgNPs in the
absence of Hg”", indicating that the AgNPs were well dispersed
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Fig. 2 (A) Extinction spectra of the working solutions containing citrate-capped AgNPs after adding various concentrations of Hg®* (0-500.0
nM) in buffer. (B) Linear fitting line between the absorbance intensity and Hg?* concentration in buffer. The concentrations of Hg>* were 20.0,
50.0, 80.0, 100.0, and 120.0 nM. Every data point is the mean of three measurements. The error bars are the standard deviation.

in the phosphate solution. In other words, Tween 20 molecules
could effectively protect citrate-capped AgNPs against aggrega-
tion in high ionic strength solutions. This phenomenon was
consistent with the results of TEM characterization (Fig. S1C¥).
The Tween 20-AgNPs were shown to be uniform and mono-
disperse with a size distribution of 12.0-15.0 nm and an average
size of 13.0 nm. EDX spectroscopy analysis showed the existence
of Ag, without Hg (Fig. S7A and Table S17). After adding 100 nM
(Fig. 4, curve b), 120 nM (Fig. 4, curve c), 140 nM (Fig. 4, curve d)
and 200 nM (Fig. 4, curve e) of Hg>", a decrease in the strength
of the surface plasmon resonance band at ~400 nm and the
formation of a new absorbance band at ~600 nm was observed,
indicating the aggregation of Tween 20-AgNPs. The plasmon
absorption band of the aggregates showed a small red shift with
the increasing concentration of Hg”>*, while the area of this
plasmon absorption band became greater relative to the plas-
mon absorption band of the citrate-capped AgNPs. TEM images
(Fig. S1D?) revealed that the presence of Hg®" led to the
formation of an irregular Ag/Hg amalgam with a large size

Extinction (a. u.)

00 1 1 1 1
300 400 500 600

700
Wavelength (nm)
Fig. 3 Extinction spectra of the working solutions containing Tween

20-modified bare AgNPs after adding 0, 100.0, 120.0, 140.0 and 200.0
nM Hg?" in buffer.
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distribution of 20.0-30.0 nm. The structural composition of the
Ag/Hg amalgam estimated from EDX spectra revealed the
coexistence of Ag and Hg elements (Fig. S7B and Table S2+t). The
XRD analysis in Fig. S8t further demonstrates that the Ag/Hg
amalgam was a mixture of Ag,Hg; and Ag; ;Hge complexes.
The high Hg** concentration led to an increase of the Ag; ;Hgo
complex and a relative decrease of Ag,Hgjs, which could be seen
from the change of diffraction peak.

To further demonstrate the formation of a Ag/Hg amalgam,
evidence that was more visually intuitive is shown in Fig. S9.t}
Fig. S91 shows that the yellow solution of AgNPs turned red
brown with the addition of 100 nM Hg”* and further turned
drab olive with 200 nM Hg>* due to increased Ag/Hg amalgam
precipitation.

3.3. Optimization of the amalgamation and aggregation
conditions

In this study, the amalgamation and aggregation time and
reacting temperature are crucial for the probe sensitivity.
Although longer amalgamation and aggregation time may yield

2.5
a0 nM
2.0 b| 100 nM
c|120 nM
d| 140 nM

€y200 nM

Extinction (a. u.)

300 400 500 600 700

Wavelength (nm)

Fig. 4 Extinction spectra of working solutions containing Tween 20-
AgNPs after adding 0, 100.0, 120.0, 140.0, 200.0 nM Hg?" in buffer.
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Fig. 5 Optimizing experiment of the amalgamation and aggregation
time. A value of 100 nM was selected as the Hg®* concentration to
determine the optimum amalgamation and aggregation time. The UV-
vis absorption value was recorded at 400 nm.

a more stable absorbance signal, it is unnecessary if the system
has reached equilibrium. To obtain the optimal reaction time,
the kinetics of amalgamation and aggregation were measured.
Fig. 5 shows the UV-vis absorbance intensity reaction time curve
for the addition of 100 nM Hg>" to a solution of AgNPs. The UV-
vis absorbance was found to decrease with the increase in
amalgamation and aggregation time, then reached a minimum
at 58 min, and was nearly constant until 65 min. Based on these
observations, we chose 60 min as the optimum reaction time to

RSC Advances

ensure completeness of amalgamation and aggregation. To
facilitate Hg>* detection, indoor temperature (25-27 °C) was
chosen as the operational temperature for all experiments. All
the experiments were conducted using these optimized
conditions.

3.4. DLS probing the agglomeration process

To investigate the process of amalgamation and aggregation,
the size distribution was measured with DLS at various times (0,
10, 20, 30, 40, 50, 60, 70 and 80 min) after addition of 100 nM
Hg>". As shown in Fig. 6, the average initial size of 30.3 nm (the
different size compared to the TEM results was because of the
two different measurement principles) of the Tween 20-AgNPs
increased tremendously to 176.9 nm within 10 min and further
reached 203.0 nm within 20 min. After 30 min, the size
increased a little slower, with the size reaching 209.0 nm. After
this, the average size showed nearly no change with time. This
trend was consistent with the curve in Fig. 5, indicating that the
amalgamation and aggregation process mainly occurred within
the first 20 min and was almost completed within 60 min.

3.5. Sensitivity for Hg”"

Based on the above proposed strategy and optimized assay
conditions, various concentrations of Hg>* were added to the
buffer to evaluate the sensitivity of the Tween 20-AgNPs probe
for Hg®" detection. The various concentrations of Hg*" were 0,
0.05, 0.2, 0.5, 5.0, 20.0, 50.0, 80.0, 100.0, 120.0, 140.0, 200.0, and
500.0 nM. As shown in Fig. 7A, higher concentrations of Hg”"*
resulted in a gradual decrease of the UV-vis absorbance. It was

Size Distibution by Intensity

Intensity (Percent)
Intensity (Percent)

100 1000 10000

g}

10

Size (dnm)

Z-Average: 30.3 nm, T=0 min

Size Distiibution by Intensity
187 : : 5

101

Intensity (Percent)
Intensity (Percent)

— ? - 4 S

;i = [ ——
01 1 10 100 1000 10000 01 1 10

Size (dnm)

Z-Average: 209.0 nm, T=30 min

Size Distribution by Intensity

Size (dnm)

Z-Average: 176.9 nm, T=10 min

Size Distibution by ntensity

Size (dnm)

Z-Average: 210.2 nm, T=40 min

Size Distibution by Intensity

Intensity (Percent)

1000 10000

100 1000 10000

Size (dnm)

Z-Average: 203.3 nm, T=20 min

Size Distibution by ntensity

Intensity (Percent)

~ o—— e -
100 1000 10000 04 1 10 100 1000 10000

Size (dnm)

Z-Average: 211.1 nm, T=50 min

Size Distribution by Intensity

Intensity (Percent)
Intensity (Percent)

S B 8 8

1 1 10 100 1000 10000

Size (dnm)

Z-Average: 212.3 nm, T=60 min

10

Size Distribution by Intensity

Size (d.m)

Z-Average: 213.2 nm, T=70 min

Size Distribution by Intensity

Intensity (Percent)

100 1000 10000 01 1 10 100 1000 10000
Size (dm)

Z-Average: 214.9 nm, T=80 min

Fig. 6 DLS probing the agglomeration process.
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Fig. 7 (A) Extinction spectra of the working solutions containing
Tween 20-AgNPs after adding various concentrations of Hg®* (0-
500.0 nM) in buffer. (B) Linear relationship between the absorbance
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100.0, 120.0, 140.0, 200.0, 500.0 nM in the inset. Every data point is
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obvious that, even at very low Hg”>* concentrations (0.05 nM),
the absorbance intensity exhibited a distinct change, which
indicated that the proposed probe was sensitive enough for
Hg>" detection.

Fig. 7B shows the linear relationship between the decrease in
the UV-vis absorbance intensity and Hg>* concentration. The
absorbance intensity was found to show a linear dependence on
the concentration of Hg>" in the range of 0.5-120 nM (the
citrate ions of Tween 20-AgNPs was demonstrated to be suffi-
cient to reduce Hg®" as showing later in Fig. 10). The linear
relationship was described by the equation of y = —0.00555x +
2.0369 (where x is the concentration of Hg>", and y is the
absorbance intensity), with a correlation coefficient of 0.99699.
However, the correlation coefficient decreased when the highest
Hg>" concentration studied (500.0 nM) was taken into account
(r* = 0.79313, inset in Fig. 7B). The limit of detection (LOD) was
estimated to be 0.31 nM, as calculated with the following
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equation: LOD = 30/k, where « is the slope of the calibration
curve, and ¢ is the standard deviation for 10 measurements of
the blank solution. This LOD was low enough to meet the need
for trace Hg>" detection when compared with previously
reported methods (Table S31). Moreover, the LOD was sufficient
for the detection of Hg>" in drinking water, and was far below
the mandated limit of 2.0 ppb set by the U.S. Environmental
Protection Agency (EPA).>* The wide dynamic range undoubt-
edly improves the applications of this probe.

Fig. S101 shows the concentration dependent colorimetric
response of the assay. In the Hg** concentration range of 0.5-
200.0 nM, the absorbance intensity decreased regularly. The
response of the assay is linear, with a linear regression corre-
lation coefficient of 0.98104 for this wider Hg>* concentration
range of 0.5-200.0 nM (inset in Fig. S107).

3.6. Selectivity of the probe

To study the selectivity of this probe, the UV-vis absorption
responses of the Tween 20-AgNPs method to Hg>" and other
metal ions, including K*, Ca**, Mg*", Li*, Pb*>", zZn**, Mn*",
Ni**, cr**, Fe*', Co*', Cu**, Cd*", and AI**, were assayed using
the optimized conditions. In addition, selectivity experiments
were performed for a mixture of all the metal ions with and
without Hg”". The concentrations of Hg”* and the other metal
ions were 100 nM and 1 uM, respectively. In contrast with the
significantly greater absorption decrease observed for Hg**, far
weaker changes were observed upon the addition of pM
concentrations of the other tested metal ions (Fig. 8), revealing
that this probe is selective for Hg*".

However, Cu®>" resulted in a slight increase in the colori-
metric assay response. The magnitude of the response to Cu®*
was considerably smaller than the response of the assay to Hg>",
even though the concentration of Cu** was 10-fold higher than
the concentration of Hg>". Additionally, although the addition
of the mixed metal ions without Hg>" resulted in a slightly
higher absorption intensity decrease than that observed for the
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Fig. 8 UV-vis absorption extinction value in the presence of various
metal ions. The concentration is 1 uM for each metal ion and 100 nM
for Hg®". The UV-vis absorption value was recorded at 400 nm.
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individual metal ions, the decrease was far greater in the pres-
ence of Hg”". These results indicated that the probe is not only
insensitive to the other metal ions, but also selective toward
Hg”" when they are present. This method has a strong anti-
interference capability and excellent selectivity to detect trace
Hg>" in environmental and biological fields.

3.7. Effect of surfactant chain length

To explore the effect of surfactant chain length on the absorp-
tion change of the AgNPs, Tween 20 was replaced with Tween
40, Tween 60, and Tween 80. As shown in Fig. 9, a small
absorption decrease was observed on addition of Hg>" to Tween
40-modified AgNPs. Similar phenomena were observed for
Tween 60- and Tween 80-modified AgNPs. These results indi-
cated that Tween 20 played a crucial role in the feasibility of the
probe for Hg”* detection.

3.8. Co-stability of Hg”"

In this study, Hg”* was reduced to Hg’, which then formed a Ag/
Hg amalgam with AgNPs. The Ag/Hg amalgam was not stable in
the environment due to the removal of the Tween 20 stabilizer
and aggregated from the solutions. To evaluate the co-stability
efficiency, the Hg>* and AgNPs concentrations were deter-
mined after filtration using our method and AAS. As shown in
Fig. 10A, the AgNPs removal efficiency improved with the
increase of Hg>* concentration. The results showed no Hg>" was
detected in solution with our proposed method. Fig. 10B indi-
cates that the AgNPs removal percentage (the amount of AgNPs
removed from solution, calculated by mass concentration of
silver) correlated well with the concentration of Hg** in the
range 2 x 10 % to 2 x 107 M. The linear relationship was
described by the equation y = 0.07538x (where x is the
concentration of Hg?*, and y is the AgNPs removal percentage)
with a correlation coefficient of 0.99862.

Fig. S11} exhibits a more intuitive demonstration of the co-
stability efficiency. After standing for five hours, the solutions
were filtered. As shown in Fig. S11,7 the yellow filtrate (the color
mainly caused by Tween 20-AgNPs) turned red (the color of the
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Fig. 9 UV-vis absorption extinction value of Tween 20- 40-, 60-, and
80-modified AgNPs after adding 100 nM Hg?*. The UV-vis absorption
value was recorded at 400 nm.
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Ag/Hg amalgam), and then colorless with the increase of Hg>*
concentration. These results indicated that higher Hg>"
concentrations resulted in better AgNPs removal efficiency.

In order to evaluate the AgNPs removal efficiency when the
concentration of Hg” was in excess, Tween 20-AgNPs (0.5, 1.0,
2.0, 8.0, 10.0, 12.0, 15.0, and 17.0 pug mL™ ') were added to a
solution containing 500 nM Hg>*. As shown in Fig. 11, the
AgNPs removal efficiency increased with the concentration of
Tween 20-AgNPs because more Ag/Hg amalgam is generated in
the solutions with more Tween 20-AgNPs. The linear relation-
ship between the AgNPs removal percentage and the concen-
tration of Tween 20-AgNPs (inset of Fig. 11) was described by the
linear fitting line y = 3.17038x (where x is the concentration of
Tween 20-AgNPs, and y is the AgNPs removal percentage) with a
correlation coefficient of 0.994.

3.9. Assay for Hg>* concentration in water samples

Because our method showed excellent selectivity and sensi-
tivity in buffer solutions, this method was employed for Hg>"
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Fig. 10 (A) Co-stability of AgNPs with Hg®* in a solution containing
15.204 ng mL~! Tween 20-AgNPs after adding 20.0, 50.0, 80.0, 100.0,
120.0, 140.0, 160.0, 180.0, and 200.0 nM Hg?" in buffer. (B) Linear
relationship between the AgNPs removal percentage and Hg>*
concentration in buffer. Every data point is the mean of three
measurements. The error bars are the standard deviation. The UV-vis
absorption value was recorded at 400 nm.
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Fig. 11 Co-stability of AGNPs with Hg?* in a solution containing 500
nM Hg?* after adding 0.5, 1.0, 2.0, 8.0, 10.0, 12.0, 15.0, and 17.0 pg
mL™! Tween 20-AgNPs in buffer. Inset is the linear relationship
between the AgNPs removal percentage and the amount of Tween
20-AgNPs added in buffer. Every data point is the mean of three
measurements. The error bars are the standard deviation. The UV-vis
absorption value was recorded at 400 nm.

detection in several environmental water samples to evaluate
its practical application. Tap water, spring water, and surface
water samples, spiked with 0, 20, 50, and 100 nM Hg>", were
chosen for the study. For tap water experiments, the sample
was collected after discharging tap water for ~15 min and
boiling for 5 min to remove chlorine. For spring water and
surface water experiments, the samples collected were first
filtered by qualitative filter paper and then centrifuged for 15
min at 10 000 rpm to remove oils and microbe impurities.
The background concentration of mercury in the water
samples was measured to be less than 0.1 nM by AFS. All the
Hg?"-spiked water samples were analyzed using our Tween
20-AgNPs method according to the general procedure with
five replicates and compared with the AFS results. The results
are summarized in Table S4f and showed good agreement
with the expected values and the values determined by AFS.
The results revealed high consistency in the determination of
Hg”" concentrations in environmental water samples by the
proposed Tween 20-AgNPs method and using conventional
instrumentation, demonstrating the excellent performance
of this probe in practical applications.

4. Conclusions

In summary, a rapid and sensitive colorimetric sensing strategy
for Hg®>" detection is presented. Hg** induced the amalgam-
ation and aggregation of Tween 20-AgNPs and therefore, was
quantified by the subsequent UV-vis changes. This strategy
showed high selectivity and sensitivity to Hg>". Moreover, the
probe exhibited excellent co-stability properties with Hg>* and

59282 | RSC Adv., 2014, 4, 59275-59283
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was successfully applied in the detection of Hg®" in water
samples.
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