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T
his study provides a highly robust and
recyclable gold nanoparticle (AuNP)-
based displacement assay for mercu-

ric ions (Hg2þ) in aqueous solutions and living
cells with ultrahigh selectivity and sensitiv-
ity. Mercury contamination is an ongoing
public concern because inorganic Hg2þ in
contaminated water and soil can be trans-
formed into methylmercury and accumu-
late in the human body through the food
chain, posing severe threats to both human
health and natural ecosystems.1 Long-term
exposure to high Hg2þ levels can lead to
serious and permanent damage to the cen-
tral nervous system and other organs such
as heart, kidneys, lungs, etc.2,3 Standard
methods for monitoring trace Hg2þ include
atomic absorption spectroscopy (AAS),4 in-
ductively coupled plasma-mass spectrome-
try (ICPMS),5 and mass spectroscopy (MS).6

Although these methods are sensitive and
powerful, they require sophisticated instru-
ments and specialized personnel to carry
out the operational procedures. Moreover,
time-consuming sample preparation and

tedious preconcentration procedures are
also involved. During the past decade, re-
searchers have devoted considerable effort
to the development of simple Hg2þ probes,
mainly based on fluorescent chemosensors
using small organic molecules,7 polymeric
materials,8 oligonucleotides,9 and proteins.10

Most of these systems, however, have lim-
itations with respect to lack of water solu-
bility, cross-reactivity with other metal ions,
and short emission wavelengths. Therefore,
it is extremely important to develop simple,
inexpensive, highly sensitive and selective
Hg2þ probes that can provide real-time mea-
surement of Hg2þ levels in environmental
and biological samples.
In the past two decades, tremendous

progress in the design of high-sensitivity
sensors has been made as a result of the
development of nanotechnology. Par-
ticularly, AuNP-based fluorescence assays
have drawn considerable research interest,
because AuNPs are a unique quencher
for fluorescent dyes through energy-
transfer and electron-transfer processes.11,12
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ABSTRACT We designed a recyclable Hg2þ probe based on Rhodamine B isothiocyanate (RBITC)-

poly(ethylene glycol) (PEG)-comodified gold nanoparticles (AuNPs) with excellent robustness, selectivity,

and sensitivity. On the basis of a rational design, only Hg2þ can displace RBITC from the AuNP surfaces,

resulting in a remarkable enhancement of RBITC fluorescence initially quenched by AuNPs. To maintain

stability and monodispersity of AuNPs in real samples, thiol-terminated PEG was employed to bind with the

remaining active sites of AuNPs. Besides, this displacement assay can be regenerated by resupplying free

RBITC into the AuNPs solutions that were already used for detecting Hg2þ. Importantly, the detection limit of this assay for Hg2þ (2.3 nM) was lower than

the maximum limits guided by the United States Environmental Protection Agency as well as that permitted by the World Health Organization. The

efficiency of this probe was demonstrated in monitoring Hg2þ in complex samples such as river water and living cells.
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The extremely high quenching efficiencies of AuNPs
(up to 99.8%13,14) make them very useful in numerous
fluorescence-based assays for analytes.15�20 For exam-
ple, when Rhodamine B (RB) fluorescent dyemolecules
adsorb onto AuNP surfaces, their fluorescence is effi-
ciently quenched by AuNPs. Upon addition of Hg2þ,
RBs are displaced from the AuNP surfaces to recover
their fluorescence.15,16 The sensitivity of these assays is
higher than those reported by using conventional
colorimetric assays. However, the selectivity of these
assays is so poor that it makes them unlikely to detect
Hg2þ by the RB-AuNP system alone. To improve selec-
tivity, pretreatment with thiol ligands and addition of
masking agent (2,6-pyridinedicarboxylic acid, PDCA)
were required.15,16 The pretreatment of AuNPs and
involvement of masking agent make these assays
laborious and time-consuming and thus unsuitable
for real-time detection of Hg2þ. Additionally, most
AuNP-based assays fail to precisely determine targeted
analytes in their native environments such as environ-
mental samples and biological fluids because AuNPs
tend to aggregate in real samples and thus are limited
to pure aqueous solutions where Hg2þ is added.21

Therefore, it is vital to develop more stable, reliable
and accurate detection methods with sufficient sensi-
tivity and selectivity for Hg2þ in real samples.
We herein design an improved, recyclable displace-

ment assay for Hg2þ detection for use in not only
aqueous solutions but also living cells by using Rho-
damine B isothiocyanate (RBITC)-poly(ethylene glycol)
(PEG)-co-modified AuNPs (RBITC-PEG-AuNPs). The ex-
cellent selectivity of this assay for Hg2þover competing
species can be expected by comparing the stability
constant (logKf) of metallic ions with isothiocyanate
(ITC,�NdCdS), a high-affinity anchoring groups com-
monly used to attach organic molecules to colloidal
AuNPs. We note that the logKf of Hg(ITC)n is ca. 21.8,
whereas those of Co2þ, Zn2þ, Cd2þ, Ni2þ, Pb2þ, Mn2þ,

Fe2þ, Fe3þ, Cr3þ, Cu2þ and Auþ are ca. 1.72, 2.0, 2.8,
1.76, 1.48, 1.23, 1.31, 4.64, 3.08, 10.4, and 16.98 res-
pectively.22 The logKf of Hg(ITC)n is the only one that is
larger than that of Au(ITC)n, indicating that Hg2þ has
the highest affinity toward ITC. As a result, only Hg2þ is
capable of removing RBITC from the AuNP surface. The
detachment of RBITC from AuNP surfaces induces
the recovery of RBITC fluorescence that was initially
quenched by AuNPs (Figure 1). After fluorescence
detection, RBITC can be replenished on the AuNP
surface, and the RBITC-PEG-AuNP platform can be used
for additional rounds of Hg2þ detection. To address
instability of nanomaterials in native samples, we
elegantly achievemonodispersity of RBITC-PEG-AuNPs
in real detection conditions by functionalizing AuNP
surfaces with thiol-terminated PEG. We previously
reported that Hg2þ is unable to remove thiol ligands
from Au surfaces, except in extremely high acidic
solutions (pH 1.0).23 Therefore, after Hg2þ is added to
the detection assay, only RBITC can be displaced from
the AuNP surfaces leaving PEG stably adsorbed on
AuNPs for continued detection.

RESULTS AND DISCUSSION

RBITC was chosen as the model fluorophore in this
study because it is water-soluble, photostable, and
strongly fluorescent. More importantly, AuNPs can be
ideal energy acceptors quenching RBITC fluorescence
via the nanoparticle surface energy transfer (NSET)
effect.11 RBITC molecules can tightly adsorb and an-
chor around AuNP surfaces by means of the strong
affinity between the ITC group andAu.24 In general, the
most commonly used 13 nmAuNPs are prepared using
a citrate reduction method and are stabilized by the
negatively charged citrate. Upon addition of RBITC, the
citrate, weakly adsorbed on Au surfaces, is replaced by
RBITC molecules through Au�ITC bonds. It is worth
noting that the metal�sulfur bond is found to be the

Figure 1. Schematic illustration of the design for detecting Hg2þ ions in a recyclable way.
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strongest bond compared to other general functional
chemical groups such as amines, carboxylic acids,
phosphors, and alcohols. Therefore, the sulfur ex-
change method is the most common way to replace
the original capping molecules and functionalize
ligands onto Au surfaces.25�27

To utilize this assay in the real world, thiol-termi-
nated PEG was subsequently added and adsorbed
onto the remaining active sites of AuNPs via Au�S
bond.26 To confirm the quality of AuNPs after RBITC
and PEG attachment, the AuNPs were characterized
using UV�vis spectroscopy. As shown in Figure 2a, the
as-prepared citrate-AuNPs solutions were red in color
and showed a typical absorption band at 520 nm,
which was attributed to the surface plasmon reso-
nance of AuNPs whose size is about 13 nm.23 The
UV�vis spectra of RBITC-AuNPs and RBITC-PEG-AuNPs
are similar to that of the citrate-AuNPs. The dominant
absorption peak at 520 nm demonstrated proper dis-
persion of the 13-nm AuNPs, while the appearance of a
new peak at roughly 555 nm was attributed to the
RBITC absorbance of the RBITC-AuNP conjugates, which
is similar to the other reported dye-AuNP systems.28�30

We employed zeta potential measurements to further
investigate the surface charge variations of AuNPs
before and after functionalization (Figure 2b). As
reported elsewhere, the charge of citrate-AuNPs is
negative (�39.7 ( 3.8 mV) because of the citric
acid.23,26,31 Once modified with RBITC, the zeta poten-
tial of AuNPs increased to be 0.7 ( 2.2 mV, most likely
due to the copresence of the positively charged qua-
ternary ammonium and the negatively charged car-
boxyl group in RBITC. After PEG adsorption on the

remaining active sites of RBITC-AuNPs, the charge
decreased to a negative value (�13.3 ( 3.2 mV), owing
to the huge amount of ethylene oxide units in PEG
chains.32�34 The surface functionalization was also
supported by dynamic light scattering (DLS) data
(Figure S1, Supporting Information). The average
hydrodynamic diameter of RBITC-AuNPs was 21 nm
(similar to the size of citrate-AuNPs), while that of the
RBITC-PEG-AuNPs increased to 33 nm. In addition, the
morphology of the functionalized AuNPs was deter-
minated by transmission electron microscopy (TEM)
(Figure 2c). By using high-resolution TEM, we can
observe a thin organic layer that surrounds the AuNPs
with an approximately 2�3 nm thickness (Figure 2c3),
while the organic layers on citrate-AuNP and RBITC-
AuNP surfaces were too thin to be observed.
If some citric acid is still adsorbed on RBITC-AuNPs, it

will compete for binding with Hg2þ and decrease the
amount of Hg2þ available to displace RBITC from the
AuNP surfaces. As a consequence, the sensitivity of
this displacement assay will decrease. Therefore, it is
necessary to add excess RBITC into citrate-AuNPs solu-
tions during the preparation of the AuNP-based probe
to replace all of the citric acid on the AuNP. The amount
of RBITC on AuNP surfaces can be quantitatively mea-
sured by comparing the absorbance changes of free
RBITC before and after mixing with citrate-AuNPs and
subsequently adding PEG. RBITC (10 μM) in pure water
exhibits a typical fluorescence emission band at around
580 nm; with the addition of citrate-AuNPs, the inten-
sity of the fluorescence peak decreased significantly by
about 50% (Figure S2, Supporting Information). The
phenomenon demonstrates the presence of the NSET

Figure 2. (a) UV�vis spectra of citrate-AuNPs (a1), RBITC-AuNPs (a2) and RBITC-PEG-AuNPs (a3) and their corresponding
solution colors. (b) Zeta potentials and (c) TEM images of citrate-AuNPs (c1), RBITC-AuNPs (c2), and RBITC-PEG-AuNPs (c3).
High-resolution TEMwas performed to analyze the organic layers surronding AuNPs. The red arrow indicates the PEG layer on
the AuNP surface.
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effect between AuNPs and RBITC. To quantify the
amount of RBITC that attached onto AuNP surfaces,
we measured the changes of UV�vis absorbance for
excess, nonconjugated RBITC before and after mixing
with citrate-AuNPs. With the assistance of a calibration
curve of UV�vis absorbance versus RBITC concentra-
tions (Figure S3, Supporting Information), the amount
of attached RBITC per AuNP was calculated to be 1200.
It is worth noting that the thiol-terminated PEG subse-
quently added may interact with Au, resulting in the
subtraction of RBITC from Au surfaces. So we explored
the appropriate reaction time and concentration of
PEG. Figure S4, Supporting Information, shows the
change of fluorescence intensities of RBITC solutions
(10 μM) that were subsequently added with citrate-
AuNPs (2.5 nM) and various concentrations of PEG
(0�5 μM). The PEG functionality was recorded in
60 min. We observed that the fluorescence intensity
for each solution increased significantly in 10 min and
then displayed a very slow rise from 10 to 60 min. The
absence of PEG was set as the control, whose fluores-
cence intensity had negligible change over time. We
conclude that 10 min is sufficient for the PEG function-
ality of this system.
Next, we investigated the appropriate concentration

of PEG by redissolving the RBITC-PEG-AuNPs pellets
(functionalized by different concentrations of PEG)
in phosphate-buffered saline (PBS). As shown in
Figure S5, Supporting Information, when functionaliz-
ing RBITC-AuNPswith low concentrations (0, 1, 2 μM) of
PEG, newabsorption peaks appeared between 600 and
700 nm in the UV�vis spectra, indicating the formation
of Au aggregates.23,26 When we increased the PEG
concentration to 3 μM, the RBITC-PEG-AuNPs remained
well-dispersed in PBS. Therefore, we chose an opti-
mized concentration of PEG (3 μM) for the modifica-
tion, where AuNPs can be well-dispersed in high-salt
solutions and simultaneously only a small number of
RBITC (120 RBITC per AuNP) can be removed from the
AuNP surfaces by PEG. In the process of preparing the
RBITC-PEG-AuNPs, the absorbance changes of free
RBITC in each step was monitored by UV�vis spectra
(Figure S6, Supporting Information). The results show
that the addition of such low concentrations of PEG (3 μM)
caused just a few RBITC to be released from AuNP
surfaces.
Most nanomaterial-based probes tend to aggregate

in complex samples, thus reducing their efficiency and
accuracy in monitoring targeted analytes. We herein
evaluated the stability of this probe in various com-
plex solutions and those with different pH values. The
as-prepared RBITC-PEG-AuNPs were purified by cen-
trifugation and the pellets were redissolved in various
complex solutions including tapwater, riverwater, PBS,
and 10-fold concentrated PBS. Pure water was set as
the control. We found that the color of the RBITC-PEG-
AuNP solutions remained red even after standing for

several hours, and correspondingly, the UV�vis spec-
tra showed the typical absorption band for mono-
dispersed AuNPs (Figure S7, Supporting Information).
In contrast, the RBITC-AuNPs can only be redis-
persed in pure water. Upon mixing RBITC-AuNPs
pellets with complex samples (including tap water,
river water and PBS), the solution color changed from
red to blue, indicating the formation of AuNP aggre-
gates, which was confirmed by the appearance of a
broad absorption peak at about 600 nm in the
UV�visible spectrum (Figure S8, Supporting Infor-
mation). The results reveal that RBITC-PEG-AuNPs
can be stably monodispersed in various complex
samples, enabling the use of this probe for real-
world detection.
In addition, we evaluated if pH values could influ-

ence the monodispersity of RBITC-PEG-AuNPs. We
utilized the plots of A520/A650 (the ratio of absorbance
at 520 and 650 nm) versus various pH values to
investigate the aggregation states of RBITC-PEG-
AuNPs. Higher A520/A650 values indicate lower de-
grees of aggregation of AuNPs. Figure S9, Supporting
Information, revealed that RBITC-PEG-AuNPs were
well-dispersed in solutions ranging from pH 2.0 to
12.0, while RBITC-AuNPs only remained dispersed in
pH 7.0�11.0 solutions. Based on this characteriza-
tion, we can conclude that this nanosensor has the
ability to detect Hg2þ not only in various complex
samples but also in solutions with a broad range of
pH values.
We noted that the fluorescence intensity of RBITC

(1 μM) decreased significantly after reaction with vary-
ing concentrations of citrate-AuNPs ranging from 0 to
1000 pM (Figure 3). More citrate-AuNPs resulted in
higher-efficiency fluorescence quenching. Based on
resonance energy transfer from the RBITC molecules
to the localized surface plasmon of AuNPs, a linear
Stern�Volmer relationship describing the dynamic
quenching effect between AuNP concentrations and
RBITC fluorescence intensity should be obtained by
eq 1, where F0 and F are emission intensity of RBITC in

Figure 3. Stern�Volmer plots of RBITC quenching by vary-
ing concentrations (0, 30, 60, 120, 250, 500, and 1000 pM) of
AuNPs (13 nm).
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the absence and presence of quencher, respectively;
KSV is the Stern�Volmer quenching constant; [Q] is the
concentration of the AuNP quencher.35

F

F0
¼ 1þ Ksv[Q] (1)

From the results plotted in Figure 3, however, we
observed that the relationship between concentra-
tions of AuNP quencher and F/F0 values was not linear
but rather showed an upward deviation from linearity.
This effect can be characterized by the combined
effects of static quenching, based on the direct
binding and association of dyes and AuNPs, and
dynamic quenching described above. When taking
both quenching effects into account, the quencher
concentration factor is no longer in a linear relation-
ship with the fluorescence intensities but rather a
squared factor, leading to the extended Stern�Volmer
relation:36

F

F0
¼ (1þ kqτ0[Q])(1þ ka[Q]) (2)

¼ 1þ ka[Q]þ kqτ0[Q]þ kqkaτ0[Q]
2 (3)

where kq is the bimolecular quenching rate constant;
τ0 is the excited state lifetime in the absence of
quencher; ka is the association constant of RBITC with

AuNPs. We reason that the upward curvature of F0/F
versus [Q] plots is most likely associated with the
superquenching efficiency of AuNP, which arises from
the efficient energy transfer from the RBITC donor to
the AuNP acceptor. The AuNP acceptor has a large
surface-to-volume ratio and an isotropic distribution of
dipole vectors to accept the energy from RBITC. In the
case of resonant excitation of surface plasmons on
AuNPs, a small dipole in the excited RBITC can lead to a
large dipole in the AuNP acceptor, resulting in the
superquenching efficiencies.
Next, we measured the fluorescence of RBITC-PEG-

AuNPs before and after adding Hg2þ. In the presence
of Hg2þ (10 μM), the attached RBITC molecules were
released from AuNP surfaces, and thus the quenched
fluorescence of the attached RBITC on AuNPs recov-
ered significantly (Figure 4a). The fluorescence en-
hancement was observed in a few seconds after the
addition of Hg2þ (10 μM). The released RBITCwas sepa-
rated by centrifugation and measured using UV�vis
spectroscopy. After separation, we observed the
remarkable emergence of an absorption peak at
around 555 nm, indicating that Hg2þ had the capa-
city of removing RBITC from AuNP surfaces. On the
other hand, without addition of Hg2þ, there was very
weak absorbance at the same absorption band
(Figure 4b).

Figure 4. (a) Fluorescence emission spectra and photograph (inset) of the RBITC-PEG-AuNPs solutions (2.5 nM) before and
after additionof 10μMofHg2þ ions, and (b) their correspondingUV�vis spectra of releasedRBITC after centrifugation. (c) Plot
of F/F0 values versus time upon the addition of 10 μMof Hg2þ ions into RBITC-PEG-AuNPs solution. (F and F0 are fluorescence
intensity at 580 nm in the presence and absence of Hg2þ). The arrow indicates the starting time of Hg2þ addition. (d) FR/F0
values of RBITC-PEG-AuNPs solutions after incubation with Hg2þ and free RBITC alternatively. FR represents the fluorescence
intensity of the remaining RBITC left on the RBITC-PEG-AuNPs (released by 100 mM of DTT) while F0 represents the
fluorescence intensity of RBITC-PEG-AuNPs.
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To better understand the response rate of the
fluorescence recovery upon addition of Hg2þ, we
measured the changes of fluorescence intensities at
different time intervals by testing the F/F0 values (the
ratio of fluorescence intensity at 580 nm in the pre-
sence and absence of Hg2þ). We found that, with the
addition of Hg2þ (the arrow indicates the starting time
of Hg2þ addition), F/F0 values increased significantly
in 1 min and then remained constant with time
(Figure 4c). The results revealed that the displacement
reaction can be completed quickly, providing a rapid
means to determine Hg2þ.
Interestingly, RBITC-PEG-AuNPs can be regenerated

by addition of free RBITC into the AuNPs solutions that
were already used for detecting Hg2þ andwhere RBITC
was partially released by Hg2þ. We reasoned that the
freshly added RBITC can bindwith the remaining active
sites of gold left by the released RBITC. To this study, we
first treated RBITC-PEG-AuNPs with Hg2þ, which we
have shown displaces RBITC from the AuNP conju-
gates. After removing the released RBITC by centrifu-
gation, we incubated the solutions with 100 mM of
Dithiothreitol (DTT), a common agent used for com-
pletely replacing ligands from Au surfaces.37 At this
point, any dye removed by DTT indicates the remain-
ing RBITC left on the RBITC-PEG-AuNPs. We compared
the FR/F0 values of the remaining RBITC after add-
ing Hg2þ and free RBITC alternatively along with DTT
incubation. FR represents the fluorescence intensity
of the remaining RBITC left on the RBITC-PEG-AuNPs
while F0 represents the fluorescence intensity of RBITC-
PEG-AuNPs. With the addition of Hg2þ, the remaining
RBITC exhibited reduced FR/F0 values; while addition of
free RBITC caused an increase of the FR /F0 values
(Figure 4d). In other words, low amounts of RBITC are
left on the AuNP after Hg2þ treatment, but this RBITC
amount can be replaced onto the RBITC-PEG-AuNP
conjugates by simply resupplying the AuNPs with
RBITC molecules. Neither the addition of Hg2þ nor
the subsequent resupplying of RBITC can induce the
aggregation of RBITC-PEG-AuNPs, which was con-
firmed by the TEM images (Figure S10, Supporting
Information). The results indicate that this probe is
robust and recyclable, making it particularly useful in
remote areas.
We then studied the selectivity of this nanosensor

for Hg2þby testing the fluorescence responses to other
environmentally relevant metallic ions, including Agþ,
Al3þ, Ba2þ, Ca2þ, Cd2þ, Co2þ, Cr2þ, Cu2þ, Fe2þ, Fe3þ, Kþ,
Mg2þ, Mn2þ, Naþ, Ni2þ, Pb2þ and Zn2þ (Figure 5), each
with a concentration of 100 μM. Only Hg2þ (10 μM)
induced a noticeable fluorescence recovery of RBITC.
As we expected, none of the competing metallic ions
interfered with the detection even at increased con-
centrations up to mM levels. In the control experi-
ments, all metallic ions did not influence the fluo-
rescence of free RBITC, indicating that the enhanced

fluorescence of the solution is only due to the Hg2þ-
induced departing of RBITC from AuNP surfaces and
thus fluorescence recovery. When the competing
metallic ions were mixed with Hg2þ, the solutions
had similar behavior to that containing pure Hg2þ,
that is, inducing remarkable fluorescence enhance-
ment. This result means that the coexistence of various
competingmetallic ions would not influence the selec-
tivity of this assay. Unlike many fluorescent assays for
Hg2þ, which depend on the addition of masking
agents and/or require pretreatment to improve selec-
tivity, our designed probe, does not require any extra
agents.
Next, we investigated the sensitivity of this assay for

Hg2þ in aqueous solutions. We first prepared the
solutions containing various concentrations of Hg2þ

ranging from 0 to 10 μM. Later, aliquots of the as-
prepared RBITC-PEG-AuNP pellets were added into the
Hg2þ solutions. The eventual concentration of RBITC-
PEG-AuNPs in each solution was determined to be
2.5 nM by UV�vis spectroscopy. We allowed the
resulting solutions to incubate at room temperature
for 1 min and then recorded the fluorescence of RBITC
for each solution. We noted that the levels of fluores-
cence recovery highly depended on the concentration
of Hg2þ, where higher concentrations of Hg2þ led to
stronger fluorescence recovery. As shown in Figure 6,
with the increase of Hg2þ concentration, the fluores-
cence intensities at 580 nm increased gradually. The
changes in fluorescence spectra were quantified by
measuring the plots of F/F0 values versus the con-
centrations of Hg2þ. We found the F/F0 values were
linear with the Hg2þ concentrations within a range
from 10 to 500 nM. The limit of detection (LOD) of this
assay is 2.3 nM at a signal-to-noise ratio of 3. This
value is particularly attractive because it is lower
than the maximum level (10 nM) of Hg2þ in drinking
water guided by the United States Environmental
Protection Agency (EPA)38 as well as that (30 nM)

Figure 5. Selectivity of this assay for Hg2þ ions in aqueous
solutions. Blue bars indicate the fluorescence recovery
of RBITC-PEG-AuNPs solutions (2.5 nM) with addition of
100 μM metal ions of interest: (0) RBITC-PEG-AuNPs solu-
tion, (1) Agþ, (2) Al3þ, (3) Ba2þ, (4) Ca2þ, (5) Cd2þ, (6) Co2þ,
(7) Cr2þ, (8) Cu2þ, (9) Fe2þ, (10) Fe3þ, (11)Hg2þ, (12) Kþ, (13)
Mg2þ, (14) Mn2þ, (15) Naþ, (16) Ni2þ, (17) Pb2þ and (18)
Zn2þ. Red bars represent the eventual fluorescence re-
covery after addition of 10 μM Hg2þ ions to each solution
containing other metal ions.
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permitted by the World Health Organization
(WHO).39

Althoughmany nanosensors show great potential in
bioanalysis with ultrahigh sensitivity, they only work
well under specific conditions such as in pure water
and are thus unavailable in complex samples. Encour-
aged by the excellent stability of RBITC-PEG-AuNPs in
various complex solutions as well as the extraordinary
selectivity and sensitivity of this probe in pure water,
we next evaluated if this probe can be used to monitor
Hg2þ in real environmental samples. First, a water
sample from the Potomac River near Washington,
D.C. was collected and filtered through a 22 μm
membrane to remove any insoluble substrates. The
river water samples were spiked with varying concen-
trations of Hg2þ to evaluate the interference of un-
known substances in the river water on the detection.
The final concentrations of Hg2þ in the river water
samples were set to be 0, 10, 20, 40, 80, 150, and 300
nM (1 mL of each concentration). The Hg2þ-spiked

solutions were mixed with the as-prepared RBITC-PEG-
AuNP pellets, of which the eventual concentration of
AuNPs was 2.5 nM. We observed that the pellets were
easily dispersed, and all the solutions remained red,
demonstrating proper dispersion of RBITC-PEG-AuNPs
in the Hg2þ-spiked solutions. Next, we measured the
fluorescence recovery of each solution. As shown in
Figure S11, Supporting Information, the fluores-
cence intensity increased with the increase of the
added Hg2þ concentration. The LOD at a signal-to-
noise ratio of 3 for the added Hg2þ in the river water
sample is determined to be 3.8 nM, which is close to
that in pure water. The results indicated that the
unknown matrices in river water have a negligible
effect on the stability and detection of this probe.
We suggest that this assay has the capability in
monitoring environmentally relevant concentra-
tions of Hg2þ.
To further investigate the possibility of using this

displacement assay for monitoring Hg2þ levels in

Figure 6. Sensitivity of this assay for Hg2þ ions by fluorescence recovery. (a) Fluorescence emission spectra of the RBITC-PEG-
AuNPs solutions (2.5 nM) after addition of varying Hg2þ ions from 0 to 10�5 M. (b) Plot of the fluorescence intensity at 580 nm
versus various concentrations of Hg2þ ions in the RBITC-PEG-AuNPs solutions.

Figure 7. (a) Intracellular fluorescence at different incubation times. MDA-MB-435 cells were cultured in 8-well plates in the
absence (top) and presence (bottom) of 10 μM Hg2þ, and RBITC-PEG-AuNPs (20 nM) were added in the medium. The
intracellular fluorescence increased over time, which was quantified by the F�F0 values (b). F is the mean fluorescence
intensity of RBITC inside cells, and F0 is the background fluorescence.
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organisms, we used this assay to detect the intracellu-
lar Hg2þ in living cells. MDA-MB-435 cells were first
incubated with 10 μM of Hg2þ for 0.5 h, and then
RBITC-PEG-AuNPs (20 nM) in the medium were added
for another 0.5 h incubation. We observed that the
fluorescence inside the living cells enhanced gradually,
while those without the pretreatment of Hg2þ showed
very weak intracellular fluorescence (Figure 7a).
The enhancement of fluorescence intensity was
quantified by the F�F0 values, where F is the mean
fluorescence intensity of RBITC inside cells, and F0
is the background fluorescence (Figure 7b). The
results revealed that our assay can be used to
monitor intracellular Hg2þ in living cells. Addition-
ally, bright-fieldmeasurements showed that the cells
after treatment with Hg2þ (10 μM) and RBITC-PEG-
AuNPs (20 nM) were still viable during the imaging
(Figure S12, Supporting Information). We performed
MTT experiments to explore the cytotoxicity of
RBITC-PEG-AuNPs. The results showed that the cell
viability was between 95�100% after incubation of
various concentrations of RBITC-PEG-AuNPs ranging
from 0 to 80 nM with cells for 24 h (Figure S13,
Supporting Information). This indicates that the
probe does not affect the cell viability, making this

probe particularly suitable for Hg2þ detection in
biological samples.

CONCLUSION

In conclusion, we present a very robust, recyclable,
inexpensive, ultrasensitive and selective gold nanopar-
ticle-based NSET probe for monitoring Hg2þ levels in
aqueous solutions and living cells. On the basis of our
rational design, this assay was endowed with extra-
ordinary selectivity for Hg2þ over competing analytes.
Unlike many nanomaterial-based probes, the RBITC-
PEG-AuNPs, described in this manuscript, remained
well-dispersed in complex samples such as river water,
tap water, and biological fluids, providing a novel
means to screen Hg2þ levels in various real samples.
Importantly, the sensitivity of this assay (2.3 nM) for
Hg2þ in aqueous media is higher than both the EPA
and the WHO standard limits. Furthermore, this probe
can be recyclable and the detection can be completed in
1min, enabling this assay for Hg2þmonitoring not only in
developed areas but also in remote areas with limited
resources. We believe that this AuNP-based displacement
assay is a promising point-of-care device to be used in
many settings, especially in combination with other for-
mats such as lab-on-chip and microfluidic devices.40�43

EXPERIMENTAL SECTION

Materials and Instrumentation. Chemicals such as Rhodamine B
isothiocyanate (RBITC), Poly(ethylene glycol) (PEG) 2000,
HAuCl4 3 3H2O, trisodium citrate, and metallic salts (AgNO3, Al-
(NO3)3 3 9H2O, Ba(NO3)2, CaCl2, Cd(SO4) 3 8H2O, CoCl2 3 6H2O, Cr-
(NO3)3 3 9H2O, Cu(NO3)2 3 3H2O, Fe(NO3)2 3 6H2O, Fe(NO3)3 3 9H2O,
Hg(ClO4)2 3 3H2O, KNO3, MgSO4, MnSO4 3 2H2O, NaNO3, Ni(NO3)2 3
6H2O, Pb(NO3)2, Zn(NO3)2 3 6H2O) were purchased from major
suppliers such as Sigma-Aldrich and Alfa Aesar and used as
received. Distilled water was used throughout the work. The
UV�vis spectra of gold colloidal solutions and Rhodamine B
isothiocyanate (RBITC) solutions were recorded with a Genesys
10s UV�vis spectrophotometer. The fluorescence spectra were
collected using an F-7000 fluorescence spectrophotometer
(Hitachi, Tokyo, Japan) operating at an excitation wavelength
at 530 nm, excitation and emission slit widths were 5 and 5 nm,
respectively. The fluorescence intensities were collected at
580 nm. We used the emission fluorescence value over the
initial emission fluorescence value (F/F0) to measure the varia-
tions of the fluorescence intensity. Dynamic light scattering
(DLS) and zeta potential (ζ) were performed on a Zeta Sizer
Nano ZS (Malvern Zetasizer 3000HS andHe/Ne laser at 632.8 nm
and scattering angles of 90 at 25 �C). TEM imageswere obtained
by using a JEOL1400model at an accelerating voltage of 100 kV.

Preparation of RBITC-AuNPs. The synthesis of citrate-AuNPs
(13 nm) has been reported elsewhere.15,16,21 In brief, a stirred
aqueous solution of HAuCl4 (41 mg, 1.0 mM) in 100 mL water
was heated to reflux, and a trisodium citrate solution (114 mg,
38.8 mM) dissolved in hot water (10 mL) was added. The
solution was heated under reflux with vigorous stirring for
another 15 min, its color changed from pale yellow to deep
red. The solution was cooled to room temperature with a slow
and continuous stirring. The resulting solution was filtered with
a PES membrane (filter unit is 22 μm) to remove some large
clusters and insoluble compounds. The sizes of the nanoparti-
cles were about 13 nm by TEM analysis, the corresponding
absorption band is at ∼520 nm.

To prepare RBITC-PEG-AuNPs, the pH value of the as-
prepared citrate-AuNPs solution (2.5 nM, 1 mL) was adjusted
by K2CO3 (100 mM) to be 8. A stock solution of RBITC (10 mM, 1
μL) was added into the citrate-AuNPs solution (2.5 nM, 1 mL)
with vigorous shaking to allow adsorption of RBITC to the AuNP
surface. The resulting solution was shaken (600 r/min) in the
dark at room temperature for 1 h for sufficient equilibration.
Later, PEG (1 mM, 3 μL) was added into the solution of RBITC-
AuNPs and agitated for 10min at room temperature. The excess
RBITC and PEG were removed by three runs of centrifugation
(14000 r/min, 15 min) and the AuNP pellets were obtained and
stored at 4 �C for further use. The fluorescence spectra of the
RBITC-PEG-AuNPs solutions were measured with excitation at
530 nm. The decrease of the fluorescence of RBITC-PEG-AuNPs
solutions indicated that RBITCmolecules had adsorbed onto the
surfaces of AuNPs and the fluorescence of RBITC was dramati-
cally quenched by AuNPs.

Experimental Procedures for Detection of Hg2þ in Aqueous Solutions.
A typical detection procedure for Hg2þ was performed as follows.
A stock solution of Hg2þwas serially dilutedwith distilledwater for
various folds. The volume for each Hg2þ solution was 1 mL.
Aliquots of the as-prepared RBITC-PEG-AuNP pellets were mixed
with the different concentrations of Hg2þ solutions. The resulting
mixtureswere kept in thedark for 1min, and then the fluorescence
for each solution was measured at room temperature. All the
measurements were repeated 3 times for each concentration.

To investigate the selectivity of this assay, 0.1 mmol of each
kind of metal ions (Agþ, Al3þ, Ba2þ, Ca2þ, Cd2þ, Co2þ, Cr2þ, Cu2þ,
Fe2þ, Fe3þ, Hg2þ, Kþ, Mg2þ, Mn2þ, Naþ, Ni2þ, Pb2þ and Zn2þ) was
dissolved in distilled water (1 mL) to afford 100 mM aqueous
solution. The stock solutionswerediluted todesired concentrations
with distilled water when needed. Typically, 1 mL of each metallic
salt (100μM)was incubatedwith aliquots of the as-preparedRBITC-
PEG-AuNP pellets, after 1 min incubation, the fluorescence inten-
sities of the resulting solutions were measured and analyzed.

To evaluate the potential of this assay in practical applica-
tions, we collected river water from the Potomac River near
Washington, D.C. and used as real samples. The river water was
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filtered by using a PES membrane (filter unit is 0.22 μm) to
remove the insoluble materials, and then spiked with different
volumes of Hg2þ stock solutions to result in final concentrations
of Hg2þ to be: 0, 10, 20, 40, 80, 150, and 300 nM (1 mL of each
concentration). The spiked river water containing varying con-
centrations of Hg2þ was mixed with the RBITC-PEG-AuNP pellets,
and the fluorescence for each solution was recorded after 1 min
of incubation in the dark.

Cell Culture. Human breast carcinoma malignant cell line
(MDA-MB-435) was cultured in L-15 medium (GIBCO) supple-
mentedwith 10% fetal bovine serum (GIBCO) and 1%penicillin/
streptomycin sulfate (antibiotic, GIBCO), and maintained at
37 �C in a humidified 5% CO2 atmosphere. Before seeding, cells
were washed with PBS, dissociated from culture plates with
trypsin/EDTA (GIBCO), and resuspended in L-15 medium con-
taining 10% FBS. After centrifugation at 800 rpm for 3 min, the
cell pellet was resuspended in L-15 medium containing 10% of
FBS (cell density is about 1 � 104/well).

Cell Imaging Methods. MDA-MB-435 cells were seeded in
8-well plates and cultured overnight. After cell attachment,
the wells were washed with fresh medium three times and then
10 μM of Hg2þ in PBS were added and incubated for 30 min at
room temperature. After another round of washing with med-
ium three times, the Hg2þ-treated cells were incubated with the
RBITC-PEG-AuNPs solutions (20 nM) in fresh medium, then the
fluorescence imaging of intracelluar Hg2þwas observed by RFP
filter under an Olympus IX81 microscope. Time-lapse images
were acquired at 1 min intervals for 0.5 h with 10� objective
lens. The MDA-MB-435 cells without the pretreatment of Hg2þ

were set as a control. For all fluorescence images, the micro-
scope settings such as brightness, contrast, and exposure time
were held constant to compare the relative intensity of intra-
cellular Hg2þ fluorescence.

Cytotoxicity. The cytotoxicity of RBITC-PEG-AuNPs was inves-
tigated using the standard MTT assay protocol. In brief, MDA-
MB-435 cells were incubated with various concentrations of
RBITC-PEG-AuNPs (0, 1.25, 2.5, 5, 10, 20, 40, 80 nM) inmedium for
24 h. The medium was replaced with 200 μL fresh media contain-
ing 20 μL of MTT solution (5 mg/mL), and the incubation procee-
ded for 4 h. Themedia was then removed, and 150 μL of dimethyl
sulfoxide (DMSO) was added into each well to dissolve the
internalized purple formazan crystals. An aliquot of 100 μL of
solution in each well was transferred into a new 96-well plate. The
absorbance at 570 nm was recorded using a microplate reader.
The absorbance fromthe control cellswas set as 100%cell viability.
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