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ABSTRACT: Metal-enhanced fluorescence (MEF) is a powerful tool in the design of sensitive chemical sensors by improving
brightness and photostability of target-responsive fluorophores. Compounding these advantages with the modest hardware
requirements of fluorescence sensing compared to that of centralized elemental analysis instruments, thus expanding the use of MEF
to the detection of low-level inorganic pollutants, is a compelling aspiration. Among the latter, monitoring mercury in the
environment, where some of its species disseminate through the food chain and, in time, to humans, has elicited a broad research
effort toward the development of Hg2+-responsive fluorescent sensors. Herein, a Hg2+-sensitive MEF-enabled probe was conceived
by grafting a Hg2+-responsive fluorescein derivative to concentric Ag@SiO2 NPs, where the metallic core enhances fluorescence
emission of molecular probes embedded in a surrounding silica shell. Time-resolved fluorescence measurements showed that the
fluorophore’s excited-state lifetime decreases from 3.9 ns in a solid, coreless silica sphere to 0.4 ns in the core−shell nanoprobe,
granting the dye a better resistance to photobleaching. The Ag-core system showed a sizable improvement in the limit of detection at
2 nM (0.4 ppb) compared to 50 nM (10 ppb) in silica-only colloids, and its effectiveness for natural water analysis was
demonstrated. Overall, the reported nanoarchitecture hints at the potential of MEF for heavy metal detection by fluorescence
detection.

1. INTRODUCTION

Fluorescence is widely used for the development of chemical
sensors as it entails simple instrumentation and offers high
sensitivity and a versatility granted by the vast choice of
accessible dyes with distinct optical properties, whether these
molecules are commercially purchased or custom-designed for
specific analytes.1,2 However, fluorescent chemosensors are
generally hindered by the intrinsic drawbacks of organic dyes
such as collisional quenching, hydrophobicity, and photo-
degradation under intense irradiation, shortcomings that can
become particularly significant when the amount of targets is
very low.3,4 Incorporation of classical fluorophores into
nanoparticular supports such as silica allows to overcome
some of these faults by providing a denser emitter with higher
brightness and increased photostability.5−7 Silica is also a
transparent, chemically inert, and water-soluble template that
can be easily conjugated to biomolecules and molecular
probes. As a result, a number of silica-based analytical
platforms have been reported.8−10

A downside to dye-doped silica particles is that their
luminosity can be hindered by self-quenching caused by
resonant energy transfer at high fluorophore concentra-
tions.11,12 To mitigate this phenomenon, metal-enhanced
fluorescence (MEF) has been employed to limit nonradiative
decay from energy transfer by modifying the relaxation
pathways of silica-embedded fluorophores.13,14 Noble metal
nanoparticles can support localized surface plasmon reso-
nances (LSPRs) induced by the collective oscillation of
conduction electrons upon excitation with light of appropriate
frequency, granting them unique optical properties modulated
by the particles’ composition, size, shape, and nature of
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surrounding media.15 MEF originates from the close-range
interaction of a dye molecule with a plasmonic nanoparticle.16

More precisely, irradiating a plasmonic nanoparticle at its
LSPR frequency creates a strong electric field at the surface,
and a dye positioned in this field experiences an antenna effect
enhancing both excitation and emission pathways. Benefits to
the dye’s optical properties compared to their free-floating and
silica-embedded forms include improved emission intensity,
better resistance to photobleaching, and reduced self-
quenching through shortened excited-state lifetimes.13 Numer-
ous photophysical studies and analytical applications of MEF
systems have been reported, with morphological features of the
particles being key parameters.17−22 On the one hand, larger
nanoparticles offer better scattering efficiency for inducing
dipole−dipole interactions with the dyes in proximity. On the
other hand, maximum fluorescence enhancement is observed
when the dye is positioned at a set distance from the core
surface, where plasmon-−dye coupling is still felt while
quenching from nonradiative energy transfer is limited.23

Among the many MEF-enabled systems described in the
literature, fluorescein (Fl) is arguably the most frequently used
dye, whether to perform photophysical studies13,24−32 or to
exploit its pH sensitivity for sensing.33−35 In particular, an
extensive structure−property study of Fl-appended silica-
coated concentric silver nanoparticles (Ag@SiO2 NPs)
conducted by Asselin et al.26 showed that 75 nm Ag cores
coated with a 7-nm-thick SiO2 spacer produced a 10 times
enhancement in emission intensity for Fl when immobilized
within a 1-nm-thin SiO2 surface layer. These structures were
also immobilized onto glass surfaces and incorporated into
microfluidic devices to perform real-time pH mapping of live
biochemical systems.33,36 Recently, a review article addressed
the relevance of plasmon-enhanced pH nanoprobes and
asserted that one of the next junctures in applied research is
to expand their use to environmentally relevant analytes,37 for
example, by chemically modifying common dyes such as
fluorescein to instigate sensitivity to other inorganic com-
pounds (e.g., hydrogen sulfide,38 perborate,39 superoxide40,41

and peroxide,42 mercury ions,43 and many more).44

Amidst many environmental contaminants necessitating
monitoring, mercury is one that entices comprehensive
attention due to its significant distribution in the environment
and the high toxicity of its methylated form, methylmercury,
that is naturally generated by microbial organisms.45 The
bioaccumulation and biomagnification of methylmercury that
ensue in the food chain lead to a significant threat to human
health by causing damage to the endocrine, respiratory, and
central nervous systems.46 These hazards can be alleviated, in
part, by setting up policies and thoroughly monitoring the
contaminant. To this end, the World Health Organization
(WHO) recommends a maximum tolerable level of mercury
contamination of 1 ppb (5 nM) in drinking water,47 and
mercury monitoring is accomplished by dependable analytical
techniques such as atomic absorption−emission spectrometry
and inductively coupled mass spectrometry.48

In recent years, the interest in real-time and field-deployable
Hg sensing has motivated the development of a variety of
optical probes offering faster, cheaper, and simpler operation
than sophisticated traditional laboratory-based instrumenta-
tion.49−51 These probes are also well-suited to simple and
compact instrumentation platforms that are essential to point-
of-need use. Therefore, a plethora of emissive molecular dyes
have been synthetically modified to induce an alteration of

their absorptive and/or emissive properties upon interacting
with Hg2+.52−57As a case in point, a Hg2+-sensitive ″turn on″
molecular probe with an Fl backbone was recently reported,
where a nonemissive fluorescein dithionocarbonate incurs a
Hg2+-assisted hydrolysis leading to the release of Fl
emissivity.43

A few examples exist in the literature of MEF being used to
enhance the response of Hg2+-sensitive dye derivatives. Some
systems are based on Hg2+-sensitive rhodamine spirolactam
dyes appended to noble metal nanoparticles dispersed in a
mesoporous silica network,58,59 while others proceed by
spiking bare Ag nanoparticles in a solution containing a
fluorogenic Hg2+ probe.60,61 However, neither of these
approaches capitalize on the strong dependence of MEF on
dye−metal distance and nanoparticle size, as was demonstrated
in a number of studies involving other fluorescent Ag- and Au-
based MEF nanostructures.26,35,62−65

In the work presented herein, a MEF-enabled Hg2+-sensitive
probe combining fluorescein dithionocarbonate (Fl-DTC)
moieties and Ag@SiO2 NPs is demonstrated. The core−shell
design is based on a nanoparticle geometry (i.e., 70 nm Ag core
diameter, 8 nm thick silica shell) previously optimized for
fluorescein.26 Coreless, solid silica nanospheres grafted with Fl-
DTC were used as a model colloidal substrate to characterize
and validate each synthetic step and to provide a comparative
unenhanced structure for photophysical MEF studies using
steady-state and time-resolved fluorescence spectroscopy. The
analytical performance of the as-prepared silica-based and
MEF-enabled nanoparticles toward Hg2+ sensing was eval-
uated, with limits of detection (LODs) of 50 nM (10 ppb) and
2 nM (0.4 ppb), respectively, highlighting the benefits of MEF
in colloidal probe design. Finally, testing the nanosensor on
river and lake water samples demonstrated its potential for use
in the field.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Materials. Mercury(II) nitrate

monohydrate (≥99.99%), sodium borohydride (99.99%),
sodium citrate tribasic dihydrate (≥99.0%), 5-(6)-carboxy-
fluorescein succinimidyl ester (FAM-SE, ≥80%), o-phenyl
chlorothionoformate (PCTF, 99%), dimethylamine (DMA,
40% wt solution in water), triethylamine (≥99.5%), N,N-
diisopropylethylamine (DIPEA, 99.5%), anhydrous N,N-
dimethylformamide (DMF, 99.8%), N-(2-hydroxyethyl)-
piperazine-N′-ethanesulfonic acid (HEPES, 99.5%), (3-amino-
propyl) triethoxysilane (APTES, 99%), and anhydrous
acetonitrile (99.8%) were purchased from Sigma-Aldrich.
Silver nitrate (99.9995%) was obtained from Strem Chemicals.
Tetraethyl orthosilicate (TEOS, 99.9%) was purchased from
Alfa Aesar. Anhydrous ethanol was purchased from GreenField
Global. Ammonium hydroxide solution (28−30% wt NH3)
was purchased from Anachemia. Sodium hydroxide was
purchased from J.T. Baker. Nanopure water (18 MΩ) was
used for all aqueous experiments, and all chemicals were used
without further purification.

2.2. Instrumentation. High-resolution mass spectra
(HRMS) were recorded with an Agilent 6210 time-of-flight
(TOF) LC-MS apparatus equipped with an ESI ion source
(Agilent Technologies, Canada). Fluorescence spectra were
acquired on a Fluorolog 3 spectrofluorimeter (Jobin-Yvon
Horiba). For steady-state fluorescence experiments, 5 nm slits
and λexc = 485 nm were used. For kinetic-based fluorescence
experiments, the following parameters were used: 5 nm slits,
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λexc = 485 nm, λem = 520 nm, and Δt = 2 s. The acquired raw
spectra were corrected for the spectrofluorometer’s spectral
response function in all experiments. Silver-core nanoparticles
were characterized by UV−visible spectrophotometry (Cary
50, Agilent Technologies, Canada) using 10 mm path length
quartz cells. Dry size distributions of all nanoparticle samples
were determined by transmission electron microscopy (TEM;
model JEM-1230, JOEL, Tokyo, Japan) at an accelerating
voltage of 80 kV. Samples were prepared by drop casting the
particle dispersions on carbon-coated copper grids (200 mesh,
Electron Microscopy Sciences, Hatfield, PA) and allowing
them to air dry prior to measurements. Image analysis was
performed for ≥100 particles per sample using the ImageJ
software. Hydrodynamic size distribution and number
concentration of all nanoparticle samples were measured by
nanoparticle tracking analysis (NTA; NanoSight NS300,
Malvern Instruments, Worcestershire, United Kingdom)
equipped with a 0.2 mL microfluidic sample chamber, a 488
nm laser module, and an external syringe pump to ensure a
continuous flow rate of 20 μL/min throughout the measure-
ments. The NTA apparatus was calibrated with commercial
calibration beads from Bangs Laboratories (Fisher, IN).
Replicates were completed by recording four 45 s videos of
the eluting samples, and data treatment was performed with
the NanoSight NTA software (version 2.3). ζ-Potential was
measured by a ζ-potential analyzer (ζ; Zetasizer NanoZS,
Malvern Instruments, Worcestershire, United Kingdom).
Time-resolved fluorescence measurements were performed
by time-correlated single-photon counting (TCSPC, FluoTime
200, PicoQuant GmbH). The fluorescence decay curves were
fitted in Fluofit data analysis (Picoquant GmbH) software by a
two-exponential model with reconvolution of the instrumental
response function.
2.3. Synthesis of Fl-APTES (Scheme 1A). Commercial

FAM-SE was converted to Fl-APTES by reaction with APTES.
Briefly, in a 1.5 mL Eppendorf tube, 9.2 mg (19.4 μmol) of
FAM-SE was dissolved in 196 μL of DMF. Then, 13.2 μL
(94.7 μmol) of Et3N and 3.2 μL (13.7 μmol) of APTES were
sequentially added to the FAM-SE solution. The reaction was
mechanically stirred at 1000 rpm for 24 h and subsequently
diluted to 15 mL of EtOH without further purification. HRMS
(ESI): m/z calcd for C30H33NO9Si + H+: 580.1997 [M + H]+;
found, 580.2038.
2.4. Synthesis of SiO2 NPs. Silica nanoparticles (SiO2

NPs) were synthesized according to the previously published
Stöber condensation method.66 Briefly, an 80 mM TEOS
solution was prepared by adding 450 μL of TEOS to 25 mL of
anhydrous EtOH in a 50 mL polypropylene conical tube.
Then, 1.125 mL of nanopure water and 480 μL of NH4OH
were sequentially added to the TEOS solution and
mechanically stirred at 300 rpm for 18 h. The reaction mixture
was then purified through centrifugation (15 min, 12,000
RCF), washed thrice with ethanol, and redispersed in 25 mL of
EtOH. The final SiO2 NP concentration assessed by NTA was
(7.7 ± 0.2) × 1012 NP/mL.
2.5. Synthesis of SiO2@Fl NPs (Scheme 1B, Step I). Fl-

APTES was grafted to SiO2@NPs using a simple condensation
procedure. More precisely, 6.5 mL of freshly synthesized SiO2
NPs was diluted to 38 mL with ethanol. To this dispersion
were then injected sequentially 14 mL of a 0.91 mM Fl-APTES
solution and 0.26 mL of NH4OH. The mixture was
mechanically stirred at 300 rpm for 24 h, purified through
centrifugation (15 min, 12,000 RCF), and washed with ethanol

until no residual fluorescence was observed in the supernatant.
The sample was redispersed in 10 mL of ethanol,
corresponding to a final concentration of (2.1 ± 0.1) × 1012

NP/mL.
2.6. Synthesis of SiO2@Fl-DTC and SiO2@Fl (Control)

NPs (Scheme 1B, Step II). A 6 mL aliquot of the freshly
synthesized SiO2@Fl NPs was centrifugated and dried under
vacuum at room temperature until complete evaporation of the
solvent. The dried sample was then redispersed in 62 mL of
anhydrous MeCN with vigorous agitation and sonication
sequences. Then, 27 μL of a 57 mM DIPEA solution and 43
μL of a 72 mM PCTF solution were added to the SiO2@Fl NP
dispersion. For the SiO2@Fl NP control sample, only the
DIPEA solution was added, whereas the PCTF solution was
omitted. The sealed reaction vessel was agitated mechanically
at 300 rpm for 18 h. In situ fluorescence monitoring of the
conversion from SiO2@Fl to SiO2@Fl-DTC was performed by
periodically sampling 400 μL of either the reaction or control
dispersion and diluting it in a 10 mm path quartz cuvette
containing 2 mL of MeCN. Upon completion, the samples
were purified by centrifugation (15 min, 12,000 RCF), washed
thrice with MeCN, and redispersed in 10 mL of the latter. The
concentrations of the final dispersions were (2.26 ± 0.04) ×
1011 NP/mL for SiO2@Fl-DTC NPs and (1.54 ± 0.07) × 1011

NP/mL for control SiO2@Fl NPs.
2.7. Synthesis of Ag NPs. Ag NPs (70 nm) were prepared

from an existing protocol by growing Ag seeds, with isolation
of 20 nm and 50 nm particles in between.26 For the seed
formation, 75 mL of nanopure water and 20 mL of a 34 mM
aqueous sodium citrate solution were placed in a 250 mL
round-bottom flask and were heated to 70 °C under vigorous
magnetic stirring (900 rpm). Upon stabilization of the
temperature (∼10 min), 1.7 mL of 59 mM aqueous AgNO3
and 0.2 mL of fresh 264 mM aqueous NaBH4 were quickly
added to the reaction flask. The mixture was stirred for 30 min,
cooled to ambient temperature, and diluted to 100 mL with
nanopure water. The Ag seeds, with a plasmon band centered
at 389 nm and a diameter of 5−10 nm, were stored overnight
in the dark at 4 °C to ensure deactivation of residual
borohydride. To grow the particles to a diameter of ∼20 nm,
75 mL of nanopure water and 15 mL of the Ag seed solution
were placed in a 250 mL round-bottom flask. The mixture was
brought to a boil under reflux and vigorous stirring (900 rpm).
Then, 2.0 mL of 34 mM aqueous sodium citrate was rapidly
added to the mixture, followed 30 s later by the fast addition of
1.7 mL of 59 mM aqueous AgNO3. The reaction was stirred
under reflux for 60 min before being cooled back to ambient
temperature and diluted to 100 mL with nanopure water. At
this point, the silver nanoparticles’ plasmon band remained
centered at ∼390 nm. These particles were grown further to 50
nm by placing 74 mL of nanopure water and 25 mL of the
freshly prepared 20 nm Ag particles in a 250 mL round-bottom
flask heated at 90 °C under vigorous stirring (900 rpm). Then,
0.5 mL of 34 mM aqueous sodium citrate and 0.425 mL of 59
mM aqueous AgNO3 were added sequentially to the vessel at a
15 s interval and stirred for 30 min. The mixture was then
diluted by withdrawing 20 mL of the mixture from the vessel
and adding 19 mL of nanopure water. After a 2 min
stabilization period, additional aliquots of sodium citrate and
AgNO3 were added, as described above. These growth and
dilution steps were repeated a total of 6 times, at which point
the reaction was cooled to ambient temperature and diluted to
100 mL with nanopure water. At this point, the nanoparticles
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have a plasmon band centered at ∼432 nm. To generate the
final 70 nm Ag NPs, the last growth step was performed by
placing 47 mL of isolated 50 nm Ag NPs and 53 mL of
nanopure water in a round-bottom flask heated at 85 °C with
vigorous stirring (900 rpm). Then, 2.0 mL of 34 mM aqueous
sodium citrate and 1.7 mL of 59 mM aqueous AgNO3 were
added, and the reaction was stirred for 2 h before being cooled
down to ambient temperature. This final dispersion of 70 nm
Ag NPs has a plasmon band centered at 454 nm and a
concentration of (1.14 ± 0.03) × 1011 NP/mL.
2.8. Synthesis of Ag@SiO2 NPs. An 8 nm thick silica

coating was deposited on Ag NPs using a previously published
Stöber condensation method.26 Briefly, a 0.13 mM TEOS
solution was prepared by adding 10.2 mL of a 9 mM TEOS
solution to 680 mL of anhydrous EtOH in a 1 L polypropylene
bottle. Then, 85 mL of Ag NPs and 8.5 mL of aqueous DMA
were sequentially added to the TEOS solution and
mechanically stirred at 300 rpm for 18 h. The reaction mixture
was then purified through centrifugation (10 min, 7000 RCF),
washed twice with ethanol, and redispersed in 120 mL of
EtOH. The final Ag@SiO2 NP concentration assessed by NTA
was (4.1 ± 0.1) × 1010 NP/mL.
2.9. Synthesis of Ag@SiO2@Fl NPs (Scheme 1C, Step

I). Fl-APTES was grafted to Ag@SiO2 NPs via a one-pot
condensation procedure. More precisely, 97 mL of freshly
synthesized Ag@SiO2 NPs was diluted to 200 mL with
ethanol. To this dispersion were then injected sequentially 3
mL of a 0.46 mM Fl-APTES solution and 1.4 mL of aqueous
DMA. The mixture was mechanically stirred at 300 rpm for 24
h, purified through centrifugation (10 min, 7000 RCF), and
washed with ethanol until no residual fluorescence was
observed in the supernatant. The sample was redispersed in

45 mL of ethanol, corresponding to a final concentration of
(8.7 ± 0.6) × 1010 NP/mL.

2.10. Synthesis of Ag@SiO2@Fl-DTC and Ag@SiO2@Fl
(control) NPs (Scheme 1C, Step II). The freshly synthesized
Ag@SiO2@Fl NPs (20 mL) were centrifugated and dried
under vacuum at room temperature until complete evaporation
of the solvent. The dried sample was then redispersed in 50
mL of anhydrous MeCN with vigorous agitation and
sonication sequences. Then, 12 μL of a 57 mM DIPEA
solution and 18 μL of a 72 mM PCTF solution were added to
the Ag@SiO2@Fl NP dispersion. For the Ag@SiO2@Fl
control NP sample, only the DIPEA solution was added,
whereas the PCTF solution was omitted. The sealed reaction
vessel was agitated mechanically at 300 rpm for 18 h. In situ
fluorescence monitoring of the conversion from Ag@SiO2@Fl
to Ag@SiO2@Fl-DTC was performed by periodically sampling
50 μL of either the reaction or control dispersion and diluting
it in a 10 mm path quartz cuvette containing 2 mL of MeCN.
Upon completion, the samples were purified by centrifugation
(10 min, 7000 RCF), washed thrice with MeCN, and
redispersed in 35 mL of the latter. The concentrations of the
final dispersions were (2.0 ± 0.1) × 1010 NP/mL for Ag@
SiO2@Fl-DTC NPs and (1.7 ± 0.1) × 1010 NP/mL for control
Ag@SiO2@Fl NPs.

2.11. Estimation of Fl Grafting Density on Colloidal
Substrates. The amount of dye molecules grafted onto each
colloidal substrate was estimated by dissolving the silica matrix
and performing standard fluorimetry on the liberated
fluorophores. Briefly, a 400 μL aliquot of NPs (either SiO2@
Fl or Ag@SiO2@Fl) of known concentration was added to 400
μL of aqueous 0.2 M NaOH. The mixture was stirred at 1000
rpm for 18 h at room temperature, and, when applicable, Ag
cores were removed from the solution by centrifugation. Then,

Scheme 1. Synthetic Route to Hg2+-Sensitive Fl-DTC Colloidal NPs, including the Synthetic Steps Performed in Solution (A)
and as Colloidal Dispersions of Silica Nanoparticles (B) and Silver-Silica Core−Shell Nanoparticles (C)

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c02985
ACS Omega 2022, 7, 22944−22955

22947

https://pubs.acs.org/doi/10.1021/acsomega.2c02985?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02985?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02985?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


three 200 μL samples were each diluted with 2 mL of 0.1 M
aqueous NaOH for fluorimetric analysis in triplicates. The
calibration curve was performed with solutions of Fl-APTES in
identical conditions (i.e., aqueous 0.1 M NaOH and stirred 18
h before use). The dye concentrations obtained for each
sample were then adjusted according to their NP concen-
tration and surface area to enable comparisons.
2.12. Preparation of HEPES and Hg2+ Stock Solutions.

The aqueous 20 mM HEPES buffer solution was prepared
from the commercial salt. The pH was adjusted to 7.0 with an
aqueous NaOH solution and a pH meter. Stock solutions of 2,
4, 6, 8, 10, 20, 30, 40, 50, 75, and 100 μM Hg2+ were prepared
from mercury(II) nitrate monohydrate dissolved in nanopure
water.
2.13. General Considerations for Kinetic Fluores-

cence Experiments. Sample preparation for kinetic fluo-
rescence monitoring proceeded as follows: 20 μL of a Hg2+

stock solution (or a spiked real water sample) was added to 2
mL of HEPES buffer in a quartz cell placed in the
spectrometer’s sample compartment. The cuvette was then
spiked with 40 μL of the colloidal sensor (either SiO2@Fl-
DTC NPs or Ag@SiO2@Fl-DTC NPs), and a kinetic-based
fluorescence acquisition was immediately performed for a total
time of 60 s with a 2 s increment. The data was plotted as
intensity (I) vs time (t), and the derivate was taken to report
the kinetic rate r. All kinetic experiments were performed in
replicates and averaged with the standard deviation as the
uncertainty.

3. RESULTS AND DISCUSSION

3.1. Synthesis of the Silica-Based Colloidal Hg2+

Sensor (SiO2@Fl-DTC NPs). Silica nanoparticles (SiO2
NPs) with a diameter of (70 ± 6) nm were synthesized by a
Stöber condensation procedure to generate the model colloidal
substrate. To append the coveted Hg2+-sensitive Fl-DTC
compound to SiO2 NPs, the former must present a
functionality allowing it to be covalently attached to the silica
network. Fortunately, fluorescein is one of the most common
dyes commercially available with a plethora of functional
groups to enable its utilization for various applications.
Although fluorescein isothiocyanate (FiTC) is the most
common derivative, it was rejected in this study to avoid a
potential competitive interaction of thiophilic mercury ions

with the dye’s sulfurated site. Instead, fluorescein succinimidyl
ester (FAM-SE), which reacts efficiently with primary amines,
was chosen. Thus, FAM-SE was condensed with 3-amino-
propyltriethoxysilane (APTES) and subsequently grafted onto
SiO2 NPs prior to the colloids being converted to their Hg2+-
sensitive state (Scheme 1). Although APTES is often
condensed directly on silica substrates and subsequently
reacted with a target moiety, the latter route was unfavorable
in the present system, as thionocarbonate groups are prone to
nucleophilic attack by primary amines. For instance, mass
spectrometry revealed that dithionocarbonated fluorescein
succinimidyl ester (DTC-FAM-SE) could be synthesized and
isolated but decomposed upon contact with APTES
(Supporting Information, SI, Figure S1). Thus, it was found
preferable to convert the dye to a silane, Fl-APTES, and graft it
to SiO2 NPs before incorporating the thionocarbonate source
in the system (Scheme 1).
The extent of dye incorporation on the fluorescent SiO2 NPs

(SiO2@Fl NPs) was estimated by dissolving the silica matrix in
aqueous sodium hydroxide and quantifying the liberated
fluorophores by standard fluorimetry. From this experiment,
a surface coverage of (30 ± 3) × 101 molecules/NP was
determined. Conversion of SiO2@Fl NPs to their Hg2+-
sensitive analog (SiO2@Fl-DTC NPs) was then performed in a
colloidal state using conditions typical for thionocarbonate
formation from alcohol-containing compounds, i.e., with
diisopropylethylamine (DIPEA) and o-phenyl chlorothiono-
formate (PCTF).43,67,68 Although fluorescein is often illus-
trated in its quinoidal form, it exists as a tautomeric
equilibrium with a spirolactone conformation displaying two
hydroxyl groups. Therefore, reaction with sufficient PCTF
molecules can produce two thionocarbonate moieties.43

Compared to the bare fluorescein molecule, its dithionocarbo-
nated counterpart is nonluminescent in the visible region due
to a forced spirolactone backbone preventing tautomerization
and electron delocalization (Scheme S2). Hence, this drastic
alteration in optical properties from reactants to products
allows to monitor the reaction progress by fluorimetry. Figure
1A shows fluorescence spectra acquired throughout the
reaction from t = 0 to 18 h. A control was performed by
dispersing SiO2@Fl NPs in the same reaction conditions but
omitting PCTF. Results show that the control’s fluorescence
did not fluctuate significantly throughout the total reaction

Figure 1. Fluorescence data of monitored and isolated products of the conversion of SiO2@Fl NPs to SiO2@Fl-DTC NPs. (A) Fluorescence
spectra acquired during the reaction progress (inset: control dispersion of SiO2@Fl NPs without PCTF), (B) fluorescence intensity at λem = 520
nm as a function of time for both reaction and control, and (C) fluorescence spectra of the isolated probe and control after 18 h, with data
normalized by their respective final particle concentration as measured by NTA. Error bars represent error propagation from the NTA
measurements.
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time (∼8% deviation), whereas the signal of the reacting
suspension decreased rapidly to 25% of its original intensity in
less than an hour and reached ∼5% after 18 h (Figure 1B). At
this point, the reaction was quenched by successive
centrifugation and washing steps and redispersed to measure
the fluorescence of the purified sample (Figure 1C).
From these data, the conversion efficiency of SiO2@Fl NPs

to SiO2@Fl-DTC NPs was assessed from their relative
fluorescence

i
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zzzzzz
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I
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SiO @Fl

2

2

= − ×−

(1)

where ISiO2@Fl‑DTC and ISiO2@Fl are the fluorescence intensity at
λem = 520 nm of the purified probe and control samples,
respectively. The calculated conversion of (90 ± 6)% suggests
a residual fluorescence from unconverted dye molecules at the
surface of the isolated SiO2@Fl-DTC NPs.
The physical parameters of the NPs described above are

presented in Table 1. The particles’ dry size (d) and

hydrodynamic size (DH) were assessed by TEM and NTA,
respectively. No significant modification of size was observed
within the measurement error after functionalization. However,
the DH of SiO2@Fl-DTC NPs showed a slight shift to higher
sizes with a broader standard deviation compared to its
precursors. This is most likely due to the preliminary drying
process required to provide the anhydrous conditions needed
by the reaction of SiO2@Fl NPs with PCTF. Indeed, SiO2@Fl
control NPs, when redispersed after drying, produced a
similarly broadened size histogram (Figure S3D in SI),
suggesting mild aggregation of the samples. The ζ-potential
of the series of samples was measured at pH 7.0, with pristine
SiO2 NPs showing a value of (−45 ± 8) mV, typical of silica
particles synthesized by the Stöber method.69 Condensation of
Fl and further transformation to Fl-DTC induced a slight
increase in ζ for each step, yet still in the range of values
considered stable for an efficient repulsion between colloids
(i.e., ≤−30 mV).
3.2. Hg2+-Sensing from a SiO2@Fl-DTC NP Colloidal

Dispersion. The response of coreless SiO2@Fl-DTC NPs to
Hg2+ was first assessed by placing a (4.39 ± 0.07) × 109 NP/
mL dispersion of the probe in contact with 1 μM Hg2+ in a
HEPES buffer solution (20 mM, pH 7.0, 2% MeCN). Figure
2A shows the temporal evolution of the system’s fluorescence
as the contact time between the probe and the analyte
increased. The presence of Hg2+ caused an increase in
fluorescence, rising continuously for over 90 min. This
behavior is also observed for freely diffusing Fl-DTC in
contact with Hg2+ in similar conditions.43 For sensing
purposes, this long reaction time can be mitigated by
measuring the fluorescence response kinetically. By recording
the first derivative of the time-dependent fluorescence instead
of the absolute fluorescence at a given time, the analysis time

can be reduced to <1 min. To this end, the kinetic rate,
denoted r, was extrapolated from the first minute of contact
with Hg2+ and acted as the measured variable for further
fluorescence experiments.
The sensitivity of coreless SiO2@Fl-DTC NPs toward Hg2+

quantification was assessed by a calibration curve ranging from
0 to 1.5 μM Hg2+ in a 20 mM HEPES buffer (pH 7.0, 2%
MeCN) (Figure 2B). Results show a linear curve up to 1 μM,
at which point the kinetic rate r reaches a plateau. On the
lower end of the dynamic range, a detection limit of 50 nM was
calculated (3σblank/slope). The limiting factor to this value is
the autohydrolysis of the thionocarbonate moieties in the
absence of the analyte. Indeed, a blank measurement of SiO2@
Fl-DTC NPs in the HEPES buffer afforded a non-null r value,
suggesting spontaneous hydrolysis. This behavior is inherent to
the Fl-DTC moiety, as its intrinsic Hg2+ sensing mechanism
relies on thionocarbonate hydrolysis accelerated by the binding
of the target ion to its sulfurated site.43 For the purpose of this
work, these results show unequivocally that quantification of
Hg2+ can be achieved by immobilizing a Hg2+-sensitive
fluorescein onto a colloidal substrate. The analytical perform-
ance of this coreless nanoprobe, as it stands, remains
insufficient for quantitative analysis of Hg2+ in drinking water
at or below the threshold recommended by the WHO, which is
one order of magnitude below the LOD reached with this
nonplasmonic nanoprobe.

3.3. Preparation and Fluorescence Enhancement
Properties of Ag@SiO2@Fl NPs. To provide an optimal

Table 1. Physical Parameters of Studied Silica Colloidsa

samples d (nm) DH (nm) ζ (mV)

SiO2 NPs 70 ± 6 (9 ± 2) × 101 −45 ± 8
SiO2@Fl NPs 72 ± 6 (9 ± 2) × 101 −31 ± 6
SiO2@Fl-DTC NPs 71 ± 6 (13 ± 3) × 101 −26 ± 6

aUncertainties correspond to the standard deviation of the mean. All
histograms are available in the SI.

Figure 2. (A) Time-dependent fluorescence spectra of a dispersion of
SiO2@Fl-DTC NPs with 1 μM Hg2+. Inset: time-dependent
fluorescence at λem = 520 nm. (B) Reaction kinetics r of SiO2@Fl-
DTC NPs as a function of the concentration of Hg2+ in the range 0−
1.50 μM. Error bars represent RSD (n = 3). Conditions: (4.39 ±
0.07) × 109 NP/mL dispersion in 20 mM HEPES buffer, pH 7.0, 2%
MeCN.
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core−shell morphology for MEF, silver nanoparticles (Ag
NPs) with a diameter of (7 ± 1) × 101 nm were synthesized by
a seeded growth method and subsequently coated with an (8 ±
1)-nm-thick layer of silica through Stöber condensation to
generate core−shell Ag@SiO2 NPs (Figure 3A). UV−visible

spectrometry was performed to assess changes in the
surrounding conditions and the occurrence of aggregation of
the colloids throughout their preparation. As shown in Figure
3B, the extinction spectrum of Ag cores displayed a band
centered at 459 nm, corresponding to the LSPR of the
dispersion. The band was red-shifted to 476 nm upon coating
with SiO2 due to the associated change in the refractive
index.15 Fl-APTES was then condensed onto the Ag@SiO2
NPs using the same strategy as for the model SiO2 NPs,
generating fluorescent Ag@SiO2@Fl NPs with a surface
coverage of (20 ± 2) × 102 molecules/NP.
To characterize the extent of signal enhancement, steady-

state and time-resolved fluorescence measurements were
performed on the emissive SiO2@Fl NPs and Ag@SiO2@Fl
NPs since their thionocarbonated counterparts were barely
emissive. Using these probe precursors still gave a valid
estimate of the fluorescence behavior upon Hg2+ detection,
considering that Fl emission is recovered after hydrolysis of the
thionocarbonate groups. As displayed in Figure 4, individual
silver-core particles were 14 times more fluorescent than the
silica-based model. However, this observation cannot be solely
attributed to MEF since a comparison of Fl dye surface
coverage values attest that Ag-core colloids contained a higher
dye amount per NP than the solid silica spheres (Table 2).
This can be explained by the larger overall diameter of Ag@
SiO2@Fl NPs compared to SiO2@Fl NPs, implying a larger
surface available for grafting. Even so, when adjusting dye
count for the NPs’ approximated surface area, Ag@SiO2@Fl
NPs still exhibit a greater Fl grafting density than that of
SiO2@Fl NPs (Table 2). The discrepancy may arise from the
different experimental conditions used to generate the silica
matrix, possibly affecting porosity and reactivity toward Fl-

APTES. As obtaining a sufficient mass of Ag@SiO2 NPs for
Brunauer−Emmett−Teller (BET) surface area analysis is
laborious, the hypothesis that the latter’s porosity is greater
than that of the synthesized SiO2 NPs to accommodate more
Fl dye was not pursued further. Ultimately, the above-
mentioned assessments demonstrate that the sole comparison
of the steady-state fluorescence of the two systems is an
inadequate approach to corroborate the manifestation of MEF
in Ag@SiO2@Fl NPs.
Along with overall fluorescence enhancement, MEF is also

known for quickening excited-state radiative decay, as the

Figure 3. (A) TEM micrographs of Ag NP cores (left) and core−shell
Ag@SiO2 NPs (right) and (B) their corresponding normalized
extinction spectra. Scale bars are 200 nm.

Figure 4. (A) Fluorescence spectra of SiO2@Fl NPs and Ag@SiO2@
Fl NPs in 20 mM HEPES buffer and (B) their fluorescence decay
curves compared to aqueous Fl-APTES. Spectra are normalized by
their respective particle concentration measured through NTA and
error bars represent error propagation from these measurements.

Table 2. Surface Coverage of Fl on Colloidal Substrates

Fl dye amount
(molecules/NP)

Fl grafting densitya

(μmol/m2)

SiO2@Fl NPs (31 ± 3) × 101 0.031 ± 0.003
Ag@SiO2@Fl NPs (20 ± 2) × 102 0.13 ± 0.01

aThese values are calculated using the NPs’ surface area extrapolated
from TEM size distributions assuming spherical objects. However, the
Ag-core sample has a more polydisperse morphology than SiO2-only
NPs, possibly limiting the accuracy of this approach.
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presence of the metal core allows additional emissive relaxation
pathways limiting nonradiative contributions. Time-resolved
fluorescence decay curves were acquired for SiO2@Fl NPs,
Ag@SiO2@Fl NPs, and solution-state Fl-APTES (Figure 4B
and Table S2 in SI). Results demonstrate a decrease in the
fluorescence lifetime with the silver-core sample. Whereas
fluorescein moieties grafted to solid silica spheres show a
lifetime of 3.88 ± 0.02 ns, statistically identical to that of free
molecular Fl-APTES (3.9 ± 0.2 ns), Ag@SiO2@Fl probes
display a fluorescence lifetime of 0.42 ± 0.2 ns, consistent with
other Fl-appended silver-core systems reported in the
literature.26,28 Moreover, the magnitude of the decrease caused
by MEF is greater than that previously reported for a Hg2+-
sensitive Ag-doped mesoporous silica network,59 where the
MEF probe produced a decrease in the lifetime of rhodamine
dye from 1.95 to 1.65 ns. The above results suggest that
integrating considerations of plasmonic core size and dye-core
distance in the design of the Hg2+-sensitive probes can lead to
substantial improvements in photostability.
3.4. Preparation of a Colloidal Core−Shell Hg2+

Sensor (Ag@SiO2@Fl-DTC NPs). Ag@SiO2@Fl colloids
were converted to their Hg2+-sensitive form (Ag@SiO2@Fl-
DTC NPs) using the same strategy as for the model SiO2 NPs,
i.e., by reacting the particle dispersion with PCTF (Scheme
1C). Reaction progress monitored through fluorescence
measurements showed a behavior like that of the SiO2@Fl-
DTC NP synthesis, i.e., a significant decrease in fluorescence
intensity over 18 h compared to the control dispersion without
PCTF (Figure 5A). After purification, we calculated a
conversion of (90 ± 9)% from the fluorescence data for the
probe and control samples, a value matching that of the solid
silica sphere model. Hence, the inclusion of a silver core did
not impact the conversion efficiency of the dye to its Hg2+-
sensitive form.
Physical parameters of silver-core NPs were assessed

through TEM, NTA, UV−visible spectrometry, and ζ analysis
(Table 3 and Figures S4−S6). Like the solid silica model, no
significant modification to particle size was observed within
measurement error, and the ζ values remained in a range (−35
to −30 mV) indicative of a stable suspension for negatively
charged surfaces. The plasmon band recorded by UV−visible
spectroscopy between each preparation step also indicated no
significant changes further than that expected by the
preliminary silica coating on the silver cores. A slight
broadening of the plasmon band of Ag@SiO2@Fl-DTC NPs
was observed compared to its precursor (Figure S6), which is
most likely due to slight aggregation caused by the required
particle drying step to induce conversion of the dye to its Hg2+

sensing form.
Following the preparation and characterization of the

prepared Ag@SiO2@Fl-DTC NPs, their reaction to Hg2+

was evaluated qualitatively by placing a (3.9 ± 0.2) × 108

NP/mL colloidal dispersion in contact with 50 nM Hg2+ in a
HEPES buffer solution (20 mM, pH 7.0, 2% MeCN). Figure
6A shows that the system’s fluorescence increased with contact
time in a behavior like that observed for our silica-based model
(Figure 2A). As discussed for Hg2+ sensing with SiO2@Fl-
DTC NPs, conveying the initial fluorescence kinetic rate r
instead of the absolute fluorescence intensity allows to
decrease the Hg2+ response time to <1 min to facilitate
quantification and applicability to tangible situations. In this
regard, the potential of Ag@SiO2@Fl-DTC NPs to quantify
Hg2+ was assessed through a calibration curve plotting r against

Hg2+ in concentrations ranging from 0 to 1 μM in a HEPES
buffer (20 mM, pH 7.0, 2% MeCN). Results show a linear
relationship up to ∼ 0.3 μM. This upper limit may seem
subsided compared to the model SiO2@Fl-DTC NPs, but this
observation is related to a discrepancy in the total amount of
the Fl-DTC probe in both systems. Essentially, when
considering NP concentration and dye coverage, the total
amount of Hg2+-sensitive Fl-DTC available during calibration
is lower for the silver-core system than for the silica-based
model. As for many analytical probes, the dynamic range of
detection is related to the former’s concentration and can be
tuned if required. In the results presented herein, the most
striking difference is the sensitivity (i.e., the slope), which is >6
times higher for Ag@SiO2@Fl-DTC NPs than for SiO2@Fl-
DTC NPs even though the former has a lower probe count in
the presented data. This observation is caused by the
occurrence of MEF in the Ag-core nanoparticles, implying
greater emission with each detection event, thus leading to
higher apparent r values at all Hg2+ concentrations. Overall,
this highly emissive system operates at a lower NP
concentration than the silica model, which compensates
amply for the added complexity and higher cost of the Ag@
SiO2 NP synthesis. Additionally, a LOD of 2 nM Hg2+ was
achieved with Ag@SiO2@Fl-DTC NPs, a significant improve-
ment over the 50 nM LOD obtained for SiO2@Fl-DTC NPs
and a satisfactory upgrade to meet WHO’s drinking water
regulations.

Figure 5. (A) Fluorescence intensity at λem = 520 nm as a function of
time for the conversion of Ag@SiO2@Fl NPs to Ag@SiO2@Fl-DTC
NPs and for a control sample of Ag@SiO2@Fl NPs without PCTF.
(B) Fluorescence spectra of the isolated probe and control in MeCN,
with data normalized by their respective final particle concentration as
measured by NTA. Error bars represent error propagation from the
NTA measurements.
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3.5. Operational Considerations and Application to
Real Water Samples. To assess Ag@SiO2@Fl-DTC NPs for
analyzing water samples in actual field conditions, probe
response was examined at pH values between 3 and 10 (Figure
S7). As expected, the fluorescence decreases from pH 7 to 3
due to fluorescein’s intrinsic pH sensitivity in this range.70

Conversely, increasing the pH from 7 to 10 negatively impacts
the sensor’s response to Hg2+ due to an increase in
spontaneous hydrolysis and the formation of mercury
hydroxide.71 This pH profile fits with that obtained for
molecular Fl-DTC reported elsewhere43 and indicates that it is
preferable to perform measurements in the vicinity of neutral
pH to maximize the performance of the probe.
The selectivity of Ag@SiO2@Fl-DTC NPs to Hg2+ cations

and tolerance to interfering species were also assessed by
testing the probe against 21 other cations (Figure S8). On the
one hand, the results show that the MEF-enabled probe
responds strongly to Hg2+ ions but also slightly to Ag+ ions at
equivalent concentrations. The behavior stems from the

intrinsic thiophilic nature of the ions, and response from
Au3+ ions would therefore also be expected. On the other
hand, the interference study showed that adding a 4-fold excess
of Ag+ during Hg2+ sensing has a negligible effect. Combined
with the scarce presence of noble metals in the environment,
this selectivity feature is not deemed troublesome for real-
world applications.72 No ambiguity or variability loomed from
the presence of metallic silver at the core of the probe either.
As a final demonstration, the probe was tested with real

water samples from Saint-Charles Lake and the Saint-Charles
River (Queb́ec City, Queb́ec, Canada) to evaluate its
applicability to complex matrices while avoiding extended
sample preparation. A table of the major ionic components of
these samples is provided in the SI. As Hg2+ was undetectable
in the collected samples, experiments were performed by
adding either 2 or 20 μM of Hg2+ in the filtered lake and river
water samples and spiking this fortified solution in the Hg2+-
sensitive plasmonic colloid solution (20 mM HEPES buffer,
pH 7.0, 2% MeCN). Table 4 compiles the expected and
measured Hg2+ concentrations, where recovery values
contiguous to 100% suggest that the approach is compatible
with real water conditions.

4. CONCLUSIONS
To summarize, a silver-core silica-shell nanoarchitecture was
developed to expand the advantages offered by colloidal
platforms and MEF for Hg2+ sensing using a fluorescein
derivative. Both a core−shell architecture and a SiO2 solid
sphere model substrate were synthesized, and the emissive dye
was grafted to both colloidal structures and converted into the
nonemissive Hg2+-sensitive dithionocarbonated form with a
conversion yield greater than 90%. The isolated nanoprobes
were subjected to qualitative and quantitative Hg2+ sensing,
where LODs of 50 and 2 nM were calculated for the SiO2 and
Ag@SiO2 systems, respectively. Testing with natural water
samples also showed the suitability of the silver-core probe for
analyzing complex matrices such as those encountered in real
applications. Interestingly, steady-state and time-resolved

Table 3. Physical Parameters of Studied Silver-Core Colloidsa

samples d (nm)b l (nm)c DH (nm) ζ (mV) λmax (nm)

Ag NPs (7 ± 1) × 101 (8 ± 2) × 101 −35 ± 9 455
Ag@SiO2 NPs (7 ± 1) × 101 8 ± 1 (11 ± 4) × 101 −32 ± 6 476
Ag@SiO2@Fl NPs (7 ± 1) × 101 8 ± 1 (11 ± 4) × 101 −31 ± 7 476
Ag@SiO2@Fl-DTC NPs (7 ± 1) × 101 8 ± 1 (12 ± 4) × 101 −30 ± 7 476

aUncertainties correspond to the standard deviation of the mean. All relevant histograms and spectra are available in the SI. bd: diameter of the Ag
core. cl: thickness of the silica shell.

Figure 6. (A) Time-dependent fluorescence spectra of a dispersion of
Ag@SiO2@Fl-DTC NPs with 50 nM Hg2+. Inset: time-dependent
fluorescence at λem = 520 nm. (B) Reaction kinetics r of Ag@SiO2@
Fl-DTC NPs as a function of the concentration of Hg2+ in the range
0−1.00 μM. Error bars represent RSD (n = 3). Conditions: (3.9 ±
0.2) × 108 NP/mL dispersion in 20 mM HEPES buffer, pH 7.0, 2%
MeCN.

Table 4. Analysis Results of Hg2+ in Natural Water Samples
Using Ag@SiO2@Fl-DTC NPsab

water sample Hg2+ added (μM) Hg2+ found (μM) recovery (%)

Aa none <LOD N/A
1.98 ± 0.02 2.62 ± 0.07 132 ± 5
20.1 ± 0.2 20 ± 1 101 ± 7

Bb none <LOD N/A
1.98 ± 0.02 2.0 ± 0.1 102 ± 6
20.1 ± 0.2 19 ± 01 95 ± 6

aFiltered water from Saint-Charles Lake in Queb́ec City, Queb́ec,
Canada. bFiltered water from Saint-Charles River in Queb́ec City,
Queb́ec, Canada.
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fluorescence measurements showed that fluorescence intensity
was increased by a factor of 14 and the excited-state lifetime
was decreased by 9 times, due to plasmon-induced acceleration
of the radiative decay rate of the Hg2+ fluorogenic sensor. This
work was performed with a dye that is intrinsically quite
emissive (Φ = 93%), but combining plasmonic core−shell
nanoarchitectures with other Hg2+-sensitive fluorescent probes
could provide an additional advantage when the molecular dye
involved has a low quantum yield. As a result of the plethora of
dyes and plasmonic structures amenable to the design of MEF-
enabled chemical nanoprobes, a variety of particle−dye
combinations are conceivable.
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