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Abstract
A facile one-pot microemulsion method has been developed for the synthesis of spherical silver
core–silica shell (Ag@SiO2 ) nanoparticles with europium chelates doped in the shell through a
silane agent. The method is significantly more straightforward than other extant methods.
Measurements of the luminescent emissions from the Ag@SiO2 nanoparticles, in comparison
with control silica nanoparticles without silver cores, showed that the presence of the silver
cores can increase the fluorescence intensity approximately 24-fold and decrease the
luminescence lifetime. This enhancement offers a potential increase in overall particle
detectability with increased fluorophore photostability.

substrates, and silver nanostructures, including silver island
films [18], silver colloids [19], silver nanorods [20] or
silver fractals [21] were deposited using wet chemistry [22],
electroplating, light-assisted deposition [23] or lithographical
methods [24].
Only a few studies have reported the
use of colloid-based systems. For example, biotinylated
silver core–silica shell (Ag@SiO2 ) nanoparticles aggregated
with Cy3-labeled streptavidin in suspension as a solutionbased fluorescence sensing platform showed a 3–5-fold
enhancement [25].
Later, various fluorophore-doped
Ag@SiO2 core–shell nanocomposites were developed by
the same group and these nanocomposites could be used
as a useful platform for MEF and single nanoparticle
sensing [26]. The observation of enhancement of fluorescence
by nanocomposites consisting of a gold core, a silicaspacer shell of variable thickness, and a dye-labeled shell
was also reported recently [27]. However, both of these
silver–silica core–shell nanoparticles were prepared with a
laborious procedure which involved at least three steps:
preparation of silver colloids by chemical reduction of silver
ions; growth of silica shells of various thicknesses on the
silver surface; and doping or covalent linking of fluorophores
to the silica shell. In order to grow the silica shell on
the silver colloid surface, some specific surface stabilizers
(such as polyvinylpyrrolidone [27, 28]) or tedious three-step
procedures (including surface activation with a silane coupling

1. Introduction
Metal enhanced fluorescence (MEF) has attracted considerable
interest in the past five years because of the widespread
use of molecular fluorescence-based measurements and
devices in chemistry, molecular biology, materials science,
photonics, and medicine [1–5]. MEF has been used as
a powerful technology to increase the sensitivity of target
molecule detection in biological assays, such as DNA/RNA
detection [6, 7] and immunoassays [8, 9]. The effect of
MEF has been intensively studied [10–12]. MEF is believed
to occur due to a coupling of the fluorophore with the
plasmon resonance of a metal nanoparticle (silver or gold);
the enhancement depends on many factors, such as the metal
particle size and shape, the orientation of the fluorophore,
dipole moments relative to the metal nanoparticles, metal–
fluorophore distance, and the radiative decay rate and quantum
yield of the fluorophore. The interactions of fluorophores
with metal nanoparticles result in fluorescence enhancement,
increased photostability, decreased lifetimes due to increased
rates of system radiative decay and increased transfer distances
for fluorescence resonance energy transfer [13, 14].
Most studies that have demonstrated MEF were carried
out on two-dimensional surfaces, where glass microscope
slides [15, 16] or plastics [17] were used as the primary
1 Author to whom any correspondence should be addressed.
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raised to 65 ◦ C for another 6 h under stirring. Finally, the
prepared GLYMO–IDA silane solution was adjusted to pH 6
with concentrated HCl.

agent, initial silica deposition with sodium silicate in aqueous
solution, and extensive growth of silica shell with using the
Stöber method) [26, 27] were needed. It is desirable to
develop a facile procedure to synthesis colloidal silver–silica
nanocomposites for MEF.
In this study, we developed a facile one-pot reverse
microemulsion process to synthesize Ag@SiO2 core–shell
nanoparticles, in which two kinds of europium (Eu3+ ) chelates
were covalently doped in the silica shell; we then investigated
the fluorescence enhancement of Eu3+ in such systems. The
reverse microemulsion method has been used for coating
inorganic nanoparticles (such as Ag [29], quantum dots [30]
and iron oxide [31]) with silica. Compared with the Stöber
method, it can better control the particle size and size
distribution in a simple way. In comparison with the tedious
methods usually reported in the literature to prepare the
Ag@SiO2 MEF system, our method is fast and easy to
perform because formation of the silver nanoparticles, the
in situ silica coating, and the doping of the silica shells
with the Eu3+ chelates occur in the same microemulsion.
We chose lanthanide chelates to take advantage of their
intrinsic photophysical properties, such as long lifetimes, large
Stokes shift, and sharp emission spectra that make them
particularly advantageous for use as bio-labels compared with
organic fluorophores [32]. The silica shell minimizes metal–
fluorophore quenching effects, provides the matrix for covalent
coupling of chelates, and in addition provides a wide variety of
chemistries for biomolecule attachment. The facile synthesis
procedure and the efficient enhanced fluorescence suggest this
core–shell architecture has great potential for application in a
variety of biological systems.

2.3. Synthesis of PABA–DTPAA–APTS (PDA) silane precursor
PABA (0.19 g) was dissolved in 5 ml of DMSO. Then 0.5 g of
DTPAA was added with vigorous stirring. After the mixture
was stirred at room temperature for 8 h, 0.35 ml of APTS was
added and the mixture was stirred overnight. The structure of
PDA is shown in figure 1(B).
2.4. Synthesis of Eu3+ –GLYMO–IDA-doped Ag@SiO2
core–shell nanoparticles and solid SiO2 nanoparticles
Eu3+ –GLYMO–IDA-doped Ag@SiO2 core–shell nanoparticles were prepared by a one-pot reverse microemulsion
method [29] with some modifications (figure 1(C)). Typically,
the water-in-oil (W/O) reverse microemulsion was formed at
room temperature in a 50 ml three-neck flask consisting of
4 ml of Igepal CO-520, 10 ml cyclohexane, 0.94 ml 0.02 M
silver nitrate solution under vigorous stirring. After 5 min,
50 µl of hydrazine hydrate reductant was added to the above
mixture, followed by the addition of 25 µl ammonia. After
another 10 min equilibration period, an appropriate stock
solution of TEOS containing 50% TEOS and 50% cyclohexane
by weight was injected into the microemulsion to initiate the
polymerization reaction. After stirring for 24 h, 10 µl of TEOS
and 20 µl of GLYMO–IDA silane were added, followed by
adding 20 µl of ammonia. The reaction was continued for
another 24 h under stirring. After the reaction was complete,
the resulting core–shell nanostructures were isolated from the
microemulsion by adding ethanol, followed by centrifuging
and washing with ethanol and water successively for several
times to remove the surfactants and other impurities. Eu3+ doped nanoparticles were prepared by dispersing appropriate
amount of the above nanoparticles in an aqueous solution of
5 ml of 0.01 M of Eu(NO3 )3 with constant stirring overnight.
Then the nanoparticles were centrifuged and washed with
water several times. Solid SiO2 nanoparticles without a Ag
core served as a reference; they were also synthesized by the
same method as above except without AgNO3 in the aqueous
phase during microemulsion formation.

2. Methods
2.1. Materials
The non-ionic surfactant poly(oxyethylene) nonylphenyl ether
(Igepal CO-520), silver nitrate (AgNO3 ), tetraethoxysilane
(TEOS, 99%), cyclohexane, ammonia (28–30 wt%), hydrazine
hydrate (N2 H4 ·x H2 O), ethanol, iminodiacetic acid (IDA),
dianhydride of diethylenetriaminepentaacetic acid (DTPA), p aminobenzoic acid (PABA), 3-aminopropyltriethyloxysilane
(APTS), 3-glycidoxypropyltrimethoxysilane (GLYMO) and
europium nitrate hexahydrate (Eu(NO3 )3 ·6H2 O), 99.95% were
all purchased from Sigma-Aldrich and used as received. Deionized water was used for all experiments.

2.5. Synthesis of Eu3+ –PDA-doped Ag@SiO2 core–shell
nanoparticles and hollow SiO2 nanoparticles
PDA-doped Ag@SiO2 core–shell nanoparticles were also
synthesized in the W/O microemulsion system. In brief, the
microemulsion was prepared by mixing 3.8 g of Igepal CO520, 10 ml of cyclohexane and 0.5 ml of aqueous silver
nitrate solution (0.01 M). After stirring for 30 min, 50 µl of
hydrazine hydrate was added to the above mixture followed
by the addition of 25 µl ammonia. 20 min later, 60 µl
of TEOS was added into the microemulsion to initiate the
polymerization reaction. The mixture was allowed to stir
for 24 h, then 30 µl of TEOS and 20 µl of PADA silane
precursor were added followed by adding 20 µl of ammonia.
The reaction was continued for another 24 h under stirring.

2.2. Synthesis of GLYMO–IDA silane precursor
The GLYMO–IDA silane was synthesized with a previously
reported method [33] (figure 1(A)). IDA (4.25 g) was dissolved
in 50 ml of de-ionized water, and the obtained solution was
adjusted to pH 11.0 with 10 M NaOH. Then the solution was
transferred into a flask bottle placed in the ice-bath at 0 ◦ C,
and 1.4 ml of GLYMO was slowly added under stirring. The
mixed solution was heated to 65 ◦ C for 6 h with stirring, and
subsequently placed into an ice-bath for 5 min to decrease
the temperature to 0 ◦ C again, and 1.6 ml of GLYMO was
added and mixed. Then the temperature of the solution was
2
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Figure 1. Schematic representation of (A) GLYMO–IDA silane; (B) PDA silane; (C) Synthesis of chelate-doped Ag@SiO2 nanoparticles;
(D) Synthesis of hollow SiO2 nanoparticles.

The resulting nanoparticles were separated from the microemulsion by adding ethanol followed by centrifuging and
washing with ethanol and water successively for several
times. Then the nanoparticles were dispersed in 5 ml of
0.01 M of Eu(NO3 )3 ·5H2 O solution and stirred overnight. The
nanoparticles were then centrifuged, washed with H2 O and
left to dry overnight. The silane precursor, PDA, an efficient
chelating ligand for Eu3+ , was synthesized by conjugation of
an organic chromophore, p -aminobenzoic acid (PABA) and a
silane, 3-aminopropyl-triethyloxysilane (APTS) to a chelate,
dianhydride of diethylenetriaminepentaacetic acid (DTPA).
The structure of PDA is shown in figure 1(B). DTPA chelate
serves as a scaffold for binding Eu3+ ions in close proximity

to the organic chromophore (PABA), which captures the
excitation light and sensitizes the lanthanide ion luminescent
by fluorescence energy transfer; the APTS segment allows
the precursor to be covalently linked to the silica matrix via
copolymerization with TEOS, which prevents the leakage from
the silica and ensures long-term stability of the fluorescence.
Hollow SiO2 nanoparticles without a Ag core served as
reference. Half of the above Ag@SiO2 core shell nanoparticles
were dispersed in 1 ml of 0.1 M sodium cyanide solution with
stirring overnight to ensure complete etching of the silver cores
from the particles. The resulting hollow silica nanoparticles
were centrifuged and washed with water and ethanol under
sonication several times to remove unreacted ions. The final
3
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Figure 2. TEM images of (A) GLYMO–IDA-doped Ag@SiO2 nanoparticles, (B) GLYMO–IDA-doped solid SiO2 nanoparticles without
Ag core.
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Figure 3. TEM images of (A) PDA-doped Ag@SiO2 nanoparticles, (B) PDA-doped hollow silica nanoparticles without Ag core.

is notable that compared with other reports of lanthanide
fluorescence enhancement, in which lanthanide chelates were
mostly physically adsorbed in the silica matrix and thus may
result in leakage, the chelates in our study were covalently
immobilized in the silica shell by the silane agent, resulting
in a very stable coupling that ensures long-term stability of
the emission. To prepare GLYMO–IDA-doped Ag@SiO2
nanoparticles, GLYMO–IDA silane precursor which has been
demonstrated to be an efficient chelate for Eu3+ [34] was
prepared by conjugation of an IDA chelate with a GLYMO
silane that had epoxy groups. GLYMO was copolymerized
with TEOS to make the precursor covalent immobilize in the
silica matrix; the IDA group can chelate Eu3+ efficiently. The
resulting core–shell nanoparticles reveal under TEM a dark
Ag core and a light SiO2 shell (figure 2(A)), confirming the
formation of about 50 nm size core–shell nanocomposites
with 20 nm Ag core and 15 nm silica shell. The images
demonstrate the feasibility of using a microemulsion method
for the synthesis of such core–shell structures.
To show the benefits of using a silver core in the
fluorescent core–shell nanoparticles, we prepared control
samples without the silver core. Figure 2(B) shows the TEM
image of reference solid silica nanoparticles with a size of
about 47 nm.
Figure 3 shows the TEM images of the as-prepared
Ag@SiO2 core–shell nanoparticles and hollow silica nanoparticles. Figure 3(A) clearly shows the nanoparticles having a
core–shell structure with a dark contrast silver core (9 nm) and
a light contrast silica shell (11 nm). The average size of the
core–shell nanoparticles is about 30 nm. Figure 3(B) shows the
TEM image of hollow silica nanoshells. It can be seen the Ag

particles were suspended in water. Since the chelate complexes
were covalently doped in the silica shell, the etching of silver
core with cyanide ions did not cause leakage of the chelate
complexes from the shell. This procedure permits the same
amount of chelate to be excited in the presence and in the
absence of the silver. Thus this allows for a more direct and
precise evaluation of the impact of the nanosilver than could
be achieved by using solid silica nanoparticles as a control.
2.6. Characterization
Absorption spectra and fluorescence spectra of samples in
aqueous solution were measured with a Spectramax M2
cuvette/microplate reader (Molecular Devices). Emission
lifetime was measured with a Roper Scientific thermoelectrically cooled, gated, intensified CCD camera mounted to a
SpectraPro 150 spectrometer. The excitation source for the
emission lifetime measurements was a diode pumped Nd:YAG
laser that in turn pumped an optical parametric oscillator
(OPO). The size and morphology of the samples was observed
using transmission electron microscope (TEM, Philips CM12). Samples were prepared by placing a drop of a dilute
ethanol dispersion of the nanoparticles on the surface of a
copper grid.

3. Results and discussion
The Ag@SiO2 core–shell nanoparticles were successfully
prepared using the facile one-pot microemulsion method
beginning with silver nanoparticle formation, followed by in
situ silica coating and fluorophore doping (figure 1(C)). It
4
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Figure 5. Fluorescence emission spectra of
(A) Eu3+ –GLYMO–IDA-doped Ag@SiO2 nanoparticles,
(B) Eu3+ –GLYMO–IDA-doped solid silica nanoparticles without
Ag core.

Figure 4. Absorption spectra of (A) GLYMO–IDA-doped Ag@SiO2
nanoparticles and (B) GLYMO–IDA-doped solid SiO2 nanoparticles
without Ag core.

core has been etched away by cyanide ions, leaving a hollow
core in the center.
Coating of the silver core with a silica shell is advantageous for applications in biological system, because silica
surfaces are highly biocompatible and are easy to functionalize
and conjugate with biomolecules and fluorophores based on
well-established silica surface chemistry. Most importantly,
silica here provides a suitable fluorophore–metal distance or
spacer which is important for the distance dependent MEF
phenomenon. Many researchers have proved that the metal
nanoparticles can exhibit fluorescence enhancement only with
sufficiently large distances between the fluorophore and the
metal surface [35], while fluorescence is quenched by direct
contact of the fluorophore with a Ag surface [27]. For this
reason, we doped the Eu3+ chelates in the silica shell which
acts as a spacer to avoid quenching for most of the europium
ions.
Figure 4 shows the absorption spectra of GLYMO–IDA–
Eu3+ -doped Ag@SiO2 core–shell nanoparticles and solid SiO2
nanoparticles (reference). The surface plasmon resonance
(SPR) peak of the silver can be seen at 415 nm, which
is similar to the value reported in [36], whereas the solid
silica nanoparticles show no plasmon absorption band, further
confirming that the silver cores have been successfully formed
in the core–shell nanostructures. The emission spectra of
solutions of Eu3+ -doped Ag@SiO2 nanoparticles and of Eu3+ doped SiO2 nanoparticles are presented in figure 5. All
spectra were recorded with 260 nm excitation. Both samples
showed identical characteristic emission peaks of Eu3+ at 592,
615, 653 and 694 nm, respectively, of which 615 nm was
the most prominent one, indicating that Eu3+ was strongly
chelated in the silica shell and the spectral properties of
Eu3+ were retained in the presence of the silver core. The
four peaks were due to the transitions from the 5 D0 level to
7
F J ( J = 1, 2, 3, 4) levels, respectively. The Ag@SiO2
nanoparticles showed about a 3-fold fluorescence enhancement
compared to the silver free nanoparticles. The distinct emission
band at 615 nm for Eu3+ can be observed in both samples.

Figure 6. Absorption spectra of (A) Eu3+ –PDA-doped Ag@SiO2
nanoparticles, (B) Eu3+ –PDA-doped hollow SiO2 nanoparticles
without Ag core.

This finding clearly shows that the silver nanoparticles can
produce fluorescence enhancement when the silica serves as
a separation layer between the Eu3+ chelate and the silver
core. Fluorescence lifetime measurements showed a reduction
in lifetime for Ag@SiO2 nanoparticles as compared to Ag free
nanoparticles. The mean lifetime is reduced from 1.15 ms in
Ag free nanoparticles to 0.9 ms in Ag@SiO2 nanoparticles,
an approximate 1.3-fold reduction. These observations are in
accordance with other reports about the silver nanoparticles for
the MEF of lanthanide chelates [26, 37].
Figure 6 shows the absorption spectra of Eu3+ –PDAdoped Ag@SiO2 core–shell nanoparticles and control hollow
silica nanoparticles.
Strong absorption at 285 nm is
observed for both samples, which is due to the absorption of
europium complex, indicating that the covalent incorporation
of europium complex in core–shell nanoparticles is feasible
using a silane precursor. The SPR peak of the silver can
also be seen from the Ag@SiO2 nanoparticles at 415 nm.
5
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reduced lifetime affords increased fluorophore photostability,
as there is less time for excited state photodestructive processes
to occur such as oxidation, interaction with singlet oxygen or
even superoxide [26]. Our results show that it is important to
employ an appropriate chelate in order to achieve the greatest
enhancement of the emission. The exact nature of the role of
the chelate chemistry in determining the extent of enhancement
remains to be resolved.

4. Conclusions
Eu3+ -doped Ag@SiO2 core–shell nanoparticles have been
synthesized using a facile one-pot microemulsion method
for potential applications with metal enhanced fluorescence.
The presence of a Ag core can result in as much as
a 24-fold increase in emission intensity compared with
silica nanoparticles without silver, which may permit greater
detectability and thus better sensitivity for solution-based
sensing. It is feasible that our nanoparticle synthesis strategy
will allow doping of a wide variety of fluorophores into
the silica shell by a one-pot microemulsion system—while
exploiting the benefits of using a metal core for MEF. The form
of the chelate has a major impact on the extent of enhancement
that can be achieved by the use of a silver core.

Figure 7. Fluorescence emission spectra of (A) Eu3+ –PDA-doped
Ag@SiO2 nanoparticles, (B) Eu3+ –PDA-doped hollow SiO2
nanoparticles without Ag core.

The hollow silica nanoparticles, however, do not display a
plasmon absorption band, whereas the absorption band caused
by the europium complex is still present, confirming that
the silver has been successfully etched away by cyanide
with no impact on the doped fluorophore. Figure 7 shows
the emission spectra (excitation at 260 nm) from Eu3+ –
PDA-doped Ag@SiO2 nanoparticles and Eu3+ -doped hollow
silica nanoparticles (control sample) without Ag core. Both
samples showed identical characteristic emission peaks of
Eu3+ at 592, 615, 653 and 694 nm, respectively, of which
615 nm was the most prominent one. This indicated that the
treatment with cyanide ions had no impact on the spectral
properties of the fluorophores. The emission intensity was
approximately 24-fold higher for Ag@SiO2 nanoparticles than
hollow silica nanoparticles. The presence of a Ag core in
the core–shell nanoparticles also resulted in a reduction of
the emission lifetime compared to the hollow silica particles.
The average lifetimes of Ag@SiO2 nanoparticles and hollow
silica nanoparticles were measured to be 1.05 and 1.26 ms,
respectively.
The outcome of MEF results in an increase in the
quantum yield (i.e., emission intensity) and a decrease in the
lifetime of fluorophores. This corresponds to our observations,
which show that the fluorescence intensity is higher, and the
fluorescence lifetime is shorter, for Eu3+ -doped Ag@SiO2
nanoparticles than for coreless silica nanoparticles. The metal–
fluorophore interactions are due to an enhanced local electric
field with an increase in the intrinsic system decay rate. The
first factor provides stronger excitation rates but does not
modify the fluorescence lifetime of the fluorophores. The
second factor increases the system radiative decay rate (thus
the lifetime is reduced), leading to the increase of the net
fluorophore quantum yield [26, 37]. The reduction in lifetime
as well as an increase in fluorescence emission intensity
is particularly interesting for fluorescence-based applications
where a 24-fold increase in intensity coupled with a 1.2-fold
reduction in lifetime, provides for an about 28-fold potential
increase in overall particle detectability [26]. Moreover, a
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