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a b s t r a c t

Ag@SiO2 nanoparticles with different shell thicknesses were synthesized via modified Stöber method.
Rhodamine B isothiocyanate was covalently bound onto the surface of Ag@SiO2 nanoparticles to form flu-
orescent core–shell Ag@SiO2 nanocomposites. Effects of shell thickness on the fluorescence enhancement
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were examined using the corresponding nanobubbles prepared by cyanide etching as a control. The result
showed that the fluorescence enhanced as the shell thickness increased till the distance between fluo-
rophore and metal core reached about 75 nm with the optimal enhancement factor of ∼5-folds. Further
increasing of fluorophore–metal distance caused a decrease in the enhancement factor.

© 2010 Elsevier B.V. All rights reserved.
etal-enhanced fluorescence
hodamine B isothiocyanate

. Introduction

Since Drexhage [1] found that a fluorophore near a metal film
howed a dependence of its emissive lifetime on its distance from
he metal surface, the influence of a metal on the emission of an
scillating dipole has been attracting great attention. It has been
roved that fluorescence can be quenched when the fluorophore

s in close proximity to a metal particle, but enhanced when the
uorophore is separated by a certain distance [2–4]. Such fluo-
escence enhancement phenomenon is defined as metal-enhanced
uorescence (MEF). MEF is based on the interactions of the excited-
tate fluorophores with the plasmon resonance of a metal particle
nd the enhancement scale depends on the particle size and shape
5,6]. MEF can increase the quantum yield and stability, reduce the
ifetime of fluorescence [7] and broaden the transfer distance of flu-
rescence resonance energy transfer [8]. MEF is a useful technology
nd has been widely applied to increase the detection sensitivity of
arget molecule in biological assay [9–14].

The fundamental nature of MEF makes it be desirable to explore
he effect of different metals on the characteristic of the fluo-
ophores for many scientific and technological fields. To date,

everal metals have been used for MEF applications including
ilver [4,6,7,9–11,13], copper [5], gold [2,14], aluminium [15,16]
nd most recently zinc [17], chromium [18] and nickel [19]. In
his regard, silver, gold, copper, zinc and chromium nanoparticles

∗ Corresponding author. Tel.: +86 0591 87893315; fax: +86 0591 83713866.
E-mail address: gnchen@fzu.edu.cn (G. Chen).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.07.051
(NPs) were used for MEF in the visible wavelength region, while
aluminium nanostructure films were shown to enhance the fluo-
rescence in the UV and blue spectral region, respectively. Besides,
nickel nanoparticle films can be used as substrate for near-IR MEF
application. However, most of the MEF application to date have
been performed on 2-dimensional planar surfaces, where glass
microscope slides [4,6,7,9–14] and plastic [20,21] are used as the
primary substrates that feature the nanostructures deposited using
either wet-chemistry [4,6,9–11,13,14,20,21], electrochemistry [22]
or lithography [22].

In 2004, Geddes [23] reported for the first time how SiO2 coated
silver colloid could be used as a solution based enhanced fluo-
rescence sensing platform. Inspired by this promising result for
solution-based MEF assay, they subsequently continued to develop
a new class of fluorescent core–shell Ag@SiO2 nanocomposites
which were comprised of a ∼130 nm silver core, a silica shell and
fluorophores doped within silica shell and have demonstrated their
applicability for metal-enhanced fluorescence [24,25] and single
nanoparticle sensing [25]. Gerritsen [26] utilized both gold and sil-
ver as core metals for fluorescence enhancement study. Cheng and
Xu [27] employed a SiO2 spacer shell to vary the fluorophore–metal
separation distance from 1 to 90 nm to study the fluorescence
enhancement of fluorescein isothiocyanate by Ag NPs. Recently
Boudreau investigated the effect of MEF on fluorescence self-

quenching [28] and Förster resonance energy transfer [29]. These
core–shell MEF-capable NPs provide several advantages. The SiO2
shell can protect the fluorophores against collision quenching with
the metal core, reduce the irreversible photodegradation under the
incident light and offer the robustness, chemical inertness, and
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he versatility needed for the conjugation of biomolecules or fluo-
ophores. Moreover, the mobility of these NPs is desirable for use in
iosensing applications or for cell imaging work, as they are poten-
ially injectable and silver and gold colloids are already widely used
n medicine.

Here, we developed a new class of fluorescent core–shell
g@SiO2 nanocomposites for solution-based MEF research which
omprised a silver core (∼50 nm diameter), a silica-spacer shell
f variable thickness, and a fluorophore-labeled shell. The size
f silver particles 50 nm was chosen owing to its maximum
nhancement efficiency of MEF for fluorophores near the sur-
ace of silver NPs [30]. Rhodamine B isothiocyanate (RITC) was
hosen as the fluorophore because RITC was one of the com-
on fluorescent labeling reagents. Moreover, RITC has outstanding

rightness of fluorescence and less bleachable than fluorescein
sothiocyanate [31,32], though its potential usefulness in core–shell
ased MEF has not hitherto been explored. The preparation of
g@SiO2 nanoparticles, fluorescent core–shell Ag@SiO2 nanocom-
osites and the MEF phenomena were studied in detail. Our
esults showed that fluorescence enhanced as the shell thickness
ncreased till the fluorophore RITC–metal distance reached 75 nm

hen the fluorescence reached the best enhancement effect of
-folds.

. Experimental

.1. Chemicals

Tetraethyl orthosilicate (TEOS) and 3-aminopropyltrie-
hoxysilane (APS) were purchased from ACROS. Silver nitrate
as purchased from General Factory of Chemical Reagent of

hanghai, China. Sodium citrate, ethanol and isopropanol were
urchased from Fuchen chemical reagent factory of Tianjin, China.
mmonium hydroxide was obtained from Sinopharm Chemical
eagent Co., Ltd. Rhodamine B isothiocyanate (RITC) was obtained

rom Shanghai Sangon Biological Engineering Technology & Ser-
ices Co., Ltd. All chemicals used were analytical grade or above.
8.0 M� cm deionized water was used in all experiments.

.2. Preparation of core–shell Ag@SiO2 NPs

Core–shell Ag@SiO NPs were obtained according to the method
2
escribed in literature [33] with slight modification. The reaction
cheme is presented in Fig. 1(A). Briefly, 9 mg AgNO3 was dissolved
n 49 mL H2O and the solution was heated to boiling with vigorous
tirring. 1 mL of 38.8 mmol/L trisodium citrate was added dropwise

ig. 1. Schematic representation of the preparation of core–shell Ag@SiO2 NPs (A),
ITC covalently binding to the silica shell of Ag@SiO2 NPs (B), the preparation of
ontrol samples (C).
2010) 1696–1700 1697

and the mixture was kept boiling for half an hour. The reaction solu-
tion was cooled down to room temperature. The prepared silver
colloids were centrifuged at 66 × g for 30 min to remove the larger
size particles and the final volume was adjusted to 350 mL.

2 mL of the as-prepared Ag colloids were dispersed in 20 mL of
isopropanol after stirring for 5 min. Then TEOS was added to the
dispersion solution followed by the addition of 200 �L of ammo-
nium hydroxide (28–30%) to initiate the formation of SiO2 around
the silver colloids. The reaction was kept at room temperature for
4 h under stirring. Different amount (5, 10, 15, 20, 25, 30, 40, 45,
50 �L) of TEOS was used in the reaction to control the thickness of
the SiO2 shell. The silica coated silver (Ag@SiO2) core–shell NPs sus-
pension was centrifuged at 9562 × g for 10 min and washed with
ethanol twice. The sediment was re-dispersed in 5 mL of ethanol
and stored at 4 ◦C before further use.

2.3. Preparation of Ag@SiO2@RITC@SiO2 nanocomposites

The reaction scheme is presented in Fig. 1(B). 15 �L
(0.064 mmol) of freshly distilled APS was added into 3 mL freshly
distilled ethanol solution containing 10 mg (0.019 mmol) RITC. The
reaction vessel was wrapped with aluminium foil to ensure a dark
reaction environment. This reaction was kept for 24 h in room
temperature under stirring. The result solution was referred to as
APS–RITC.

3 mL core–shell Ag@SiO2 NPs was dispersed in 7 mL newly dis-
tilled ethanol, then 10 �L APS–RITC was added after stirring for
5 min. The reaction was kept for 20 h in the dark and then 3 �L
of TEOS and 200 �L ammonium hydroxide (28–30%) were added to
initiate a second SiO2 layer to against the fluorophores leakage. The
reaction was kept for 3 h at room temperature under stirring. The
suspension was purified by centrifugation at 9562 × g for 10 min
and the result sediment was washed with ethanol several times
to remove the unbound fluorophores. The result product was re-
dispersed in 5 mL ethanol and stored in 4 ◦C before use.

2.4. Preparation of control sample

In order to compare the fluorescence emission in a quan-
titative manner, control samples were prepared from the
Ag@SiO2@RITC@SiO2 nanocomposites. The reaction scheme is
presented in Fig. 1(C). 200 �L 1.0 × 10−6 mol/L KCN sodium
bicarbonate buffer (pH 10.28) solution was added to 200 �L
Ag@SiO2@RITC@SiO2 nanocomposites and stored for 2 h. The silver
core could be etched by cyanide and hollow core–shell nanobubbles
with different shell thickness were obtained.

2.5. Characterization of samples

The study of the composite NPs’ size, morphology, and structure
was performed by field emission transmission electron microscope
(TEM, Model Tecnai G2 F20 S-TWIN 200KV, FEI Inc.). Steady-state
fluorescence measurement was performed on a Varian Cary Eclipse
spectrofluorometer and standard fused silica cuvette (optical path
length of 1.0 cm) with right angle optical arrangement. The voltage
of PMT was set at 800 V, which is the highest voltage to magnify
the signal in the spectrofluorometer. If we take the measurement
with 1 mm optical depth, the Rayleigh-scattering would be min-
ished, at the same time the fluorescence intensities would be
also reduced markedly. The result of the maximum for core–shell

nanocomposites which was found at 10 �L of the added amount of
APS–RITC were the same whether the measurements were taken
with 1 mm optical depth or 1 cm optical depth. Taking the fluores-
cence intensities into account, 1 cm optical depth was used during
the measurements.
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The fluorescence spectra of Ag@SiO2@RITC@SiO2 nanocompos-
tes and the control samples were excited at 540 nm in pH 10.28
odium bicarbonate buffer solution. The slits of excitation and emis-
ion were fixed at 5 and 10 nm, respectively. The absorption spectra
ere measured on a UV–Vis spectrophotometer (model 2450, Shi-
adzu Inc.).

. Results and discussion

.1. Core–shell Ag@SiO2 NPs

Well-dispersed spherical core–shell Ag@SiO2 NPs were
btained using a standard citrate reduction along with an
mproved Stöber process [24,25,29,33]. Citrate-stabilized sliver
Ps can be homogeneously coated with relatively thick silica shell
y means of carefully tailoring the concentration of ammonia and
EOS in the diluted isopropanol solution without using a silane
oupling agent 3-aminopropyltrimethoxysilane [23,27,34,35].
mmonia could be added as a catalyst to speed up the hydrolysis
f TEOS precursor. The formation of silica coating involved base-
atalyzed hydrolysis of TEOS to generate silica sols, followed by
ucleation and condensation of these sols onto the surface of silver
Ps. Fig. 2(A) shows the absorbance and maximum peak of surface
lasmon absorption of Ag@SiO2 NPs during the sol–gel process.
he surface plasmon resonance peak for silver NPs shifted toward
onger wavelength as the thickness of the silica shell increased
24,25,36] on account of the increase in the local refractive index
round the particles [36]. As expected, [34,36] addition of ammonia
ould promote damping of the surface plasmon band of silver NPs
ith time. This is because of aerial oxidation of Ag in the presence

f NH3 and dissolution in water as Ag(NH3)2
+ complex ions, which

o not absorb in the visible wavelength range [34]. The reaction
an be presented as

Ag + 8NH3 + O2 + 2H2O → 4Ag(NH3)2
+ + 4OH− (1)

The oxidation rate of Ag correlates with the concentration of
EOS in the reaction. Fig. 2(B) shows the rate of Ag NPs oxidized
y O2 in the presence of different amounts of TEOS. The Ag NPs

ould be rapidly oxidized in the absence of TEOS, the intensity at
he maximum was decreased to about one-third of the initial value
fter 4 h. When the concentration of TEOS increased, the rate of
amping the surface plasmon band decreased [34]. This suggested
hat the more TEOS, the faster formation of SiO2 shell, which pro-

ig. 2. (A) Time evolution of absorbance and maximum position of surface plasmon abs
bsorbance of surface plasmon absorption of Ag NPs with the adding of difference amoun
0 �L, (d) 30 �L, (e) 40 �L, and (f) 50 �L.
Fig. 3. UV–vis absorption spectra of citrate–Ag (a) and Ag@SiO2 NPs with different
shell thickness adjusted by the amount of TEOS (b) 10 �L, (c) 15 �L, (d) 20 �L, (e)
25 �L, (f) 30 �L, (g) 40 �L, (h) 45 �L, and (i) 50 �L.

tected the Ag core against the O2 oxidation. When TEOS added was
reached 50 �L, the formation of Ag(NH3)2

+ complex ions could be
ignored (see Fig. 2(B) curve f).

The surface plasmon absorption in the visible wavelength region
is very sensitive to both particle size and shape and to the properties
of the surrounding medium [37]. Fig. 3 shows the UV–vis extinction
spectra of citrate-protected silver NPs and Ag@SiO2 NPs with dif-
ferent shell thickness. The surface plasmon bands of Ag@SiO2 NPs
where TEOS is less than 30 �L (Fig. 3(b–f)) were red-shifted with
respect to the uncoated silver NPs (Fig. 3(a)) due to the increase
of the local refractive index around the particles [36]. However,
when the silica shell is sufficiently large, scattering becomes sig-
nificant, resulting in a strong increase in the absorbance at shorter
wavelength [36,37]. This effect promotes a blue shift of the surface
plasmon band and a weakening in the apparent intensity of the
plasmon band (Fig. 3(g–i)).

The surface plasmon resonance peak of silver NPs was 412 nm,

and the diameter was about 50 ± 2 nm determined by TEM
(Fig. 4(A)). The thickness of silica layer on the silver core can be
regulated by the amount of TEOS and can be adjusted to opti-
mize the metal–fluorophore distance for the next fluorescence
enhancement study. Fig. 4(B–D) is typical TEM image of core–shell

orption of Ag NPs during the sol–gel process (TEOS: 10 �L). (B) Time evolution of
t of TEOS at the present of 200 �L of ammonium hydroxide. (a) 0 �L, (b) 10 �L, (c)
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Fig. 4(E) is the TEM image of the control samples, which val-
idates that the silver core is removed away by virtue of the
KCN etching. Fig. 7 shows the fluorescence emission intensity
from Ag@SiO2@RITC@SiO2 nanocomposites with shell thickness of
ig. 4. TEM images of (A) silver particles, core–shell Ag@SiO2 NPs with shell thick
hickness of 75 ± 2 nm.

g@SiO2 NPs with the silica shell thickness of 69 ± 2, 75 ± 2 and
8 ± 2 nm when 10, 30 and 40 �L of TEOS are used, respectively.
he fluorophore–metal distance was defined as the distance from
he edge of the first SiO2 layer to the edge of the Ag NPs.

.2. Core–shell Ag@SiO2@RITC@SiO2 nanocomposites

The preparation of the RITC incorporated core–shell
g@SiO2@RITC@SiO2 nanocomposites was similar to the strategy
s described by Cheng and Xu [27]. We first synthesized an
ITC-conjugated silane coupling agent to covalently bind the dye
olecules onto the Ag@SiO2 NPs, then a second silica shell layer
as formed in order to prevent dyes leakage from the silica shell

nd ensure long-term stability of the NPs’ luminescence. The dye
ITC was covalently attached to the coupling agent APS by an
ddition reaction of the amine group with the isothiocyanate
roup (see Fig. 5).

Effect of RITC concentration on the fluorescence intensity of
g@SiO2@RITC@SiO2 nanocomposites (all samples used here were
ith 75 nm silica shell thickness) was shown in Fig. 6. A slightly red

hift of the fluorescence spectra was observed compared with free
ITC (�max

Em = 568 nm) for the change in the environment of dye
olecules after incorporation into the silica shell [38]. The fluores-

ence emission reached maximum for the nanocomposites with
n amount of APS–RITC 10 �L. Beyond this dye concentration, a

ronounced decrease in fluorescence intensity was observed. The
umber of dye molecules in the silica shell increases upon increas-

ng the dye concentration. This leads to interactions between
eighboring dye molecules, which lowers their excited state energy
nd produces a red shift in the spectra [28,29,38]. In our exper-

ig. 5. Schematic representation of the RITC–APS coated particle surface of Ag@SiO2

Ps.
f (B) 69 ± 2 nm, (C) 75 ± 2 nm, (D) 98 ± 2 nm, and (E) nanobubbles with silica shell

iments these interactions also lead to significant self-quenching,
which can be seen from the strong decrease in fluorescent inten-
sity from S3 to S6. Thus S3 was used for further MEF study because
it has the highest fluorescence intensity.

3.3. Metal-enhanced fluorescence phenomena

To confirm the influence of the metal core on fluorescence
emission, control samples (hollow core–shell nanobubbles) were
prepared from fluorescent core–shell nanocomposites by dissolv-
ing the silver core with cyanide [25]. The metallic silver is attacked
by cyanide in the presence of air, oxidized to Ag(CN)2

− [34] accord-
ing to

4Ag + 8CN− + O2 + 2H2O → 4Ag(CN)2
− + 4OH− (2)
Fig. 6. Fluorescence spectra of Ag@SiO2@RITC@SiO2 by adding different amount of
APS–RITC (from S1 to S6: 2, 4, 10, 20, 30 and 40 �L). Inset: effect of fluorescence
intensity on the amount of APS–RITC added.
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ig. 7. Fluorescence emission spectra of Ag@SiO2@RITC@SiO2 nanocomposites
solid) and control sample (dot).

5 nm and from the corresponding fluorescent nanobubbles. The
mission intensity of Ag@SiO2@RITC@SiO2 nanocomposites was
pproximately 5-folds higher than that of control samples. The flu-
rescence emission spectra of RITC were identical in both cases,
ndicating that the spectral properties of the fluorophores were
etained.

Fig. 8 shows that the fluorescence enhancement of RITC is
ependent on the shell thickness. For Ag–RITC nanocomposites,

n which the isothiocyanate group (S C N–) of RITC is directly
onnected to Ag NPs by mixing Ag NPs with RITC directly, the
uorophore–metal distance is less than 1 nm [27]. The fluorescence
f RITC is found to be quenched by a factor of ∼4. This result is sim-
lar to the previous report [27]. The fluorescence quenching was
ttributed to resonant energy transfer from the fluorophores to
he metal particle [27]. When the fluorophore–metal distance was
eparated by the first SiO2 shell layer, the fluorescence intensity
f RITC was found to be enhanced by MEF with the increasing of
he shell thickness. The fluorescence enhancement factor is defined

s the ratio of the fluorescence intensity of Ag@SiO2@RITC@SiO2
o the fluorescence intensity of the control. The optimal fluores-
ence enhancement with an enhancement factor of 4.98 occurred
t a fluorophore–metal distance of 75 nm. Further increase of
uorophore–metal distance caused a decrease in the enhancement

ig. 8. Distance dependent fluorescent enhancement of the RITC by Ag NPs. (The
hell thickness was adjusted by the amount of TEOS used during the preparation of
g@SiO2 NPs.)
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factor. A fluorescence enhancement factor of 2.0 was still observed
at a fluorophore–metal distance of 98 nm.

4. Conclusions

The RITC-labeled, silver core/silica shell nanocomposites were
prepared to study the MEF phenomena. The use of a silica-
spacer layer allows easy tuning of the dye–metal distance to large
enough for the fluorescence enhancement to occur. For the silver
core of 50 ± 2 nm, the optimal fluorescence enhancement with an
enhancement factor ∼5 was obtained when the fluorophore–metal
distance was about 75 nm.
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