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In recent years, various methods for the synthesis of fluorescent core-shell nanostructures were developed, optimized, and
studied thoroughly in our research group. Metallic cores exhibiting plasmonic properties in the UV and visible regions of the
electromagnetic spectrum were used to increase substantially the brightness and stability of organic fluorophores encapsulated
in silica shells. Furthermore, the efficiency and range of Förster resonant energy transfer (FRET) between donor and acceptor
molecules located in the vicinity of the metallic core was shown to be enhanced. Suchmultilayer nanoparticle architectures offer, in
addition to the aforementioned advantages, excellent chemical and physical stability, solubility in aqueous media, low toxicity, and
high detectability. In view of these enviable characteristics, a plethora of applications have been envisioned in biology, analytical
chemistry, and medical diagnostics. In this paper, advances in the development of multilayer core-shell luminescent nanoparticle
structures and selected applications to bioanalytical chemistry will be described.

1. Introduction

Fluorescence spectroscopy is a dominant research tool in
many fields of science and technology, largely due to its
high sensitivity, low cost, and ease of use, and has become
massively popular in analytical and biological sciences, par-
ticularly in cellular and molecular imaging, flow cytometry,
medical diagnostics, DNA sequencing, forensics, and genetic
analysis [1–6]. To benefit from this high sensitivity, bright and
stable luminescent labels are usually required. However, most
commonly available organic dyes used for optical signaling
suffer from some important limitations such as hydrophobic-
ity, collisional quenching in aqueous media, low fluorescence
quantum yield, and low resistance to photobleaching [7].
Therefore, the continued development of new fluorescence
techniques relies on the investigation of novel strategies to
overcome the limitations of current fluorescent probes.

In this regard, the remarkable optical properties displayed
by metal nanostructures, in particular the coupling between
the free electrons responsible for surface plasmon resonance

and nearby fluorophores, can increase the local electrical field
and enhance the excitation and emission rates and decrease
the lifetimes of excited states [8–11]. This phenomenon,
termed metal-enhanced fluorescence (MEF), is being inves-
tigated intensively and represents a powerful technology to
increase the detection sensitivity of various biological assays
[12–19]. Most of the studies performed to date involved two-
dimensional metallic surfaces, particularly those composed
of silver islands, silver colloids (nanospheres, nanotriangles,
nanorods), and even fractal-like silvered surfaces where
glass or plastic slides were used as the primary substrates
[20–26]. Several methods for the deposition of silver on
substrates have been used, such as wet chemistry [25–27],
electroplating [28], and lithographical methods [28]. These
two-dimensional analytical devices are already shown as
viable homogeneous protein sensors [29].

In comparison, much less attention has been given to
systems where the metal is in the form of isolated nanopar-
ticles (NPs) suspended in solution and coated with the
fluorophore(s) of interest (Figure 1), due to the difficulties
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in achieving the required uniformity in geometry (size of
metal core, metal-fluorophore spacing, fluorophore density,
etc.) [30–39]. Nevertheless, despite their higher complexity,
such systems offer significant benefits. The metal core of
composite NPs confers them a strong plasmon resonance,
and interaction with the surrounding fluorescent molecules
greatly improves excitation and emission rates. Moreover, the
reduction of the fluorophore’s lifetime in the excited state
increases photostability and detectability, and the ensuing
reduction of self-quenchingmakes possible the incorporation
of higher densities of fluorophore molecules around the
metal core [40]. Controlled growth of a dielectric silica
shell around the core ensures easy tunability of the dye-
metal separation and of the resulting fluorescence enhance-
ment [39]. Also, this shell protects the organic dyes against
collisional quenching and can be functionalized to cova-
lently bind target biomolecules or fluorophores or form
electrostatic complexes with charged molecules [19, 41].
Finally, plasmonic enhancement in core-shell nanostructures
improves the efficiency, range, and transfer rate of Förster
resonance energy transfer (FRET) by increasing the strength
of donor-acceptor interactions, which can in turn lead
to the excitation by a single donor of several acceptors
molecules over distances exceeding the natural range of FRET
[39, 41].

Multilayer core-shell NPs present many of the features
required of an ideal fluorescent probe, that is, high optical
detection sensitivity, large excitation cross-section, excellent
chemical and photophysical stability, low toxicity, high sol-
ubility in water, and easy conjugation to target biomolecules.
Moreover, since almost any fluorophores can be incorporated
in the silica shell, the absorption and emission spectra of the
NPs are easily tunable from theUV to the near infrared (NIR)
region, the latter being particularly valuable for studying
biological sampleswhere autofluorescence decreases progres-
sively with increasing wavelength. Finally, the mobility of
these NPs is an asset for probing the contents of extended
sample volumes in biosensing applications or for functional
cell imaging work.

2. Preparation of Core-Shell Nanoparticles

2.1. Synthesis of Metal Cores. The most popular method to
prepare noble metal nanospheres dispersed in water is the
well-known citrate reduction [42, 46], first introduced by
Turkevich et al. [47]. The colloids are obtained by reducing
metal salts (typically AgNO

3
and HAuCl

4
) dissolved in

boiling water with sodium citrate under vigorous stirring.
By varying the concentration ratio between the metal salt
and sodium citrate, the average particle diameter can be
tuned over a wide range (10–100 nm). For gold colloids, this
method leads to the formation of very uniform nanoparticles
(Figure 2(a)), whereas the same procedure used for silver col-
loids results in the formation of larger particles with a higher
polydispersity index (Figure 3(a)). However, the formation of
uniform silver NPs can be obtained by adding the silver salt
to a boiling sodium citrate solution. Buffering the reaction
environment with sodium citrate allows better control of

Metallic core

Silica spacer layer

Dye-doped fluorescent 
silica layer

Figure 1: Schematic representation of the MEF-capable multilayer
core-shell nanoparticle.

the shape and size distribution of the spherical silver NPs.
By controlling the pH during the nucleation stage, one can
prepare spherical silver NPs free of undesirable rod-like
particles (Figure 3(b)) [48]. In similar conditions involving
tannic acid as the reducing agent, lower polydispersity silver
cores up to 118 nm in diameter have been obtained [49].
Borohydride reduction has also been used for the production
of small noble metal NPs in aqueous media [50] and, notably,
of small uniform Au NPs as seeds for the growth of larger
spheres, nanorods, and nanoprisms [51].

Silver, platinum, indium, and bimetallic NPs can also be
obtained with borohydride as the reducing agent [42, 52–54].
For example, borohydride injection in a high-temperature
indium salt and sodium citrate solution in diethylene glycol
yields extremely spherical In0 NPs [42]. Interestingly, group
XIII metals such as aluminum and indium present a localized
surface plasmon centered in the ultraviolet region, out of
the normal range for noble metals particles. Therefore, by
choosing the appropriatemetal one can tune the core’s optical
properties for various applications. Since energy resonance
of fluorescence with the plasmonic oscillation will induce
an enhancement of different phenomena, the choice of fluo-
rophores with a metallic core should overlap the plasmonic
wavelengths with both excitation and emission spectra for
optimal results [55].

2.2. Synthesis of Silica Coatings. The coating of metal colloids
with silica is usually carried out using the so-called Stöber
method [45, 56], which consists in hydrolyzing an alkoxide
(e.g., tetraethoxysilane, TEOS) in a mixed solution of ammo-
nia, alcohol, and water, and which can yield colloids with low
polydispersity andnearly perfect core-shell structure (Figures
2(b) and 3(c)).The final thickness of the silica spacer shell can
be controlled by varying the amount of alkoxide incorporated
into the reaction mixture (Figure 3(c)). Another very useful
method uses silane coupling agents as primers to form a
monolayer of silanol (–OH) groups on the surface of the
metal NPs, followed by the deposition of a thin silica layer
from a sodium silicate solution [57].

To obtain fluorescent NPs, a second, thinner dye-doped
silica shell is grown over the silica spacer shell using
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Figure 2: Transmission electron microphotographs of (a) bare and (b) silica-coated Au nanoparticles.
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Figure 3: Transmission electron microphotographs of (a) high and (b) low polydispersity Ag nanoparticles and (c) silica-coated Ag
nanoparticles with different coating thicknesses (left: 7 ± 2 nm, center: 13 ± 2 nm, right: 23 ± 3 nm). (Reprinted with permission from [39],
Copyright 2009 American Chemical Society).

a dye-conjugated silane coupling agent to covalently bind the
dye molecules inside the silica matrix, thereby preventing
dye leakage and ensuring long-term luminescence stability.
Typically, the reaction consists ofmixing amine-reactive fluo-
rescent dyes (e.g., isothiocyanate, succinimidyl ester, tetraflu-
orophenyl ester, sulfodichlorophenol ester, and sulfonyl chlo-
ride derivatives) with 3-(aminopropyl)triethoxysilane (APS)

to form the reaction product APS-dye. For the most part,
amine-reactive dyes are hydrophobic molecules and should
be dissolved in high-quality, anhydrous ethanol, dimethyl-
formamide (DMF), or dimethylsulfoxide (DMSO) (DMSO
should be avoided with sulfonyl chlorides). The copolymer-
ization of APS-dye with TEOS allows a variety of molecular
dyes to be bound covalently to this outer silica shell.
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Figure 4: Transmission electron micrographs of core-shell structures and hollow silica nanoshells prepared from indium nanoparticles.
(Reprinted with permission from [42], Copyright 2013 The Royal Society of Chemistry).

Spherical core-shell nanocomposites with a narrow size
distribution can also be obtained by chemical reduction of
metal salts within reverse micelles, followed by in situ hydrol-
ysis and condensation of alkoxides in the microemulsion
[58]. A reverse microemulsion (water in oil) is a single-
phase system that consists of water, oil, and a surfactant,
where water nanodroplets, stabilized by surfactant molecules
and dispersed in the oil phase, serve as nanoreactors for
the synthesis of NPs. This method ensures a narrow particle
size distribution and avoids high temperature conditions that
can degrade organic dyes, and the particle size and shape
can be tuned easily by simple changes in the microemulsion
conditions. Furthermore, this simple synthesis procedure
is very fast, because the formation of metal cores, silica
spacer, and dye-labeled outer silica shell occurs in the same
microemulsion; in comparison, other approaches used in the
preparation of this type of core-shell particles are more time-
consuming, requiring either more synthesis and centrifuga-
tion steps or longer reaction times.

2.3. Surface Functionalization. Biofunctionalization through
surface modification of the as-prepared fluorescent core-
shell NPs can be performed in several ways [59]. The
modification of silica shells to provide sites for coupling
affinity ligands can be done through covalent derivatization
of the surface with a functionalized silane linker. Reagents
containing alkoxysilane groups condense with the silanol
groups on silica shell surfaces to form stable siloxane linkages.
Choosing the appropriate silane linker allows tailored surface
modification and subsequent coupling of biomolecules. For
instance, reaction with APS coats the surface of the core-
shell NPs with primary amino groups for conjugation with
aldehyde or carboxylate-linked compounds via reductive
amination or carbodiimide-mediated coupling with EDC (1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide). The amine-
activated surfaces can also be modified more conveniently
to contain carboxylate groups via a simple reaction with
succinic anhydride. Carboxylated core-shell NPs may then
be coupled with common amine-containing ligands, such
as oligonucleotides and proteins, also using the standard
carbodiimide reaction with EDC. Other useful silanation

reagents are (3-mercaptopropyl) trimethoxysilane, which
provides thiol (–SH) groups compatible with maleimide-
linked compounds, and (3-glycidoxypropyl)triethoxysilane,
which contains a reactive epoxy group that can be used
to conjugate thiol-, amine-, or hydroxyl-containing ligands.
The binding capacity of biofunctionalized core-shell NPs can
be determined experimentally by measuring the amount of
dye-labeled target molecules left in the supernatant after the
conjugation step with the NPs.

3. Spectroscopic Characterization

To evaluate the photophysical effects of the plasmonic core,
control samples, that is, hollow silica nanoshells, may be
prepared from fluorescent core-shell NPs by dissolving the
metal cores with either cyanide or chloride ions, taking
advantage of the porous nature of the silica shell matrix
(Figure 4) [33, 57]. It should be noted that the fluorophores
incorporated into the silica shell by covalent bonding are not
displaced by this etching process. For other metallic cores
(indium, platinum, etc.), more rigorous etching conditions
require the use of nitric acid for the dissolution process,
and care must be taken not to disrupt the organic binding
[42]. These hollow nanoshells are believed to provide a
more accurate determination of the fluorescence enhance-
ment factor than solid silica NPs, because the latter and
silica shells are grown by different synthetic routes (i.e.,
homogenous and heterogeneous nucleation processes, resp.)
and the labeling efficiencies are likely to be different for the
two types of nanoparticles. Etching the metal cores results
in a pronounced drop in fluorescence signal simultaneously
with the disappearance of the plasmonic band (Figure 5).The
extinction spectra of eosin-5-isothiocyanate (EiTC-)doped
Ag@SiO

2
nanocomposites and of hollow silica nanoshells

containing different quantities of EiTC are shown in Figure 6.
The extinction spectrum for the core-shell NPs (top curve)
is dominated by plasmonic absorption from the silver cores
(centered at 420 nm), whereas the complete dissolution of
the metal cores to form hollow silica nanoshells is confirmed
by the disappearance of this plasmon band from the spec-
trum (bottom curves). Furthermore, the absorption signal
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Figure 5: Simultaneous decrease of plasmon absorption (black
squares) and fluorescence signal intensities (red circles) upon etch-
ing of the metal core from eosin-5-isothiocyanate (EiTC-)doped
Ag@SiO

2
core-shell nanocomposites.
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Figure 6: Extinction spectra of Ag@SiO
2
@SiO

2
+ EiTCNPs (upper

curve) and corresponding hollow silica nanoshells (lower curves).
Silica spacer shell thickness was 7 ± 2 nm, concentration of EiTC
was 4mM in the core-shell nanoparticles (upper curve) and from
0 to 87mM in hollow silica shells (lower curves). (Reprinted with
permission from [39], Copyright 2009AmericanChemical Society).

intensity of EiTC at 520 nm follows the amount of EiTC-
labeled silane bound to the silica material, indicating that the
controlled incorporation of dye in core-shell NPs is effective
and that covalent binding resists the etching process.

Finally, the amount of fluorophore incorporated in the
various core-shell NPs can be determined by dissolving the
silica shells in aqueous sodium hydroxide, which breaks
down the silica network and releases the dyemolecules which
can be measured by standard fluorimetry. The amount of
nanoparticles can be determined by dissolving the metal
cores in chloride, cyanide, or nitric acid and measuring the
resulting aqueous solution by atomic absorption spectrome-
try.
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Figure 7: Influence of metal core proximity and dye concentration
on the fluorescence intensity of Ag@SiO

2
@SiO

2
+ eosin nanocom-

posites. Three different spacer thicknesses were studied ((A) 7 ±
2 nm; (B) 13 ± 2 nm; (C) 23 ± 3 nm). (Reprinted with permission
from [39], Copyright 2009 American Chemical Society).

4. Dependence of Metal-Enhanced
Fluorescence on Distance

The use of silica spacer shells with uniform and tunable
thickness around the metal cores allows precise optimiza-
tion of fluorescence enhancement. The influence of shell
thickness on the extent of MEF is shown in Figure 8 for
Ag@SiO

2
@SiO
2
+ EiTC samples (core size of ∼45 nm), where

the luminescence intensity is shown to drop rapidly when
the spacer thickness is increased from 7 to 23 nm. The
highest luminescence intensity was observed for theNPswith
the thinnest spacer shell (7 ± 2 nm; Figure 7), which is in
accordance with previous reports [30, 32, 33, 60].

As described in Section 2, one can dissolve the core
from core-shell NPs with chloride (for Ag), cyanide ions
(Au, Ag), or nitric acid (In) to confirm the influence of
the metal cores on fluorescence emission. These reagents
have advantages and disadvantages associated with their use.
Acidification with HNO

3
can influence the aggregation of

silica surfaces [61], whereas dissolution using cyanide is
faster than with chloride (a few hours versus overnight to
24 h) but suffers from well-known fluorescence quenching
effects. Thus, to measure the absolute enhancement factor,
one needs to compensate for the effect of quenching, that is,
quantifying the influence of quenching on the fluorescence
signal of the dye and normalize the fluorescence intensity
accordingly. Alternatively, an additional centrifugation step
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Figure 8: MEF factors for eosin (a) and fluorescein (b) determined from the emission spectra of core-shell NPs and their corresponding
nanoshells. The thickness of the silica spacer is ∼7 nm for both samples. (Reprinted with permission (a) from [38], Copyright 2009 and (b)
from [41], Copyright 2011, American Chemical Society).

may be used to remove cyanide ions before the measurement
of fluorescence; however, the risk of losing hollow silica
nanoshells during centrifugation is high because their small
mass requires very high sedimentation rates, which are dif-
ficult to achieve with conventional centrifuges. Interestingly,
the use of chloride (which is a poorer quenching agent than
cyanide) to etch the metal cores, while being more time-
consuming, allows MEF factors to be determined without
centrifugation.

Comparing the fluorescence spectra from
Ag@SiO

2
@SiO
2

+ EiTC NPs (∼45 nm core diameter)
with those from their corresponding coreless control
samples has shown a 15-fold signal intensity in the presence
of the metal core for a dye-to-metal separation of 7 ± 2 nm
(Figure 8(a)). Lower enhancement factors of 5 and 2 were
measured for spacer thicknesses of 13 ± 2 and 23 ± 3 nm,
respectively. Similarly, a 14-fold fluorescence enhancement
factor was measured for Ag@SiO

2
@SiO
2
+ FiTC NPs with a

similar spacer shell thickness of ∼7 nm (Figure 8(b)).
Depending on the metal used for the plasmonic core, a

metal oxide layer may form on the surface which does not
contribute to the enhancement of fluorescence. In the case
of indium, for example, a more realistic core-shell structure
would be In@InO

𝑥
@SiO
2
with an oxide layer ∼5 nm in

thickness [42, 62]. For such nanostructures, both the MO
𝑥

and SiO
2
layers have to be considered in the calculation of

the core-fluorophore distance.
The lifetime of a fluorophore depends on its radiative

decay rate; therefore, the core-induced increase in
fluorescence noted previously for dye-doped Ag@SiO

2

NPs should be accompanied by a shortening of the excited-
state lifetime. Fluorescence lifetime measurements for
core-shell NPs, their corresponding hollow silica nanoshells,
and the fluorophore free in solution show that the core-shell
NPs systematically have a shorter lifetime. For example,

we measured an average fluorescence lifetime of 0.228 ns
for eosin in core-shell NPs with a 7 ± 2 nm thick spacer,
which represents a distinctive reduction in lifetime over
that of eosin bound to bare silica and free in solution [39].
Similarly, a reduction in excited-state lifetime from 1.72
to 0.03 ns was measured for FiTC in Ag@SiO

2
@SiO
2
+

FiTC NPs of comparable core size and spacer thickness
as compared with corresponding hollow silica nanoshells
[41]. These observations are manifestations of the MEF
phenomenon, in which metal-fluorophore interactions lead
to an increase in the quantum yield of the fluorophore
and a decrease in its lifetime. Because photodegradation
occurs while the fluorophore is in the excited state, a
decrease in fluorescence lifetime should result in increased
photostability. In other words, dye molecules located
closer to the metal surface can undergo more excitation-
relaxation cycles prior to photobleaching, resulting in a
substantial increase in the number of detectable photons
[63].

The proximity of fluorophores to metallic particles
enables the modification of radiative decay rates. It is pos-
sible to determine the radiative rate enhancement from
experimentally measured changes in lifetime. To do so, one
must combine and rearrange the mathematical expressions
defining the quantum yield and lifetime of a fluorophore free
in solution and close tometal particles. For a fluorophore free
in solution, the quantum yield (Φ) and lifetime (𝜏) can be
expressed as [7]

Φ =
Γ

Γ + 𝑘nr
,

𝜏 =
1

Γ + 𝑘nr
,

(1)
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Table 1: Parameter values used for the calculation of the metal-enhanced quantum yield of eosin in Ag@SiO2@SiO2 + EiTC NPs.

Φ
0

𝜏eosin in soln (ns) 𝜏M (ns) 𝑘nr (s
−1) Γ (s−1) 𝛾Γ (or ΓM) (s

−1) ΦM

0.57 2.83 0.228 1.52 × 10
8

2.01 × 10
8

4.23 × 10
9 0.97

Definition of headers: Φ0 is the unmodified quantum yield of eosin in solution, 𝜏M is the metal-enhanced lifetime of eosin in core-shell NPs, 𝑘nr is the
nonradiative decay rate, Γ is the radiative decay of eosin in solution, 𝛾Γ (or ΓM) represents the metal-enhanced radiative decay rate of eosin in core-shell NPs,
andΦM is the metal-enhanced quantum yield of eosin in core-shell NPs.

Silver core

Spacer silica layer

1st fluorescent silica layer (acceptor)

2nd fluorescent silica layer (donor)

Figure 9: Multilayer nanoarchitecture featuring a metal core
surrounded by a silica spacer layer and fluorescent silica layers
containing FRET donor and acceptor molecules. (Reprinted with
permission from [39], Copyright 2009AmericanChemical Society).

where Γ and 𝑘nr are the radiative and nonradiative decay
rates, respectively. When a fluorophore is perturbed by a
metallic particle, the plasmonic coupling causes an increase
in the molecular radiative decay rate by a factor of 𝛾, and
the metal-enhanced quantum yield (Φ

𝑀
) and lifetime (𝜏

𝑀
)

values become [30, 41]

Φ
𝑀
=
𝛾Γ

𝛾Γ + 𝑘nr
,

𝜏
𝑀
=
1

𝛾Γ + 𝑘nr
,

(2)

where 𝛾Γ represents the effective radiative decay rate. The
radiative rate (Γ

𝑀
= 𝛾Γ) and quantum yield (Φ

𝑀
) of core-

shell NPs can be determined by using the equations above
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Figure 10: Fluorescence spectra recorded for donor + acceptor
multishell and acceptor-only core-shell nanocomposites; [FiTC] =
7.2mM and [EiTC] = 8.5mM. (Reprinted with permission from
[39], Copyright 2009 American Chemical Society).

and measuring the change in fluorescence lifetime caused
by plasmonic coupling, based on the assumption that the
nonradiative decay rate 𝑘nr is unaffected by the presence of
the metal core (as stated above, the total nonradiative decay
rate of a fluorophore near a metal surface is known to be
negligible for distances over 4 nm, versus the silica spacer
thickness ≥7 nm used in these studies). A value of 97% was
thus calculated for the metal-enhanced quantum yieldΦ

𝑀
of

eosin in Ag@SiO
2
@SiO
2
+ EiTC, as compared to 57% for the

eosin molecules free in aqueous solution (Table 1).
The quantum efficiency of most organic dyes is strongly

impacted by self-quenching when their relative concen-
trations exceed ∼10−3M which results from the higher
probability of close-range interactions between aggregated
dye molecules and longer range intermolecular energy
transfer processes (e.g., homotransfer between separated
dye molecules and transfer between excited monomers
and neighboring quenched aggregates) [64]. While self-
quenching directly affects themaximumfluorophore concen-
tration usable in dye-doped silicamaterials, it was reported by
us [40] and others [43] that its severity among other labeled
silica matrices can be reduced by the proximity of metallic
particles; a phenomenon attributed to a strong decrease
in nonradiative decay rates, that is, a reduction in energy
transfer between dye molecules.
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Figure 11: Fluorescence spectra recorded for donor + acceptor multishell nanoparticles (a) and corresponding hollow silica nanoshells (b) in
which the concentration of FiTC (donor) was increased from 1.7 to 5.4mM, while the concentration of EiTC (acceptor) was kept constant at
12mM. (Reprinted with permission from [39], Copyright 2009 American Chemical Society).

5. Metal-Enhanced Förster Resonant
Energy Transfer

In addition to the enhancement of fluorescence, metal NPs
are also capable of influencing FRET between twomolecules.
Recent theoretical and experimental studies have shown that
positioning donor-acceptor pairs close to metal NPs results
in an enhancement of transfer rate, along with an increase in
the efficiency and range of FRET [36, 39, 65, 66]. We used the
layer-by-layer procedure described in Section 2 to deposit a
thin (∼3 nm) silica layer containing a donor or acceptor dye
over Ag@SiO

2
@SiO
2
+ dye labeled with a complementary

dye (Figure 9). Keeping both fluorescent shells at a minimal
thickness and in direct contact maximizes the number of
donors and acceptors within the Förster range achievable
with these core-shell nanostructures. Given the strong depen-
dence of MEF and distance to the metal core (Figure 7), the
efficiency ofMEF for a given dye can drop significantly across
a distance as small as the thickness of the dye-labeled layer
(i.e., ∼3 nm). Therefore, FRET enhancement will be greater
by placing the dye with the lowest quantum yield (either the
donor or the acceptor) closest to the metal core. For example,
while studying the FRET pair eosin/fluorescein, we chose to
position the eosin dye, which has a lower quantum yield than
fluorescein, closer to the metal core.

We recorded fluorescence spectra for Ag@SiO
2
@SiO
2
+

eosin@SiO
2
+ fluorescein (eosin being the acceptor and

fluorescein the donor) and acceptor-only Ag@SiO
2
@SiO
2
+

eosin (i.e., before coating with the donor) nanocomposites,
and the results show that the addition of the donor-labeled
layer provides a ×3 increase in the emission intensity of

the acceptor at 545 nm, despite the fact that the acceptor
concentration is the same in both types of nanocomposites
(Figure 10). Only a slight contribution of donor emission at
520 nm is perceivable in the spectrumof the donor + acceptor
multishell sample. The high acceptor/donor emission ratio
observed with these nanocomposites indicates the presence
of efficient resonant energy transfer from the donor to the
acceptor.

The influence of plasmonic coupling to the metal core on
the extent of FRET in such nanocomposites can be studied
by comparing the fluorescence spectra recorded before and
after dissolution of the metal core, for a fixed concentration
of acceptor and various donor concentrations (Figure 11).
It was found that, in the presence of the silver core, the
emission intensity of the eosin acceptor at 545 nm increases
as the FiTC donor concentration in the nanoparticles is
increased, and that donor emission at 520 nm is barely
perceptible (Figure 11(a)). On the other hand, increasing
the amount of donor molecules on the surface of coreless
nanoparticles results mainly in the increase of donor emis-
sion intensity (Figure 11(b)), a clear indication that FRET
efficiency between fluorescein and eosin is relatively poor
in coreless multishell NPs, despite the relative proximity
of the fluorescein and eosin layers. Fluorescence spectra
were also acquired and compiled for core-shell NPs and
their corresponding nanoshells as fluorescein concentration
was kept constant and eosin concentration was increased
progressively (Figure 12). The fluorescence intensity of eosin
at 545 nm is shown to increase with concentration for both
core-shell and coreless nanoparticles, but the fluorescence
signal is considerably stronger in presence of the silver core.
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Figure 12: Fluorescence spectra recorded for donor + acceptor multishell nanoparticles (a) and corresponding hollow silica nanoshells (b)
in which the concentration of EiTC (acceptor) was increased from 0 to 18mM, while the concentration of FiTC (donor) was kept constant at
10mM.

Table 2: Fluorescence lifetime data for CCP in solution and as CCP/SiO2, CCP/Ag@SiO2, and CCP/Ag@SiO2@SiO2 + FiTC nanoparticles
(reprinted with permission from [40], Copyright 2011 American Chemical Society).

𝜏1
(ns)

𝐴 1
(%)

𝜏2
(ns)

𝐴2
(%)

𝜏av
(ns) 𝜒

2

Free in solutiona 0.188 100 0.188 1.008
CCP/SiO2

b 0.119 100 0.119 1.003
CCP/Ag@SiO2

b 0.028 100 0.028 1.009
CCP/Ag@SiO2@SiO2 + FiTCb 0.014 99.98 0.81 0.02 0.014 1.020
a
𝜆ex = 405 nm; 𝜆em = 530 nm; b𝜆ex = 405 nm; 𝜆em = 490 nm.
Definition of headers: 𝜏1, 𝐴1, 𝜏2, 𝐴2 are the lifetime and amplitude values for the first and second fitting components, respectively; 𝜏av is the averaged lifetime
value and 𝜒2 is the “goodness of fit” parameter.

These experiments (Figures 11 and 12) show unequivocally
an enhancement of FRET efficiency for donor and acceptor
fluorophores located near silver particles.

Plasmon-enhanced FRET was also studied using a core-
shell system in which a fluorescent cationic conjugated
polymer (CCP) was electrostatically adsorbed on fluorescent
core-shell NPs to form CCP/Ag@SiO

2
@SiO
2
+ fluorescein

nanocomposites (Figure 13) [41]. The electrostatic complex-
ation of the CCP onto core-shell NPs was ensured by the
positive charge of the CCP and the negative charge of the
silica surface. Fluorescein was chosen as the energy acceptor
because of its excellent spectral overlap with the emission
band of the CCP donor. Figure 14 shows the fluorescence
spectra recorded for the donor-acceptor nanocomposites
and their corresponding donor-only and acceptor-only core-
shell NPs. Upon excitation at 400 nm, the donor-acceptor
nanocomposites displayed a reduction in donor emission

intensity and a 5-fold increase in acceptor emission intensity.
These results suggest the presence of efficient energy transfer
from the surface-bound CCP to the encapsulated fluorescein.

In order to confirm the influence of MEF on FRET in
this system, fluorescence decay curves of fluorescein were
recorded for core-shell NPs and their corresponding silica
particles for a fixed concentration of CCP (donor) molecules
and fluorescein (acceptor) concentrations (Table 2). The
results show that the increase in resonant energy transfer
described above is accompanied, as predicted by theory, by
a decrease in the excited state lifetime of the donor; that is,
the CCP lifetime decreases from 28 to 14 ps as fluorescein
concentration is increased, in the presence of the silver
cores. In the case of the doped silica samples, intermolecular
distances are still too large to induce significant RET without
the assistance of MEF, which is consistent with the lesser
relative diminution in lifetime, that is, from 0.188 to 0.119 ns,
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Silver core

Spacer silica layer

Fluorescent silica layer (acceptor)

Cationic conjugated polymer (donor)

RET

Figure 13: Multilayer nanoarchitecture featuring a metal core sur-
rounded by a silica spacer layer, a fluorescent silica layer containing
acceptor molecules, and cationic conjugated polymers absorbed on
the outer fluorescent silica shell through electrostatic interactions.
(Reprinted with permission from [41], Copyright 2011 American
Chemical Society).
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nanocomposites. (Reprinted with permission from [41], Copyright
2011 American Chemical Society).

and the absence of significant FRET in coreless samples
(Figures 11-12).

The lifetime of the donor alone (𝜏
𝐷
) and in the presence

of the acceptor (𝜏
𝐷𝐴
) is related to the FRET efficiency (𝐸) by

the following equation [7]:

𝐸 = 1 −
𝜏
𝐷𝐴

𝜏
𝐷

. (3)

Using the results of the lifetime analysis for the
CCP/Ag@SiO

2
@SiO
2
+ FiTC system, transfer efficiencies of

4 and 50% were calculated for the silica and the core-shell
nanoparticles, respectively. These transfer efficiency values
can then be used to calculate the average donor-acceptor
distance (𝑅) or the Förster distance (𝑅

0
), that is, the distance

between donor and acceptor molecules at which the energy
transfer efficiency is 50%, using this relationship [7]:

𝐸 =

𝑅
6

0

𝑅
6

0
+ 𝑅
6
. (4)

Using a 𝑅
0
of 50 Å for the CCP-fluorescein system and

a transfer efficiency of 4% for the silica particles, an average
distance of 50 Å between fluorescein and the CCP was
calculated. Since the fluorophores are covalently attached to
the rigid silica shells using the same mechanism, the average
donor-acceptor distance is expected to be very similar in
core-shell NPs and in their corresponding silica particles.
Consequently, using an 𝑅 equal to 50 Å and a transfer
efficiency of 50%, a metal-enhanced 𝑅

0(M) of 85 Å was
calculated or an increase of ∼70% for these multilayer core-
shellNPs.These results allowedus to postulate that plasmonic
coupling in the core-shell nanocomposites should allow the
CCP to excite a larger number of acceptors over a given
period of time and over distances exceeding the natural range
of FRET measurements.

6. Applications

The MEF- and ME-FRET-capable multilayer nanoparti-
cles described in this report offer significant advantages
for the development of novel molecular sensing schemes.
For example, core-shell multilayer dye-doped acceptor NPs
grafted with short single-stranded DNA (ssDNA) probes and
complexed with a cationic conjugated polymer (CCP) were
demonstrated as a sensitive DNA sensor (Figure 15) [19].This
approach exploits the chromism of the CCP, that is, intensity
and spectral changes in absorption and luminescence caused
by conformational changes in theCCP’s conjugated backbone
upon electrostatic binding to DNA strands.When the CCP is
added to the probe-grafted NPs, it binds electrostatically to
negatively charged ssDNA probes and adopts a planar and
highly conjugated form in which fluorescence is effectively
quenched (Figure 15(a)). The presence of complementary
DNA targets leads to hybridization of the latter with the
probes, forcing the polymer to rearrange itself around the
DNA double helix and revert to a nonplanar, fluorescent
conformation, whereupon excitation of the polymer donor
at 410 nm results in sensitized emission (via resonant energy
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Probe-grafted NPs

(a) (b)

Target-ready NPs

RET

Target-activated fluorescent NPs

Figure 15: Principle of DNA sensing using fluorescent multilayer core-shell NPs: (a) target-ready NPs are prepared by complexing ssDNA
probe-grafted NPs with a polymeric hybridization transducer; (b) hybridization of target DNA with ssDNA probes activates the polymer
transducer as energy donor toward dye-doped silica shell and excitation at 410 nm generates fluorescence emission by acceptor molecules at
550 nm. (Reprinted with permission from [19], Copyright 2011 American Chemical Society).
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Figure 16: Steady-state fluorescence spectra for CCP adsorbed on
Ag@SiO

2
NPs and on coreless nanoshells.The excitationwavelength

was 400 nm. (Reprinted with permission from [41], Copyright 2011
American Chemical Society).

transfer) from the polymer-DNA complexes to the acceptor
molecules (eosin) immobilized in the outer silica layer of
the NPs (Figure 15(b)). In this design, the luminescence of
both polymer and eosin molecules is strongly enhanced in
proximity to the silver core (e.g., Figures 8(a) and 16). Also,
the capacity of the polymer as energy donor is increased
by strong near-field interactions in this plasmonic-enhanced
FRET system and results in faster transfer rate and enhanced
FRET efficiency and range.

Since the polymer exists in its quenched planar confor-
mation in the target-ready NPs, the latter are not fluorescent
when observed by imaging flow cytometry (IFC) and excited
near the nominal excitation wavelength of the polymer
donor. However, they were easily detectable when excited
directly at the nominal excitation wavelength of the eosin
acceptor at 488 nm and, upon the addition of complementary
oligonucleotides to the target-ready NPs, excitation of CCP
resulted in the appearance of fluorescent objects that were

on average significantly larger than on images recorded from
probe-grafted NPs before addition of the CCP [19].

The formation of these larger objects, presumed to be
aggregates of target-ready NPs, is believed to arise from the
partial neutralization of negative surface charges on probe-
graftedNPs following the addition of theCPP transducer, and
hybridization of target molecules onto these aggregates then
leads to readily detectable changes in luminosity (Figure 17).
Such nanoparticle networks could allow collective interac-
tions between NPs, thereby enhancing plasmonic coupling
and local electric field intensities between them and amplify-
ing the overall optical signal generated byDNAhybridization
events.

As illustrated in Figure 18, a linear correlation was found
between fluorescence signal intensity and target analyte
concentration, and specific detection of a few thousand copies
of complementary oligonucleotides in a few minutes was
demonstrated with this molecular sensing system. In the case
of 20mer target oligonucleotides, the limit of detection was
calculated as ∼1 × 104 molecules, or 2 × 10−20mol in the
20𝜇L sample aliquot measured by IFC, or 8 × 10−16M. In
comparison with perfectly matched target, the presence of
a large excess (100x) of sequences having two mismatches
led only to a slight increase in luminescence. This high
selectivity toward perfectly matched targets is granted by the
very high stringency used during the detection step, that
is, in pure water at 60∘C; in such conditions, hybridization
essentially occurs only with the ssDNA probes electrostati-
cally bound to the cationic polythiophene chains, which are
the only counter-ion available for the negative charges of the
phosphate moieties of the DNA helix. The signal measured
with complementary targets was found to be linear up to
∼10−12M (∼6 × 105 copies/𝜇L), but to decrease at higher
concentrations. Considering the large number of probes
available on each nanoparticle on average (∼1500/NP, or ∼6 ×
108/𝜇L), the particle binding capacity is not expected to be a
limiting factor. Rather, the departure from linearity observed
at higher concentration might result from the disruption
of NP aggregates due to increasing electrostatic repulsions
within them.

The sensitive response of NP aggregates to the addition
of complementary targets is incumbent on a combination
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(a) (b)

Figure 17: DNA detection using polymer-induced particle networks: (a) target-ready NP aggregate following partial charge neutralization
by cationic polymer; (b) hybridization of target oligonucleotides activates polymer transducer as RET donor toward dye-doped silica shell;
excitation at 410 nm generates fluorescence by acceptor molecules at 550 nm. (Reprinted with permission from [19], Copyright 2011 American
Chemical Society).
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Figure 18: (a) Calibration curves for 20mer single-stranded DNA targets measured with target-ready NPs: perfectly matched (squares) and
two-mismatch (diamonds) targets. The open circle indicates the signal recorded for a 100x excess of the two-mismatch sequence. Limit of
detection for perfectly matched targets is 1 × 104 molecules or 20 zmol in a volume of 20𝜇L. (b) Example of fluorescence image recorded by
IFC. (Reprintedwith permission from [19], Copyright 2011AmericanChemical Society; [43], Copyright 2013TheRoyal Society of Chemistry).

of several elements. The very structure of the probe-labeled
core-shell NPs and the resulting polymer-induced aggregates
maximize the proximity between donors and acceptors that
is required for optimal RET. Moreover, strong plasmonic
coupling betweenmetal cores is responsible for the enhanced
luminosity of fluorescent species as well as the increased
range and efficiency of RET, favoring the excitation of several
acceptors by each polymer donor throughout the aggregate
system. Finally, each hybridization event recognized by the
CCP transducer is signaled by a large number of excited
reporters following the efficient plasmon-mediated energy
transfer between the target-activated polymer transducer and
the numerous fluorophores located in the self-assembled
core-shell aggregates. This combination of events is what
allows the sensitive and rapid detection of target nucleic acids
at low femtomolar (10−15M) concentrations. This detection
sensitivity, while being somewhat higher than the widely

used enzymatic amplification (PCR, for Polymerase Chain
Reaction) techniques, is nevertheless commensurate with
DNA levels typically extracted from a few microliters of
blood.

This core-shell plasmonic architecture was therefore
implemented for the direct detection of a specific gene
(SRY or “sex-determining region of Y”) from unamplified
human genomic DNA [44]. Ag@SiO

2
@SiO
2
+ EiTC particles

functionalized with 22mer probes specific to a region of
the SRY gene were complexed with the CCP transducer and
allowed to hybridize with purified human DNA extracted
from blood samples during 10min at 55∘C. The results
were correlated with classic PCR amplification and gel
electrophoresis (Figure 19). The nanobiosensor allowed the
correct identification of the SRY gene in 9 out of 10 cases, with
the results available less than 10minutes aftermixing. Despite
the low amount of DNA available, a clear signal contrast
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Figure 19: SRY genotyping results for 10 unknown genomic DNA
samples extracted fromhumanblood samples. Results obtainedwith
nanobiosensorwere correlatedwith PCR analysis. Five samples were
female (negative) and the five others weremale (positive). 9 out of 10
samples were correctly identified with the nanobiosensor. The 10th
sample (false negative) is represented as an open circle. (Reprinted
with permission from [44], Copyright 2013 The Royal Society of
Chemistry).

was found between the positive and negative samples, a
consequence both of the very high detection sensitivity of the
nanobiosensor and of the ability of the polymer transducer
to promote hybridization under very stringent conditions
(i.e., at 55∘C and in pure water, without other counter-ions to
neutralize the negative charges of the DNA backbone phos-
phates). This detection contrast is remarkable, considering
the diversity of the human genome, which contains multiple
one- or two-base mismatched sequences with the SRY target.

7. Summary and Outlook

In this paper, we have presented recent advances in our efforts
to design nanoobjects with well-defined tridimensional
geometry that are capable of metal-enhanced fluorescence.
These multishell metal/silica nanoparticles combine the
properties of more conventional dye-doped silica NPs (i.e.,
high optical detectability, large spectral coverage, excellent
chemical and physical stability, low toxicity, high solubility in
water, and easy conjugation to target biomolecules) together
with the enhanced luminescence intensity, excitation cross-
section, and photostability resulting from the plasmonic
interactions occurring in these nanostructures. Moreover,
RET efficiency, transfer rate, and range are all significantly
improved by the core-shell configuration. Interestingly, in
comparison with metal-enhanced experiments performed
using planar substrates such as silver island films, this “3-D”
MEF detection platform, thanks to the greater mobility of the
nanocomposites, allows interaction with a greater fraction of
the sample volume in biosensing and bioimaging applications
and has been used successfully for the ultrasensitive and

sequence-specific sensing of minute amounts of DNA with-
out any labeling or amplification of the nucleic acids. These
MEF-capable, core-shell nanocomposites possessmany of the
features required of an ideal fluorescent probe and, despite
the exacting synthesis procedures required to produce NPs
with highly uniform geometrical features of a fewnanometers
in size, a growing number of laboratories are now pursuing
their development, prompted by the enviable properties of
these nanocomposites which allow us to envision a myriad
of applications in cell and cancer biology, nanomedecine, and
medical diagnostics.

Even though multiple applications become possible or
perfected with this plasmonic multilayer core-shell archi-
tecture, one might expect future research to bring new
developments on the table to optimize and refine the system.
As illustrated in Figure 17, our results show an amplification
in the luminescence signal after formation of aggregates [19].
Various studies have used simulated and experimental results
to prove the relation of the proximity between metallic cores
and their plasmonic coupling [67]. Better understanding of
such propagation and its influence on fluorophores could
eventually lead to the formation of controlled nanoaggregates
exhibiting an enhanced fluorescence intensity. As described
previously, in our case, double-strand DNA hybridization
with a cationic polymer resulted in a minimization of
electrostatic repulsions between the bioprobes in suspen-
sion. Under precise conditions, it might become possible to
form different type of networks favoring and modulating
the plasmonic coupling. Such nanoorganized sensors could
potentially reach impressively low limits of detection, leading
to better diagnosis in many analytical fields.

However, much as the effects of MEF on organic
molecules have been widely studied, on nontraditional fluo-
rescence emitters, they have yet to be applied. Upconversion
or atomic emission in lanthanide ions [68] and quantum
dots (QDs) [69, 70] are known to be influenced by the
presence of plasmonic modules, whether by quenching or
enhancement frommetallic nanoparticles or surfaces. More-
over, their optical properties are in many ways superior to
most dyes: better excitation and emission tunability, larger
Stokes shift, minimal autoabsorption, and distinctive fluo-
rescence lifetime, to name a few. Therefore, physical studies
of plasmonic mechanisms on such attractive fluorophores
could greatly improve our comprehension of both MEF and
ME-FRET process and also diversify the number of potential
nanobioprobes usable in the foreseeable future. Indeed, since
these nanoparticle-based emitters can be functionalized in
a similar manner to core-shell NPs, one could probably
imagine away to create nanoaggregates incorporating both to
form a well-ordered network, thus propagating an enhancing
plasmonic resonance throughout the corpuscle.

The main inconvenient crippling the application of non-
traditional fluorophores in medical fields is the toxicity
incumbent with their composition. To be sure, uses of
most plasmonic metals (silver, aluminium, indium, etc.) in
biological environments are known to come with certain
cytotoxic effects, the importance of which may vary [71].
Consequently, some attention should be put in the devel-
opment of protection methods for the metallic cores, with
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better efficiency than porous silica. For example, chemical
surface passivation—as in the case of indium NPs [42]—
could be adapted to other compositions to serve both as a
nonplasmonic spacer and a stable protective shell for the
core. Many variations of the polymeric condensation of silica
on metallic NPs exist, differing from the traditional Stöber
methodology [72]. The well-known chemistry of silica offers
many advantages but, in the case of core-shell fluorescent
nanosensors, the option of covalent fluorophore doping is
particularly significant. However, because the surface plas-
mon resonance phenomenon is dependent on the local
refraction index, variations in the porosity of the dielectric
layer might have important effects on MEF properties of the
dye molecules entrapped inside. As such, this problematic
could prove to be a promising challenge and its resolution
would lead to even more analytical applications, mostly
by opening the door toward in situ detections of cellular
environments.
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