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In the last 20 years or so, we have seen the discovery 
and growth of a new area of science, namely, fluores-
cence‐based plasmonics. This new and exciting area of 
science has already started to change the way we think 
about and use fluorescence spectroscopy today but is 
in stark contrast to how we have all traditionally uti-
lized fluorescence. For example, for nearly 130 years, 
up until the early 1980s, we had considered fluoro-
phores as simple far‐field free‐space emitters, trans-
mitting into a nonconducting and transparent 
medium. As a fluorescence community we have col-
lectively continued down this thought path and devel-
oped numerous approaches for imaging, approaches 
in the analytical sciences, synthesized fluorophores 
that are fluorescence‐sensitive to a vast array of 
analytes or biomolecules, and even developed highly 
sensitive and ultrafast instrumentation to undertake 
the most challenging of physiological/cellular meas-
urements. Subsequently, far‐field fluorescence spec-
troscopy has become entrenched in the life sciences 
today, with many research labs housing instrumen-
tation, which, many years back, was considered highly 
specialized but is today considered routine technol-
ogy. Even our etymology has changed. I remember 
back in the 1990s how we all referred to single 
molecule studies as “single molecule detection,” as it 
was arduous at best to study single molecules. Today, 
“single molecule spectroscopy” has been transforma-
tive in cellular and mechanistic biology, with many of 
the highly complex confocal microscopes, for the 
most part, turnkey today. Our achievements as a flu-

orescence commu-
nity have also been 
gratefully acknowl-
edged by a worldwide 
audience, with two 
Nobel Prizes in 
Chemistry in recent 
years, one in 2008 for 
the discovery and use 
of green fluorescent 
protein (GFP) and, 

more recently in 2014, awarded for super resolution 
microscopy.

However, in the near field, for fluorophores in close 
proximity, less than one wavelength of light away, 
from either Noble metal nanoparticles, nanoparticle‐
comprised films, or even continuous films, our 
explorative journey as a community is only just begin-
ning. The merging of fluorescence spectroscopy with 
plasmonics has created a new area of science, fluores-
cence‐based plasmonics, that is just as exciting to 
researchers today, as early fluorescence likely was to 
the pioneers of the day.

Today, much of the work on fluorescent‐based 
plasmonics has been focused on using surface plas-
mons and their associated e‐fields for enhancing 
fluorescence signatures. This has been referred to as 
surface‐enhanced fluorescence, plasmon‐enhanced 
fluorescence, and most popularly as metal‐enhanced 
fluorescence (MEF), which was in fact a name I first 
coined in the research literature myself in 2002 and 
subsequently was the title of the first edited volume 
on the topic, which precedes this Wiley volume 
(published in 2010). In addition, surface plasmons 
have also been widely used for 30 years to enhance 
both Raman (SERS) and more recently IR signatures, 
which have led to the introduction of more general-
ized terms, such as “surface plasmon‐enhanced 
spectroscopies.” In addition to enhanced fluores-
cence, surface plasmons have additionally been 
shown to couple fluorescence; transport and reradi-
ate coupled quanta; provide for spatially localized 
excitation (MEF–EVE effect); and even pump both 
singlet and/or triplet states to promote a variety of 
photochemistries, to name but just a few applica-
tions. Subsequently, in this continuation volume 
from my 2010 volume Metal‐Enhanced Fluorescence, 
I have invited leading researchers to contribute 
invited chapters with the hope of both updating us 
on the latest developments in metal‐enhanced fluo-
rescence while at the same time introducing us to 
some of the latest developments in fluorescence‐
based plasmonics.
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Finally in closing, I would like to thank the authors 
for their excellent and timely contributions and for 
the Wiley editors, Michael Leventhal, Katherine 
Clark, and Bob Esposito for the help in putting this 
volume together.

Best
Professor Chris D. Geddes, FRSC

The Institute of Fluorescence
University of Maryland, Baltimore County

Baltimore, USA
February 16, 2016.
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1.1  Introduction

The interaction of fluorophore with metal has been a 
field of research since many decades. In 1970s, 
Drexhage found that fluorophore located near the 
metallic surfaces shows oscillations of the emissive 
lifetime depending on the distance from the metal 
surface [1, 2]. After this finding, many theoretical [3–9] 
and practical researches were directed in this field 
[10–16]. Now it is well known that when a metal sur-
face interacts with an excited‐state fluorophore, two 
phenomena can take place, either the fluorescence of 
the fluorophore is enhanced or it is quenched. When 
a metal stays very close to the fluorophore, typically 
within 20 nm, the electrons from the excited fluoro-
phore transfer to the metal and hence result in fluo-
rescence quenching. But when the metal surface stays 
20–50 nm away from the fluorophore, the excited 
electrons of fluorophore interact differently with the 
metal electrons and it results in an increase in the rate 
of fluorescence decay as well as the rate of excitation. 
The effect is enhancement of fluorescence with 
decreased lifetime and increased photostability. This 
phenomenon is termed as metal‐enhanced fluores-
cence (MEF) [14, 17, 18]. Most of this MEF has been 
observed for silver island film [17, 19–26], silver col-
loids [27–29], other silver nanostructures [30, 31], 
gold [32–35], iron oxide [36], tin [37], platinum [38], 
aluminium [39], and so on. Among different metals, 
nanosize silver and gold are studied more frequently 
as they have plasmonic properties in the visible region 
arising due to collective oscillations of surface elec-
trons and that can significantly modulate the MEF 
properties.

Different options of a fluorophore under proper 
excitation are shown in Scheme  1.1. According to 
the aforementioned diagram, when a fluorophore is 

excited with an appropriate energy, it reaches to a 
higher electronic level and then undergoes decay in 
both radiative and non‐radiative ways. Here Γ indicates 
the rate of radiative decay; Knr is the rate of non‐radiative 
decay and rate of quenching collectively. When 
the fluorophore is within the distance of 20 nm from 
the metal surface, then Knr > Γ and as a result both 
quantum yield (QY) (Q0) and lifetime (τ0) decrease. 
But when the distance between the metal surface and 
fluorophore is typically between 20 and 50 nm, Γ > Knr 
and hence Q0 increases but τ0 decreases, which is 
indicated by MEF. Since the lifetime decreases, the 
fluorophore remains in the excited state for a shorter 
time period and their chance of non‐radiative decay 
or other excited state reaction is decreased that results 
in increased photostability [18, 23, 40–42]. When 
the distance is larger than 50 nm, there is preferably 
no interaction between the fluorophore and metal 
surface.

In fluorescence‐based experiments (e.g., sensor 
application, cellular imaging, molecular probe design), 
metal‐induced quenching is a critical drawback [43] 
and difficult to overcome completely. However, this 
quenching effect has been exploited as “Turn Off” 
detection of analyte in many cases, although this type 
of sensor design is neither specific nor accurate since 
many other factors can influence the quenching phe-
nomenon. Alternative “Turn On” sensor design is of 
utmost importance where the presence of analyte is 
more selectively detected by the fluorescence 
enhancement effect [44]. In cellular imaging, the con-
ventionally used molecular dyes often undergo 
photobleaching and hence long‐term tracking of cel-
lular activities is difficult. Although new dyes have 
been developed with reduced photobleaching proper-
ties, the quenching of the dye under complex cellular 
environment is unavoidable that often hinders the 
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imaging. Various semiconductors and other fluorescent 
nanoparticles are emerging as promising alternatives, 
but toxicity issues question their application potential 
for in vivo imaging and long‐time cellular tracking 
[45–48].

The most adverse effect of metal‐induced quenching 
occurs in the preparation of multifunctional probe, 
which is one of the current research directions. 
Various multifunctional probes composed of metallic 
and fluorescent components have been developed 
and many are still under development stages. These 
probes can be used for multiple applications like 
sensing, detection, imaging, and separation [49–55]. 
However, synthesis of these probes is a major challenge 
since the metal‐based plasmonic or magnetic compo-
nent in the composite system quenches the fluores-
cence of the fluorophore component. In order to solve 
this problem, various methods have been developed 
via tuning the separation distance between fluores-
cent components and quencher components, and in 
some selected cases MEFs are also observed [56–64].

We are interested in the development of noble metal 
nanoparticle‐based hybrid nanoprobes composed of 
plasmonic and fluorescent components so that they 
can be used for different cellular labeling applications. 
Although noble metal nanoparticles have tunable 
optical property due to surface plasmon, their strong 
quenching property creates a difficulty in making 
hybrid nanoprobes. Thus appropriate methods need 
to be developed for synthesis, keeping optimum separation 

distance between the plasmonic and fluorescent 
components. In addition the methods should be 
simple and cost effective with options for various 
functionalizations. We have developed different 
methods to prepare different plasmonic‐fluorescent 
nanoprobes that are composed of gold/silver nano-
particles of different sizes/shapes as plasmonic 
components and fluorescein or CdSe/ZnS quantum 
dots (QDs) as fluorescent components [65–68]. In 
addition to plasmonic‐fluorescent hybrid nanoparticle, 
we are also developing magnetic metal oxide‐based 
magnetic‐fluorescent hybrid nanoparticles that can 
be used for magnetic separation applications [67, 68]. 
In all these hybrid nanoprobes, the fluorescence of 
the fluorophore component is partially quenched 
with the final QY ranging between 7 and 20%. These 
hybrid nanoparticles can be used for both fluorescence 
and plasmon‐based imaging probes. Here we will 
summarize different approaches for their synthesis, 
functionalization, and application potential.

1.2  Synthesis Design 
of Composite Nanoparticle

Our research goal is to develop synthetic approach for 
plasmonic-fluorescent, magnetic‐fluorescent, magnetic‐
plasmonic, or a combination of all the three compo-
nents and applications of all these composites in various 
biomedical fields, such as cellular imaging, cellular 
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targeting and separation, protein detection, and study 
of carbohydrate–protein interaction. Here we will 
mainly focus on fluorescence‐based composite mate-
rials. There are three general steps in the synthesis 
of  these composite nanoparticles. First, high‐quality 
hydrophobic nanoparticles, such as Au, Ag, CdSe/
ZnS, and iron oxide; and hydrophilic nanoparticles, 
such as Au nanorod, Ag plate, Ag‐coated Au nanorod 
have been synthesized by different reported methods 
[69–73]. Next, these as‐synthesized nanoparticles are 
converted into polyacrylate‐coated water‐soluble 
nanoparticles when needed, using the reported meth-
ods [74–76]. Finally, composite materials have been 
synthesized using three different approaches shown 
in Scheme 1.2. Table 1.1 summarizes all types of com-
posite nanoparticles prepared by these approaches 
along with their properties.

1.2.1  Method 1: Polyacrylate Coating‐Based 
Composite of Nanoparticle and Organic Dye

This method can be employed for the preparation 
of plasmonic‐fluorescent and magnetic‐fluorescent 
composite nanoparticles between nanoparticle and 
organic dye [65, 66]. The preparation method is very 
similar to polyacrylate coating of nanoparticles with a 
modification where fluorescein methacrylate mono-
mer is added along with other acrylate monomers so 
that fluorescein can be incorporated in the polyacrylate 
backbone. In this method IGEPAL cyclohexane‐based 
reverse micelle solution has been used as a medium 
where hydrophobic nanoparticles and hydrophilic 
acryl monomers can be dissolved. The role of reverse 
micelle is to initiate the polyacrylate coating in homoge-
neous condition to minimize particle–particle aggre-
gation during coating processes. The polymerization 
is initiated in the presence of an initiator ammonium 
persulfate under basic condition (N,N,N′,N′ tetra-
methylethylenediamine) and under inert atmosphere. 
The polymerization is stopped after 1 h by adding 
ethanol that precipitated the particles. The precipi-
tated particles are washed with chloroform and etha-
nol and finally dissolved in fresh water. To further 
purify the composite system from free polymer, salt‐
induced precipitation and redispersion technique 
have been adapted followed by dialysis [65].

In the reaction condition, fluorescein methacrylate 
and other acryl monomers undergo simultaneous 
polymerization and are coated on the nanoparticle 
surface making 5–10 nm shells. Since the polymeriza-
tion is random, fluorescein molecules are attached 
randomly on the polymeric coating backbone making 
a  distance distribution between fluorescein and 
core  nanoparticle. Different polymers forming acryl 

monomer can be used to provide different chemical 
functional groups on the coating backbone and on the 
nanoparticle surface. For example, N‐(3‐aminopro-
pyl)methacrylamide hydrochloride has been used to 
provide primary amine functionality, acrylic acid for 
carboxylate functionality, poly(ethylene glycol) meth-
acrylate for polyethylene glycol functionality, and 
methylene bisacrylamide is used to crosslink the poly-
mer for a robust coating.

1.2.2  Method 2: Polyacrylate Coating‐Based 
Composite of Two Different Nanoparticles

This method is useful for the synthesis of magnetic‐
fluorescent and plasmonic‐fluorescent composite 
nanoparticles using two different nanoparticle com-
ponents [67]. Here inorganic semiconductor nano-
particles are employed as fluorescent components and 
metal or metal oxides are used as plasmonic or mag-
netic components. The semiconductor nanoparticles 
of CdSe with ZnS shell QD have been prepared in 
different sizes ranging from 2 to 6 nm using the 
colloidal chemical synthesis method reported earlier 
[69]. These semiconductor nanoparticles have sizes 
less than the excitonic Bohr radius showing the quan-
tum confinement effect and the bandgap between 
valence band and conduction band can be tuned by 
changing the particle size. The smaller the size higher 
the bandgap and hence the emission maxima 
blueshifted. Hence by tuning the size, we can have 
nanoparticles of various emissions (e.g., red, yellow, 
green). Other component nanoparticles such as gold, 
silver, and iron oxide in the size range of 5–50 nm 
have been prepared using standard methods. All 
the as‐synthesized nanoparticles are purified from 
free surfactants and dispersed in solvents prior to 
their use.

Composite nanoparticle synthesis approach is very 
similar to polyacrylate coating method described in 
Method 1, except that two nanoparticles are used 
during polyacrylate coating. In this method both the 
nanoparticles are taken in reverse micelle along with 
polymer‐forming monomer precursors, and polym-
erization is performed in that condition so that both 
nanoparticles are encapsulated inside a common pol-
ymeric shell. Since the reverse micelle is a dynamic 
assembly, the polymerization process can randomly 
trap different nanoparticles inside a single polymeric 
shell with the formation of a composite nanoparticle. 
The composition of composite can be controlled by 
varying the concentration ratio of the two nanoparti-
cles. The polymer shell structure and functionality 
can be controlled by using different polymer precur-
sors. Adjusting the polymerization condition composite 
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nanoparticle can be prepared having good water solu-
bility and with 8–20% fluorescence QY. These com-
posite nanoparticles can be purified by methods 
described in Method 1.

1.2.3  Method 3: Ligand Exchange Approach‐
Based Composite of Two Different 
Nanoparticles

This method is useful for the preparation of magnetic‐
fluorescent and magnetic‐plasmonic nanocomposites, 
and here we will discuss only magnetic‐fluorescent 

nanocomposites [68]. The ligand exchange approach is 
well known for the conversion of hydrophobic nano-
particle into hydrophilic nanoparticle. In this method, 
a thiol‐based hydrophilic molecule is mixed with 
hydrophobic surfactant‐capped gold or QD nanoparti-
cle. As thiols have strong interaction with Au or Zn 
surface, they adsorb on the nanoparticle surface by 
replacing hydrophobic surfactants, making water‐solu-
ble nanoparticles. Thus conventional ligand exchange 
involves exchange of ligands on a nanoparticle surface. 
Here we have extended the ligand exchange approach 
involving two nanoparticles where ligands present on 
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the surface of one nanoparticle replace the ligand pre-
sent on another nanoparticle surface. Specifically we 
have mixed two types of nanoparticles, one coated with 
hydrophobic ligands and the other coated with hydro-
philic ligands. The hydrophilic coating is exposed with 
surface chemical functionality that has strong affinity 
to other nanoparticle and thus replaces the hydropho-
bic ligands of the other nanoparticle. These processes 
lead to the formation of a composite nanoparticle.

We have used surfactant‐coated hydrophobic iron 
oxide nanoparticle and polyacrylate‐coated hydro-
philic QD for this work. Polyacrylate‐coated QDs are 
synthesized using the technique mentioned previously. 
This coating provides surface amine/acid group on QD 
nanoparticle surface. In contrast hydrophobic iron 
oxide nanoparticle has a long‐chain fatty acid/amine 
capping. For the ligand exchange, the hydrophobic iron 
oxide is first dissolved in reverse micelle and then 
hydrophilic QDs are added under basic condition. At 
this condition long‐chain fatty acid/amine capping on 
iron oxide surface is replaced by the surface amine/acid 
of polyacrylate‐coated QDs. Next, ethanol is added to 
precipitate the hybrid material. The supernatant is 
decanted, and the precipitate has been washed repeat-
edly with cyclohexane and chloroform. This washing 
step removes any free hydrophobic γ‐Fe2O3 as they are 
soluble in cyclohexane and chloroform. During each 
washing step, the hybrid materials are magnetically 
separated from the solution. This magnetic separation 
removes any free hydrophilic nanoparticle from the 
hybrid particle. After these washing steps, the hybrid 

materials have been dried in air and finally dissolved in 
water or a buffer solution.

The success of this process depends on the type of 
long‐chain ligand on iron oxide surface and the type 
of surface functional group on QDs. Proper adjust-
ment of these two factors results in efficient ligand 
exchange to produce magnetic‐fluorescent composite 
nanoparticles. It is also possible to control the num-
ber of QDs on the iron oxide surface by adjusting the 
ratio of two nanoparticle concentrations and by con-
trolling the amine/acid on the polyacrylate backbone 
of QDs. The fluorescence QY of the composites 
depends on the amount of QD over each iron oxide 
nanoparticle surface and typically varies from 8 to 
20%. Composite nanoparticle produced by this 
approach can be further functionalized using the pri-
mary amine/carboxylate present on the QD surface.

1.3  Property of Composite 
Nanoparticles

1.3.1  Optical Property

We have prepared plasmonic‐fluorescent (Au, Ag, Au 
nanorod, and Ag plate as plasmonic component) and 
magnetic‐fluorescent (γ‐Fe2O3 and Fe3O4 as magnetic 
component) composite materials using the aforemen-
tioned three different approaches (Table 1.1). All these 
hybrid nanoparticles are water soluble with good col-
loidal stability in various buffer media. Figure 1.1 shows 

Table 1.1  Summary of different composite nanoparticles along with their properties and application potentials.

Composite 
composition

Composite 
property

Preparation 
method

Overall size  
(nm)

Quantum 
yield (%) Application

Au–fluorescein Plasmonic and 
fluorescent

Method 1 20–40 16 Dual imaging (fluorescence and 
dark field), protein detection

Ag–fluorescein Plasmonic and 
fluorescent

Method 1 20–40 12 Dual imaging (fluorescence and 
dark field), protein detection, 
antibacterial activity

Au nanorod– 
fluorescein

Plasmonic and 
fluorescent

Method 1 <100 9 Dual imaging (fluorescence and 
dark field), protein detection, 
photothermal therapy

Ag‐coated Au 
nanorod–fluorescein

Plasmonic and 
fluorescent

Method 1 ~65 8 Dual imaging (fluorescence and 
dark field), SERSa‐based 
detection

γ‐Fe2O3–fluorescein Magnetic and 
fluorescent

Method 1 20–40 20 Fluorescence imaging, magnetic 
separation, MRI

γ‐Fe2O3‐CdSe/ZnS Magnetic and 
fluorescent

Methods 2 and 3 50–80 (Method 2) 8–20 Fluorescence imaging, magnetic 
separation, MRI

20–30 (Method 3)
a SERS, surface‐enhanced Raman scattering.
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Figure 1.1  UV–Vis and fluorescence spectra of fluorescein‐based composite nanomaterials (inset digital images of plasmonic‐
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representative ultraviolet (UV)–visible (Vis) and pho-
toluminescence spectra of different plasmonic‐fluores-
cent and magnetic‐fluorescent nanoparticles showing 
plasmonic‐fluorescent and magnetic‐fluorescent prop-
erties (Figure 1.1). In the UV–Vis spectra of Au–fluo-
rescein, the peak at around 530 nm is due to plasmonic 
property of Au nanoparticles, and the peak around 
510 nm is due to the absorbance of fluorescein. Due to 
this fluorescein absorption, the plasmonic peak of Au 
becomes broad. In the case of Ag‐fluorescein, two 
peaks are observed in the UV–Vis spectra—510 nm 
peak corresponds to fluorescein absorption, and 
410 nm peak corresponds to plasmonic absorption of 
Ag nanoparticles. In Au nanorod–fluorescein, two 
peaks of Au nanorod are observed at 520 and 800 nm, 
which are due to transverse and longitudinal oscillation 
of plasmonic electrons along the nanorod’s short and 
long axes, respectively. But the peak at 520 nm broad-
ens due to fluorescein absorption. The Ag‐coated Au 
nanorod–fluorescein composites show three distinct 
humps corresponding to plasmonic peaks of Ag and 
Au in 400–800 nm regions. In case of iron oxide‐fluo-
rescein only, the fluorescein absorption peak is 
observed since iron oxide does not have any absorption 
in the visible region. In all these plasmonic‐fluorescent 
composite nanoparticles, the photoluminescence spec-
tra show the characteristic green emission of fluores-
cein with a peak at around 528 nm. The digital images 
show plasmonic color under normal light and charac-
teristic green emission under UV light irradiation. The 
QY of these composite nanoparticles is calculated 
using fluorescein as a standard (95% QY). The concen-
tration of fluorescein is calculated from the absorption 
spectra of hybrid nanoparticles in both acidic and basic 
pH. Fluorescein shows no absorption at 500 nm in 
acidic pH but shows significant absorption in basic pH, 
and this fact has been used to calculate the fluorescein 
concentration. Fluorescence QY is calculated as 12% 
for Ag– fluorescein, 16% for Au–fluorescein, 9% for Au 

nanorod–fluorescein, 8% for Ag‐coated Au nanorod–
fluorescein, and ~20% for iron oxide–fluorescein.

Semiconductor nanoparticle QD‐based composites 
(iron oxide QD and Au nanorod QD) show fluorescent 
properties characteristic of semiconductor nanoparti-
cle. In Figure 1.1b UV–Vis spectrum and photolumi-
nescence property of such particles have been shown. 
In the UV–Vis spectrum, a small hump at 600 nm 
corresponds to QD’s first excitonic peak, which arises 
due to the transition of electrons from the highest 
energy level of valence band to the lowest energy level 
of conduction band. When these composites are 
excited using 350 nm light, it produces sharp emission 
spectra centered around 630 nm, which arises due to 
electron–hole recombination. Magnetic property of 
these composites can be realized from the digital 
image showing magnetic separation of these particles 
under magnet once their colloidal stability is lowered 
by adding salt. These composite nanoparticles also 
show fluorescence QY in the range of 8–20%, depend-
ing on the size of QD used.

1.3.2  Fluorophore Lifetime Study

The fluorescence QY data suggests that fluorophores 
in composite nanoparticle are distributed around 
metal/metal oxide keeping a separation distance so 
that the fluorescence is not completely quenched. In 
order to understand in more detail the nature of 
interaction between fluorophore and metal/metal 
oxide, we performed lifetime measurements of fluo-
rophore in the composite nanoparticle. Figure  1.2 
shows a representative result of the lifetime study. 
Analyzing the fluorescent lifetime data of the plas-
monic‐fluorescent nanocomposites, we have found 
that lifetime decreases and decay curve fits with the 
multiple exponential, compared to single exponential 
fitting for fluorescein. For example, fluorescein itself 
has an average lifetime of ~4.4 ns, but in composites 
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Figure 1.2  Lifetime data for polymer fluorescein that is 
best fitted in a single exponential curve and for Ag  
plate–fluorescein composite that best fitted in three 
exponential curves with decreased lifetime. Dotted line 
corresponds to experimental data and bold line 
corresponds to fitting curve.
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the decay curve best fits with three exponentials with 
the decrease in average lifetime. In case of Ag–fluo-
rescein, the average lifetimes are 0.46, 2.43, and 
4.12 ns; for Au–fluorescein, they are 0.05, 0.88, and 
3.47 ns; for Au nanorod–fluorescein, the values are 
0.2, 1.8, and 3.6 ns; and for Ag plate–fluorescein, the 
values are 1.33, 2.67, and 5.34 ns. Lowering of average 
lifetime and decrease in fluorescence QY in all these 
samples suggest a significant quenching effect of fluo-
rophore fluorescence. Three different lifetimes sug-
gest that the fluorophores are at various distances 
from the plasmonic nanoparticles and greater the dis-
tance from the core, the higher the average lifetime is. 
This distance‐dependent distribution of fluorophore 
results in the partial quenching effect. Similar type of 
lifetime data has also been observed in case of other 
QD‐based composite nanoparticles suggesting that 
the behavior of fluorescent dye or fluorescent nano-
particle (QDs) in composite nanoparticles is similar. 
Nevertheless, the final composite contains sufficient 
fluorescence for multifunctional application.

1.4  Functionalization and 
Labeling Application of Composite 
Nanoparticle

The composite nanomaterials prepared by various 
methods are water soluble with the scope for further 
functionalization. In TEM study of fluorescein‐based 
composite nanoparticle, the core nanoparticles can be 
visualized but the fluorescein‐incorporated polyacrylate 
shell is invisible unless proper staining is performed 
(Figure  1.1c). Similarly, for two nanoparticle‐based 
composites, both nanoparticles can be detected in TEM 
but not their polymer shells (Figure  1.1c). DLS study 
offers the hydrodynamic diameter of these composite 
nanomaterials including the polymer shells and the 
overall size ranges between 20 and 80 nm (Table 1.1). 
These composite nanoparticles have been functional-
ized with various biomolecules such as glucose, oleyl, 
vancomycin, TAT peptide, and so on. Standard conju-
gation chemistries like glutaraldehyde‐based coupling, 
N‐succinimidyl 4‐(maleimidomethyl)cyclohexane-
carboxylate (SMCC)‐based conjugation, and 1‐ethyl‐3‐
(3‐dimethylaminopropyl)carbodiimide (EDC) coupling 
[68, 74] have been applied for covalent conjugation with 
a nanoparticle. In most of these works, the primary 
amine functional groups present on the composite nan-
oparticle surface have been used for conjugation 
chemistry.

These composite nanoparticles have potential 
multifunctional applications. For example, a plas-
monic‐fluorescent nanoparticle can be used as a 

dual imaging probe such as fluorescence imaging 
using fluorescent component and scattering‐based 
dark field imaging using a plasmonic component or 
imaging and detection probe such as fluorescence‐
based imaging and plasmon‐based detection [65, 66]. 
The magnetic‐fluorescent nanoparticle can be used 
for fluorescence‐based imaging and magnetic sepa-
ration [67, 68]. We have used functionalized com-
posite nanoparticles for multifunctional cellular 
imaging and cell separation applications. Oleyl 
functionalization offers cell membrane targeting, 
TAT functionalization offers increased cellular 
internalization, and glucose or vancomycin func-
tionalization offers specific cell targeting and labeling 
[65–68]. When imaged under fluorescence micro-
scope, labelled cells show bright fluorescence due to 
fluorophore components, and both fluorescein dye 
and QD are photostable for long‐term cellular 
imaging [65, 67]. Similarly, the dark field imaging 
shows bright colors of labeled cells due to plas-
monic components (Figure  1.3). Magnetic separa-
tion of labeled cells has also been studied when 
magnetic component is present in the composite 
nanoparticle. We have also extended this work for 
bacteria imaging and separation using vancomycin‐
functionalized magnetic‐fluorescent composites [67] 
(Figure 1.3).

Specific detection of protein has been performed 
using glucose‐functionalized nanocomposites via 
specific interaction with glycoprotein concanavalin A 
(Con A). Con A has four binding sites for glucose, 
which upon interaction with glucose crosslink the 
particles and causes precipitation of particles from 
the solution [66]. The glucose‐functionalized Au 
nanorod–fluorescein composite responds to a very 
small change in Con A concentration, since the longi-
tudinal peak of Au nanorod is very sensitive to aggre-
gation. This probe can be extended for imaging of 
glycoprotein in cellular environment or magnetic 
separation of glycoprotein from extracellular environ-
ment. These examples show that the composite nano-
particle can be used for a variety of multifunctional 
applications such as optical detection and imaging or 
separation.

1.5  Conclusion

Metal‐induced fluorescence quenching is a major draw-
back in numerous fluorescence‐based applications, par-
ticularly in multifunctional composite probe design. In 
contrast, MEF, which can be observed for an optimum 
distance between fluorophore and metal, has a great 
potential in overcoming this quenching problem. 
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However, very limited success has been achieved in this 
direction due to the difficulty in controlling the distance 
between fluorophore and metal. We have designed 
three different strategies for the synthesis of multifunctional 
composite nanoparticles that overcome the quenching 
problem completely. The designs are such that fluoro-
phores are distributed at various distances from the 
core metallic particle and only partial quenching of the 
fluorophores is observed in average. The resultant com-
posite nanoparticle can be used as multifunctional 
probes for different biomedical applications. We have 
applied these probes for dual imaging, imaging‐separation, 
and detection‐separation applications.
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