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1. Introduction

Recent progress in synthesis methods of nanomaterials has enabled the development of

novel structures with multifunctional properties. By proper engineering, it is now possible

to have the desired character for the nanomaterial for specific applications. In this regard,

plasmonic nanoparticles have been one of the most researched materials in recent decade

owing to their potential applications in different areas. It is now possible to manipulate

light to sub-diffraction level by harnessing the surface conduction electron excitations of

metals, called surface plasmons that are coupled to electromagnetic waves. While

plasmonic nanoparticles by themselves have proven to be useful in a broad range of

applications such as biomedical technology, sensing, and nanoscale optoelectronic devices,

a recent trend has been to add additional features to the plasmonic nanoparticles to make

them multifunctional. For example, a nanoparticle with a magnetic core and plasmonic

shell will have diverse applications in biomedical imaging and photothermal treatments.
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By combining a fluorescent material such as semiconductor quantum dots with plasmonic

nanoparticles, it is possible not only to broaden the scope of the nanomaterials but also to

observe interesting physical processes such as fluorescence enhancement and quenching.

This chapter will review some of the basic geometries of multifunctional plasmonic

nanoparticles and their applications. The first part of the chapter is an introduction to

plasmonic materials where in the concept of surface plasmons will be introduced. The

second part will consist of a description of the common multifunctional plasmonic

nanoparticles such as plasmonic core-magnetic shell nanoparticles, magnetic core-

plasmonic shell nanoparticles, and fluorescent plasmonic nanoparticles. The graphene-

plasmonic nanoparticle nanocomposites will be discussed in the subsequent section.

2. Plasmonic nanoparticles: theory, synthesis, and properties

The science of scattering of light has fascinated mankind since long time. In particular,

scattering by colloidal particles has been studied for their interesting optical properties.

Gold and silver colloids were probably one of the earliest materials in nano-size that were

of great interest in the beginning of the 20th century. Zsigmondy had studied and

characterized colloidal gold solutions using an ultramicroscope [1]. Several theoretical

explanations including those from Maxwell Garnet, Lorentz, Debye, and Mie were

developed to support the experimental observation of absorption and scattering peaks of

colloidal gold solutions. In 1902, R. W. Wood had reported certain uneven distribution of

light after diffraction from reflection gratings [2]. It was also observed that this

distribution was strongly polarization dependent. An explanation to these “Wood’s

Anomalies” was given by Lord Rayleigh [3] and later by Fano [4] based on surface waves.

It was in 1957, when Ritchie reported the connection between the electron excitation in

metal films and the surface waves which led to a whole new branch called plasmon optics

or plasmonics [5]. Ritchie’s explanations were based on the electron energy absorption by

metallic films by the generation of surface waves were termed surface plasmons. Two

years after, the existence of plasma oscillations was confirmed experimentally using

electron energy loss experiments by Powell and Swan [6]. Later, the quanta of these

plasma excitations were termed surface plasmons by Stern and Ferrell [7]. This led to the

generation of a whole new field of research in condensed matter physics which grew

exponentially not only because of the interesting physics involved but also owing to its

potential in several novel applications. The study, generation, and manipulation of surface

plasmons for engineered light-matter interaction at the nanoscale developed into a new

branch termed ’plasmonics’, just as electronics for the harness of electrons and photonics

for photons [8,9]. There has been a clear distinction between two types of surface
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plasmons: surface plasmon polaritons (SPPs) is generally a term reserved for the

propagating conduction electron excitations along a metal-dielectric interface and

localized surface plasmons (LSPs) are non-propagating charge density oscillations excited

by electromagnetic waves on the surface of metallic nanostructures [10].

SPPs are basically two-dimensional surface waves that can propagate along the interface

of a metal and dielectric (Fig. 13.1A) [11,12]. The confinement of SPPs to the surface

leads to strong sensitivity to the surface conditions such as the refractive index of the

dielectric medium that has been exploited in several sensing platforms such as biosensing

and chemical sensing [13e17]. This enhanced sensitivity has also led to other interesting

processes such as surface-enhanced Raman scattering (SERS) and fluorescence, second

harmonic generation and extraordinary transmission through apertures and films.

Figure 13.1
(A) Surface Plasmon Polaritons (a) Propagation of surface plasmon polariton (SPP) at the metal-
dielectric interface. (b) SPPs are evanescent in the z-direction (toward the metal and medium)
such that there is an exponential decay of energy. The decay length into the metal is determined
by its skin depth. (c) Typical dispersion curve of SPP which is always lying below the light line.

This means that it is not possible to directly excite SPPs. (B) Electromagnetic field distribution of
surface plasmons at the interface. (C) Reprinted with permission from Barnes, W. L.; Dereux, A.;

Ebbesen, T. W. Surface plasmon subwavelength optics. Nature 2003, 424 (6950), 824e830. https://doi.
org/10.1038/nature01937; (D) Reprinted with permission from Davis, T. J.; Gómez, D. E.; Roberts, A.
Plasmonic circuits for manipulating optical information. nanophotonics 2016, 6 (3), 543e559. https://

doi.org/https://doi.org/10.1515/nanoph-2016-0131.
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The theory of SPP generation and propagation has been well-studied, and there are several

resourceful references on this subject [10,18e22]. The Drude theory of metals can be used

as an approximation to understand the properties of metals and their interaction with light.

Based on this theory, it has been shown that for exciting SPPs at the metal-dielectric

interface, the real part of the dielectric function of the metal should be less than or equal

to zero [18]. This implies that surface plasmons can exist only at the interface of materials

that have opposite signs of the dielectric function. Noble metals such as gold and silver

easily satisfy this condition in the UV-visible frequencies. It has also been established that

these surfaces can exist only for certain polarization (transverse-magnetic or TM mode).

The dispersion relation of SPP propagating along the interface of a Drude metal and a

dielectric is given by [11]:

kSP¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εdεm

εd þ εm

r
where h– kSP denotes the momentum of the propagating surface plasmons in the metal-

dielectric interface, while k0 is the propagation constant of light in vacuum. εd and εm are

the frequency-dependent permittivity of the dielectric medium and the metal. For

sustaining surface plasmons on the interface, the two permitivities should be of opposite

sign. Hence noble metals such as gold and silver are preferred as plasmonic metals in the

visible region of electromagnetic spectrum. The SPP fields are evanescent, which means

that in the perpendicular directions, the field intensity decay exponentially (see

Fig. 13.1B).

It may be observed that the dispersion plot of SPP propagation lies on the right of the light

line for air or silica (see Fig. 13.1C). This implies that the momentum of surface plasmons

is larger that of a free photon or photons in silica. Thus, to excite the SPPs, additional

momentum needs to be supplied, which often is called the phase matching condition.

There are several methods to impart the extra momentum to excite the SPPs. The most

common ones include using the evanescent fields of light under total internal reflection

(also called as Kretschmann configuration), tight focusing configurations, and using

grating structures.

On the other hand, LSPs are nonpropagating conduction electron excitations in metal

nanoparticles that are coupled to electromagnetic field [10]. These field oscillations impart

interesting optical properties to the metal nanoparticles such as tunable color of the

scattered/absorbed light, and the generation of enhanced local electromagnetic field. LSP

modes arise from the scattering nature of subwavelength particles that are subjected to an

oscillating electromagnetic field. Unlike SPPs, the curvature of the surface of the

nanoparticles results in an effective restoring force on these oscillating conduction

electrons that can attain a resonant condition leading to the enhancement of the local field

at resonance (Fig. 13.2A). This LSP resonance, usually called LSPR, is often used in
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applications such as bio and chemical sensing, surface-enhanced phenomena such as SERS

and surface-enhanced fluorescence. Another interesting aspect of LSP that differentiates

them from SPPs is that LSP can be excited by direct illumination light without any special

requirements. Thus, by shining light on a colloidal solution of gold nanoparticles yield

interesting optical effects because of LSP excitation. The dependence of LSPR peaks on

the refractive index of surrounding medium and strong local fields around plasmonic

nanoparticles has been widely exploited in biological and chemical sensing applications

[24e28].

Figure 13.2
(A) Localized surface plasmon excitations in metal nanoparticles are nonpropagating. Delocalized

surface electrons oscillate along with the external electric field resulting in an enhanced local
field. (B) Absorption spectra of gold nanoparticles of different sizes. As the size of the gold

nanoparticles increases, the localized surface plasmon resonance peak red-shifts. (C) Dark field
images and corresponding spectra of different shapes of gold nanoparticles fabricated using
electron-beam lithography. (B) Reprinted with permission from reference Jana, N. R.; Gearheart, L.;

Murphy, C. J. Seeding growth for size control of 5�40 Nm diameter gold nanoparticles. Langmuir 2001, 17
(22), 6782e6786. https://doi.org/10.1021/la0104323; Copyright (2001) American Chemical Society; (C)
Reprinted with permission from reference Murray, W. A.; Barnes, W. L. Plasmonic materials. Adv. Mater.

2007, 19 (22), 3771e3782. https://doi.org/10.1002/adma.200700678.
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As mentioned earlier, it is easy to excite surface plasmons on subwavelength noble metal

nanoparticles. Unlike SPP excitations, LSP requires no special geometry such as total

internal reflection or gratings. This is beneficial in applications wherein portability and

cost-effectiveness is of significance. Moreover, it is easier to add multifunctionality to

metal nanoparticles as will be seen in later sections. As this book brings out the relevance

of multifunctional nanomaterials, we will focus on LSP of noble metal nanoparticles

(gold/silver in particular) and its applications.

To understand LSP and its characteristics, simple classical scattering theories have been

used as approximations. For example, for larger nanoparticles, i.e., particles have size

greater than the wavelength of illuminating light, Mie’s theory is utilized to explain the

scattering and LSP excitations. Mie’s scattering theory is based on finding an analytical

solution to the Maxwell’s equations and determining the scattered field when a uniform

conducting sphere is illuminated with a plane electromagnetic wave [29]. The scattering

fields obtained by solving the Maxwell equations are expanded in terms of vector

harmonics. The theoretical approach is very rigorous and well-explained in several texts

and references.

In a more interesting scenario of particle with size a comparable or smaller than the

wavelength l of the illumination light, Rayleigh scattering theory is often used. In this

regime, it may be approximated that the phase of the oscillating electromagnetic field

remains unchanged and a quasi-electrostatic approximation should suffice for solving the

Maxwell’s equations. When a spherical metal nanoparticle is exposed to light, the

conduction electrons oscillate along with the external electromagnetic field in a coherent

manner. The displacement in the electronic cloud creates an internal polarization and a

restoring force that sets the oscillation going. The oscillation frequency is dependent on

factors such as density of electrons, permittivity, size as well as shape of the nanoparticle.

The frequency-dependent permittivity of the metal in Drude’s approximation is given by

[10].

εðuÞ¼ 1� ne2

ε0mu2
; (13.1)

where n is the number density of electrons, ε0 is the electrical permittivity in vacuum, m is

the mass of electrons, and u is the frequency of light.

This expression is often written as

εðuÞ¼ 1� u2
p

u2
(13.2)

302 Chapter 13



where u2
p ¼ ne2

ε0m
is termed the plasma frequency of the metal. In fact, if one considers the

damping nature in bulk metals, an additional term including the damping factor g needs to

be added. The Eq. (13.2) then becomes

εðuÞ¼ 1� u2
p

u2 þ g2
(13.3)

For noble metals in the visible and near-infrared frequencies, g � u, and hence Eq. (13.2)

is valid.

The polarizability induced in the metal nanoparticle by the oscillating electromagnetic

field (light, for example) is given by the expression

aðuÞ¼ 4pε0a
3εðuÞ � εDðuÞ
εðuÞ þ εDðuÞ (13.4)

where εDðuÞ is the dielectric permittivity of the surrounding medium.

This has the form of the popular Clausius-Mossotti relation. An interesting outcome of this

relation is that under the specific condition Re½εðuÞ� ¼ �2εD, the polarizability is a

maximum. This means that the scattering cross section, which is related directly to the

polarizability aðuÞ reaches a maximum often termed localized surface plasmon resonance

(LSPR). For example, in the case of a colloidal solution of gold nanoparticles, the

resonance wavelength is obtained at 520 nm, while for silver nanoparticles, the LSPR

peaks in the blue to UV region. The size-dependent polarizability is useful for tuning and

engineering the LSPR to the desired frequencies. The implication of this leads to the

capability of metal nanoparticles as sensing platforms. This approximation is usually valid

for small nanoparticles assuming to have a nearly spherical shape but may be extended to

other shapes such as ellipsoids, cubes, and triangles.

The size and shape-tunable plasmonic resonance has a significant importance in biosensing

applications where in it is desirable to have the LSPR closely matching the excitation

wavelengths [28]. Owing to the recent advancements in nanofabrication tools and

development in novel synthesis methods, it is now possible to achieve the desired size and

shape of plasmonic nanoparticles. In particular, a whole gamut of shapes of noble

nanoparticles has been synthesized using simple chemical reduction techniques. The most

common ones include spheres, triangles [30,31], cubes [32e35], nanorods [36e38],

nanostars [39e42], and nanoshells [43,44]. The bottom-up approach of chemical methods

provides a facile route for the synthesis of the nanoparticles. In particular, gold and silver

nanoparticles have been synthesized by the chemical reduction of chloride salts of the

metal. For example, gold nanoparticles can be synthesized by the Turkevich method

wherein chloroauric acid (HAuCl4) in aqueous solution is reduced using reducing agents

such as citric acid, ascorbic acid, sodium citrate, or trisodium citrate [45e47]. Gold
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nanorods have been synthesized using cetyltrimethylammonium bromide (CTAB) as the

reducing agent [48,49]. CTAB also forms a capping agent for improving the stability of

the nanoparticles in solution. Oleyamine and silver nitrate has been used to obtain gold

and silver nanorods [50,51]. Large-sized gold nanoparticles can be synthesized using the

seed-mediated method, where the growth takes place on small seed particles [23]. Gold

nanostars have been synthesized using poly(vinylpyrrolidone) (PVP), N, N

dimethylformamide (DMF), and silver nitrate for directional growth [39,40]. Gold

nanoshells form an important class of plasmonic nanoparticles that possess interesting

optical properties [44,52]. They were synthesized using a four-step process. First, silica

cores are grown using Stöber method [53]. Next, the silica surface is functionalized with

an amine containing compound aminopropyltriethoxysilane (APTES) [44]. This step

facilitates the amine tails to stick out for adhesion of gold. The third step involves addition

of gold precursor to the monodisperse colloidal solution of silica particles. The final step

involves reduction of the gold salt to produce nanoparticles that attach to the amine tail on

the silica. The gold particles form nucleation sites for further deposition and growth by

Ostwald ripening. Further thickness of gold can be achieved by seed-mediated process.

Silver nanoparticles are usually synthesized using AgNO3 precursor and a similar

reduction process as that used for gold. Sodium borohydride, PVP, and DMF are

commonly used as reducing agents [54,55].

Although chemical synthesis of plasmonic nanoparticles has been very popular owing to

its simplicity and cost-effective nature, some applications require special designs or arrays

of nanoparticles at specific distances. For such applications, a top-to-bottom approach of

fabrication methods such as electron-beam lithography (E-beam lithography or EBL),

focused-ion beam milling, or nanosphere lithography is more suitable. These fabrication

tools, usually placed in clean-rooms, provide very structured and patterned distribution of

nanoparticles. However, these methods require sophisticated, expensive instruments and

are also time-consuming.

The most important property of plasmonic nanoparticles is the size and shape-dependent

plasmonic resonances. This means that the LSPR of the plasmonic nanoparticles can be

tuned from the ultraviolet, visible, and infrared frequencies simply by changing the size or

shape of the nanoparticles. Plasmonic resonances are often observed by recording a UV-

Vis-NIR absorption or scattering spectrum. The optical extinction of the nanoparticles is

contributed by both absorption and scattering process, which in turn depends on the

illumination light frequency. A typical extinction spectrum of a colloidal solution of gold

nanoparticles synthesized using citrate reduction method is shown in Fig. 13.2B. As the

size of the gold nanoparticle increases, the LSPR peaks red-shift. Dark field microscopy is

one of the popular ways to observe the scattering from plasmonic nanoparticles as shown

in Fig. 13.2C. One interesting way to tune the optical extinction of nanoparticles is by

varying its aspect ratio (Fig. 13.3A). Changing the shape of the nanoparticles also affects
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the optical properties in a significant way. For example, triangular gold nanoparticles have

a red-shifted LSPR compared to spherical nanoparticles (Fig. 13.3C). For asymmetric

nanoparticles, the polarization of incident light determines the spatial distribution local

field. The tunable optical properties of noble metal nanoparticles make them excellent

candidates for converting them as multifunctional nanoparticles.

3. Hybrid plasmonic nanomaterials

While plasmonic nanoparticles by themselves have interesting optical properties that has

been exploited in several applications, researchers are now adding multifunctionality to the

nanoparticles so as to increase their scope. Apart from the plasmonic properties, such

hybrid plasmonic nanomaterials have other interesting features such as magnetic property,

fluorescence, and refractory properties (Fig. 13.4). Such multifunctional hybrid plasmonic

nanoparticles find application in biomedical diagnosis, sensing platforms as well as for the

development of novel nanoscale devices. Consequently, there has been a growing number

of research publications reporting multifunctional plasmonic nanoparticles and their

applications. We will discuss some of the recent advances in the development of

Figure 13.3
(A) Localized surface plasmon resonance (LSPR) spectra from UV-Vis absorption data for

different aspect ratio of gold nanoparticle. As the aspect ratio is increased, the longitudinal LSPR
(at the right) red-shifts, while the vertical peak remains constant. (B) LSPR spectra of different
shapes of Ag nanoparticle. (A) Reprinted with permission from reference Huang, X.; El-Sayed, I. H.;

Qian, W.; El-Sayed, M. A. Cancer cell imaging and photothermal therapy in the near-infrared region by using
gold nanorods. J. Am. Chem. Soc. 2006, 128 (6), 2115e2120. https://doi.org/10.1021/ja057254a; copy-
right (2006) American Chemical Society; (B) Reprinted with permission from reference Mock, J. J.; Barbic,
M.; Smith, D. R.; Schultz, D. A.; Schultz, S. Shape effects in plasmon resonance of individual colloidal silver

nanoparticles. J. Chem. Phys. 2002, 116 (15), 6755e6759. https://doi.org/10.1063/1.1462610.
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plasmonic-semiconductor core-shell systems, magnetic-plasmonic systems, fluorescent

plasmonic nanoparticles, magnetic-fluorescent plasmonic nanoparticles, and graphene-gold

nanocomposites.

4. Plasmonic-semiconductor core-shell nanoparticles

Wide band gap semiconductor oxide nanoparticles such as ZnO and TiO2 have been

studied extensively for their numerous physical and optical properties. These

nanomaterials are found to be useful in catalysis, cosmetic and food industry, and

biomedical applications. By combining with plasmonic metals, one can achieve an

enhancement of the existing properties of these semiconductor nanoparticles or even

achieve novel properties that are not observed in their native state. In this regard,

plasmonic metal-semiconductor oxide core-shell nanoparticles or semiconductor-plasmonic

core-satellite type nanoparticles have been synthesized and studied. Most popular among

them are TiO2 shell over Au, Pt, and Pd nanoparticles. TiO2 nanoparticles are known for

their photocatalytic activity and other light harvesting mechanisms. The inclusion of the

plasmonic core enhances the photocatalytic capability of TiO2 by increased absorption of

light in the visible region, better electron trapping, and improving the electron-hole pair

life time. One of the first reports in this direction was from Liz Marzan and co-workers

Figure 13.4
Plasmonic nanoparticles can be combined with other functional materials such as magnetic

nanoparticles, quantum dots, wide band gap oxide nanoparticles, and two-dimensional materials
such as graphene and its derivatives. The result of such combinations yields novel multifunctional

nanomaterials that have interesting applications.
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where they reported the growth of TiO2 layer on Ag nanoparticles [58]. The synthesis was

done in a one-step process where in a silver precursor (silver nitrate) and a TiO2 precursor

was refluxed in a solvent mixture of ethanol and dimethylformamide. Another approach

reported by Sakai et al. involves the growth of TiO2 on Ag nanoparticles using a sol-gel

method [59]. In a similar fashion, AueTiO2 core-shell nanostructures were also

synthesized by Caruso and co-workers using polyelectrolyte linkers [60,61]. Zhang et al.

synthesized plasmonic metal core-TiO2 shell hybrid nanoparticles using a simple

hydrothermal treatment of TiF4 and noble metal nanoparticles (Au, Pt, and Pd) [62].

Improved photocatalytic stability was observed in these core-shell nanoparticles compared

to bare TiO2 nanoparticles. Several other configurations including Au decorated TiO2, Au

nano rod-TiO2 core shell, and SiO2eAueTiO2 hybrid nanostructures have also been

reported for their improved photodegradation and photoelectrochemical water-splitting

applications [63e66].

ZnO is another popular metal oxide semiconductor that has unique optical and physical

properties that make them versatile material for several applications. High-chemical

stability, strong absorption in the UV, photoluminescence in the UV-Vis wavelengths, and

ease of synthesis make ZnO-plasmonic metal nanoparticles potential candidates for

photocatalytic and light harvesting applications. Different geometries of combining

plasmonic metal with ZnO has been reported of which core shell type nanoparticles have

proven to be useful multifunctional nanoparticles in several studies [67,68]. The synthesis

methods are similar to those used for plasmonic-TiO2 nanoparticles. Recently, plasmon-

ZnO hybrid nanoparticles have also been used in UV light detectors [69e74].

5. Magnetic-plasmonic nanoparticles

The combination of magnetic and plasmonic properties in the hybrid nanomaterials has

potential applications in magnetic resonance imaging (MRI) as contrast agents, magnetic

cell sorting applications, and cancer diagnosis as well as therapy [75e80]. Facile control

over these nanoparticles using magnetic field allows for their transfer from one site to

another, while the optical properties are being monitored. Iron oxide is one of the most

common magnetic nanoparticles that has been used to synthesize these bifunctional

nanomaterials. Very small nanoparticles of iron oxide are superparamagnetic and react

only in the presence of an external magnetic field [81]. They are often used as therapeutic

agents using hyperthermia in cancer patients. The two common configurations of core-

shell magnetic-plasmonic nanomaterials are magnetic core-plasmonic shell and plasmonic

core-magnetic shell. Gold nanoshells, having a dielectric material such as silica as the core

material and a thin gold layer as shell, are an interesting class of plasmonic nanoparticles

[44]. The optical properties of such gold nanoshells as their LSPR can be tuned from the

visible to infrared by varying the core and shell diameters. Photothermal destruction of
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tumor cells, drug delivery, and SERS are some of the potential applications of these gold

nanoshells [82,83]. Because of the special core-shell structure, gold nanoshells can have

an interaction of the cavity and the sphere plasmon modes (Fig. 13.5A). This hybridization

of the energy modes leads to an antisymmetric (antibonding) coupling with a higher

energy and a symmetric (bonding) coupling with a lower energy (Fig. 13.5B) [85]. The

strength of interaction is related to the aspect ratio of the shell and the core dielectric

medium. On the other hand, iron oxides (Fe3O4 and Fe2O3) are the most popular magnetic

nanoparticles that are used for synthesizing multifunctional nanoparticles. FexOy

nanomaterials have a cubic inverse spinel structure that offers a good magnetic response to

an external magnetic field [86,87].

Ultrasmall nanoparticles (usually less than 10 nm) with single magnetic domains behave as

superparamagnetic materials making them useful in applications such as MRI contrast

Figure 13.5
(A) Synthesis of different faceted gold-coated iron oxide nanoparticles. (B) Plasmon hybridization

of core-shell nanoparticles based on the core material. Strong coupling leads to bonding or
bright mode while poor coupling results in an antibonding or dark mode. (B) Reprinted with

permission from reference Levin, C. S.; Hofmann, C.; Ali, T. A.; Kelly, A. T.; Morosan, E.; Nordlander, P.;
Whitmire, K. H.; Halas, N. J. Magnetic�plasmonic core�shell nanoparticles. ACS Nano 2009, 3 (6),
1379e1388. https://doi.org/10.1021/nn900118a; Copyright (2009) American Chemical Society.
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agents, cell separation, and magnetic field induced hyperthermia [88,89]. By combining

the two functionalities, the nanoparticles have the potential for a wide spectrum of

applications. The most common geometries that have been studied are Fe3O4 core and Au

shell (Fe3O4@Au core-shell) and Fe3O4 core with Au satellites. Although there have been

reports of study of the reverse combination of Au core- Fe3O4 shell (Au@ Fe3O4) [90,91],

there has been more focus on magnetic material as core with plasmonic shell as the easily

functionalizable plasmonic metal surface nanoparticle remains exposed.

Core-Satellite structures consist of a single magnetic core particle (usually below 200 nm in

diameter) and small Au or Ag nanoparticles that are attached to the core [91e94]. The

advantage of such core-satellite structures is that they form the intermediate step toward the

formation of core-shell structures by seed-mediation. Moreover, as the satellite Au particles

do not fully cover the magnetic core, there is possibility of utilizing the core surface for

functionalization for certain applications. The large surface area of satellite plasmonic

particles helps in applications such as catalysis and surface-enhanced phenomena.

The most popular core-satellite structure is Fe3O4@Au although other configurations have

also been reported. The Fe3O4 core is usually synthesized using solvothermal or

hydrothermal methods yielding nanoparticles of sizes less than 100 nm. Au nanoparticle

satellites are then attached to the magnetic core nanoparticles using a chemical reduction

of gold chloride salt [95,96]. One of the first such multifunctional nanoparticles consisted

of a hybrid DNA functionalized magnetic-gold nanocomposite on silica particles [97].

Polymer links have also been employed to connect gold nanoparticles on the Fe3O4

magnetic core [98e100]. Here the polymer molecule not only protects the magnetic core

from aggregation but also provides a way to attach plasmonic metals to the amine tails on

the magnetic core. However, this technique is challenging as the surface of magnetic

material is hydrophobic and requires further surface modification to attach the polymer.

Another configuration involves the addition of a silica spacer between the core and

satellite particles. Using a sol-gel reaction process, it is possible to grow thin silica shells

over the magnetic core nanoparticles [101]. The most common method to grow silica

layers is by the Stöber process, where in tetraethylorthosilicate (TEOS) in an alcohol/water

mixture is hydrolyzed followed by the deposition of silica. The thickness of the silica shell

can be controlled by optimizing the concentration of TEOS. Further by functionalizing the

silica by amine or thiol-containing ligands, it is possible to attach the gold seeds onto the

silica surface. Another approach is to coat the magnetic core with a positively charged

polymer (such as aniline) wherein the negatively charged Au nanoparticles can attach

electrostatically. In another interesting method, small molecule amino acid (lysine) was

attached to the magnetic core using its carboxylate end while its amine tail would stick

out to facilitate the attachment of Au seeds. The distance between the magnetic core and

the Au nanoparticles can be tuned by adjusting the length of the linker molecule.
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The simplest way to synthesize magnetic core-Au shell composites is using a seed-

mediated method. However, there are no easy ways to attach gold directly on to the Fe3O4

core structure. The magnetic material needs to be functionalized with amine-tailed

compounds such as oleic acid-oleylamine or using a silica shell which can be easily

functionalized with APTES. This is followed by a reduction of gold salt to form

nanoparticle seeds that attach to the amine tails on the magnetic core structures. The core-

satellite system of nanoparticles can be used for synthesizing core-shell nanostructures as

the Au satellites act as nucleation and growth sites for Au atoms that are produced by

further reduction of HAuCl4. In fact, it is possible to synthesize different shapes as well as

sizes of magnetic-core-Au shell type nanostructures using the seed-mediated method [102]

(Fig. 13.6).

Apart from core-shell and core-satellite type magnetic-plasmonic nanoparticles, other

geometries have also been shown to possess interesting magnetic and optical properties.

Dumbbell-shaped AueFe3O4 nanoparticles, synthesized using the decomposition of iron

pentacarbonyl (Fe(CO)5) on Au nanoparticles and further oxidation to Fe3O4, were found

to be efficient catalytic enhancers [110]. Hybrid colloidal structures involving the co-

encapsulation of iron oxide and gold nanostars proved to be an effective way for SERS

applications wherein the particles could be accumulated using an external magnet and then

released back into solution [111]. In fact, Janus particles, whose surface contains two or

more different physical and chemical properties, have shown to be promising candidates

for several applications including biomedical science and nanotechnology. Magnetic

plasmonic Janus nanoparticles consist of a magnetic nanoparticle attached to an Au

nanoparticle.

For example, Janus magnetic nanostars with Au nanostars attached to an iron oxide

nanosphere has been found to be useful as contrast agents for multimodal imaging

[104,111,112]. The synthesis process involves the use of two seed-mediated methods: in

the first step, gold seeds (nanospheres) are attached to iron oxide nanoparticles to form

nanodumbbells, and in the second step, these nanodumbbells are used as seeds for

asymmetric growth of nanostars. These nanoparticles show two distinct LSPR peaks in

the visible range. The longer wavelength peak corresponds to the hybridization mode of

the tip and body of the nanostar, while the shorter wavelength peak is the LSPR of the

nanostar’s body. The size of the Janus particles can be tuned by varying the ratio of the

nanodumbell seeds to the gold salt during the synthesis process. These particles have

shown to be useful as contrast agents in versatile imaging techniques including MRI,

computed tomography, photoacoustic imaging, optical and SERS imaging.

Other forms of magnetic-plasmonic hybrid nanostructures have also been reported. For

example, crystalline FeeAu core-shell type nanostructures can be synthesized using

physical deposition techniques [109]. Magnetic-plasmonic AueFe alloy nanoparticles have
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Figure 13.6
Representative TEM images of different types of magnetic-plasmonic nanoparticles. (A) Fe3O4

core-Au shell nanoparticles. (B) Star-like janus magnetic-Au nanoparticles. (C) Au satellites deco-
rated Fe3O4@3-aminophenol-formaldehyde core-shell nanoparticles. (D) Silica-coated janus
magnetic-plasmonic nanoparticles. (E) Heterodimer structure. (F) Dumbbell type bifunctional
nanoparticle. (G) A crystalline FeeAu core-shell nanoparticle. (H) and (I) Size and shape-

controlled magnetic-Au nanoparticle. (A) Reprinted with permission from reference Cho, S.-J.; Idrobo, J.-
C.; Olamit, J.; Liu, K.; Browning, N. D.; Kauzlarich, S. M. Growth mechanisms and oxidation resistance of
gold-coated iron nanoparticles. Chem. Mater. 2005, 17 (12), 3181e3186. https://doi.org/10.1021/

cm0500713; Copyright (2005) American Chemical Society; (B) Reprinted with permission from referenceR-
eguera, J.; Jiménez de Aberasturi, D.; Henriksen-Lacey, M.; Langer, J.; Espinosa, A.; Szczupak, B.; Wilhelm,
C.; Liz-Marzán, L. M. Janus plasmonicemagnetic goldeiron oxide nanoparticles as contrast agents for multi-

modal imaging. nanoscale 2017, 9 (27), 9467e9480. https://doi.org/10.1039/C7NR01406F; (C)
Reprinted with permission from reference Gong, C.; Li, Q.; Zhou, H.; Liu, R. Tiny Au satellites decorated
Fe3O4@3-aminophenol-formaldehyde core-shell nanoparticles: easy synthesis and comparison in catalytic
reduction for cationic and anionic dyes. Colloids Surfaces A Physicochem. Eng. Asp. 2018, 540, 67e72.

https://doi.org/https://doi.org/10.1016/j.colsurfa.2017.12.045; (D) Reprinted with permission from refer-
ence Sotiriou, G. A.; Hirt, A. M.; Lozach, P.-Y.; Teleki, A.; Krumeich, F.; Pratsinis, S. E. Hybrid,

silica-coated, janus-like plasmonic-magnetic nanoparticles. Chem. Mater. 2011, 23 (7), 1985e1992.
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also been synthesized using laser ablation of the alloy target in an ethanolic solution.

These nanoparticles were successfully used as SERS substrates, MRI, and CT contrast

agents [112]. In some reports, Ag nanoparticles have been used instead of Au as the shell

plasmonic metal [113e115].

6. Applications of magnetic core-plasmonic shell nanoparticles

Owing to the multifunctional nature of magnetic-plasmonic hybrid nanoparticles, there are

several avenues of applications for these nanomaterials that have been reported. One

principal application for these multifunctional materials is in the biomedical imaging and

cell separation [116,117]. Iron oxide nanoparticles have been used as T2 weighted contrast

agents in MRI scanning, immunoassay studies, detoxification studies, hyperthermia, and

for cell separation applications. However, MRI does not provide the resolution of optical

images. The tunable plasmon excitation wavelength and easy functionalization of Au

allows for easy biopenetration, selective targeting of cells or tissues for imaging and

photothermal ablation. Furthermore, adding Au shell improves the biocompatibility of the

nanoparticles. The plasmonic overcoating acts as a protective shell against corrosion of the

magnetic nanoparticle in the biological solvents. Therefore, plasmonic shell-magnetic core

nanoparticles have been recently used for targeted diagnosis and photothermal destruction

of tumor cells. Gold-iron oxide core-shell nanoparticles were used as contrast agents for

MRI scanning applications. For example, Sokolov et al. used core-shell g -Fe2O3/Au

nanoparticles for MRI imaging followed by photothermal destruction of cancer cells [118].

Halas and co-workers had used a gold shell over Fe3O4-doped silica core for enhancing

both MRI as well as fluorescent images [119]. Human epidermal growth factor receptors

https://doi.org/10.1021/cm200399t; Copyright (2011) American Chemical Society; (E) Reprinted with
permission from refernce Gu, H.; Yang, Z.; Gao, J.; Chang, C. K.; Xu, B. Heterodimers of nanoparticles: for-
mation at a liquid�liquid interface and particle-specific surface modification by functional molecules. J. Am.
Chem. Soc. 2005, 127 (1), 34e35. https://doi.org/10.1021/ja045220h; Copyright (2005) American

Chemical Society; (F) Reprinted with permission from reference Yu, H.; Chen, M.; Rice, P. M.; Wang, S. X.;
White, R. L.; Sun, S. Dumbbell-like bifunctional Au�Fe3O4 nanoparticles. Nano Lett. 2005, 5 (2),
379e382. https://doi.org/10.1021/nl047955q; Copyright (2005) American Chemical Society; (G)

Reprinted with permission from reference Langlois, C.; Benzo, P.; Arenal, R.; Benoit, M.; Nicolai, J.; Combe,
N.; Ponchet, A.; Casanove, M. J. Fully crystalline faceted FeeAu coreeshell nanoparticles. Nano Lett. 2015,
15 (8), 5075e5080. https://doi.org/10.1021/acs.nanolett.5b02273; Copyright (2015) American Chemical
Society (H) and (I) Reprinted with permission from reference Kwizera, E. A.; Chaffin, E.; Shen, X.; Chen, J.;
Zou, Q.; Wu, Z.; Gai, Z.; Bhana, S.; O’Connor, R.; Wang, L.; Adhikari, H.; Mishra, S. R.; Wang, Y.;

Huang, X. Size- and shape-controlled synthesis and properties of magneticeplasmonic coreeshell nanoparticles.
J. Phys. Chem. C 2016, 120 (19), 10530e10546. https://doi.org/10.1021/acs.jpcc.6b00875; Copyright

(2016) American Chemical Society.
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(HER2) are often used as targets for antibody therapy, especially in the case of breast

cancers. Tumorous cells tend to overexpress this marker and can be used to detect early

cancerous growths. By injecting the gold-Fe3O4 multifunctional nanocomposites

conjugated with anti-HER2, it was possible to specifically attach the nanocomposites on

the tumor cells. Using IR illumination, it was possible to destroy the tumor cells through

photothermal cell death (Fig. 13.7A). In another report, Fan et al. demonstrated that

aptamer-conjugated plasmonic/magnetic core-shell nanoparticles can be used for specific

Figure 13.7
(A) Hyperthermia-induced cell death for SK-BR-3 (a) and MDA-MB-231 (c) cancer cells that

have been incubated with the magnetic-plasmonic nanoparticles. (b) and (d) are images of the
control experiments. NIR laser at 808 nm was used for photothermal cell death, (e) and (f) TEM
images of the multifunctional nanoparticles. (B) Fluorescent images of a cancer cell (SK-BR-3)
that has been attached with an aptamer conjugated magnetic-gold nanoparticles that has been
separated magnetically from a mixture of LNCaP and SK-BR-3 cancer cells (b) Bright field image
of the same (c) Fluorescence image of LNCaP. Note that SK-BR3 cannot be seen here. (d) Bright

field image of the same (e) TEM image of SK-BK-3 cell which shows the attached magnetic-
plasmonic nanoparticles. (f) TEM image of LNCaP cell. (A) Taken from reference Bardhan, R.; Chen,
W.; Perez-Torres, C.; Bartels, M.; Huschka, R. M.; Zhao, L. L.; Morosan, E.; Pautler, R. G.; Joshi, A.;

Halas, N. J. Nanoshells with targeted simultaneous enhancement of magnetic and optical imaging and photo-
thermal therapeutic response. Adv. Funct. Mater. 2009, 19 (24), 3901e3909. https://doi.org/10.1002/
adfm.200901235; (B) Reprinted with permission from reference Fan, Z.; Shelton, M.; Singh, A. K.; Sena-

pati, D.; Khan, S. A.; Ray, P. C. Multifunctional plasmonic shellemagnetic core nanoparticles for targeted di-
agnostics, isolation, and photothermal destruction of tumor Cells. ACS Nano 2012, 6 (2), 1065e1073.

https://doi.org/10.1021/nn2045246; Copyright (2012) American Chemical Society.
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binding, imaging, and magnetic separation of four different cancer cells [120]. These

cancer cell lines include the human breast cancer cell lines SK-BR-3, HER2-negative

human breast cancer MDA-MB cell line, the human prostate cancer cell line LNCaP, and

human skin cancer HaCaT cell line. The magnetic-plasmonic core-shell nanoparticles are

attached with Cy3-modified S6 aptamers using the eSH ligand. Magnetic cell separation

and fluorescence imaging was possible after binding the multifunctional nanoparticle onto

the cancer cells (Fig. 13.7B). Hyperthermia was introduced using a 670 nm laser at

2e3 W/cm2 of intensity for the cancer cell destruction. There has been a plethora of

reports on using magnetic-plasmonic multifunctional nanoparticles for imaging and

photothermal destruction of tumor cells. There are several review papers on this specific

application of multifunctional magnetic-plasmonic nanoparticles that the readers may find

interesting [121e124].

Magnetic-plasmonic nanoparticles also find applications in enhanced-spectroscopic

measurements such as SERS [125,126]. The main advantage of using a magnetic core is

that it allows for better control of the electromagnetic hot-spot formation in the liquid

medium using an external magnetic field. The hybrid nanoparticles can be easily

aggregated at the required site using an external magnet and then released back into the

medium after Raman measurements. This has been exploited in sensing and detecting

several analytes including thiols, biochemicals such as amino acids, drugs, pesticides, and

chemical pollutants. In this regard, Ag nanoparticles on the magnetic core are more

advantageous as they show better SERS capability compared to Au. An overview of

different modalities of multifunctional gold-magnetic nanocomposites can be obtained

from the review article by Leung et al. [127].

7. Fluorescent-plasmonic nanoparticles

The combination of fluorescence with plasmonic properties can be beneficial in direct

imaging applications. It also leads to the observation of interesting physical phenomena

such as metal-enhanced fluorescence and quenching. Although plasmonic nanoparticles by

themselves have no significant photoluminescence, clusters of Au or Ag have shown to

emit light under excitation [128e131]. For application point of view, it is more interesting

to attach a strong fluorescent emitter such as quantum dots to plasmonic metals. Quantum

dots are robust emitters that can withstand photobleaching, and their emission can be

tuned by varying the size. The effect of placing emitters in the vicinity of plasmonic

metals has been of great interest as the plasmonic fields can alter the emission properties

in a significant way. For example, it is reported that when CdSe/ZnS core-shell quantum

dots were placed on gold nanoparticles with a polyelectrolyte spacer, the luminescence of

the quantum dots is enhanced by a factor of five for a spacer thickness of 11 nm [132]. In

absence of the spacer layer, the luminescence is reduced by a factor of three because of
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quenching process. In fact, it is also possible to excite surface plasmons in metal when a

fluorophore is placed in close vicinity. This phenomenon, called as surface plasmon

coupled emission or SPCE, has been exploited in optoelectronic and sensing devices. SPPs

on thin metal films can also be harnessed to enhance fluorescence emission although it

requires special coupling geometry.

There has been a plethora of reports on the interaction between fluorophore molecules and

plasmonic metals [133]. The distance-dependent interaction can lead to either an

enhancement of the fluorescence or a quenching in fluorescence when the molecule is very

close to the metal surface.

A more interesting configuration for application point of view is the development of

hybrid quantum dot-plasmonic nanoparticles. Quantum dots are ultrasmall (usually less

than 10 nm) semiconductor or metal nanoparticles that show a size-dependent emission

property. Quantum dots usually have broad excitation spectrum that allows their

applications in different light sources. They also have a very narrow emission bandwidth

which can be exploited in multicolor imaging schemes. The strong confinement of

electrons in these sub-10 nm nanocrystals leads to size-tunable band gaps and emission.

Other advantageous including reduced photobleaching, longer stability, and shelf life, and

very high quantum yield makes them potential materials as replacement for organic dye

molecules. However, there are two major disadvantages of using quantum dots for imaging

applications. First one is regarding the degradation of the material composition under

prolonged excitation of the quantum dots. Secondly, the emission fluctuation, also called

blinking, of the single quantum dots can be an issue in very low-light experiments. While

the former is intrinsic to the quantum dots, the later arises because of nonradiative

recombination (also called Auger recombination). Nevertheless, these problems can be

resolved to certain extent by using plasmonic shells or attaching the quantum dots to

plasmonic metals. Direct contact of quantum dots with plasmonic metals can lead to

fluorescence quenching through charge-transfer mechanisms. Hence a spacer dielectric or

a polymer molecule is sandwiched between the two resulting in a hybrid multifunctional

nanoparticle system. The distance between the quantum dot and the plasmonic metal can

be tuned by varying the thickness of the dielectric material (usually silica) or by changing

the length of the linker molecule.

Two different geometries of quantum dot-plasmonic metal hybrid nanoparticles have been

reported so far. The first one is a core-shell type structure, wherein the quantum dot is

covered with a shell of plasmonic metal with a thin spacer in between [134,135]. Gold-

encapsulated quantum dots have certain advantages including improved efficiency,

improved stability, easy functionalization on the gold shell, and reduced toxicity of the

quantum dots (which usually contains toxic metals such as Cd or Pb). However, it should

be noted that a very thick shell of gold can deteriorate the emission transmission while too
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thin shells can lead to unwanted scattering or exposed quantum dot surfaces. Hence a

precise control of the deposition process is necessary to obtain ideal configuration of gold-

shell quantum dots. The synthesis method is often a two-step or three-step process. In one

method reported by Jin and Gao, single quantum dots are coated with a layer of peptide,

poly-L-histidine (PLH) that acts as a linker molecule to the outer gold shell (Fig. 13.8)

[134]. The strong affinity of gold toward histidine molecules has been exploited in this

work to grow gold on the quantum dots. In the synthesis process, quantum dots are first

functionalized with trioctylphosphine oxide and then coated with PLH. HAuCl4 is then

reduced using hydroxylamine to obtain Au3þ ions that attach on the histidine molecules.

The distance between the quantum dot and the gold ions were adjusted using additional

Figure 13.8
Plasmonic fluorescent quantum dots (A) Synthesis method for coating Au over the quantum dot
using a polymer linker (B) Absorption spectrum of the quantum dot before and after coating

with Au. The plasmonic LSPR of gold shell can be observed (C) emission spectra of the quantum
dot before and after Au coating. (C) Reprinted with permission from reference Jin, Y.; Gao, X. Plasmonic

fluorescent quantum dots. Nat. Nanotechnol. 2009, 4 (9), 571e576. https://doi.org/10.1038/nnano.
2009.193.
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polyelectrolyte bilayers using a layer-by-layer assembly process. This synthesis technique

yielded in core-shell quantum dots with a 3e5 nm gold shell at a distance of >3 nm from

the core. Optical absorption measurements on the gold encapsulated core-shells revealed

the suppression of quantum dot absorption peaks by the gold shell LSPR. From the

fluorescence measurements, it was observed that the quantum yield of the lipid-coated

quantum dots remained similar to the bare quantum dots while that for the gold-

encapsulated quantum dots reduced to 18%. However, no shift in the emission peaks was

seen in the gold-encapsulated quantum dots. It was also reported that the thickness of gold

shell played a significant role in the emission intensity. Gold layers thicker than 5 nm

significantly diminished the transmission of the fluorescence emitted by the quantum dots.

In a different approach, Botao Ji et al. first encapsulated the quantum dots with a thin

layer of silica and then attached gold shell to the silica layer [135]. This was achieved in a

three-step process. First, the quantum dot was encapsulated in a thin silica layer using the

hydrolysis of TEOS by water-in-oil microemulsion process (Fig. 13.9A). Next, a polymer

molecule, poly(1-vinylimidazole co-vinyltrimethoxysilane) (PVIS) was attached onto the

silica surface. This polymer ensured the maximization of adsorption of gold seeds. Finally,

gold ions were added and reduced using formaldehyde to get a continuous shell of gold

around the silica coated quantum dots. The gold shell not only improved the robustness of

the quantum dots but also provided a local enhanced field for better emission properties.

From the time-resolved fluorescence measurements on the golden quantum dots, it was

observed that the life-time of emission was reduced to 20 ns from 160 ns of bare quantum

dots. This decrease in fluorescence life time was attributed to the strong coupling of the

gold shell plasmons with the quantum dote core. It was also observed that there was no

fluctuation of emission, and the photoluminescence spectrum showed a Poissonian

intensity distribution. This means that the quantum dots were nonblinking unlike bare ones

(Fig. 13.9B). Such nonblinking property of gold encapsulated quantum dots was attributed

to the suppression of nonradiative Auger process thereby allowing the quantum dots to

exhibit multiexciton emission. These multifunctional quantum dots are potential candidates

for multicolor bioimaging as well as in optoelectronic applications.

Another interesting configuration is to attach quantum dots on gold nanoparticles like

satellites [136]. Such a geometry facilitates the study of exciton-plasmon interaction and

metal-enhanced fluorescence phenomenon. In this regard, there have been different

approaches to attach quantum dots on the gold nanoparticles. For example, DNA-based

self-assembly process can form quantum dot-plasmonic nanoparticle hybrid system with

good control. Cohen-Hoshen et al. used such a self-assembly method to attach quantum

dots to gold nanoparticles [137]. For this, gold nanoparticles, prepared by citrate reduction

of gold salt, were used as seed to grow larger gold nanoparticles of 80 nm size. These
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nanoparticles were then functionalized with a thiol-DNA-biotin molecule. The thiol end

attaches to the gold surface, while the biotin is used to link the CdSe/ZnS core shell type

quantum dots coated with streptavidin. A strong polarization-dependent emission was

observed in the hybrid system. Such hybrid systems constitute interesting platform for

studying the interaction of single emitters with plasmonic metal nanoparticles. They also

find applications in multipurpose functionalities such as bioimaging and photothermal

treatment of tumorous cells.

Figure 13.9
Gold-encapsulated core-shell quantum dots (A) Synthesis scheme for encapsulating quantum

dots in gold. Here a thin silica layer is used as spacer. TEM images at each step are also shown.
(B) Suppression of blinking behavior of quantum dots after encapsulation with gold. (C) Evolu-
tion of decay of fluorescence of the quantum dots before and after coating of gold. (C) Reprinted

with permission from reference Ji, B.; Giovanelli, E.; Habert, B.; Spinicelli, P.; Nasilowski, M.; Xu, X.;
Lequeux, N.; Hugonin, J.-P.; Marquier, F.; Greffet, J.-J.; Dubertret, B. Non-blinking quantum dot with a plas-
monic nanoshell resonator. Nat. Nanotechnol. 2015, 10 (2), 170e175. https://doi.org/10.1038/nnano.

2014.298.
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8. Fluorescent-magnetic-plasmonic nanoparticles

In spite of the recent advances in nanoparticle synthesis and nanofabrication methods,

combining of the three functional properties: fluorescence, magnetic, and plasmonic

properties in a single nanostructure is still considered to be a big challenge. As the

merging of different properties may lead to undesirable effects, it is necessary to study

the interaction of individual properties with each other and then develop a protocol for the

synthesis. For example, fluorescence can get quenched if the quantum dot is in direct

contact with the plasmonic metal while adding spacer layers can hinder magnetic

properties. However, there has been some effort in this direction to develop such

multifunctional nanomaterials owing to their potential applications.

9. Graphene-plasmonic nanocomposites

In the recent years, graphene and its derivatives (for example, graphene oxide reduced

graphene oxide) have been researched intensively for their interesting physical, optical,

and electronic properties [138]. It has been known that the sp2 hybridization in graphene-

like structures facilitate the functionalization of several types of molecules and for the

study of aromatic molecular interaction from the p-p type layers. Owing to the electronic

properties of graphene, it has been seen as a potential SERS substrate yielding large

chemical enhancements [139,140]. In fact, it has been reported that mildly reduced

graphene, rather than pristine graphene, offers better chemical enhancement in SERS

[141]. By combining plasmonic metal nanostructures with graphene, it is possible to attain

large enhancement in Raman scattering from molecules [142,143]. While the graphene

support offers chemical enhancement, the intense local fields of surface plasmons in

plasmonic nanoparticles gives rise to large electromagnetic enhancements. Thus, the

underlying graphene layer not only provides the necessary support for the plasmonic metal

but also participates in the SERS mechanism. In this regard, graphene oxide is a better

choice than graphene as the dangling bonds of different hydroxyl and carboxyl groups

forms sites for functionalization. The two ways of integrating graphene type materials with

plasmonic metal nanoparticles are shown in Fig. 13.10A. The graphene sheet can be

conjugated with gold or silver nanoparticles or the nanoparticles can be wrapped with

graphene layers. Using a one-pot synthesis method, Hu et al. fabricated reduced graphene

oxide and silver nanoparticle hybrids as Raman reporters for the detection of folic acid as

potential application toward cancer diagnostics [147]. Nergiz et al. reported the synthesis

of gold nanorod-graphene oxide nanorolls using a self-assembly method [148]. Liz

Marzan’s group used a two-step method to synthesize reduced graphene oxide-gold

nanostar hybrid nanocomposite for SERS applications (Fig. 13.10B) [145]. Another

interesting method reported by Nair et al. involves the synthesis of different plasmonic

nanostructures such as silver nanospheres, nanocubes, and nanowires over Boron-doped

graphene sheets using an in-situ method [149]. For SERS and photocatalytic applications,
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silver is considered superior to gold. In this regard, Ag nanoparticle decorated reduced

graphene sheets have also been synthesized [146]. The hybrid structures were used as

SERS platform for enzyme-free detection of hydrogen peroxide. In a recent work, a hybrid

structure based on graphene oxide with plasmonic and magnetic nanostructures were used

for selective separation and label-free identification of Alzheimer’s disease biomarkers.

Figure 13.10
(A) Different modalities used for graphene oxide-plasmonic nanoparticle composites (B) Synthe-
sis scheme for reduced graphene oxide-gold nanostar composite for SERS applications. (C) SEM
image of reduced graphene oxide-silver nanoparticles. (A) Reprinted with permission from reference

Turcheniuk, K.; Boukherroub, R.; Szunerits, S. Goldegraphene nanocomposites for sensing and biomedical ap-
plications. J. Mater. Chem. B 2015, 3 (21), 4301e4324. https://doi.org/10.1039/C5TB00511F; (B)
Reprinted with permission from reference Wang, Y.; Polavarapu, L.; Liz-Marzán, L. M. Reduced graphene
oxide-supported gold nanostars for improved SERS sensing and drug delivery. ACS Appl. Mater. Interfaces

2014, 6 (24), 21798e21805. https://doi.org/10.1021/am501382y; Copyright (2014) American Chemi-
cal Society; (C) Reprinted with permission from reference Bhunia, S. K.; Jana, N. R. Reduced graphene oxide-
silver nanoparticle composite as visible light photocatalyst for degradation of colorless endocrine disruptors. ACS
Appl. Mater. Interfaces 2014, 6 (22), 20085e20092. https://doi.org/10.1021/am505677x; Copyright

(2014) American Chemical Society.
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A review of the different configurations of graphene and plasmonic metal nanocomposites

can be found in Ref. [144]. Graphene and its derivates have also been known to have good

photothermal properties that can be exploited in applications such as optical trapping and

assembly of nanoparticles [157], and photothermal ablation of biological samples such as

bacteria [153]. In conjuction with plasmonic nanoparticles, it is possible to enhance the

ohotothermal properties of graphene and further the scope of their applications. Graphene

oxide-plasmonic nanoparticle composites are promising SERS substrates for numerous

applications including biodetection, chemical pollutant detection, and optoelectronic

nanoscale devices [150e156].

10. Future prospects of multifunctional plasmonic nanomaterials

Adding multifunctionality to existing properties of plasmonic nanoparticles is always

advantageous for diversifying their applications. A lot of effort has been put in this

direction, especially for their biomedical imaging and detection capabilities. One

important application for such multifunctional plasmonic nanoparticles is for the early

detection and treatment of cancers. In the recent years, there has been an exponential rise

in the number of cancer patients worldwide. Owing to this increase, researchers are

turning toward nanotechnology-based solutions for early cancer detection and treatment. In

this regard, multifunctional nanomaterials have been considered as potential imaging

markers as well as photothermal agents. In particular, multifunctional plasmonic

nanoparticles have been reported to be useful in identifying the cancer cells and

selectively destroy the tumorous tissues using photothermal methods. Plasmonic

nanoparticles and superparamagnetic nanoparticles by themselves have been found as

potential nanomaterials for such biomedical applications and therapeutics. Because of their

unique properties, plasmonic nanoparticles (gold, in particular) have been researched for

their bioimaging and photothermal therapeutic agents. On the other hand, iron

oxideebased nanoparticles have been employed in MRI scanning as contrast agents and

hyperthermia for tumor cell destruction. By combining these two functional nanoparticles,

it is possible to diversify their capabilities as a detection and treatment mechanism for

common cancers.

There are several challenges that need to be overcome before clinical trials of these

multifunctional nanoparticles are carried out in real patients. It is important that the

nanoprobes used have high specificity toward the tumor cells and minimal

bioaccumulation. The ease of availability and cost of synthesis also need to be taken into

consideration. On the above, the side effects of nanoparticles in human system are still not

fully understood. It is however clear that owing to their multitasking capabilities such

functional plasmonic nanomaterials offer great possibility for biomedical applications in

the near-future.
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