
quickly forms a silica shell around the nanoparticle
indistinguishable from those created in the Ung et al.
method. The Yin et al. method is rapid, but unsuitable for
certain applications, notably the co-encapsulation of Ra-
man-active species within the silica shell (see below), and the
coating of particles formed in the presence of surfactants
has met with limited success.

Another form of core-shell particles has a metal shell
surrounding a dielectric centre. The dielectric core, usually
silica, is produced by the Stöber method to produce
monodispersed silica cores ranging in size from 80–500nm
[65, 66]. These particles are then functionalised with
3-aminopropyltrimethoxysilane. These functionalised parti-
cles are then reacted with small gold nanoparticles. The gold
particles provide nucleation sites for the growth of the
metallic shell from metal salts in solution. NH4OH is added
to produce preferential deposition onto the surface, rather

than initiate new particle formation in solution (Fig. 3d)
[65–69]. The TEM and dark-field optical micrographs of
this type of nanoshell are shown in Figs. 3e and 3f.

2.3 Lithographic techniques
All nanoparticle fabrication methods discussed thus far are
used to create suspensions of nanoparticles in solution.
Another class of techniques addresses substrate-bound
nanostructure fabrication. The standard approach for
making substrate-bound nanostructures is electron beam
lithography (EBL). In EBL, the desired pattern is serially
produced by exposing a thin layer of photo-resist to high
energy electrons, followed by chemical development and
deposition of the noble metal, Fig. 4a. Several research
groups have focused on the optical properties of two-
dimensional arrays in order to utilise these nanoparticle
assemblies as surface-enhanced spectroscopy substrates
[70–72]. While EBL provides exquisite control over
nanoscale morphology, it is an expensive and time-consu-
ming technique. An alternative method for the large-scale
production of surface-bound nanoparticle arrays is nano-
sphere lithography (NSL).

NSL is a powerful fabrication technique to inexpensively
produce nanoparticle arrays with controlled shape, size, and
interparticle spacing [73]. Every NSL structure begins with
the self-assembly of size-monodispersed nanospheres of
diameter D to form a two-dimensional colloidal crystal
deposition mask [8, 73–75]. As the solvent evaporates,
capillary forces draw the nanospheres together, and the
nanospheres crystallise into a hexagonally close-packed
pattern on the substrate. As in all naturally occurring
crystals, nanosphere masks include a variety of defects that
arise as a result of nanosphere polydispersity, site random-
ness, point defects, line defects, and polycrystalline domains.
Typical defect-free domain sizes are in the 10–100mm range.
Following self-assembly of the nanosphere mask, a metal or
other material is then deposited by thermal evaporation,
electron beam deposition, or pulsed laser deposition,
Fig. 4b. After metal deposition, the nanosphere mask is
removed, leaving behind surface-confined nanoparticles
with triangular footprints.

3 Sensing with noble metal nanostructures

It is apparent from (1) that the location of the extinction
maximum of noble metal nanoparticles is highly dependent
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Biological applications of localised surface plasmonic
phenomenae

D.A. Stuart, A.J. Haes, C.R. Yonzon, E.M. Hicks and R.P. Van Duyne

Abstract: Researchers and industrialists have taken advantage of the unusual optical, magnetic,
electronic, catalytic, and mechanical properties of nanomaterials. Nanoparticles and nanoscale
materials have proven to be useful for biological uses. Nanoscale materials hold a particular
interest to those in the biological sciences because they are on the same size scale as biological
macromolecules, proteins and nucleic acids. The interactions between biomolecules and
nanomaterials have formed the basis for a number of applications including detection, biosensing,
cellular and in situ hybridisation labelling, cell tagging and sorting, point-of-care diagnostics, kinetic
and binding studies, imaging enhancers, and even as potential therapeutic agents. Noble metal
nanoparticles are especially interesting because of their unusual optical properties which arise from
their ability to support surface plasmons. In this review the authors focus on biological applications
and technologies that utilise two types of relatedplasmonic phenomonae: localised surface plasmon
resonance (LSPR) spectroscopy and surface-enhanced Raman spectroscopy (SERS). The
background necessary to understand the application of LSPR and SERS to biological problems
is presented and illustrative examples of resonant Rayleigh scattering, refractive index sensing, and
SERS-based detection and labelling are discussed.

1 Introduction

The intense scattering and absorption of light from noble
metal nanoparticles is the source of some of the beautiful
colours in stained glass windows and has attracted the
interest of scientists for generations. These nanoparticles
exhibit a strong UV-vis absorption band that is not present
in the spectrum of the bulk metal [1–8]. Although scientists
have learned that the characteristic hues of these noble
metal nanoparticle suspensions arise from their strong
interaction with light, the advent of the field of nanoparticle
optics has allowed for a deeper understanding of the
relationship between material properties such as composi-
tion, size, shape, and local dielectric environment and the
observed colour of a metal suspension. An understanding of
the optical properties of noble metal nanoparticles holds
both fundamental and practical significance. Fundamen-
tally, it is important to systematically explore the nanoscale
structural and local environmental factors that cause optical
property variation, as well as provide access to regimes of
predictable behaviour. Practically, the tunable optical
properties of nanostructures can be applied as materials
for surface-enhanced spectroscopy [9–13], optical filters [14,
15], plasmonic devices [16–19] and sensors [20–34].

One of the most interesting properties of noble metal
nanoparticles arises from their ability to support a localised
surface plasmon resonance (LSPR). The LSPR results when
the incident photon frequency is resonant with the collective

oscillation of the conduction electrons of the nanoparticle.
The simplest theoretical approach available for modelling
the optical properties of nanoparticles is the Mie theory
estimation of the extinction of a metallic sphere in the long
wavelength, electrostatic dipole limit. In the following
equation [35]:

E!l" # 24pNAa3e3=2m

l ln!10"
ei

!er $ 2em"2 $ e2i

" #

!1"

E(l) is the extinction which is, in turn, equal to the sum of
absorption and Rayleigh scattering,NA is the areal density
of nanoparticles, a is the radius of the metallic nanosphere,
em is the dielectric constant of the medium surrounding the
metallic nanosphere (assumed to be a positive, real number
and wavelength independent), l is the wavelength of the
absorbing radiation, ei is the imaginary portion of the
metallic nanosphere’s dielectric function, and er is the real
portion of the metallic nanosphere’s dielectric function. The
LSPR condition is met when the resonance term in the
denominator ((er+2em)2) approaches zero. Even in this
most primitive model, it is abundantly clear that the LSPR
spectrum of an isolated metallic nanosphere embedded in
an external dielectric medium will depend on the nanopar-
ticle radius a, the nanoparticle material (ei and er), and the
nanoenvironment’s dielectric constant (em). Furthermore,
when the nanoparticles are not spherical, as is always the
case in real samples, the extinction spectrum will depend on
the nanoparticle’s in-plane diameter, out-of-plane height,
and shape. In this case the resonance term from the
denominator of (1) is replaced with:

!er $ wem"2 !2"

where w, a shape factor term [11] is a term that describes the
nanoparticle’s aspect ratio. The values for w increase from
two (for a sphere) up to, and beyond, values of 17 for a 5:1
aspect ratio nanoparticle. In addition, many of the samples
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magnetic radiation with the same frequency as the oscil-
lating electrons. It is this re-radiation of light at the same
incident wavelength that is often referred to as plasmon
scatter [16,17]. If the colloid is illuminated with light (l)
which matches the principle plasmon absorption maxima
(lp), the nanoparticles can then both absorb and scatter
light outside of their physical cross-sections. For wave-
lengths longer than lp, light is only influenced over the
physical constraints of its cross section (Figure 1). For a
30 nm diameter Ag particle, at 380 nm, CScat = 8 !
10"12 cm2, cf. Equation 1. Subsequently, this generally
leads to the high sensitivity detection of both gold and
silver particles at concentrations as low as 10"16 M [16].
Yguerabide has reported the scattering powers of 30 nm
noble metal particles in a medium refractive index of 1.33
[16]. In normalized terms, silver and gold have been
shown to be efficient plasmon scatterers, Ag (1000), >
Au (112.7), > Cu (46.8) and Al (46.6). In comparison, a
Rayleigh scattering polystyrene particle of 30 nm has a
relative Cscat of 0.47 [16]. As compared to fluorophores, a
60 nm gold nanoparticle can have the same scattering
intensity as 3 ! 105 fluorescing fluorescein molecules
[16].

The scattering of light by very small subwavelength sized
particles is well described by Rayleigh theory [16,17]. For
incident light horizontally polarized and observed in the
same plane, the intensity of light scattered, Iscatt, in the
direction u by a homogeneous spherical particle with
radius a, that is much smaller than the wavelength, l,
of the incident beam, is given by the Rayleigh expression
[16,17],

Iscatt #
16p4a6n4med I0

r2l4
m2 " 1

m2 $ 2

!!!!

!!!!
2

Cos2# (2)

where I0 is the incident intensity of monochromatic light,
nmed is the refractive index surrounding the particle, m is
the refractive index of the bulk particle material and r is

the distance between the particle and where the scattered
light is detected. From equation (2) the scattered light in
the horizontal plane is 100% polarized. Interestingly the
scattered light intensity is highest at the observation
angles u = 08 and 1808, is zero at u = 908 and 2708, and
is proportional to Cos2u at all other angles. This spatial or
angular distribution of plasmon scatter is characteristic of
an electric dipole emitter [16,17]. For light vertically
polarized and perpendicular to the scattering pane, the
intensity of scatter is given by the well-known form of the
Rayleigh expression:

Iscatt #
16p4a6n4med I0

r2l4
m2 " 1

m2 $ 2

!!!!

!!!!
2

(3)

Here, there is no angular-dependence of scatter. The
change in polarization of light due to scattering has also
been known for many years, as first described by Rayleigh
[10%%,16,17]. For the case where the incident light is
polarized perpendicular to the scattering plane, then
the extent of polarization, P, at any angle u is given by
the expression:

P # IPERP " IPAR
IPERP $ IPAR

(4)

where IPERP and IPAR are the scattered intensities in the
perpendicular and parallel planes, respectively. P can be
positive or negative and jPj & 1 [16,17]. For plane polar-
ized light, the plasmon scattered light by a homogenously
sized and dilute solution approaches 1.

Plasmon scatter for bioaffinity sensing
Compared with absorption-based (colorimetric) measure-
ments, there have been relatively few reports of plasmon
light scattering for sensing [3–6,8,9%,10%%]. Of particular
note are the recent reports of wavelength-ratiometric
plasmon light scattering [9%]. Similar to absorbance-based
measurements, plasmon supporting colloids also red-shift
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Figure 1

Poynting Vector, or energy flow lines around a subwavelength metallic colloid Illuminated at the plasmon wavelength, lp, (right), and at a
wavelength longer than the plasmon wavelength (left). The vertical lines on the left indicate the diameter of the cross sections for absorption.
Adapted from [2] with permission. Copyright 2004, Wiley-VCH.
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3. Results

Figure 2 shows electron micrographs and corresponding size

distributions of gold nanoparticles produced by laser ablation

at 1064 nm (80 mJ/pulse) of a gold plate immersed in a 0.01

M SDS aqueous solution; panels a and b show the electron

micrographs of gold nanoparticles remaining in the top layer

of the solution before and after centrifugation, respectively. The

average nanoparticle diameter of 4.6 nm before centrifugation

(panel a) is lowered to 4.0 nm after centrifugation (panel b).

This result implies that a gold nanoparticle having a larger

diameter is precipitated more efficiently by the centrifuge. Figure

3 shows gold nanoparticles and their size distributions produced

in a 10-4 M SDS aqueous solution; panels a and b show the

electron micrographs of the gold nanoparticles remaining in the

top layer of the solution before and after centrifugation,

respectively. The average diameters of the nanoparticles in

panels a and b are 14.4 and 6.1 nm, respectively. The size

distributions shown in Figures 2 and 3 indicate that gold

nanoparticles having a larger diameter are precipitated by

centrifugation, and as a result, the size distribution becomes

narrow. In addition, the size of the nanoparticles was found to

decrease with an increase in the concentration of SDS. Figure

4 shows optical absorption spectra of gold nanoparticles

remaining in solution before (marked as a) and after centrifuga-

tion (marked as b). The spectra exhibit a characteristic peak at

517 nm and a tail portion of a broad band extending toward

the UV wavelength range. The absorption spectra are essentially

the same as that of gold nanoparticles prepared chemically by

reduction of a gold salt in reversed micelles.21 The agreement

of the spectral features implies that gold nanoparticles are

formed by the laser ablation in the solution. The dotted line

marked as c in Figure 4 is the spectrum obtained by scaling

spectrum b so that the absorbance of spectrum b agrees with

that of spectrum a at the wavelength of 300 nm. The 517-nm

peak of spectrum a is narrower and more intense than that of

spectrum c. Figure 5 shows optical absorption spectra of gold

nanoparticles produced at different concentrations of SDS in

the solution. As shown in Figure 5, the 517-nm peak becomes

broader and less prominent with an increase in the surfactant

concentration. The peak broadening is attributed to the shift of

size distribution of the produced gold nanoparticles, as discussed

later.

The spectral feature in the 300-400 nm region did not change
essentially except for the 517-nm peak, even when the condition

of the particle preparation was changed (see Figures 4 and 5).

The invariance of the spectral feature ensures that the relative

absorbance at 300 nm can be employed as a measure of the

relative abundance of gold nanoparticle in the solution. Figure

6 shows the relative abundances thus obtained plotted as a

function of the concentration of SDS. In the lower concentration

region (<10-7 M), the relative abundance of the gold nano-
particles in the solution before the centrifugation (solid circles)

does not change appreciably with the concentration of SDS,

whereas the relative abundance increases with the concentration

in the higher concentration region (>10-5 M). On the other
hand, the relative abundance of the gold nanoparticles in the

solution after having the centrifugation (open circles) is almost

zero below 10-6 M and starts to increase when the concentration

exceeds 10-5 M.

The relative abundance of the gold nanoparticles in the

solution is reduced from I0 to Icentrifuge by the centrifuge, because

heavier and unstable nanoparticles tend to be precipitated. Let

us define a precipitation fraction by having the centrifugation,

fprecipitation, as

Figure 7 shows the precipitation fraction plotted as a function

of the concentration of SDS in an aqueous SDS solution. The

precipitation fractions both at 1064 nm (open circle) and at 532

nm (solid circle) decrease as the SDS concentration increases,

although fprecipitation at 532 nm is smaller than that at 1064 nm

in the entire concentration range studied. In other words, the

laser ablation at 532 nm produces more stable gold nanoparticles

against the centrifuge.

Figure 8 shows the relative abundance of gold nanoparticles

produced by laser ablation of the gold metal plate at 1064 nm

(panel a) and 532 nm (panel b) as a function of a number of

laser shots. The relative abundance of the gold nanoparticles

increases almost linearly with the number of laser shots in panel

a. In contrast, the relative abundance increases at first and levels

off with the number of laser shots in panel b. The leveling-off

feature is attributed to optical absorption of the ablation laser

light by the nanoparticles suspended in the solution above the

metal plate (see Figure 1).

Figure 9 shows an electron micrograph of gold nanoparticles

and their size-distribution where the gold nanoparticles were

produced by laser ablation at 1064 nm (80 mJ/pulse) of a gold

plate immersed in a 0.01 M SDS aqueous solution and were

irradiated by the 532-nm laser having a power of 50 mJ/pulse

for 60 min. The gold nanoparticles having diameters larger than

5 nm were found to be pulverized into those having diameters

of 1-5 nm by the irradiation of a 532-nm laser.

4. Discussion

4.1 Optical Absorption Spectrum. The optical absorption

spectrum of gold nanoparticles exhibits one intense peak at 517

nm assignable to the surface plasmon on a tail part of a broad

band originating from an interband transition.22-29 An optical

extinction coefficient of particles in a solution with smaller

diameters than the wavelength of an incoming light (<500 nm)
is basically given by the Mie theory, where the dielectric

function can be written as a combination of an interband term

related to the response of the d electrons and a Drude term for

the conduction electrons in the particles. In a particle with a

smaller diameter than the electron mean free path (!25 nm for
gold), electron scattering at a particle boundary should be taken

into account: Collision frequency of electrons in the particle,

!c, increases with a decrease in the diameters. Practically, the

size-dependent collision frequency, !c(R), is approximated by

where !c (1.1 " 1014 s-1) is the bulk collision frequency, VF
(1.4 " 106 m s-1) is the Fermi velocity, and R is the particle

Figure 1. Schematic diagram of the experimental apparatus.

fprecipitation ) (I0 - Icentrifuge)/I0 (1)

!c(R) ) !c + VF /R (2)
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considered in this work contain an ensemble of nanopar-
ticles that are supported on a substrate. Thus, the LSPR will
also depend on interparticle spacing and the substrate
dielectric constant.

LSPR excitation results in wavelength selective absorp-
tion with extremely large molar extinction coefficients
B3! 10111/Mcm [36], resonant Rayleigh scattering [37,
38] with an efficiency equivalent to that of 106 fluorophors
[39] and the enhanced local electromagnetic fields near the
surface of the nanoparticle which are responsible for the
intense signals observed in all surface-enhanced spectro-
scopies, e.g. surface-enhanced Raman scattering (SERS)
and surface-enhanced fluorescence [11, 26, 27].

2 Synthetic methods to produce nanoparticles

One of the aims of any application, particularly for sensing
research, is to be able to generate reproducible results. In
nanobiological applications, this translates directly into a
critical need to understand and control the synthetic
methods used to generate novel nanoscale materials. At
the nanoscale, there are many options available ranging
from nanoparticles in solution, to surface-bound nanopar-
ticles, to nanoparticles entrapped in a three-dimensional
matrix. With this plethora of potentially useful nanomater-
ial classes, there exist a large number of fabrication methods
to controllably and reproducibly produce these samples. In
this Section, we will discuss the most pertinent synthetic
methods used in biosensing application: chemical synthesis
and lithographic techniques.

2.1 Nanoparticle synthesis by chemical
reduction
The synthesis of inorganic nanocrystals with controllable
shapes and sizes has been a driving force in much of
materials research. This has been characterised by rapid
progress in the past few years with synthesis of spheres [40,
41], rods [42–44], triangular prisms [45–47], disks [48–50],
cubes [51] and branched nanocrystals [52]. These structures
are compelling for their use in biolabelling and biosensing.
In this review, we will concentrate on the synthesis and use
of noble metal nanoparticles for biological sensing plat-
forms. The most commonly prepared shapes are spheroids,
triangular prisms, rods and cubes (Fig. 1). All of these
shapes are based on the reduction of a metal salt to produce
nanoparticles with varied shapes and sizes. A different but
related synthetic technique is the electrochemical reduction
of metal salts in the presence of a surfactant or template
[53–57]. These methods are most effective at producing
large aspect ratio particles. The effect of nanoparticle shape
on the optical properties is clearly illustrated in Fig. 2, which
shows the scattering spectra from four different morphol-
ogies [58].

2.2 Core-shell morphologies
Core-shell particles encompass a range of sample types from
metal surrounding metal [59, 60] to dielectric surrounding
metal. Most notably is the work of Ung et al. [61]. These
particles are produced by first creating the metal cores by
one of the standard reduction reactions described above. To
stabilise the colloids and remove the citrate ions, the colloids
are mixed and allowed to react with an aminoalkane or
thioalkane. Once the citrate has been completely displaced,
the colloidal solution is allowed to react with a solution of
active silica to form the shell (Fig. 3a). After 24h, the
particles can be used for further chemical modification or to
increase the shell thickness [61–63]. Transmission electron
microscopy (TEM) and dark-field optical micrographs of

this type of core-shell structure are shown in Fig. 3b and c.
Recently, Yin et al. [64] have developed a simpler and faster
method to silica coat particles. Their method involves
suspension of aqueous phase particles within an isopropa-
nol/water mixture followed by the direct addition of a
small fraction of tetraethyl orthosilicate (TEOS). The TEOS
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Fig. 1 Bright field TEM images
a Gold nanorods (sample provided by Catherine Murphy)
b Gold colloids
c Silver triangular prisms
d Silver nanocubes (Reproduced with permission from[51]. Copyright
2002)
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Fig. 2 Resonant Rayleigh scattering spectra of four individual Ag
nanoparticles
a The single resonance near 540nm signifies a spherical nanoparticle
with a diameter near 50nm
b and c The broad peaks near 650nm with shoulders are indicative of
platelet-shaped nanoparticles having a polygonal cross-section
d Two symmetric peaks, an intense one near 700nm and weaker one
near 450nm, is suggestive of a rod-shaped nanoparticle that is
approximately 40nm in diameter and 300nm long
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quickly forms a silica shell around the nanoparticle
indistinguishable from those created in the Ung et al.
method. The Yin et al. method is rapid, but unsuitable for
certain applications, notably the co-encapsulation of Ra-
man-active species within the silica shell (see below), and the
coating of particles formed in the presence of surfactants
has met with limited success.

Another form of core-shell particles has a metal shell
surrounding a dielectric centre. The dielectric core, usually
silica, is produced by the Stöber method to produce
monodispersed silica cores ranging in size from 80–500nm
[65, 66]. These particles are then functionalised with
3-aminopropyltrimethoxysilane. These functionalised parti-
cles are then reacted with small gold nanoparticles. The gold
particles provide nucleation sites for the growth of the
metallic shell from metal salts in solution. NH4OH is added
to produce preferential deposition onto the surface, rather

than initiate new particle formation in solution (Fig. 3d)
[65–69]. The TEM and dark-field optical micrographs of
this type of nanoshell are shown in Figs. 3e and 3f.

2.3 Lithographic techniques
All nanoparticle fabrication methods discussed thus far are
used to create suspensions of nanoparticles in solution.
Another class of techniques addresses substrate-bound
nanostructure fabrication. The standard approach for
making substrate-bound nanostructures is electron beam
lithography (EBL). In EBL, the desired pattern is serially
produced by exposing a thin layer of photo-resist to high
energy electrons, followed by chemical development and
deposition of the noble metal, Fig. 4a. Several research
groups have focused on the optical properties of two-
dimensional arrays in order to utilise these nanoparticle
assemblies as surface-enhanced spectroscopy substrates
[70–72]. While EBL provides exquisite control over
nanoscale morphology, it is an expensive and time-consu-
ming technique. An alternative method for the large-scale
production of surface-bound nanoparticle arrays is nano-
sphere lithography (NSL).

NSL is a powerful fabrication technique to inexpensively
produce nanoparticle arrays with controlled shape, size, and
interparticle spacing [73]. Every NSL structure begins with
the self-assembly of size-monodispersed nanospheres of
diameter D to form a two-dimensional colloidal crystal
deposition mask [8, 73–75]. As the solvent evaporates,
capillary forces draw the nanospheres together, and the
nanospheres crystallise into a hexagonally close-packed
pattern on the substrate. As in all naturally occurring
crystals, nanosphere masks include a variety of defects that
arise as a result of nanosphere polydispersity, site random-
ness, point defects, line defects, and polycrystalline domains.
Typical defect-free domain sizes are in the 10–100mm range.
Following self-assembly of the nanosphere mask, a metal or
other material is then deposited by thermal evaporation,
electron beam deposition, or pulsed laser deposition,
Fig. 4b. After metal deposition, the nanosphere mask is
removed, leaving behind surface-confined nanoparticles
with triangular footprints.

3 Sensing with noble metal nanostructures

It is apparent from (1) that the location of the extinction
maximum of noble metal nanoparticles is highly dependent

b c

e f
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TEOSthiosilane

60 nm

100 nm

Fig. 3 Schematic illustration and micrographs of core-shell
nanoparticles
a Metal nanoparticles are functionalized with mercapto-silanes, which
serve as nucleation sites of the growth of the silica shell
b TEM micrograph of silica encapsulated metal nanoparticles
c Dark-field optical micrograph of the silica-encapsulated metal
nanoparticles
dA dielectic core is decorated with small gold nanoparticles, which are
then grown via electroless plating until a continuous shell is formed
e TEM micrograph of the dielectric core-metal shell nanoparticles
f Dark-field optical micrograph of the dielectric core-metal shell
nanoparticles

a

1 µm

b

500 nm

Fig. 4
a Scanning electron micrograph image of electron beam lithography
arrays. Cylindrical nanoparticles with a diameter of 200nm and
heights of 40nm Ag in square arrangement with a lattice spacing of
350nm. Reproduced with permission from [13]. Copyright 2003, The
American Chemical Society
b Atomic force microscopy micrograph of the nanosphere lithography
arrays. Triangular nanoparticles with perpendicular bisectors of
100nm and heights of 50nm Ag
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considered in this work contain an ensemble of nanopar-
ticles that are supported on a substrate. Thus, the LSPR will
also depend on interparticle spacing and the substrate
dielectric constant.

LSPR excitation results in wavelength selective absorp-
tion with extremely large molar extinction coefficients
B3! 10111/Mcm [36], resonant Rayleigh scattering [37,
38] with an efficiency equivalent to that of 106 fluorophors
[39] and the enhanced local electromagnetic fields near the
surface of the nanoparticle which are responsible for the
intense signals observed in all surface-enhanced spectro-
scopies, e.g. surface-enhanced Raman scattering (SERS)
and surface-enhanced fluorescence [11, 26, 27].

2 Synthetic methods to produce nanoparticles

One of the aims of any application, particularly for sensing
research, is to be able to generate reproducible results. In
nanobiological applications, this translates directly into a
critical need to understand and control the synthetic
methods used to generate novel nanoscale materials. At
the nanoscale, there are many options available ranging
from nanoparticles in solution, to surface-bound nanopar-
ticles, to nanoparticles entrapped in a three-dimensional
matrix. With this plethora of potentially useful nanomater-
ial classes, there exist a large number of fabrication methods
to controllably and reproducibly produce these samples. In
this Section, we will discuss the most pertinent synthetic
methods used in biosensing application: chemical synthesis
and lithographic techniques.

2.1 Nanoparticle synthesis by chemical
reduction
The synthesis of inorganic nanocrystals with controllable
shapes and sizes has been a driving force in much of
materials research. This has been characterised by rapid
progress in the past few years with synthesis of spheres [40,
41], rods [42–44], triangular prisms [45–47], disks [48–50],
cubes [51] and branched nanocrystals [52]. These structures
are compelling for their use in biolabelling and biosensing.
In this review, we will concentrate on the synthesis and use
of noble metal nanoparticles for biological sensing plat-
forms. The most commonly prepared shapes are spheroids,
triangular prisms, rods and cubes (Fig. 1). All of these
shapes are based on the reduction of a metal salt to produce
nanoparticles with varied shapes and sizes. A different but
related synthetic technique is the electrochemical reduction
of metal salts in the presence of a surfactant or template
[53–57]. These methods are most effective at producing
large aspect ratio particles. The effect of nanoparticle shape
on the optical properties is clearly illustrated in Fig. 2, which
shows the scattering spectra from four different morphol-
ogies [58].

2.2 Core-shell morphologies
Core-shell particles encompass a range of sample types from
metal surrounding metal [59, 60] to dielectric surrounding
metal. Most notably is the work of Ung et al. [61]. These
particles are produced by first creating the metal cores by
one of the standard reduction reactions described above. To
stabilise the colloids and remove the citrate ions, the colloids
are mixed and allowed to react with an aminoalkane or
thioalkane. Once the citrate has been completely displaced,
the colloidal solution is allowed to react with a solution of
active silica to form the shell (Fig. 3a). After 24h, the
particles can be used for further chemical modification or to
increase the shell thickness [61–63]. Transmission electron
microscopy (TEM) and dark-field optical micrographs of

this type of core-shell structure are shown in Fig. 3b and c.
Recently, Yin et al. [64] have developed a simpler and faster
method to silica coat particles. Their method involves
suspension of aqueous phase particles within an isopropa-
nol/water mixture followed by the direct addition of a
small fraction of tetraethyl orthosilicate (TEOS). The TEOS
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Fig. 1 Bright field TEM images
a Gold nanorods (sample provided by Catherine Murphy)
b Gold colloids
c Silver triangular prisms
d Silver nanocubes (Reproduced with permission from[51]. Copyright
2002)
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Fig. 2 Resonant Rayleigh scattering spectra of four individual Ag
nanoparticles
a The single resonance near 540nm signifies a spherical nanoparticle
with a diameter near 50nm
b and c The broad peaks near 650nm with shoulders are indicative of
platelet-shaped nanoparticles having a polygonal cross-section
d Two symmetric peaks, an intense one near 700nm and weaker one
near 450nm, is suggestive of a rod-shaped nanoparticle that is
approximately 40nm in diameter and 300nm long
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quickly forms a silica shell around the nanoparticle
indistinguishable from those created in the Ung et al.
method. The Yin et al. method is rapid, but unsuitable for
certain applications, notably the co-encapsulation of Ra-
man-active species within the silica shell (see below), and the
coating of particles formed in the presence of surfactants
has met with limited success.

Another form of core-shell particles has a metal shell
surrounding a dielectric centre. The dielectric core, usually
silica, is produced by the Stöber method to produce
monodispersed silica cores ranging in size from 80–500nm
[65, 66]. These particles are then functionalised with
3-aminopropyltrimethoxysilane. These functionalised parti-
cles are then reacted with small gold nanoparticles. The gold
particles provide nucleation sites for the growth of the
metallic shell from metal salts in solution. NH4OH is added
to produce preferential deposition onto the surface, rather

than initiate new particle formation in solution (Fig. 3d)
[65–69]. The TEM and dark-field optical micrographs of
this type of nanoshell are shown in Figs. 3e and 3f.

2.3 Lithographic techniques
All nanoparticle fabrication methods discussed thus far are
used to create suspensions of nanoparticles in solution.
Another class of techniques addresses substrate-bound
nanostructure fabrication. The standard approach for
making substrate-bound nanostructures is electron beam
lithography (EBL). In EBL, the desired pattern is serially
produced by exposing a thin layer of photo-resist to high
energy electrons, followed by chemical development and
deposition of the noble metal, Fig. 4a. Several research
groups have focused on the optical properties of two-
dimensional arrays in order to utilise these nanoparticle
assemblies as surface-enhanced spectroscopy substrates
[70–72]. While EBL provides exquisite control over
nanoscale morphology, it is an expensive and time-consu-
ming technique. An alternative method for the large-scale
production of surface-bound nanoparticle arrays is nano-
sphere lithography (NSL).

NSL is a powerful fabrication technique to inexpensively
produce nanoparticle arrays with controlled shape, size, and
interparticle spacing [73]. Every NSL structure begins with
the self-assembly of size-monodispersed nanospheres of
diameter D to form a two-dimensional colloidal crystal
deposition mask [8, 73–75]. As the solvent evaporates,
capillary forces draw the nanospheres together, and the
nanospheres crystallise into a hexagonally close-packed
pattern on the substrate. As in all naturally occurring
crystals, nanosphere masks include a variety of defects that
arise as a result of nanosphere polydispersity, site random-
ness, point defects, line defects, and polycrystalline domains.
Typical defect-free domain sizes are in the 10–100mm range.
Following self-assembly of the nanosphere mask, a metal or
other material is then deposited by thermal evaporation,
electron beam deposition, or pulsed laser deposition,
Fig. 4b. After metal deposition, the nanosphere mask is
removed, leaving behind surface-confined nanoparticles
with triangular footprints.

3 Sensing with noble metal nanostructures

It is apparent from (1) that the location of the extinction
maximum of noble metal nanoparticles is highly dependent

b c

e f

d

a

TEOSthiosilane

60 nm

100 nm

Fig. 3 Schematic illustration and micrographs of core-shell
nanoparticles
a Metal nanoparticles are functionalized with mercapto-silanes, which
serve as nucleation sites of the growth of the silica shell
b TEM micrograph of silica encapsulated metal nanoparticles
c Dark-field optical micrograph of the silica-encapsulated metal
nanoparticles
dA dielectic core is decorated with small gold nanoparticles, which are
then grown via electroless plating until a continuous shell is formed
e TEM micrograph of the dielectric core-metal shell nanoparticles
f Dark-field optical micrograph of the dielectric core-metal shell
nanoparticles

a

1 µm

b

500 nm

Fig. 4
a Scanning electron micrograph image of electron beam lithography
arrays. Cylindrical nanoparticles with a diameter of 200nm and
heights of 40nm Ag in square arrangement with a lattice spacing of
350nm. Reproduced with permission from [13]. Copyright 2003, The
American Chemical Society
b Atomic force microscopy micrograph of the nanosphere lithography
arrays. Triangular nanoparticles with perpendicular bisectors of
100nm and heights of 50nm Ag
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prisms. Third, detailed time-dependent UV–vis.–NIR measure-
ments show that the onset of the growth of the band at 1,065 nm
(assigned to type 2) is significantly delayed in comparison with the
growth of the band at 640 nm (assigned to type 1) (Fig. 2a). This
indicates that the fusion of nanoprisms occurs only after type 1
nanoprisms have accumulated. Fourth, a small population of dimer
2 and trimer 3 intermediates (Fig. 1d) is observed during the early
stages of type 2 particle growth (see Supplementary Information).

We also performed electrodynamics calculations on the optical
properties of possible intermediate species involved in the fusion
growth process. The results show that intermediates 2 and 3 have
dipole plasmon excitations close to 600 and 1,065 nm (see Sup-
plementary Information). Type 1 particles and the intermediates 2
and 3 can thus all absorb light at 600 nm, which can lead to the
excited state needed for particle fusion to occur. However, the type 2
particles do not show dipole plasmon excitation explaining why
they represent the end of the particle growth path. Note in this
context that removal of surface ligands has, in the case of CdTe (ref.
27) and PbSe (C. B. Murray, personal communication), resulted in
the fusion of spherical particles into nanowire structures; similar
examples involving spherical particle fusion have also been
reported28.

At first glance, the observed bimodal growth appears to contra-
dict previous results in which unimodal nanoprism growth was
observed when visible light (white) from a conventional fluorescent
tube was used as the excitation source23. By careful analysis of the
optical properties of these nanostructures and the effects of photo-
lysis on them, we have identified a type of surface plasmon
cooperativity in the photochemistry of Ag nanoprisms. To demon-
strate this cooperative effect on nanoprism growth, we excited a
solution of Ag nanoparticles (4.8 ^ 1.1 nm) at two wavelengths,
550 ^ 20 nm (primary) and 450 ^ 5 nm (secondary) (I550:I450 !
2:1, Fig. 3a). The 450-nm wavelength was selected to excite the
quadrupole plasmon of the type 1 prisms. Double-beam excitation
at these wavelengths inhibits the formation of type 2 nanoprisms

and results in exclusive formation of the smaller type 1 nanoprisms
(72 ^ 8 nm), as evidenced by UV–vis.–NIR spectra and TEM
analysis (Fig. 3b, spectrum 4, and Fig. 3e). We further investigated
the effect of varying the wavelength of the secondary beam and
found that a 550-nm/340-nm coupled beam, in which the 340-nm
light coincides with the out-of-plane quadrupole plasmon of the
type 1 nanoprisms, also can inhibit the formation of type 2
nanoprisms and result in unimodal growth. However, in the cases
of 550-nm/395-nm, 550-nm/610-nm, and 550-nm/650-nm
coupled beams, in which the secondary wavelengths fall within
the dipole resonances of the Ag nanospheres (395 nm) and type 1
nanoprisms (610 and 650 nm), respectively, bimodal growth is
observed (see Supplementary Information). These data strongly
indicate that only secondary wavelengths that can excite quadrupole
plasmon modes can inhibit bimodal growth. Indeed, it is this
photo-cooperativity that leads to the results observed with a
fluorescent tube as the excitation source23. The emission spectrum
of a fluorescent tube exhibits bands at 546 nm and 440 nm, and has
the appropriate intensity ratio (100%:40%) to effect photosynthetic
cooperativity and hence unimodal growth. Consistent with this
conclusion, when a 550 ^ 20 nm band filter is used with a fluor-
escent tube to effect the photosynthetic conversion, bimodal growth
is observed.
This observation of photo-cooperativity provides a way of con-

trolling particle size with light. By supplementing the primary light
source (450–700 nm) with a fixed secondary beam (340 nm, corre-
sponding to out-of-plane quadrupole plasmon excitation), we can
intentionally effect unimodal growth and generate a solution of
nanoprisms of a desired average size. Using this approach, we have
been able to synthesize nanoprisms with in-plane dipole plasmon
resonances that track with particle size from 30 to 120 nm by using
primary excitation wavelengths of 450 ^ 20 nm, 490 ^ 20 nm,
520 ^ 20 nm, 550 ^ 20 nm, 650 ^ 20 nm and 750 ^ 20 nm,
respectively (Fig. 3b–f). The average edge lengths of the resulting
nanoprisms correlate well with the wavelength of the primary

 

Figure 3 The unimodal growth of nanoprisms. a, Schematic diagram of dual-beam

excitation. b, The optical spectra (normalized) for six different-sized nanoprisms (1–6
edge length: 38 ^ 7 nm, 50 ^ 7 nm, 62 ^ 9 nm, 72 ^ 8 nm, 95 ^ 11 nm and

120 ^ 14 nm) prepared by varying the primary excitation wavelength (central

wavelength at 450, 490, 520, 550, 650 and 750 nm, respectively; width, 40 nm) coupled

with a secondary wavelength (340 nm; width, 10 nm). c, The edge lengths as a function of
the primary excitation wavelength. d–f, TEM images of Ag nanoprisms with average edge

lengths of 38 ^ 7 nm (d), 72 ^ 8 nm (e) and 120 ^ 14 nm (f). Scale bar applies to
panels d–f.
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considered in this work contain an ensemble of nanopar-
ticles that are supported on a substrate. Thus, the LSPR will
also depend on interparticle spacing and the substrate
dielectric constant.

LSPR excitation results in wavelength selective absorp-
tion with extremely large molar extinction coefficients
B3! 10111/Mcm [36], resonant Rayleigh scattering [37,
38] with an efficiency equivalent to that of 106 fluorophors
[39] and the enhanced local electromagnetic fields near the
surface of the nanoparticle which are responsible for the
intense signals observed in all surface-enhanced spectro-
scopies, e.g. surface-enhanced Raman scattering (SERS)
and surface-enhanced fluorescence [11, 26, 27].

2 Synthetic methods to produce nanoparticles

One of the aims of any application, particularly for sensing
research, is to be able to generate reproducible results. In
nanobiological applications, this translates directly into a
critical need to understand and control the synthetic
methods used to generate novel nanoscale materials. At
the nanoscale, there are many options available ranging
from nanoparticles in solution, to surface-bound nanopar-
ticles, to nanoparticles entrapped in a three-dimensional
matrix. With this plethora of potentially useful nanomater-
ial classes, there exist a large number of fabrication methods
to controllably and reproducibly produce these samples. In
this Section, we will discuss the most pertinent synthetic
methods used in biosensing application: chemical synthesis
and lithographic techniques.

2.1 Nanoparticle synthesis by chemical
reduction
The synthesis of inorganic nanocrystals with controllable
shapes and sizes has been a driving force in much of
materials research. This has been characterised by rapid
progress in the past few years with synthesis of spheres [40,
41], rods [42–44], triangular prisms [45–47], disks [48–50],
cubes [51] and branched nanocrystals [52]. These structures
are compelling for their use in biolabelling and biosensing.
In this review, we will concentrate on the synthesis and use
of noble metal nanoparticles for biological sensing plat-
forms. The most commonly prepared shapes are spheroids,
triangular prisms, rods and cubes (Fig. 1). All of these
shapes are based on the reduction of a metal salt to produce
nanoparticles with varied shapes and sizes. A different but
related synthetic technique is the electrochemical reduction
of metal salts in the presence of a surfactant or template
[53–57]. These methods are most effective at producing
large aspect ratio particles. The effect of nanoparticle shape
on the optical properties is clearly illustrated in Fig. 2, which
shows the scattering spectra from four different morphol-
ogies [58].

2.2 Core-shell morphologies
Core-shell particles encompass a range of sample types from
metal surrounding metal [59, 60] to dielectric surrounding
metal. Most notably is the work of Ung et al. [61]. These
particles are produced by first creating the metal cores by
one of the standard reduction reactions described above. To
stabilise the colloids and remove the citrate ions, the colloids
are mixed and allowed to react with an aminoalkane or
thioalkane. Once the citrate has been completely displaced,
the colloidal solution is allowed to react with a solution of
active silica to form the shell (Fig. 3a). After 24h, the
particles can be used for further chemical modification or to
increase the shell thickness [61–63]. Transmission electron
microscopy (TEM) and dark-field optical micrographs of

this type of core-shell structure are shown in Fig. 3b and c.
Recently, Yin et al. [64] have developed a simpler and faster
method to silica coat particles. Their method involves
suspension of aqueous phase particles within an isopropa-
nol/water mixture followed by the direct addition of a
small fraction of tetraethyl orthosilicate (TEOS). The TEOS

a

166 nm

c d

b

83 nm 100 nm

125 nm

Fig. 1 Bright field TEM images
a Gold nanorods (sample provided by Catherine Murphy)
b Gold colloids
c Silver triangular prisms
d Silver nanocubes (Reproduced with permission from[51]. Copyright
2002)
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Fig. 2 Resonant Rayleigh scattering spectra of four individual Ag
nanoparticles
a The single resonance near 540nm signifies a spherical nanoparticle
with a diameter near 50nm
b and c The broad peaks near 650nm with shoulders are indicative of
platelet-shaped nanoparticles having a polygonal cross-section
d Two symmetric peaks, an intense one near 700nm and weaker one
near 450nm, is suggestive of a rod-shaped nanoparticle that is
approximately 40nm in diameter and 300nm long
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Colorimetric Detection

• Absorption spectra depends local 
environment and particle spacing

• Particles can be functionalized

• Non-bleaching unlike fluorescence-
based assays

• 100 fold increase in sensitivity

• Color change based on presence of 
certain proteins

• agglomeration

• Antigen detection (pg/mL)

• Optical detection of cancer cells

• Similar to QD’s

on the dielectric properties of the surrounding environment
and that wavelength shifts in the extinction maximum of
nanoparticles can be used to detect molecule-induced
changes surrounding the nanoparticle. As a result, there
are at least four different nanoparticle-based sensing
mechanisms that enable the transduction of macromolecu-
lar or chemical-binding events into optical signals based on
changes in the LSPR extinction or scattering intensity shifts
in LSPR lmax, or both. These mechanisms are: (i) resonant
Rayleigh scattering from nanoparticle labels in a manner
analogous to fluorescent dye labels [38, 39, 76–82]; (ii)
nanoparticle aggregation [83]; (iii) charge-transfer interac-
tions at nanoparticle surfaces [35, 84–88]; and (iv) local
refractive index changes [20, 23–25, 27, 28, 84, 89–93].

3.1 Solution-phase nanoparticle sensing
Solution-phase nanoparticle-based sensing is a simple, yet
powerful detection modality. Because many molecules of
interest, particularly biological molecules, are in the aqueous
phase, it is desirable to have a sensitive and specific
detection system that is homogenous with the phase of the
target molecule, thereby decreasing the need for extended
sample preparation. Aggregation-based detection has be-
come a mainstay in the clinical community since the
development of the latex agglutination test, (LAT) in 1956
[94]. In the LAT and similar tests, biomolecular-specific
antibodies are conjugated to latex microspheres which,
when mixed with a solution (e.g. blood or urine) containing
the target antigen, cause the latex spheres to form visible
aggregates. Whereas LATs are effective and quite rapid
(15min to 1h), they are inherently insensitive, relying on
high concentrations of analytes and on the human eye as a
detector.

In contrast, for solution-phase LSPR-based sensing,
signal transduction depends on the sensitivity of the surface
plasmon to interparticle coupling. When multiple particles
in solution that support a localised surface plasmon are in
close proximity (i.e. interparticle spacings less than the
nanoparticle diameter), they are able to interact electro-
magnetically through a dipole coupling mechanism. This
broadens and red shifts the LSPR, and small clusters of
particles possess LSPR properties similar to those of a
larger single particle. Two methods of detection readily lend
themselves to monitoring these changes in the position of
the LSPR: (i) UV-visible (UV-vis) extinction (absorption
plus scattering); and (ii) resonant Rayleigh scattering
spectroscopy.

Several papers have been published on a gold nanopar-
ticle-based UV-vis technique for the detection of DNA.
This colourimetric detection method is based on the change
in absorbance spectra (i.e. colour) as particles are brought
together by the hybridisation of complementary DNA
strands [95, 96]. The limits of detection (LOD) reported are
in the range of tens of femtomoles of target oligonucleotide.
These nanoparticle aggregation assays represent a 100-fold
increase in sensitivity over conventional fluorescence-based
assays [77]. Recently, gold nanoshells, that is, silica beads
with a thin gold coating, have been used to detect antigens
in whole blood [22]. In these studies, gold nanoshells were
functionalised with a specific immunoglobulin. The nano-
shells were designed so that they exhibit plasmon resonances
in the near-infrared between the water absorption band and
the absorption of hemoglobin. Upon addition of the
nanoshells to whole blood that contains the appropriate
antigen, the plasmon resonance broadens, the intensity
decreases, and a slight red shift in the plasmon resonance
occurs. This immunoassay, which occurs in less than
30min, is capable of detecting picogram/millilitre quantities

of antigens. Sensing based on resonant Rayleigh scattering
detection is a potentially more powerful, yet less well
published, method than the colourimetric technique men-
tioned above [38, 97, 98]. Figure 5 demonstrates a simple
sensing experiment, wherein the observed scattering colour
changes as gold nanoparticles are drawn together by
protein-protein interactions [99]. The disadvantages of this
type of experiment is that the aggregation of the particles,
necessary to induce interparticle coupling and generate a
signal, is often irreversible, difficult to quantitate, and can
lead to sufficient aggregation of the nanoparticles that they
settle out of solution.

3.2 Nanoparticle labelling
Whereas the application of noble metal nanostructures as
optical data storage elements is still under development,
companies have already been formed to exploit noble metal
nanostructures as biological labels. Nanoscale cylinders
with stripes of different metals have been used as
immunoassay tags; readout mechanisms have been based
on both the extinction [98] and reflectivity [100]. In another
example, Siiman and Burshteyn [101] have applied thin
coatings of Ag or Au to latex microspheres that then act as
flow cytometry labels. The noble metal island films make it
easy to identify different subpopulations of white blood cells
without significantly changing the bead’s flow character-
istics. When the labelled strand of DNA is exposed to a
complimentary single strand of DNA immobilised on a
glass substrate, the Au nanoparticle is bound to the surface.
A flatbed scanner can be used to identify DNA matches.

Noble metal nanoparticles can go beyond acting as
labels; recent advances show that changes in nanoparticle
optical properties can act as the signal transduction
mechanism in chemosensing and biosensing events. Haes
et al. [26] andMalinsky et al. [84] have exploited the extreme
LSPR sensitivity of NSL-fabricated nanoparticles to
changes in local refractive index in order to sense small
molecules, amino acids, proteins, and antibodies. The
LSPR shifts systematically to lower energies as the local
dielectric constant increases; accordingly, chemisorption of
alkanethiols of increasing length cause a systematic red-shift

a b c

Fig. 5 Time-lapse photographs of the rapid colourimetric test
a 60nm gold conjugates
b Stirring a 1:1 solution of IgG/gold conjugates and anti-human IgG/
gold conjugates after approximately 3min of stirring
c The same solution as (Fig. 5b), approximately 10min later. Note the
readily observed change in colour from green to orange, which is
caused by interparticle coupling
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3.16 Streptavidin sensing with single
nanoparticles
In nanoparticle array sensing, it has been demonstrated that
it is possible to detecto100 streptavidin molecules per
nanoparticle (in a solution concentration of 1pM). The
biology community would like to reduce the amount of
biological sample needed for an assay without amplifica-
tion. For this reason, experiments have been conducted to
detect streptavidin on single Ag nanoparticles [82]. After
functionalisation with a capture biomolecule, the LSPR of
an individual nanoparticle was measured to be 508.0nm
(curve (i) in Fig. 12). Next, 10nM streptavidin was injected
into the flow cell, and the lmax of the nanoparticle was
measured at 520.7nm, curve (ii) in Fig. 12. This +12.7nm
shift is estimated to arise from the detection of less than 700
streptavidin molecules. It is hypothesised that just as in the
array format, as the streptavidin concentration decreases, a
fewer number of streptavidin molecules will bind to the
surface thereby causing smaller wavelength shifts.

3.17 Theoretical explanation of LSPR
sensing
To model the experiment results presented above, the
discrete dipole approximation (DDA) method [160, 161] a
finite element-based approach to solving Maxwell’s equa-
tions for light interacting with an arbitrary shape/composi-
tion nanoparticle was used to calculate the plasmon
wavelength in the presence or absence of an adsorbate with
a wavelength-dependent refractive index layer thickness.
Bare silver nanoparticles with a truncated tetrahedral shape
were first constructed from cubic elements and one to two
layers of the adsorbate were added to the exposed surfaces
of the nanoparticle to define the presence of the adsorbate.
All calculations refer to silver nanoparticles with a dielectric
constant taken from Lynch and Hunter [162].

In this treatment the dielectric constant is taken to be a
local function, as there is no capability for a non-local
description within the DDA approach. There have been
several earlier studies in which the DDA method has been
calibrated by comparison with experiment for truncated
tetrahedral particles, including studies of external dielectric
effects and substrate effects [11, 71, 163] and based on this it
is expected that DDA analysis will provide a useful
qualitative description of the results. In particular, it has
been demonstrated that the plasmon resonance shift close to
the nanoparticle surface is dominated by hot spots while
that farther away arises from colder regions around the
nanoparticle surface. By comparing the overall maximum
LSPR shifts of the nanoparticles, it was shown that
increasing the aspect ratio of Ag nanotriangles produces
larger plasmon resonances shifts and shorter-ranged inter-
actions.

This behaviour can be easily compared to lightning rods
(invented by Ben Franklin) which are placed at the top of a
building, and are designed to provide a location where
lightning will strike and from which the energy is carried
harmlessly to the ground. A needle-like metal tip is used in a
lightning rod, since this leads to high electric fields just
above the tip when the building is charged relative to the
atmosphere above it, providing a more likely location for
lightning to strike. A similar description can be used to
describe light’s interaction with tips of nanoscale silver and
gold nanotriangles [26, 27]. This property is best displayed
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a Resonant Rayleigh scattering spectra of an individual silver
nanoparticle in various dielectric environments (N2, methanol,
1-propanol, chloroform, and benzene)
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[81]. Copyright 2003, The American Chemical Society

1200

800

400

0

450 500 550 600

sc
at

te
rin

g 
in

te
ns

ity

wavelength, nm

(ii)
(i)

Fig. 12 Individual Ag nanoparticle sensor before and after
exposure to 10nM streptavidin. All measurements were collected
in a nitrogen environment
(i) Biotinylated Ag nanoparticle, lmax! 508.0nm.
(ii) After streptavidin incubation, lmax! 520.7nm.
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the opportunity to study the enhancement in accurately

designed systems.

An intense background signal is also observed in all SERS

specta.38 This background blinks with the SERS signal. This

background signal has been attributed to the emission of the

metal surface, enhanced by the roughness of the surface. This

signal has also been attributed to a metal–substrate charge

interaction leading to emission.

Summary

The field of synthesis and studying the properties of noble

metal nanoparticles is presently a very active area of research.

Synthetic techniques continue to evolve leading to more and

improved control over the size and shape of the particles

generated. The optical properties and intense electromagnetic

fields generated by the nanoparticles make these particles very

attractive for sensing, diagnostics, and photothermal thera-

peutic applications in many areas. The change in color of the

nanoparticles to signal adsorption or bonding of a certain

molecule to the surface can be easily detected. The enhance-

ment of both Rayleigh and Raman signals lead to imaging and

chemical information on many species of interest, previously

unattainable in a diagnostic setting. Changing properties

simply by changing the size or shape of the nanoparticle is

attractive and will continue to be employed in new applications

in the future.
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Scattering Dependence Detection 

• Linearly polarized light has an 
angular dependence of scattering

• Agglomeration of particles changes 
the angular dependence

• Rayleigh limit

• Mie limit

• Ratio of scattering at two 
wavelengths

• Independent of gold particle 
concentration

• Less studied than colorimetric 
detection

their scattering spectra as a function of coupling to other
close-proximity colloids. By simply taking the ratio of the
scattered intensities at two different wavelengths, one
can measure any biospecies that either causes the aggre-
gation or dissociation of the nanostructures. This has
recently been shown for both a model colloidal system
using biotin and streptavidin [18!], as well for glucose
sensing using 20 nm gold colloids [9!]. In these measure-
ments, the ratio of the scattered light intensities are
independent of nanoparticle concentration, as well as
fluctuations in the scattering light source, notable features
for sensing.

Other recent advances using plasmon scatter include
utilizing the angular dependence of plasmon scatter for
sensing [10!!]. As described above, horizontally polarized
illumination of colloids demonstrates a Cos2u depen-
dence of plasmon scatter in the same plane for particles
that scatter in the Rayleigh limit. For 532 nm laser light,
particles < 40 nm can still be considered to be in the
Rayleigh limit [16]. Geddes et al. have recently shown
that 20 nm particles, which initially scatter in the Ray-
leigh limit, change their angular dependence of scatter
upon a bioaffinity induced aggregation (Figure 2) [10!!].

Subsequently, the extent of forward scatter (1808 with
respect to the excitation) significantly increases as the
particles no longer purely scatter in a Cos2u dependence,
but indeed scatter in the Mie limit. By taking the ratio of
scattered intensities at two arbitrary wavelengths, one can
readily follow a bioaffinity reaction. Interestingly, the
dynamic sensing range is extended by both choosing to
measure one scattered intensity at 908, while also choos-
ing particles that are initially pure Rayleigh scatterers.
Additionally, the measurements are independent of total
nanoparticle concentration, which is not the case for other
techniques such as dynamic light scattering. These find-
ings suggest a very simple approach for field deployable
biosensors; using either LEDs or ambient room light, the
observer simply takes the ratio of the scattered intensity
at two angles to determine the concentration of the
biospecies of interest (Figure 2).

Finally, one other new approach that employs plasmon
scatter for sensing is based on the angular dependence of
polarization, and how this also changes upon the aggrega-
tion of solution-based nanoparticles. 20 nm gold nano-
particles coated with biotinylated-BSA readily scatter
light in a Rayleigh manner, where the polarization of

540 Analytical techniques

Figure 2

(a) Angular dependent scattering from 20 nm BSA-biotin colloids crosslinked by streptavidin after a 45 min incubation. (b) Simple
angular-ratiometric analyte sensing. (c) The simplicity of angular-ratiometric plasmon scatter for bioaffinity sensing. Adapted from [10!!] with
permission. Copyright 2005, The American Chemical Society.
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Plasmonic Waveguides

• Current photonic devices are µm scale, 
electronic devices are nm scale

• “Squeeze” light into plasmonic waveguide

• Particles closely spaced will dipole-couple 
>> transmit information

• Can also be done with nano metal wires

• Propagation of light at sub-wavelength 
scale needed for optical-electronic 
integration

• µm’s of travel observed
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FIG. 3. (a) Zoom on the central part of Fig. 2. A comparison
with a numerical simulation (b) shows that the bright spots
are not on top of the Au particles (the surface projections of
the particles correspond to the white squares). The intensity
scale of experimental data (a) is normalized to the one of the
numerical calculation (see text).

experiment. The squeezing probably increases as the chain

length grows.

In conclusion, this paper provides an unprecedented

comparison of a PSTM image with the theoretical distri-

bution of the optical near-field intensity close to a single

FIG. 4. Joining the point x ! 20.043 mm, y ! 21.00 mm
to the point x ! 0.074 mm, y ! 1.00 mm; this cut line across
the data of Fig. 3(a) goes approximately over the maxima of
each bright spot of Fig. 3(a).

metal particle. Added to preceding results [12,13], it

shows that the PSTM is, up to now, the near-field op-

tical device for which the images are proven to agree

with Maxwell equations. A squeezed optical near field

due to plasmon coupling was observed above a chain of

Au nanoparticles. Modeling quantitatively this effect re-

quires a calculation of the electromagnetic local density of

states paying attention not only to the field along the axis

of the chain but also to the width of the field perpendicu-

lar to this axis. This last aspect, depending on the size

and shape of the particles, is not taken into account by

theories involving ideal dipoles on a surface [17].
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quickly forms a silica shell around the nanoparticle
indistinguishable from those created in the Ung et al.
method. The Yin et al. method is rapid, but unsuitable for
certain applications, notably the co-encapsulation of Ra-
man-active species within the silica shell (see below), and the
coating of particles formed in the presence of surfactants
has met with limited success.

Another form of core-shell particles has a metal shell
surrounding a dielectric centre. The dielectric core, usually
silica, is produced by the Stöber method to produce
monodispersed silica cores ranging in size from 80–500nm
[65, 66]. These particles are then functionalised with
3-aminopropyltrimethoxysilane. These functionalised parti-
cles are then reacted with small gold nanoparticles. The gold
particles provide nucleation sites for the growth of the
metallic shell from metal salts in solution. NH4OH is added
to produce preferential deposition onto the surface, rather

than initiate new particle formation in solution (Fig. 3d)
[65–69]. The TEM and dark-field optical micrographs of
this type of nanoshell are shown in Figs. 3e and 3f.

2.3 Lithographic techniques
All nanoparticle fabrication methods discussed thus far are
used to create suspensions of nanoparticles in solution.
Another class of techniques addresses substrate-bound
nanostructure fabrication. The standard approach for
making substrate-bound nanostructures is electron beam
lithography (EBL). In EBL, the desired pattern is serially
produced by exposing a thin layer of photo-resist to high
energy electrons, followed by chemical development and
deposition of the noble metal, Fig. 4a. Several research
groups have focused on the optical properties of two-
dimensional arrays in order to utilise these nanoparticle
assemblies as surface-enhanced spectroscopy substrates
[70–72]. While EBL provides exquisite control over
nanoscale morphology, it is an expensive and time-consu-
ming technique. An alternative method for the large-scale
production of surface-bound nanoparticle arrays is nano-
sphere lithography (NSL).

NSL is a powerful fabrication technique to inexpensively
produce nanoparticle arrays with controlled shape, size, and
interparticle spacing [73]. Every NSL structure begins with
the self-assembly of size-monodispersed nanospheres of
diameter D to form a two-dimensional colloidal crystal
deposition mask [8, 73–75]. As the solvent evaporates,
capillary forces draw the nanospheres together, and the
nanospheres crystallise into a hexagonally close-packed
pattern on the substrate. As in all naturally occurring
crystals, nanosphere masks include a variety of defects that
arise as a result of nanosphere polydispersity, site random-
ness, point defects, line defects, and polycrystalline domains.
Typical defect-free domain sizes are in the 10–100mm range.
Following self-assembly of the nanosphere mask, a metal or
other material is then deposited by thermal evaporation,
electron beam deposition, or pulsed laser deposition,
Fig. 4b. After metal deposition, the nanosphere mask is
removed, leaving behind surface-confined nanoparticles
with triangular footprints.

3 Sensing with noble metal nanostructures

It is apparent from (1) that the location of the extinction
maximum of noble metal nanoparticles is highly dependent

b c

e f

d

a

TEOSthiosilane

60 nm

100 nm

Fig. 3 Schematic illustration and micrographs of core-shell
nanoparticles
a Metal nanoparticles are functionalized with mercapto-silanes, which
serve as nucleation sites of the growth of the silica shell
b TEM micrograph of silica encapsulated metal nanoparticles
c Dark-field optical micrograph of the silica-encapsulated metal
nanoparticles
dA dielectic core is decorated with small gold nanoparticles, which are
then grown via electroless plating until a continuous shell is formed
e TEM micrograph of the dielectric core-metal shell nanoparticles
f Dark-field optical micrograph of the dielectric core-metal shell
nanoparticles

a

1 µm

b

500 nm

Fig. 4
a Scanning electron micrograph image of electron beam lithography
arrays. Cylindrical nanoparticles with a diameter of 200nm and
heights of 40nm Ag in square arrangement with a lattice spacing of
350nm. Reproduced with permission from [13]. Copyright 2003, The
American Chemical Society
b Atomic force microscopy micrograph of the nanosphere lithography
arrays. Triangular nanoparticles with perpendicular bisectors of
100nm and heights of 50nm Ag
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energy more intently to the middle of the guide
(Fig. 1A). This structure has been shown to
have a decay length longer than 50 mm, where-
as theoretical simulations predict a decay length
in the order of 500 mm. Figure 1A shows that
although the localization along the x direction is
subwavelength, the localization extends a few
periods along the y direction, which corresponds
to localization on the order of a wavelength.
Therefore, the subwavelength localization of
SPs is limited only to the x direction.

To achieve localization in both directions,
a new type of highly localized plasmon has
been analyzed and experimentally demon-
strated in metals with V-shaped grooves (10).
The major features of plasmons in V grooves
include a combination of strong localization,
single-mode operation, the possibility of nearly
100% transmission through sharp bends, and a
high tolerance to structural imperfections. For
the localization and guiding to occur, the wedge
angle (q) of the V groove should be smaller
than a critical angle. For V grooves made from
silver with a vacuum wavelength of 0.6328 mm,
this critical wedge angle is found to be 102-.
The measured lateral localization of a structure
with a 40- wedge angle is È300 nm, which is
superior to the nanoparticle-based plasmonic
waveguides. However, the reported experimen-
tal and theoretical decay lengths for the same
V groove–shaped plasmonic waveguide are
1.5 mm and 2.25 mm, respectively, which are

obviously too short for any application of these
plasmonic structures. The propagation distance
performance of the V groove–shaped SP wave-
guides has been recently extended to 250 mm
(11). By using focused ion-beam milling tech-
niques, 460-mm-long V groove–shaped plas-
monic waveguides were fabricated on gold
layers that were deposited on a substrate of
fused silica. Scanning near-field optical micro-
scope measurements of these structures were
made at optical communication wavelengths
(1425 to 1620 nm). For a structure with a
0.6-mm-wide and 1.0-mm-deep groove wedge
(corresponding to a È17- wedge angle), the
SP propagation lengths were measured to be
within 90 to 250 mm. The mode was well
confined along the lateral direction, and the
measured mode width was 1.1 mm.

Thus there is a basic trade-off in all plas-
mon waveguide geometries between mode
size and propagation loss. One can have a low
propagation loss at the expense of a large mode
size, or a high propagation loss with highly
confined light. A hybrid approach, where both
plasmonic and dielectric waveguides are used,
has been suggested as a solution to this trade-
off (12). These waveguides are designed for
1500-nm operation and exhibit losses on the
order of –1.2 dB/mm, and they can guide light
around 0.5-mm bends. Light can also be ef-
ficiently coupled between more convention-
al silicon waveguides, where these plasmon

waveguides with compact couplers
and surface plasmon optical devices
can be constructed by using planar
circuit fabrication techniques. Introduc-
ing gain to the plasmonic waveguides
can also bring a solution to the limited
propagation distances. This situation is
theoretically investigated by consider-
ing the propagation of SPs on metallic
waveguides adjacent to a gain medium
(13). The analytic analysis and numeric
simulation results show that the gain
medium assists the SP propagation by
compensating for the metal losses,
making it possible to propagate SPs with
little or no loss on metal boundaries and

guides. The calculated gain requirements suggest
that lossless, gain-assisted surface plasmon prop-
agation can be achieved in practice for infrared
wavelengths.

Recently, a new kind of SP geometry has
been suggested to solve theoretically the issue
of confinement versus propagation length (14).
The new mechanism for confining much more
field in the low-index region rather than in the
adjacent high-index region is based on the rel-
ative dispersive characteristics of different sur-
face plasmon modes that are present in these
structures. The structures have a subwavelength
modal size and very slow group velocity over
an unusually large frequency bandwidth. Sim-
ulations show that the structures exhibit ab-
sorption losses limited only by the intrinsic loss
of the metal. Currently, there is no experimen-
tal data that supports these simulations. How-
ever, the new suggested SP structure is quite
promising and deserves attention from the ex-
perimental research groups that are working on
plasmonic waveguides.

Plasmonic chips will have optical input and
output ports, and these ports will be optically
connected to conventional diffraction-limited
photonic devices by plasmonic couplers (8).
The couplers should have high conversion effi-
ciency, along with a transmission length that is
longer than the optical wavelength to avoid the
direct coupling of the propagating far-field light
to the nanophotonic devices inside the plasmonic
chip. A promising candidate for this feature
can be fabricated by combining hemispher-
ical metallic nanoparticles that work as a plas-
monic condenser and a nanodot-based plasmonic
waveguide (15). When the focused plasmons
move into the coupler, the transmission length
through the coupler is 4.0 mm. Nanodots can
also be used for focusing SPs into a spot of
high near-field intensity having a subwave-
length width (16). Figure 2A shows the SEM
image of such a sample containing 19 200-nm
through-holes arranged on a quarter circle with
a 5-mm radius. The SPs originating from these
nanodots are coupled to a metal nanostrip wave-
guide. A near-field scanning optical microsco-
py (NSOM) image of this structure was taken
at 532-nm incident wavelength with horizontal
polarization. The near-field image (Fig. 2B)
shows that the focused SPs propagate along
the subwavelength metal guide, where they par-
tially penetrate into the 100-nm-wide bifurca-
tion at the end of the guide, thus overcoming
the diffraction limit of conventional optics.
The measured propagation distance is limited
to 2 mm, and the propagation distances are
expected to be much longer with improved
fabrication processes and by using properly
designed metal-dielectric hybrid structures.
The combination of focusing arrays and nano-
waveguides may serve as a basic element in
planar plasmonic circuits.

Active control of plasmons is needed to
achieve plasmonic modulators and switches.

Fig. 2. (A) SEM image of a nanodot focusing array coupled to a 250-nm-wide Ag strip guide. (B)
NSOM image of the SP intensity showing subwavelength focusing. [Adapted from (15)]

Fig. 1. (A) FDTD simulations show the electric field
produced within the plasmon waveguide structure. (B) A
plasmon waveguide consists of nanoscale gold dots on a
silicon-on-insulator surface. [Adapted from (9)]
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Localized Characterization

• Light spectroscopy techniques tell us 
about absorption energies

• Non-local information!

• Can we characterize the particle 
plasmon excitations at the nanoscale?

• Electron energy loss spectroscopy with 
STEM

• Fast electrons electrons passing 
through a material lose energy

• Plasmon excitations

• Localized information to roughly a 
nanometer
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Figure 1 STEM–EELS measurements on an equilateral Ag nanoprismwith 78-nm-long sides. a, HAADF–STEM image of the particle, showing the regular geometry that
is characteristic of most triangular particles synthesized in this sample. The projected mass image of the scanned region shows the flat top and bottommorphology of the
particle (inset). The image contrast around the particle is due to radiation damage in the mica caused by the electron beam.b, EEL spectra acquired at corner A before (raw
data) and after deconvolution. After deconvolution, resonances (here, one peaked at 1.75 eV) in the ultraviolet/near-infrared domain are more clearly resolved. c, A series of
32 successive low-loss STEM–EEL spectra acquired, in the spectrum-image mode, along an axis (A to B) of the nanoprism as illustrated in the inset. The position of the three
main resonances detected along the line scan are marked by dotted lines.
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Figure 2 Experimental and simulated EEL spectra. a, Deconvoluted EEL spectra (solid lines) measured at (A) the corner (B) the edge and (C) the centre of the particle
together with (D) the spectrum of the mica support. The last spectrum demonstrates the interest of the choice of a mica support that does not contributeat all to the EEL
spectra over the energy domain of interest (1–5 eV). Spectra showing (!) the corner mode of a smaller equilateral triangular nanoprism and (") the silver bulk mode (3.80 eV)
and dipolar surface plasmon mode (3.00 eV) of a quasi-spherical Ag nanoparticle are also represented by dashed lines. The energy of the mode identifiedat the corners is
size-dependent (compare spectra A and!). b, Simulated EEL spectra for a 10-nm-thick equilateral Ag nanoprism with 78-nm-long sides supported on mica at three impact
parameters (A= triangle corner, B= triangle edge and C= triangle centre). Three major peaks at 1.9, 2.9 and 3.4 eV are seen at the corners, edges and centre of the
particle respectively.

spatial displacement of 1–4 nm, over two-dimensional regions
(typically 32!32 pixels) of the sample. At each point of the raster,
a given number of spectra (typically 50) were acquired, with a
dwell time per spectrum as short as 3 ms, in parallel with the
HAADF signal shown in Fig. 1a. Figure 1c shows the evolution of
the spectra as the electron probe is line-scanned along an axis of
the nanoparticle. The fast acquisition rate of this detection system,
together with the high brightness and small energy dispersion
of the cold field-emission gun, made it possible to detect the
presence of peaks at energies as low as about 1 eV, that is, in the
near-infrared range (see Supplementary Information, Fig. S2). For
easier quantitative analysis, a maximum-likelihood deconvolution
scheme16 was used and gave striking improvements in the

signal-to-background ratio for low-energy resonances (see Fig. 1b
and Supplementary Information, Fig. S2).

Figure 2a shows deconvoluted EEL spectra at three distinct
positions (A = triangle corner, B = triangle edge and C = triangle
centre) on a 10-nm-thick equilateral triangular nanoprism with
78-nm-long sides. The spectra vary considerably from one position
to the next. Four features are identified at 1.75, 2.70, 3.20 and
3.65 eV, respectively. In comparison, spectra acquired at the corner
of a 25-nm-long equilateral nanoprism (curve !) and at the centre
of a reference 20 nm quasi-spherical nanoparticle (curve ") from
the same sample are represented by dotted lines. In the latter
spectra, the Ag bulk plasmon at 3.80 eV (ref. 17) and a single
surface plasmon at 3.00 eV are resolved, as expected for regular
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Figure 1 STEM–EELS measurements on an equilateral Ag nanoprismwith 78-nm-long sides. a, HAADF–STEM image of the particle, showing the regular geometry that
is characteristic of most triangular particles synthesized in this sample. The projected mass image of the scanned region shows the flat top and bottommorphology of the
particle (inset). The image contrast around the particle is due to radiation damage in the mica caused by the electron beam.b, EEL spectra acquired at corner A before (raw
data) and after deconvolution. After deconvolution, resonances (here, one peaked at 1.75 eV) in the ultraviolet/near-infrared domain are more clearly resolved. c, A series of
32 successive low-loss STEM–EEL spectra acquired, in the spectrum-image mode, along an axis (A to B) of the nanoprism as illustrated in the inset. The position of the three
main resonances detected along the line scan are marked by dotted lines.
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Figure 2 Experimental and simulated EEL spectra. a, Deconvoluted EEL spectra (solid lines) measured at (A) the corner (B) the edge and (C) the centre of the particle
together with (D) the spectrum of the mica support. The last spectrum demonstrates the interest of the choice of a mica support that does not contributeat all to the EEL
spectra over the energy domain of interest (1–5 eV). Spectra showing (!) the corner mode of a smaller equilateral triangular nanoprism and (") the silver bulk mode (3.80 eV)
and dipolar surface plasmon mode (3.00 eV) of a quasi-spherical Ag nanoparticle are also represented by dashed lines. The energy of the mode identifiedat the corners is
size-dependent (compare spectra A and!). b, Simulated EEL spectra for a 10-nm-thick equilateral Ag nanoprism with 78-nm-long sides supported on mica at three impact
parameters (A= triangle corner, B= triangle edge and C= triangle centre). Three major peaks at 1.9, 2.9 and 3.4 eV are seen at the corners, edges and centre of the
particle respectively.

spatial displacement of 1–4 nm, over two-dimensional regions
(typically 32!32 pixels) of the sample. At each point of the raster,
a given number of spectra (typically 50) were acquired, with a
dwell time per spectrum as short as 3 ms, in parallel with the
HAADF signal shown in Fig. 1a. Figure 1c shows the evolution of
the spectra as the electron probe is line-scanned along an axis of
the nanoparticle. The fast acquisition rate of this detection system,
together with the high brightness and small energy dispersion
of the cold field-emission gun, made it possible to detect the
presence of peaks at energies as low as about 1 eV, that is, in the
near-infrared range (see Supplementary Information, Fig. S2). For
easier quantitative analysis, a maximum-likelihood deconvolution
scheme16 was used and gave striking improvements in the

signal-to-background ratio for low-energy resonances (see Fig. 1b
and Supplementary Information, Fig. S2).

Figure 2a shows deconvoluted EEL spectra at three distinct
positions (A = triangle corner, B = triangle edge and C = triangle
centre) on a 10-nm-thick equilateral triangular nanoprism with
78-nm-long sides. The spectra vary considerably from one position
to the next. Four features are identified at 1.75, 2.70, 3.20 and
3.65 eV, respectively. In comparison, spectra acquired at the corner
of a 25-nm-long equilateral nanoprism (curve !) and at the centre
of a reference 20 nm quasi-spherical nanoparticle (curve ") from
the same sample are represented by dotted lines. In the latter
spectra, the Ag bulk plasmon at 3.80 eV (ref. 17) and a single
surface plasmon at 3.00 eV are resolved, as expected for regular
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Spectrum Imaging

• Localized information about energy eigenmodes of the particles, 
good match with theory

• Asymmetries alter the absorption properties, not observable 
with other techniques
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Figure 3 Experimental and simulated EELS amplitude maps. a, Distribution of the modes centred at 1.75, 2.70 and 3.20 eV respectively, in the spectra of the triangular
particle shown in Fig. 2a. For each spectrum, the amplitudes of the modes are measured at their corresponding maxima after subtraction of the ZLP. The outer contour of the
particle, deduced from its HAADF image, is shown as a white line. The colour scale, common to the three maps, is linear and in arbitrary units.b, Simulated amplitude maps
of the three main resonances resolved in the simulated EEL spectra of the nanoprism with 78-nm-long sides. The colour linear scale, in arbitrary units, is common to the
three maps. The simulated amplitude distributions for the different modes qualitatively match the experimental ones ina. c, EELS amplitude distributions obtained after
gaussian fitting of the three modes mapped in a. The colour scale, common to the three maps, is linear and in arbitrary units (this scale is however different to the one ina).
These maps were obtained by processing a 32!32 spectrum image. In each pixel, the amplitude of a given mode is deduced from the gaussian parameters. This method
produces more well-localized spatial distributions as no artificial extension and background blurring of the modes is introduced during the analysis. d, Simulated induced
near-field distribution around the particle at the resonance energy of 1.9 eV and at off-resonance energy of 3.4 eV for a probe (black circle) positioned at one corner. For the
two maps, the square of the induced electric field is calculated at 3 nm above the nanoprism.

spherical silver nanoparticles7,8. For a given prism, the identified
modes occur at fixed energies within the whole collection of
spectra acquired (see Fig. 1c). By comparing the characteristics
of these modes with previously published theoretical predictions

for individual triangular silver nanoprisms and related optical
measurements on macroscopic sets18 and individual nanoprisms3,
we can unambiguously identify the observed energy features as
those of electromagnetic eigenmodes of nanoprisms. We have
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Figure 4 Experimental EELS study of an asymmetric triangular Ag nanoprism. a, EELS amplitude map of the mode dominating at the corners. The contour of the particle
(white line) is shown together with the different values of the corner angles. The colour scale is in arbitrary units. The EELS intensity varies noticeably from one corner to
another. The higher the angle of the corner, the less intense the mode is.b, Deconvoluted EEL spectra acquired at the three corners. The energy of the mode is almost fixed
at 2.25 eV at each corner and the observed energy shifts are within experimental uncertainty.

also found that the three lower modes in energy are clearly
size dependent, their energy decreasing for increasing edge
length, as already observed experimentally for macroscopic sets of
silver nanoprisms14.

Significant variations in the relative intensities of the di!erent
modes are observed as the probe is scanned over the particle.
This e!ect is quantified by an automatic estimate of the spectrum
intensity at the maxima of the di!erent resonances present in
the spectral domain of interest. Applied to all of the spectra in
a spectrum image, it enables, over the scanned area, a quick
mapping of the amplitude distribution P(!i, x, y) of a given
mode of pulsation !i. As exemplified by the particle shown in
Fig. 1a, the amplitude distributions of the first three modes of silver
nanoprisms exhibit a typical threefold behaviour characteristic of
equilateral triangular prisms. These modes peak respectively at the
corners, the edges and centre of the particle (Fig. 3a). The highest
energy mode is barely resolved even after deconvolution. It is also
worth noting that the bulk mode is never observed. Alternatively,
at each pixel, the spectrum can be analysed to automatically detect
and fit, using gaussian functions, any resonance present in the
energy domain of interest19. Figure 3c shows EELS amplitude maps
generated after gaussian fitting of the spectra. These amplitude
maps give qualitatively the same results as those generated without
any fit. However, the distributions are sharper and more localized
as they do not su!er from the spatial blurring and background due
to the energy overlap of the modes.

Theoretical studies of plasmon resonances in nanoprisms have
until now been limited to the case of light excitation18,20. To
take into account the specific properties of plasmon excitation
and detection using fast electrons, further theoretical analysis
including actual calculations of EELS intensities are therefore
necessary. Accordingly, we have carried out such spatially resolved
EELS calculations using the boundary element method21,22 to
obtain both EEL spectra and EELS amplitude maps. No fitting
parameter has been used and the dielectric function of silver
was extracted from optical data23. Bulk losses for penetrating
trajectories were described by using Lindhard’s dielectric function,
which incorporates spatial dispersion of the bulk response24 and
seems to account satisfactorily for the so-called Begrenzung e!ect
(that is, the cancellation of bulk losses in favour of surface modes)

for particles of small sizes. Figure 2b shows EEL spectra simulated
for a 10-nm-thick prism with 78-nm-long sides supported on
a mica substrate (" = 2.3) for three impact positions. At each
probe position, a main resonance is observed together with minor
peaks. The simulated energies of the three main peaks are in
excellent agreement with experimental ones. In particular, spectral
features are well reproduced and the bulk signal has nearly
disappeared owing to the Begrenzung e!ect. The 0.2 eV slight
di!erence between experimental and simulated resonance energy
is attributed to the rough experimental estimate of the thickness of
the silver nanoprisms.

Figure 3b shows simulated amplitude maps at the di!erent
resonance energies resolved in Fig. 2b. The agreement with
the experimental results is again excellent except that surface
imperfections and non-local e!ects, unaccounted for in the theory,
seem to limit the spatial extension of the plasmon modes closer
to their maxima. To get a closer insight into the origin of the
EELS amplitude, we have also simulated induced field maps for a
fixed probe position (Fig. 3d). Maxima (respectively nodes) of the
EELS maps at a given resonance frequency correspond to probe
positions at which an eigenmode is excited (respectively is not
excited) and the associated induced field is maximum (respectively
minimum). Heuristically, the observed similarities suggest that
the EELS signal maps the eigenmodes field distribution. Recently,
it has been shown that for a translationally invariant system,
the EELS signal could be related to the electromagnetic density
of states25. A description relating the EELS signal and the local
electromagnetic density of states in thin nearly planar systems,
such as our nanoprisms, is under preparation. This quantity,
already known to be measured in scanning near-field optical
microscopy experiments26,27, is defined as the sum of the square
of the electric eigenmodes of the system, by analogy to the well-
known concept of electronic density of states used in solid-
state physics.

It is worth discussing at this point the range of
interaction between an electron and a nanoprism. Although the
electromagnetic field generated by the incoming electron decays
quickly with distance from it, eigenmodes are excited over the
whole nanoparticle, that is, over more than 70 nm in the present
case (Fig. 3d). Our simulations show that the excited mode for a
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Conclusions

• Localized surface plasmon resonance in nanoparticles provides 
novel plasmonic detection systems 

• Far reaching applications with significant promise for future 
development

• Two different routes: colorimetric and scattering dependence

• Exceptionally tunable: size, shape, etc

• Possibilities to integrate photonic devices with electronic 
devices

• New characterization techniques provide detailed information 
about plasmon excitations


