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Abstract. Gold nanoparticles (GNPs) have been known as an excellent characteristic for Local Surface
Plasmon Resonance (LSPR) sensors due to their sensitive spectral response to the local environment of the

nanoparticle surface and ease of monitoring the light signal due to their strong scattering or absorption.
Prior the technologies, GNPs based LSPR has been commercialized and have become a central tool for
characterizing and quantifying in various field. In this review, we presented a brief introduction on the
history of surface plasmon, the theory behind the surface plasmon resonance (SPR) and the principles of
LSPR. We also reported on the synthetization as well of the properties of the GNPs and the applications in

current LSPR sensors.

1 Introduction

Surface plasmon resonance (SPR) is a charge-density
oscillation that may exist at the interface of two media
with dielectric constants of opposite signs, for instance, a
metal and a dielectric. The charge density wave is
associated with an electromagnetic wave, the field
vectors of which reach their maxima at the interface and
decay evanescently into both media. This surface plasma
wave (SPW) is a TM-polarized wave (magnetic vector is
perpendicular to the direction of propagation of the SPW
and parallel to the plane of interface) [1]. Due to the
multidisciplinary nature of SPR, major areas of
applications of SPR has been reported such as for
measurement of physical quantities (displacement [2]
and angular position [3]), chemical sensing (monitoring
distillation processes [4]), and biosensing (first
demonstrated in 1983 [5]).

Historically, in 1902, an experiment conducted by
Wood which he had illuminated a metallic diffraction
grating with polychromatic light was the first
documented observation of surface plasmon. In 1958, an
increased drop in reflectivity was observed by Thurbadar
[6] as a thin metal film was being illuminated on a
substrate without related this observation to SPR
phenomena. In 1968, Otto described Thurbadar’s
observation by showing the excitation of surface
plasmon resulted the drop in the reflectivity in the
attenuated total reflection method [7]. This explanation
also being supported by Kretschmann and Raecther,
which explained the same excitation of surface plasmon
in the same year but with different configurations [8].
Thus, these observations of Otto, Kretschmann and
Raether had entrenched and introduced the surface
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plasmon into modern optics [9]. The advantages of
surface plasmon started being known in early 1980s
when the method was used for detecting gases [10]. Ever
since, various SPR sensors have been investigated.

In recent years, sensors based localized surface
plasmon resonance (LSPR) had drawn more interest
[11]. LSPR is also a SPR phenomenon but instead of
existed in thin film metal, they are in the metallic
nanoparticles (MNPs) form [12]. The physical properties
of LSPR is reported to be more sensitive than the
traditional bulk metal thin film based SPR sensors [13]
due to the nanoscale size of the particles [14]. These
improvements  had  attracted more  significant
development of the high sensitivity LSPR sensors.
Among the MNPs, gold nanoparticles (GNPs) have been
demonstrated as a great characteristic for a LSPR sensor
due to its solitary optical properties [15].

2 Basic Theory

Surface plasmon is the free electrons at the interface of
two materials located at a metal surface where free
conduction electrons are abundant. This condition obeys
the metal dielectric interface by Maxwell’s equations
[16] which can mathematically be described by an
electric field E:

E =Ee " exp(jat — jk.x) (1)

where Ey is the amplitude of the electric field, @ is the
angular frequency, k is the wavevector, (x,y) is the

position vector and j=~+/—1 .
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The propagating electron that occurring at the interface
between metal and dielectric experienced an
evanescence wave. Evanescent waves happened when
incident wave is reflected at an angle that greater than
the critical angle thus attenuated total reflection (ATR)
occurred as shown in Figure 1.

n, Evanescent field

Reflected wave
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Fig. 1. Shown an interface consisting of two media with
refractive indices n2 < n;. An evanescent field generated when
the angle of incidence is larger than the critical angle [17].

3 Principles of LSPR

LSPR is a phenomenon when the electromagnetic field
of the light induces a collective coherent oscillation of
the surface conduction electron in resonance with the
frequency of light when incident light interacts with
MNPs [18]. The excitation of LSPR occurred when a
charge separation happened between the free electron
and ionic metal core due to the interaction between the
electric field of light and free electron in the
nanoparticles. Thus, the restoring force (Coulomb
repulsion among the free electron) forced the free
electron to shift in different direction [19].

The phenomenon of LSPR shows a great
absorption of light. Since each MNPs shows varies
absorption properties hence the properties of LSPR is
effected by the size, shape and the dielectric properties
of the each MNPs [23]. As LSPR is exceptionally
susceptible to the refractive index change in the local
dielectric medium, the alteration of the peak wavelength
or peak absorbance in the absorbance spectrum of MNPs
in sensor system is exerted as a measure of the LSPR
sensor feedback [35].

The Mie solution to Maxwell’s equations can be
applied to defined the light absorption of gold
nanosphericals (GNSs) affected by LSPR [38]. Based on
the Mie theory, the extinction cross-section, Ce. for
separated spherical nanoparticles with a radius R (that is
smaller than the wavelength of light A (R/ A < 0.1)), can
be indicated as:

2
247°R*Ne} g
Cou = — @
A (6. +2¢,) +&

where &, is the dielectric constant of the surrounding
medium, &, is the real part of the dielectric function of

the MNPs, &.

. is the imaginary part of the dielectric

function of the MNPs and N is the number of spheres per
unit volume.

According to Equation (2), the plasmon absorption
band appears when & =-2¢, . Figure 2 shows the
excitation of LSPR for the GNSs.
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Fig. 2. Excitation Schematic illustration of LSPR excitation
for GNSs [22].

4 Synthesis of Gold Nanoparticles

In prior years, citrate reduction method is being used for
yielding GNPs by adding the GNPs into the boiling gold
salt (HAuCls) solution where the citrate solution is
known, thus, allowing the size of the GNPs to be
controlled by varies the ratio between the gold salt and
citrate solution [23]. In this section, a brief review of
several typical synthesis methods is discussed.

4.1. Chemical Method

The simplest method for synthesize a GNPs is through a
chemical method. Usually, the synthesized monodisperse
spherical GNPs is range between 10 to 20 nm in
diameter [24]. The GNPs is produced in the presence of
reducing agents such as amino acid, ascorbic acid or
citrate [25], which then reacted with a small quantity of
hot gold salt. The citrate ions which act as reducing and
capping agents helps the formation of colloidal gold. To
produce a larger particle, the amount of sodium citrates
need to be decreased so that the remaining amount will
not be sufficient in reducing the gold. As the quantity of
sodium citrate decreased, the quantity of the citrate ions
needed for stabilizing the particles in the solution
decreased. Hence, the small particles will start to
accumulate into bigger particles [26].

In early 1990s, Brust and Schiffrin contrive the
Brust method which used in synthesizing GNPs in an
organic solution which are not mixable with water such
as toluene. Tetra-octylammonium bromide (TOAB)
solution is being reduced with the gold salt in toluene
together with sodium borohydride (NaBH4) which act as
both an anti-coagulant and reducing agent. The GNPs
produced usually in 2 to 6 nm in diameter. Here, the
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TOAB and NaBH4 both also acted as the stabilizing
agent and phase transfer catalyst. In 1994, the Burst
method is chosen as the popular synthesize technique as
it gives the control in both particle diameter and grain
size distribution also functionalization of particle surface
with alkanethiols which helps in stabilized the GNPs
[27]. This resulted in the color change from orange to
brown in the reaction [28]. Purification of GNPs
stabilized with dodecanethiol from TOAB was recorded
by Schriffin [29].

4.2 Seed-mediated Growth Method

Due to its simplicity of the experimental procedure [30],
seed-mediated growth has been the most favored and
extensively used among the reported GNPs synthesis
method. Plus, this method enable researchers to produce
a high number of nanoparticles [31], the access in
controlling the size of the particle [32] and the ease in
structural alterations [33]. Basically, seed-mediated
growth involved two important steps. Firstly, by
producing a seed particles (reduced in gold salts with
strong reducing agent) which then added to a metal salt
solution in presence of weak reducing agent. Plus, to
quicken the growth and avoid further nucleation of the
GNPs, a structure directing agent also been added to the
solution. Lastly, by varies the concentration of the seeds,
reducing and structure directing agents; the geometry of
the GNPs can be modified [34].

4.3 Biological Method

In recent years, the advancement of ‘green chemistry’
technology in GNPs synthesis is widely been progressed
to study the biological applications [35]. By using
different types of microorganisms, various morphology
and chemical composition of GNPs have been
synthesized and been studied in several medical
technology areas [36] due to the safe, non-toxic and eco-
friendly procedures [37]. These microorganisms being
categorized into two group which are intracellular and
extracellular depends on the location of the GNPs are
growth [38]. Besides, plant extracts also being studied
and used to synthesize a uniform size and shape of GNPs
[39].

5 Properties of Gold Nanoparticles

The quantum size effect in GNPs resulted in individual
electron transition energy levels. An external ligands,
magnetic fields and electrolyte ions can be used to
modulate the quantized capacitance charging behaviour
of GNPs. This gives likely applications in electronic
devices and electrochemical labels [40]. As for the redox
activity, GNPs promoted SPR phenomena [41]. This
phenomenon happened when a collective oscillation of
conduction electrons across the nanoparticles occurred
due to the excitation of the resonant from the incoming
photon [42].

The colours from the GNPs is resulted from the
resonance condition which meet at visible wavelength
[43]. Besides size, SPR also is affected by the solvent,
ligand and temperature [42].

A spectral shift created by solvent refractive index
changes that are parallel with Mie theory have been
reported by Murray et al. [44]. These core changes are
crucial in affecting the shifting in the surface plasmon
band (SPB) energy to a lower energy with electron
deficiency and higher energy with surplus electronic
charges [45]. Electronic dephasing can also affect the
SPR [46] and has Dbeen suggested rather
electron—phonon, only electron—electron interactions are
implicated [47].

Nevertheless, the phenomena of both procedure in
the individual GNPs has been validated from the
femtosecond light scattering by experimental data [48].
A significant red-shifting (from ~520 to ~650 nm) and
the solution changing from red to blue colour because of
the interparticle plasmon coupling are the results from
the aggregation of nanoparticles since SPR frequency is
responsive to the vicinity of other nanoparticles [49].
This occurrence made GNPs a great particle for
colorimetric sensors.

A theoretical calculation of the extinction coefficient
of GNPs have been recorded by El Sayed et al. [41].
From the UV-Vis/extinction spectra, the size and
concentration of GNPs have been certified both
theoretically and experimentally [50]. Also, various
stabilizing ligands of the extinction coefficients of the
GNPs have been reported [51].

6 Applications in LSPR Sensors

Analyte adsorption which caused the local dielectric
charges increased to the wavelength shift in the LSPR
spectrum is the basic principle of LSPR based sensors.
The conduction of LSPR assays happened in both
solution phase [52] and with surfaces filmed with
nanoparticle monolayers [53]. When an interaction
occurred between monoclonal antibodies with GNPs
functionalized and analytes, the absorption maxima of
LSPR was redshifted [54]. Plus, the number of ligands is
proportional to the wavelength shift [54]. Nevertheless,
most GNPs based SPR sensors have been made to be
immobilized nanoparticles onto surface [55]. To enhance
the sensitivity of SPR, GNPs have been introduced onto
the sensing surface due to its metal film on the surface,
high dielectric constants and the electromagnetic
coupling between GNPs [56]. For instance, by
immobilizing an MIP gel with implanted GNPs, the level
of dopamine in nanomolar concentration can be detected
by using a gold film-coated chip [57]. Plus, as supports
for assisted GNPs in identifying analytes such as human
serum albumin, numerous substrates such as sol-gel
matrix, optical fibers, quartz and ITO glass have been
utilized [58]. Lastly, in discovering insulin, an
immobilized hydroxyl/thiol-functionalized fourth
generation PAMAM dendrimer capsulated GNPs were
attached onto maleimide terminated SAMs [59]. An
enhance sensitivity with detection limit of 0.5 pM and
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increased stability were resulted from the GNPs-
modified dendrimers. By studying human serum samples
with good correlation to standard methods by comparing
normal and diabetic patients, the sensor was further
certified [60]. An alteration happened due to an
increased in surface absorption band to the visible colour
change caused by the GNPs aggregation. Mirkin et al.
had utilized the above principles by using an
oligonucletide functionalized GNPs both in surface and
dispersions to develop a calorimetric sensor for DNA
hybridization assay [59]. Meanwhile, other reported SPR
based sensor used the GNPs aggregation to detect
proteins [61] and lectin [62].

6 Conclusion

Based on the review, as compared to the traditional SPR
sensors, LSPR GNPs based have been determined to be
more sensitive and sensible in sensors applications due
to its enhance optical properties. Hence, many researches
had shown interest in studying on the development and
improvement of GNPs based LSPR sensors in enhancing
its sensor ability.
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