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Abstract 

This thesis aims to explore and demonstrate the potential of using  optical fibres both as a 

waveguide material and a transducer for wide sensing applications, based on a 

comprehensive review of the localised surface plasmon resonance (LSPR) phenomenon, 

which occurs at a nanoscale level when light interacts with metallic nanoparticles at a 

resonance wavelength. 

The LSPR effect of metallic nanomaterials has shown a strong dependence on the local 

surrounding environment. A small change for example in the refractive index or in the 

solution concentration can result in a variation in the LSPR spectrum. Based on this 

underpinning sensing mechanism, a portable system using an optical fibre coated with gold 

nanoparticles (AuNPs) as a sensing probe has been developed and tested for the refractive 

index measurement. Coupled with this, a systematic approach has been developed and 

applied in this work to optimize the performance of the developed system by considering 

several key factors, such as the size of nanoparticles produced, pH, coating time and coating 

temperature.  

The above optimised probes coated with gold-nanoparticles are further cross-compared with 

those optimized but coated with gold nanorods with a high aspect ratio. Both types of probes 

are also prepared for a specific biosensing application based on the antibody-antigen 

interaction to create wavelength-based sensors for the detection of anti-human IgG. Both 

probes have exhibited excellent refractive index (RI) sensitivity, showing ~914 nm/RIU 

(refractive index unit) for the probe coated with gold nanoparticles and ~601 nm/RIU for the 

one coated with gold nanorods. When using the modified probes for the detection of anti-

human IgG, both probes are able to achieve a good LOD (limit of detection) at 1.6 nM. 

Based on the above cross-comparison, further research has been undertaken to explore the 

potential of nanoparticles of the alloy of gold and silver, with an aim to combine the 

robustness of gold and the excellent LSPR effect of silver. To do so, various alloy particles 

with varied gold/silver ratio and sizes have been prepared and tested for their respective 

refractive index sensitivities. The probe coated with alloy particles with bigger size and higher 

silver content has shown better performance in RI sensing. The work has shown a clear 

relationship between the size of alloys, the content ratio of alloys and RI sensitivity.  

Research has also been undertaken in this thesis to explore the excellent LSPR effect of 

hollow nanoparticles resulting from the enhanced coupling between the interior and exterior 

of the hollow particles. Gold hollow nanocages have been successfully synthesised and 

tested with different hollowness and a LSPR sensor coated with gold nanocages has shown 

an excellent sensitivity as high as ~1933 nm/RIU, which is more than 3 times higher than that 

coated with AuNPs. This result has confirmed that a significant improvement in sensitivity 

can be made possible for further biosensing as well as chemical sensing applications.      
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Introduction 

 

 

1.1. Introduction 

A sensor is a device which converts physical, chemical and biological parameters 

which could not be directly measureable into electrical signals that can be directly 

processed and perceived [1]. In addition to that, the converted signals should be 

correlated to the amount of input parameters for quantitative purposes.  

A sensor is usually considered to be an extension of human perception, providing 

information both quantitatively and qualitatively. In addition, a range of artificial 

sensors has been developed to assist human being in capturing non-human 

perceptive signals, such as seismic vibrations or signals beyond visible range in order 

to interpret, analyse and visualise the information thus to help with the detection, 

anticipation and prevention purposes . Sensors can also provide factual, numerical 

and calculated data to minimise misinterpretation and misperception which might 

be caused by human brain activity. From another point of view, sensors are 

exceptionally beneficial to the society in being able to better manage human 

disabilities, providing timely information for health care, alarming and rescue 

purposes, navigating and tracking disabled people, etc. [2]. 

In this thesis, an optical fibre sensor system using a metallic nanostructure based on 

plasmonic effect is explored and detailed. A typical optical fibre sensor uses light as 

a transducing signal which is propagating through an optical fibre. Optical 

interactions of incoming light and the measurands, either direct or non-direct, would 

cause differences in the outgoing light via various modulation mechanisms and the 

equipped detectors would convert those differences into electrical signals.  

Nanomaterials, in particular those with metallic nanostructures, are normally 

defined to have at least one dimension being smaller than 100nm, yet possess unique 
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physical properties which are different from their bulk metallic structures [3]. Among 

those, the plasmonic effect, which is based on “interaction processes between 

electromagnetic radiation and conduction electrons at metallic interfaces or in 

small metallic nanostructures, leading to an enhanced optical near field of sub-

wavelength dimension” [4], is considered one of the most fascinating phenomena. 

As a result, extensive research has been undertaken to develop a wide range of 

sensor systems, based on the plasmonic effect, which have shown a huge potential 

for applications in chemical and biosensing.  

The original research in this field did not draw much attention when the work was 

first published, but was fully acknowledged several decades later [5]. One of the 

reasons is that the potential of a research could not be easily assessed, especially 

through theoretical research. Colloidal gold and other metals were created early in 

15th – 16th century and one of their first applications was to stain glass for churches, 

cathedrals or minsters due to their fascinating colours. It was M. Faraday [6] who first 

conducted an experiment synthesising gold colloid in the laboratory with intense 

reddish colour in 1857. But the real advancement in nanotechnology did not occur 

until in the past few decades, supported strongly by both theoretical understanding 

and the availability of advanced fabrication technologies. Similarly, theoretical 

studies of surface plasmons were reported as early as 1900s with the most notable 

by G. Mie [7] in his original paper in 1908, but it was not until 1950s that the paper 

was fully acknowledged.  The first surface plasmon sensing application was reported 

later in 1983 by Liedberg et al. [8]. A similar progress path for optical fibres with the 

theoretical framework being set up early in 1910 by D. Hondros and P. Debye [9], but 

first experimental attempt was conducted much later in 1950s by H. H. Hopkins and 

N. S. Kapany [10], and high attenuation glass fibre optics were fabricated by K.C. Kao 

and G. A. Hockham [11] in 1966. 

S. Mayer [4] summarised four major elements needed for rapid development of 

plasmonic materials and they were:  

 Advanced technologies, including both advanced fabrication techniques, such 

as electron beam lithography (EBL), nanosphere-lithography (NSL) and 
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characterisation techniques, such as high-resolution transmission electron 

microscopy (HRTEM), X-ray diffraction (XRD) system, etc.) 

 The availability of high resolution optical detectors, such as dark field 

microscopy, high resolution photo-detector and photo multiplier. 

 Advanced computing, data analysis and numerical modelling, such as 

multivariable data analysis techniques, artificial neutral network, etc. 

 Widespread needs in real life.  

A typical example is the development of an advanced optical fibre plasmonic sensor 

which requires the advancement in fibre optics, plasmonic effects and 

nanomaterials; and their integration enables widened sensory applications. Fibre 

optics provides miniaturisation and compactness, along with non-evasiveness, high 

power transmittance and instant response due to the optical properties of light. The 

plasmonic effect, especially in nanomaterials, brings ultrasensitive sensing 

mechanism down to single molecule level. When they are integrated together, 

plasmonic optical fibre sensors offer a powerful yet simple solution for nanoscale 

sensing and detection.   

In this thesis, refractive index is specifically chosen as a sensing parameter because 

of its generic nature. Refractive index, as a ratio of light speed in vacuum and in a 

particular medium, represents the uniqueness of a medium, which is closely related 

to the concentration of the solution, temperature, viscosity, etc. Therefore, the 

sensitivity in refractive index sensing provides a generic indication of the 

performance of a sensor system which could thus be further modified to satisfy the 

need for specificity and selectivity. The refractive index sensitivity also provides some 

important insights into the concept of sensor design, allowing for the careful 

consideration of issues, such as limitation, the elimination of impurity, minimisation 

or enhancement of the interference effect and proper control of dynamic sensing 

range. 
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It was in 1993 that the first paper published applying plasmonic effect on a decladded 

optical fibre by deposition of a thin layer of gold film onto it, conducted by R. C. 

Jorgerson and S. S. Yee [12]. In 2000, localised surface plasmon resonance (LSPR) was 

reported to be incorporated experimentally within the glass substrate via colloidal 

nanogold suspended on the glass slide by Okamoto et al. [13]. L-K. Chau et al. [14] 

were the first that proposed novel LSPR based optical fibre using gold nanoparticles 

and applied in biosensing via demonstration of biotin-streptavidin interaction. Since 

then, various configurations and sensing strategies have been developed and the 

research in this area is still growing exponentially, which has benefited tremendously 

from the rapid expansion in the development of nanomaterials and nanotechnology.  

In light of the above, the aims and objectives of this thesis are determined and 

presented below. 

1.2. Objectives and structure of the thesis 

This thesis aims to explore in detail the sensing capacity of an optical sensor system, 

using nanomaterials fabricated with various morphologies and structures 

incorporating gold and/or silver particles and optical fibre as a generic sensor 

substrate with the transducing mechanism being based on localised surface plasmon 

resonance. Thus the detailed aims and objectives of this thesis can be summarised 

as follows: 

 To establish a thorough understanding of plasmonic nanomaterials and their 

wide applications in optical fibre sensing, through a series of carefully 

designed experiments. 

 To evaluate sensing capacity of different metal nanomaterials when they are 

incorporated with optical fibres, particularly in RI sensing. 

 To demonstrate the bio-sensing ability of the plasmonic sensors through 

antigen-antibody detection. 

 To estimate and predict the huge potential of advanced nanostructures in 

sensing applications. 

The thesis is divided by 8 chapters, each of which represents different topic and the 

content of each chapter is summarised as follow: 
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Chapter 1 provides an overview of the topic, aims, objectives and the structure of 

the thesis. 

Chapter 2 introduces some theoretical background related to the work in this thesis. 

Chapter 3 presents a comprehensive literature review on the subject of LSPR sensors, 

in particular those using gold and/or silver nanomaterials. 

Chapter 4 shows the detailed research undertaken by the author to produce optical 

fibre sensors using gold nanoparticles. This chapter shows the details including the 

synthesis of gold nanoparticles and their immobilisation onto optical fibres, followed 

by extensive evaluation of the sensors created in terms of their sensitivity, 

repeatability and stability. The work also considered various parameters which could 

affect the sensor performance, such as temperature, pH and coating time.  

Chapter 5 shows the performance cross-comparison between the LSPR sensors 

coated with gold nanoparticles and those coated with gold nanorods, and their 

applications in biosensing area.  

Chapter 6 details the development of optical fibre LSPR sensors coated with gold-

silver alloys, highlighting detailed synthesis of various alloys with varying content and 

size, and their impact on the sensitivity of the sensors created, in particular in RI 

sensing. 

Chapter 7 details the development of optical fibre LSPR sensors coated with hollow 

nanomaterials and their application in RI sensing. This chapter also summarises and 

compares all the LSPR sensors reported by literature and created by the author and 

their sensitivities in RI sensing.  

Chapter 8 concludes all the results obtained and discussed in the thesis and highlights 

some important future work, covering the areas of nanomaterials design and 

selection, sensing capacity and applications.  

A list of journal and conference publications by the author is included at the end of 

the thesis. 
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Background and Theory 

 

 

Theoretical studies set a solid background for better understanding, modelling and 

applying advanced techniques to address challenges arising from the real world. In 

this chapter, the theoretical background for optical fibre-based sensing based on 

surface plasmon resonance (SPR) and localised surface plasmon resonance (LSPR) is 

given prior to the detailed discussions on the manipulation of the LSPR effect through 

the variation of the morphologies of the gold and/or silver nanomaterials.  

2.1. Optical fibres for wave-guiding and sensing 

Since the first discovery of a light transmitted medium in 1841 by D. Colladen and J. 

Babinet, and shortly afterward by J. Tyndall in 1870 [1], fibre optic has increasingly 

been considered as one of the fastest developed fields, in particular, for 

telecommunications and for sensing. The simplicity, durability and affordability of 

optical fibres greatly accelerate their commercial adaptability. 

Optical fibres are of compact size and light weight and along with their exceptional 

light transmittance, electromagnetic interference-free and inexpensive cost; they 

have found niche markets for sensing, showing advantages over their electrical 

counterparts.  To create an optical fibre sensor, a section of an optical fibre can be 

functionalised as an active part, for example, through coating a thin layer of gold 

film/particles to form SPR/ LSPR-based sensors as discussed in detail in this work. If 

a section of fibre with its refractive index is being periodically modulated, fibre Bragg 

grating (FBG) or long period grating (LPG)–based sensors can thus be created for 

strain/temperature measurements [2-4]. Using the above sensor designs, optical 

fibre is acting as a waveguide, guiding the excitation light to the sensing part and 

delivering the modulated optical signal to a photo-detector or a spectrometer for 
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further signal analysis. The sensor, i.e. the functionalised fibre section, is able to 

modulate the optical signal when the sensor interacts with the target measurands.  

 

As illustrated in Fig. 2.1 (a), a basic optical fibre consists of two key parts: the fibre 

core and the cladding.  The outer layers such as jacket and protective cover are 

primarily used for the fibre’s protection. Light transmission inside the fibre is 

governed by total internal reflection phenomenon, as illustrated in Fig. 2.1 (b). 

Optical fibre sensors are usually classified into two major types: intrinsic and extrinsic 

optical fibre sensors [5]. In an extrinsic sensor, optical fibre acts merely as a 

waveguide and the actual sensing activity in the sensor occurs outside of optical fibre 

itself. In an intrinsic sensor, the sensor action is taken place inside the fibre, i.e. the 

fibre itself acts both as a sensor and a waveguide. Various configurations and sensing 

mechanisms have been reported to meet various sensing targets, for example, for 

monitoring physical parameters (temperature, strain, pressure, vibration, refractive 

index, etc.), chemical analytes (gas, vapours, alcohols, metal ions, etc.) and biological 

reagents (antibody, enzyme, protein, DNA, etc.) [6, 7]. 

As the variation of the target parameter(s) is encoded in the optical signals 

transmitted by the fibre, an optical fibre sensor system is usually sensitive to the 

optical interference induced by the surrounding environment, such as light, 

temperature, humidity, etc. This type of interference, however, can be limited 

through a careful design and configuration of the sensor. The performance of an 

optical fibre sensor system can also be limited by the availability and specifications 

Core 

Claddin

g 

Jacket 

Protective cover 

n1 
n

0 

α 

n

2 
ic 

(a) (b) 

Figure 2.1: a) Typical fibre structure and b) Total internal reflection inside a fibre core.  
n0, n1, n2 is respectively the refractive index of the outside medium, the fibre core and the cladding. 
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of the system components available, for example, the bandwidth of a light source or 

the response time of a photo-detector.  The selection of these components, however, 

is not just be determined by their specifications but also by their associated costs and 

the overall system performance required. 

2.2. Surface Plasmon Resonance (SPR) 

Both SPR and Localised Surface Plasmon Resonance (LSPR) are based on the 

plasmonic effect, but their underpinning sensing mechanisms are different. Surface 

plasmon resonance, which was firstly discovered by Wood in 1902 [8], is the 

collective oscillation of electrons propagating along the metal-dielectric interface. 

When light from a light source interacts with a metal-dielectric interface, photons 

from this light source are transferred to a packet of electrons, which are called 

surface plamons [9]. Resonance only occurs when specific conditions were satisfied, 

i.e. when the frequency of the photons matches exactly the oscillation of free 

electrons generated. Two most common SPR configurations, as shown in Fig. 2.2, are 

Krestchmann and Otto configurations. In Krestchmann configuration as shown in Fig. 

2.2(a), a metal layer, normally gold, is deposited on the glass surface of a prism and 

the coupling between the excitation and plasmon occurs at the outer surface of the 

gold layer. This is the most used configuration in practical applications, where the 

gold surface could be modified to be a local specific binding site for chemical or 

biological reagents. In the Otto configuration as shown in Fig. 2.2(b), the metal layer 

is positioned not directly on but close to the prism surface, allowing the evanescent 

electromagnetic wave to interact with the metal layer and excite the surface 

plasmons.  
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Figure 2.2: (a) Krestchmann and (b) Otto configurations for SPR effect. Reproduced from Ref. [10] © Springer 
2007. 

Surface plasmons are usually characterised by the propagation constant 𝛽𝑆𝑃 which is 

given by equation (2.1) below [11]: 

𝛽𝑆𝑃 =
𝜔

𝑐
𝑛𝑒𝑓 =

𝜔

𝑐
√

𝜀𝑀𝑛𝐷
2

𝜀𝑀+𝑛𝐷
2

     (Eq. 2.1) 

In Equation (2.1), 𝜔 is the angular frequency, 𝑐 is the speed of light in vacuum, 𝜀𝑀 is 

permittivity of the metal and 𝑛𝐷 is the refractive index of the dielectric. Therefore, 

surface plasmons depend largely on the angular frequency, refractive index of 

dielectric medium and the permittivity of the metal. Because the evanescent field is 

highly local (from 150 – 400 nm from the excitation surface) [11], a small change in 

the local surface of the metal layer could induce a large change in plasmonic effect, 

making SPR a highly sensitive technique for sensing, especially in biological 

interactions.  

Based on the characteristics of the SPR effect, three main strategies, i.e. modulations 

of wavelength, angle or intensity [11] as illustrated in Fig. 2.3, are usually used to 

meet various sensing needs. In a sensor design based on the modulation of 

wavelength as shown in Fig. 2.3.a, a polychromatic light source with fixed incident 

angle can be used to excite the evanescent field, and a spectrometer is equipped to 

collect reflective beam. The surrounding refractive index change can induce the shift 

in plasmonic wavelengths and this shift would be used as a sensor output.  An angle 

based technique is illustrated in Fig. 2.3.b, where a monochromatic light source with 

a fixed wavelength is used and the angle of incident beam is seen to vary as a function 

(a) (b) 
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of the surrounding refractive index. In the intensity-based sensing layout shown in 

Fig. 2.3.c, with the incident angle and wavelength of the incident light being both 

fixed, the change in refractive index is represented by the change in the intensity of 

the output signal.  

 

Figure 2.3: SPR sensing strategies based on modulation of a) wavelength, b) angle of incidence and c) light 
intensity. Reprinted from Ref. [11]. © Springer 2008 

2.3. Localised Surface Plasmon Resonance (LSPR) 

Localised surface plasmon (LSP) is a phenomenon where the electrons of metallic 

structure coupled with electromagnetic field from excitation light [10]. It arises from 

the scattering properties of small, conductive particles in an oscillating 

electromagnetic field. As illustrated graphically in Fig. 2.4, the electronic and ionic 

clusters are formed on the curved surfaces of the particles when they are excited by 

light.  These clusters create an effective restoring force which subsequently induces 

the resonance and enhancement of electromagnetic field both inside and outside of 

the metallic particles and this effect is termed localised surface plasmon resonance 

(LSPR). 



Chapter 2 

 

- 12 - 
 

 

Figure 2.4: Schematic illustration of localised surface plasmon. Reproduced from Ref. [12] © Taylor & Francis 

2000 

LSPR could occur with normal or direct light interaction. Therefore, there is a range 

of light sources which can be used to create a LSPR sensing system. For noble metal 

like gold and silver, the resonance wavelengths are within visible range, for example, 

colloidal solutions of those metals are brightly colourful [13]. This phenomenon is 

related to the scattering and absorbance properties of small metal particles which 

has been explained in theory by Gustav Mie (1869-1957) using Maxwell’s equation 

of electromagnetic field documented in his well-known paper published in 1908 [14]. 

This ground-breaking study has laid a solid foundation for characterising, modelling 

and anticipating properties of other nanostructures than spherical small particles. 

Below include some fundamental theories behind. 
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2.3.1. Mie theory 

As mentioned above, Mie extensively computed light scattering by small spherical 

particles using Maxwell’s equations in electromagnetic theory. Using this approach, 

he successfully explained the distinct ruby-red colour of gold colloidal solution by 

absorbance and scattering theory. It was not until 1950s that this research on colloids 

became the centre of attention. Since then, a lot of efforts have been made towards 

modifications, applications and corrections of Mie’s original theory with particles 

other than gold and with different size and morphology.  These include non-spherical 

particles, sphere particles in an absorbing medium and coated, distorted, magnetic, 

chiral and anisotropic spheres, from few nm up to 10 µm in diameter. 

To explore Maxwell’s equation for spherical particles in non-absorbing medium, Mie 

established several important equations for scattering, absorbance and extinction at 

the cross-section. Detailed mathematical calculations could be found in textbooks, 

especially in the ones by Bohren and Huffman (1983) or by Kreibig and Vollmer 

(1995). In this thesis, only some final equations are presented as follows: 

𝜎𝑠𝑐𝑎 =
2𝜋

|𝑘|2
∑ (2𝐿 + 1)(|𝑎𝐿|

2 + |𝑏𝐿|
2)∞

𝐿=1     (Eq. 2.2) 

𝜎𝑒𝑥𝑡 =
2𝜋

|𝑘|2
∑ (2𝐿 + 1)[𝑅𝑒(𝑎𝐿 + 𝑏𝐿)]

∞
𝐿=1     (Eq. 2.3) 

𝜎𝑎𝑏𝑠 = 𝜎𝑠𝑐𝑎 − 𝜎𝑒𝑥𝑡       (Eq. 2.4) 

where k is the wavevector of incoming light and L are integers representing the 

dipole, quadrupole, and higher multipoles of scattering. aL and bL are the following 

parameters, composed of Ricatti – Bessel function ΨL and χL  

𝑎𝐿 =
𝑚𝛹𝐿(𝑚𝑥)𝛹𝐿

′(𝑥)−𝛹𝐿
′(𝑚𝑥)𝛹𝐿(𝑥)

𝑚𝛹𝐿(𝑚𝑥)𝜒𝐿
′ (𝑥)−𝛹𝐿

′(𝑚𝑥)𝜒𝐿(𝑥)
     (Eq. 2.5) 

𝑏𝐿 =
𝛹𝐿(𝑚𝑥)𝛹𝐿

′(𝑥)−𝑚𝛹𝐿
′(𝑚𝑥)𝛹𝐿(𝑥)

𝛹𝐿(𝑚𝑥)𝜒𝐿
′ (𝑥)−𝑚𝛹𝐿

′(𝑚𝑥)𝜒𝐿(𝑥)
     (Eq. 2.6) 

Where 𝑚 = 𝑛 ̃/𝑛𝑚 and �̃� = 𝑛𝑅 + 𝑖𝑛𝐼 is the complex refractive index of the metal 

material, 𝑛𝑚 is the refractive index of the surrounding medium. So that 
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𝑚 =
�̃�

𝑛𝑚
=

𝑛𝑅+𝑖𝑛𝐼 

𝑛𝑚
       (Eq. 2.7) 

𝑥 = 𝑘𝑚𝑟 =
2𝜋

𝜆𝑚
𝑟       (Eq. 2.8) 

With 𝑘𝑚 is the wavenumber in the medium. 

Equations 2.1-2.7 are general and could be applied for numerous particles with 

different size and shape. Under some special circumstances, these equations can be 

simplified to help understanding the effect.  For example, when spherical particles 

with diameters much smaller than that of the wavelength of the excitation light, i.e. 

2𝜋𝑟 ≪ 𝜆 𝑜𝑟 𝑥 ≪ 1, equations (2.5) and (2.6) used to calculate 𝑎𝐿 and 𝑏𝐿 can be 

simplified as given in equations (2.9) and (2.10), assuming higher order of 𝑎𝐿 and 𝑏𝐿 

are zero.  

𝑎1 ≈ −
𝑖2𝑥3

3

𝑚2−1

𝑚2+2
       (Eq. 2.9) 

𝑏1 ≈ 0        (Eq. 2.10) 

Substitute 𝑚 in Eq. (2.7) into Eq. (2.9), we have: 

𝑎1 ≈ −𝑖
2𝑥3

3

𝑛𝑅
2−𝑛𝐼

2+2𝑖𝑛𝑅𝑛𝐼−𝑛𝑚
2

𝑛𝑅
2−𝑛𝐼

2+2𝑖𝑛𝑅𝑛𝐼+2𝑛𝑚
2     (Eq. 2.11) 

Next, with complex metal dielectric function, we have  

𝜀̃ = 𝜀1 + 𝑖𝜀2 

𝜀1 = 𝑛𝑅
2 − 𝑛𝐼

2 

𝜀2 = 2𝑛𝑅𝑛𝐼 

And with medium dielectric function 𝜀𝑚 = 𝑛𝑚
2, equation (2.11) can be modified to 

be 

𝑎1 ≈
2𝑥3

3

−𝑖𝜀1
2−𝑖𝜀1𝜀𝑚+3𝜀2𝜀𝑚−𝑖𝜀2

2+2𝑖𝜀𝑚
2

(𝜀1+2𝜀𝑚)2+(𝜀2)2
    (Eq. 2.12) 
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Substitute this value into Eq. (2.2) and (2.3), the scattering and extinction coefficients 

can thus be expressed by equations (2.13) and (2.14): 

𝜎𝑠𝑐𝑎 =
32𝜋4𝜀𝑚

2𝑉2

𝜆4

(𝜀1−𝜀𝑚)2+(𝜀2)2

(𝜀1+2𝜀𝑚)2+(𝜀2)2
     (Eq. 2.13) 

𝜎𝑒𝑥𝑡 =
18𝜋𝜀𝑚

3/2𝑉

𝜆

𝜀2(𝜆)

[𝜀1(𝜆)+2𝜀𝑚]2+𝜀2(𝜆)2
     (Eq. 2.14) 

Equation (2.14) could be used for establishing extinction spectra of small 

nanoparticles when excited by light. It can be seen clearly that 𝜎𝑒𝑥𝑡 depends on 

particle’s size (V – volume of the particle, related to r – its radius), particle’s 

characteristics (𝜀1 and 𝜀2) and surrounding medium (𝜀𝑚). Extinction can be 

maximised when [𝜀1(𝜆) + 2𝜀𝑚]2 + 𝜀2(𝜆)
2 is a minimum and this can be achieved 

when 𝜀1 = −2𝜀𝑚. When this specific condition is considered for Gold and Silver,  𝜎𝑒𝑥𝑡 

can be calculated precisely [15, 16]. It has been reported that the theoretical data 

obtained matched well with the experimental data obtained from small gold and 

silver particle [17-19].  

In the case of real life, where the particle is not spherical, equation (2.15) below can 

be derived, with χ representing the aspect ratio, i.e. the ratio between in-plane 

diameter and out-of-plane height of the nanoparticle (in case of a sphere, χ = 2); 𝑁𝐴 

is the areal density of the nanoparticle and 𝑎 is the radius of the particle [20]: 

𝜎𝑒𝑥𝑡 =
24𝜋𝑁𝐴𝑎3𝜀𝑚

3/2

𝜆 ln (10)
[

𝜀2

[𝜀1+𝜒𝜀𝑚]2+𝜀2
2
]    (Eq. 2.15) 

Therefore, by varying χ value, this approximation could be used for anticipating the 

extinction spectra of elongated particles rather than spheres. With χ being ranged 

from 2 (spheres) to 17 (rod with 5:1 aspect ratio), the extinction spectra of nanorod 

particles with varying  aspect ratio can thus be obtained using Eq. 2.15 [18, 20].  
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Table 2.1: Values of dielectric constants of different metals. Adapted from Ref. [21] © Springer 2010 

Metal Dielectric constant (𝜺𝟏 + 𝒊𝜺𝟐) 
𝜺𝟏

𝜺𝟐
⁄  

Gold (Au) -10.92 + 1.49i 7.33 

Copper (Cu) -14.67 + 0.72i 20.4 

Silver (Ag) -18.22 + 0.48i 38.0 

Aluminium (Al) -42.00 + 16.40i 2.56 

Table 2.1 lists some dielectric constant values of several common metals and based 

on the equations listed above, their corresponding extinction spectra can be 

calculated and cross-compared.  Figure 2.5 shows the results obtained for gold and 

silver. Figure 2.5 (a) illustrates the real part of extinction spectra of gold (yellow line) 

and silver (grey line), in which 𝜀1(𝐴𝑢) > 𝜀1(𝐴𝑔). Figure 2.5 (b) demonstrates the 

imaginary part of the complex dielectric functions of gold and silver, which has played 

an important role in plasmon resonance and is related to peak broadening. Loss is 

lower in Ag lower than that in gold, therefore, theoretically, the resonance peak of 

Ag appears to be sharper than that of Au [15].  

 

Figure 2.5: (a) Real and (b) Imaginary part of extinction spectra from gold (yellow line) and silver (grey line).  
Reproduced from Ref. [15] © ACS Publications 2011 

The fact that 𝜎𝑒𝑥𝑡 depends on 𝜀𝑚 is particularly important for sensing applications 

and this underpins the sensing mechanism for refractive index measurement using 

LSPR approach. Also, in from Eq. 2.15, 𝜎𝑒𝑥𝑡 shows to be dependent of particles’ size 

(𝑎 – radius of the particle) and particle’s characteristic (𝜒 – the aspect ratio of the 

particle). It is important to note that equations (2.9) to (2.15) are only valid when 

particles are small (i.e. diameter <10 nm).  

The induced wavelength shift can also be predicted using the above equations as 

described below [22]:  
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∆𝜆𝑚𝑎𝑥 = 𝑚∆𝑛 (1 − 𝑒
−2𝑑

𝑙𝑑
⁄

)    (Eq. 2.16) 

where ∆𝑛 is the change in refractive index, 𝑚 is the bulk refractive index response of 

the particles, 𝑑 is the thickness of absorbate layer and 𝑙𝑑 is electromagnetic field 

decay length.  

 

Figure 2.6: Illustration of elongated particle with three axes, A,B and C with A > B = C. 

For elongated particles like nanorods, R. Gans [23, 24] adapted and extended Mie 

theory, and obtained the result shown below [12]: 

𝜎𝑒𝑥𝑡 =
𝜔

3𝑐
𝜀𝑚

3/2𝑉 ∑
(1 𝑃𝑗

2⁄ )𝜀2

{𝜀1+[(1−𝑃𝑗) 𝑃𝑗⁄ ]𝜀𝑚}
2
+𝜀2

2𝑗     (Eq. 2.17) 

where 𝑃𝑗 are the depolarisation factors along three axes A, B, C of the nanorod, and 

A > B = C (illustrated in Fig. 2.6), which are predetermined as: 

𝑃𝐴 =
1−𝑒2

𝑒2
[

1

2𝑒
ln (

1+𝑒

1−𝑒
) − 1]      (Eq. 2.18) 

𝑃𝐵 = 𝑃𝐶 =
1−𝑃𝐴

2
       (Eq. 2.19) 

The relationship between value 𝑒 and aspect ratio R is given below:  

𝑒 = √[1 − (
𝐵

𝐴
)
2

] = √1 −
1

𝑅2
      (Eq. 2.20) 

Based upon the above calculations, extensive research has been undertaken to 

model extinction spectra of particles with different sizes, shapes and compositions. 

Haiss et al. [17] developed a corrected calculation method which enables the 

theoretical data to fit well with experimental data of nanogold particles with 

diameters varying from 4 to 100nm. Several theoretical models have also been 

A 

B C 
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established for non-spherical particles [25]. Mie theory has already been modified 

for an absorbing medium, rather than non-absorbing medium in its original theory 

[25]. Other types of spherical particles have also been extensively explored, such as 

coated particles, distorted particles, magnetic particles or chiral and anisotropic 

particles. 

2.3.2. Discrete Dipole Approximation (DDA) calculation 

The original Mie theory can only be applied for small spherical particles, which has 

shown some limitations.  In reality, the as-prepared nanomaterials always show a 

certain level of deviation from the ideal spherical shape, therefore it is important to 

modify the calculation method(s) to fit for the ‘real’ shapes of particles. A numerical 

method was proposed by E.M. Purcell and C.R. Pennypacker [26] to ‘fill in the gap’ of 

Mie theory for nonspherical particles. The complicated and lengthy calculations can 

be found in a book chapter by  Enguehard [27], or in many other important papers 

[22, 28-32]. Zhao et al. [16] gave an concise and straightforward summary of common 

methods used in modelling and describing nanoparticles’ properties, including 

scattering and absorbance spectra and DDA was first introduced in the paper.  

In general, in DDA calculation, a nonspherical particle is described using three 

dimensional arrays of dipole elements confined in a cubic grid. Each of these 

elements has its polarisability αi (i: 1 N) determined by a nanoparticle dielectric 

function. The dipole Pi in each element is defined as 𝑃𝑖 = 𝛼𝑖𝐸𝑙𝑜𝑐,𝑖, in which 𝐸𝑙𝑜𝑐,𝑖 is 

the sum of incident and retarded fields of the other N – 1 elements, as given in Eq. 

2.21: 

𝐸𝑙𝑜𝑐,𝑖 = 𝐸𝑖𝑛𝑐,𝑖 + 𝐸𝑑𝑖𝑝𝑜𝑙𝑒,𝑖 = 𝐸0𝑒𝑖𝑘∙𝑟𝑖 − ∑ 𝐴𝑖𝑗 ∙ 𝑃𝑗
𝑁
𝑗=1
𝑗≠𝑖

   (Eq. 2.21) 

where 𝐸0 is the amplitude of incident wavelength, and 𝑘 = 2𝜋
𝜆⁄  is the wave vector.  

𝐴𝑖𝑗 is the matrix of dipole interaction and is given by: 

𝐴𝑖𝑗 = 𝑘2𝑒𝑖𝑘𝑟𝑖𝑗
𝑟𝑖𝑗×(𝑟𝑖𝑗×𝑃𝑗)

𝑟𝑖𝑗
3

+ 𝑒𝑖𝑘𝑟𝑖𝑗(1 − 𝑖𝑘𝑟𝑖𝑗)
[𝑟𝑖𝑗

2𝑃𝑗−3𝑟𝑖𝑗(𝑟𝑖𝑗∙𝑃𝑗)]

𝑟𝑖𝑗
5

  (Eq. 2.22) 
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With 𝑟𝑖𝑗 is the vector from element 𝑖 to element 𝑗. 

After having solved these equations, the final conclusion for extinction cross-section 

is given by 

𝐶𝑒𝑥𝑡 =
4𝜋𝑘

|�⃗� 𝑖𝑛𝑐|2
∑ 𝐼𝑚[�⃗� 𝑗

𝑖𝑛𝑐,∗ ∙ �⃗� 𝑗]
𝑁
𝑗=1      (Eq. 2.23) 

DDA method has been well recognised and widely applied in simulation of extensive 

structures, such as nanotriangle, nanodisk, nanocube, core-shell particles, hollow 

particles and many others, with diameter ranged from few nanometre to hundreds 

nanometre. For example, the El-Sayed group has used DDA calculation for various 

type of nanostructures, ranging from gold to silver, such as gold-silver alloy of 

different content ratio and size [33], gold nanorod [34], gold nanocages [35] as well 

as for coupling effect of nanoparticles [36]. The calculation has shown a good fit with 

experimental results and has provided a powerful tool for applications in sensing 

area, for example, for enhancement of RI sensitivity by using gold nanoframes [37].  

In addition to Mie theory and DDA method, several other numerical methods have 

been widely reported. In 1998, Thomas Wriedt [30] reviewed different calculation 

methods, including point matching method, T-matrix method, generalised multipole 

technique (GMT) and other volume-based methods such as Finite Difference Time 

Domain (FDTD), Transmission Line Matrix (TLM), Volume Integral Equation (VIE) and 

Finite Element Method (FEM). Myroshnychenko et al. [38] summarised several 

popular methods with their own advantages and disadvantages, including DDA, FDTD 

and boundary element method (BEM). A comprehensive review of characterisation 

of light scattering by particles was given by A.R.  Jones [39].  With the advancement 

of computational technology both in terms of capacity and of computational speed, 

numerical methods offer extremely powerful tools to help discover and characterise 

more and more diverse nanostructures for various applications. 
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2.4. Conclusions 

This chapter has focused on the background and fundamental theory in relation to 

fibre optics, SPR and LSPR. With technological advancement both in the optical fibre 

manufacturing and in materials science driven by the telecommunications industry, 

optical fibre proves to be an excellent material not only for light transmission, 

information and data transfer but also in sensing area.  Optical fibres can be a suitable 

sensor substrate, serving both as a waveguide and as a sensor/transducer when a 

section of fibre is functionalised, for example, as a SPR or LSPR sensor.  

The chapter has also reviewed the underpinning theory for SPR and LSPR, which 

includes Mie scattering theory and DDA calculations together with some numerical 

models created for a wide variety of nanostructures, with different sizes, shapes, 

materials, etc. 
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Review of advanced sensing technologies  

based on LSPR effect 

 

Localised Surface Plasmon Resonance (LSPR), as theoretically introduced in Chapter 

2, is the phenomenon that occurs when the evanescent field interacts with the 

metallic noble nanomaterials. The charge density oscillations inside nanomaterials 

resonate with the excitation light at a certain incident wavelength, resulting in the 

appearance of strong absorption and scattering peak and the enhancement of the 

electromagnetic field [1-4]. LSPR effect has gained much of interest, due to its huge 

potential in various application areas, including clinical and medical bio-sensing and 

chemical sensing, imaging and therapy, etc. LSPR also shows the potential for 

miniaturisation, which can be exemplified by a lab-on-a-chip design, integrating a 

range of microfluidic devices, being coupled with the multiplexing capability to 

create, for example, electric noses for medical and security applications. Many 

comprehensive reviews have been published in the last decade, providing rich 

information and deep understanding of different aspects in relation to LSPR, ranging 

from synthesis [5-7], fabrication techniques [2, 8, 9], theoretical calculations [10] to 

applications [5, 6, 8, 11]. This chapter aims to review the state-of-the-art 

technologies reported and thus provides collective information, in particular, in the 

field of LSPR-based sensing. This chapter starts with the introduction of a generic 

LSPR sensor configuration, which includes the key components required to create a 

LSPR-based sensor. This is followed by discussions on the sensing mechanisms and 

the strategies which have been widely deployed for sensing. Detailed discussions in 

terms of the impact made by the variation of the size, shape and type of 

nanomaterials have also been made in this chapter, providing a comprehensive 

review of the materials and morphology reported in literature. The chapter also 

covers the applications reported in chemical sensing and biosensing area and 
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concludes with the discussions on the technological advancement in the field and 

potential for future exploitation. 

3.1. Generic layout of a LSPR sensor 

LSPR has early been applied for sensing, due to its spectral enhancement and 

dependence on the medium surrounding the nanomaterial. Different sensing 

strategies have been derived from this phenomenon and Fig. 3.1 shows a generic 

configuration of a LSPR sensor system, in which the sensing area is usually coated 

with plasmonic materials. Light from a light source (L) is guided to interact with the 

sensing area and the resulting spectral signal variation is collected by a detector (D). 

 

Various light sources can be used for this purpose, ranging from white light sources 

(typically with a wavelength range of 200-2500nm), light-emitting diodes (LEDs) to 

normal laser sources. Spectroscopic techniques are usually used for the detection of 

LSPR induced spectral variations, ranging from UV-Visible to near infrared (NIR), 

which is dependent on the corresponding LSPR absorbance characteristics. Dark field 

spectroscopy has been used extensively for single nanoparticle sensing [12]. Other 

techniques such as surface-enhanced Raman spectroscopy (SERS) or quartz micro 

balance (QCM) have also been reported to be used as detectors.  

A glass slide was first chosen as the main platform for the deposition of 

nanomaterials [13-17]. Several other materials, such as indium tin oxide (ITO) glass 

[18-22], fluorine-doped tin oxide (FTO) polymer [23] or anodic aluminium oxide 

(AAO) platform [24, 25], have also been chosen, either for the enhancement of 

stability, transparency or for the ease of fabrication. Nanomaterials have also been 

coated onto optical fibres, either on the end-surface or on the decladded portion of 

the fibre to create a highly sensitive, versatile and compact sensing probe [26-39]. 

The interaction between the propagated light along the fibre and the sensing surface 

Light source 

(L) 

 

Sensing Area 

(S) 

 

Detector 

(D) 

 

Figure 3.1: A generic LSPR sensor layout  
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results in the change in LSPR peak when the surrounding medium varies. Single mode 

fibres, multimode fibres with different core and cladding, photonic crystal fibres 

(PCF) [39] and other metal-doped fibres have also been reported in literature. 

Extensive research has been undertaken and reported for the preparation and 

synthesis of various nanomaterials and for their corresponding immobilisation on 

various types of sensor substrates. A detailed discussion on nanomaterials is included 

in Section 3.3 of this chapter, with a primary focus on the noble metallic 

nanomaterials such as gold or silver.  A number of preparation and deposition 

techniques have been explored, which includes both chemical techniques, such as 

seed-growth method, metal ion reduction, co-polymer reduction and physical 

methods, such as nanosphere lithography (NSL), electron beam lithography (EBL), 

laser ablation and electro-deposition. Other less popular preparation schemes, such 

as “green chemistry”, have also been proposed. In conjunction with the synthesis 

methods, various immobilisation techniques have been proposed to coat the 

nanomaterials onto a substrate surface, which include the application of silanisation 

agents, sol-gel techniques, bi-functional compounds, electrostatic force or other 

physical interactions, in situ chemical oxidation, hydrothermal growth, liquid-phase 

deposition, etc. [8].  

In term of sensing, as illustrated in Fig. 3.2, two main streams, i.e. bulk sensing, 

commonly referring to refractive index (RI) sensing and molecular sensing or single 

particle sensing, have been recognised [11]. Different types of spectroscopic 

techniques have been used in different sensing streams. Bulk refractive index sensing 

is normally related to ensemble spectroscopy while molecular sensing to scattering 

spectroscopy (i.e. dark field microscopy). Ensemble spectroscopy covers a broader 

spectrum than that of single particle scattering spectroscopy and offers a higher 

magnitude. Therefore, bulk sensing offers larger dynamic range and multiplexing 

capacity. The single nanoparticle scattering spectroscopy, however, can achieve a 

much lower limit of detection (LOD) and better signal to noise ratio (S/N).   
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Figure 3.2: Bulk sensing vs. molecular sensing. Reprinted from ref [11]. Copyright 2011 ©American Chemical 
Society 

In general, the evaluation of sensing capacity involves several parameters, including 

sensitivity, limit of detection (LOD), method detection limit (MDL), etc. In terms of RI 

sensing, the RI of a surrounding medium would affect the sensing layer and thus 

modulate the LSPR spectra. The sensitivity can be calculated using Eq. (3.1): 

𝑆 =
𝑑𝜆𝑝𝑒𝑎𝑘

𝑑𝑛
                    (Eq. 3.1) 

𝐹𝑂𝑀 =
𝑆

𝐹𝑊𝐻𝑀
        (Eq. 3.2) 

Another parameter which is widely used to characterise the sensing ability of a 

nanoparticle is the figure of merit (FOM) as described in Eq. (3.2), where FWHM 

stands for full width at half maximum value.  Larger particles demonstrate a higher 

peak shift and a broader peak width compared to smaller particles when they are in 

different RI solutions. 

Overall, there are 3 main sensing strategies and they are summarised as follows [2]: 

 LSPR absorbance-based technique. The change in the surrounding medium 

of the sensing surface triggers the change in LSPR absorbance spectra. This 

change could be exhibited and quantified as the difference in the absorbance 

intensity or the shift in the peak wavelength.  
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 Colorimetric technique. This technique can be implemented when there is a 

colour change as a result of the aggregation of metallic nanoparticles in 

solution. 

 Direct LSPR spectral monitoring technique. The change in LSPR spectrum, 

induced by the morphology change as a result of the direct interaction 

between analyte and nanoparticles, is monitored directly using a 

spectrometer. 

3.1.1. LSPR absorbance-based technique 

This sensing approach is the most widely used strategy reported in literature. The 

change in the immediate medium surrounding the active sensing layer affects the 

LSPR absorbance or scattering peak of the nanomaterials, thus resulting in a shift in 

the peak wavelength and/or a change in the intensity of the absorbance. This 

approach is widely used for monitoring RI of the surrounding medium/environment 

through monitoring the wavelength shift or intensity change in the absorbance 

spectrum of the solution, with its RI being varied by the change in the concentrations 

of analyte, such as glucose [6]. Using the single particle approach, a specific antibody 

which has been immobilised onto the sensing surface can capture the free antigen in 

solution, hence inflicting the shift in wavelength or the change in signal intensity. 

3.1.2. Colorimetric technique 

 
Figure 3.3: Illustration of colour change due to the aggregation of metallic NPs 

Aggregation upon binding 
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Free particles in solution 
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The colorimetric technique has been used for the detection of DNA using 

oligonucleotide-coated gold nanoparticles dispersed in solution [40]. These metallic 

nanoparticles are coated with a single DNA strand (ssDNA) and are dispersed freely 

in solution. Upon binding with the complimentary strand, the aggregation occurs, 

resulting in a significant change in colour (Fig. 3.3). The aggregation creates a huge 

intermolecular interaction between metallic nanoparticles and the inter-particle 

coupling results in a shift in the peak wavelength, leading to an obvious colour change 

which can be observed by naked eyes [41]. 

Based on this aggregation phenomenon, a similar approach has been applied based 

on biotin-streptavidin, antibody-antigen or glucose-Concanavalin A (conA) 

interactions. Direct applications have included the detection of DNA , metal ions in 

solution such as Ag+ [42], Hg2+ [43, 44], Fe3+ [45] , thiol-containing amino acids, 

enzyme [46, 47], bacteria [48-51], protein, TNT [52], etc. Their advantages including 

the ease of fabrication and implementation and low cost have enabled this strategy 

to be more applicable for disposable and low-cost applications. 

3.1.3. Direct LSPR spectral monitoring technique 

This type of technique is based on the effect caused directly by the analyte, which 

has an ability for directly affect the morphology of the nanometallic layer, and as a 

result inducing the change in the LSPR absorbance or scattering spectra. Bi et al. [53] 

proposed a method for detection of Mecury ion (Hg2+) by using silver nanoparticles 

of different morphology. Silver nanorods, nanospheres and nanoplates were self-

prepared by different seed-growth methods. With the presence of Hg2+ ion, 

replacement reaction would occur, resulting in the etching of the morphology of 

those particles. The change in morphology would introduce the change in LSPR 

absorbance spectra of the solution. The linearity between the concentration of Hg2+ 

and the wavelength shift was recorded over the range from 10 – 1500 nM with AgNR. 

Similarly, Shan et al. [54] proposed an approach to detect H2O2, based on its etching 

effect on gold nanorods. H2O2 would induce a shape-change of AuNR in solution, 

leading to a change in aspect ratio of AuNR, hence affecting directly the LSPR spectra 

of the solution. The limit of detection was reported to be 0.046 µM. The 
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disadvantage, however, is the interference with the other molecules present in the 

sample solutions. For example, for Hg2+ detection, other metal ions could create a 

similar effect, making this approach being non-specific.  

However, the main disadvantage of this approach is the non-reversibility of reaction 

between the analyte and the metallic layer. In this case, the metallic layer would be 

permanently damaged, making it unsuitable for reusable purpose. Therefore, this 

method could be very costly. 

To sum up, metallic nanoparticles, especially gold and silver, with the profound LSPR 

effect have demonstrated their powerful capability to be used in various sensing 

schemes. In the following sections, discussions are made on their corresponding 

preparations, properties and applications. 

3.2. Preparation, fabrication and immobilisation techniques 

Two of the most popular materials in LSPR study are gold and silver because of their 

strong absorbance bands in nanostructure. This section is dedicated for an 

introduction of the preparation techniques, coating methods and the rationale 

behind various choices. 

Chemical approach is considered to be traditional for preparing nanoparticles, since 

it begins with famous Faraday’s experiment on gold colloidal solution in 1857 [55]. 

Since then, chemical approach has evolved to achieve different morphology with 

controllability over nanostructure’s parameters. Basically, this approach is a two-step 

synthesis, based on reduction of metal ion to metal in nanostructure. First step is to 

create nuclei – it is also called seed-formation step. Second step is to grow the seed 

into different particle-structures of choice, allowing for an appropriate control over 

the growth period using different surfactants. The choice for the reduction agent, 

protecting agent, surfactant, temperature, reaction rates, molar ratio, etc. can be 

varied to achieve desirable morphology. The formation process is also coupled with 

the other techniques, such as micelle formation, microwave ultrasonic, hydrothermal 

evaporation, etc. To date, a number of particles with different shapes have been 

successfully synthesised using this approach, ranging from nanospheres, nanorods, 
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nanotriangles, nanocubes, nanorice to more complex structures such as hollow 

nanocubes, nanobranches, nanostars, nanowires, etc. The composition of those 

particles can be varied, from single metals such as gold, silver, copper and platinum 

to an alloy of these, or from the core-shell structure to a structure with two or more 

multilayers. 

Using a physical approach, lithography has demonstrated to be a powerful tool to 

create a monodispersed, highly ordered film of metallic particles with desired size, 

shape, inter-particle distance. Among these, electro-beam lithography (EBL) is able 

to provide an accurate control of gold nanoislands in a substrate. The disadvantage 

is that it requires expensive equipment and long-time sample preparation. 

Nanosphere lithography (NSL) is an inexpensive alternative, which is simple and 

inexpensive to create a highly ordered film of gold or silver nanotriangles array. 

Modifications of these methods have also been reported in order to further enhance 

the uniformity and the desirable morphology of the particles, such as creating gold 

nanodisks on glass by hollow-mask colloidal lithography [56], making Au-Ag triangle 

array on glass by NSL [57], or using the advantage of EBL to create gold nanostar, 

nanoellipse and nanoring [58]. The strength of using a physics method lies in the 

creation of highly ordered array of metal materials and the control of the size, shape 

and interparticle distance required, in addition to the fabrication of a wide variety of 

plasmonic structure, such as gold nanohole [59], nanogap [60] or nanowell [61] for 

biosensing applications. However, costly equipment, extended fabrication time and 

less flexibility are the main disadvantages that inhibit the potential of those methods 

in commercialisation.  

Different from the physical technique, which is able to deposit the nanomaterials 

directly onto the surface of a substrate, the chemical approach requires a suitable 

method for immobilising nanoparticles onto the substrate. For gold and silver, 

because of their high affinity with sulphide and amine, the most commonly used 

method is silanisation. Using this method, the surface of a substrate (normally glass) 

is first modified with a silanised agent. Different organo-silane compounds, e.g. 3-

mercaptopropyltrimethoxysilane (MPTMS), 3-mercaptopropyltrimethoxysilane 

(MPTES), 3-aminopropyltrimethoxysilane (APTMS), 3-aminopropyltriethoxysilane 
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(APTES), N-[3-(trimethoxysilyl)propyl]ethylenediamine (TMSPED), are widely used. 

Normally, thio-terminated compound has a higher adhesiveness towards gold or 

silver nanoparticles than amine-terminated compound [62]. A common strategy for 

immobilisation of AuNPs on a glass surface is illustrated in Fig. 3.4. Electrostatic 

interactions between compounds are the main driving force to adhere these 

together.  

 

Figure 3.4: Illustration of immobilisation of AuNPs onto a glass slide 

Sol-gel process is also used as one of the immobilisation techniques. It involves two 

main steps: the first is hydrolysis of a precursor under acidic or alkaline conditions 

and the second is to condense the hydrolysed products. This process is able to create 

a highly stable substrate with high surface density.  

Another efficient immobilisation method is to use layer-by-layer (LbL) technique via 

electrostatic interactions as illustrated in Fig 3.5. Using this approach, a number of 

bilayers of different charge can be laid alternately on the substrate through dip 

coating. AuNPs or AgNPs can be immobilised by electrostatic interactions between 

their charge layer and the charge layer of their protective agents, such as citrate 

(negative charge) or cetyl trimethylammonium bromide – known as CTAB (positive 

charge) [8].  

 

Figure 3.5: Schematic illustration of LbL technique by the deposition of layers of opposite charge. 
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3.3. Effect of size, shape and materials 

Both the theoretical and practical studies of plasmonic properties of nanomaterials 

conclude the importance of their morphology.  

3.3.1. Theoretical studies 

Gold colloidal solutions were practically synthesised in the laboratory as early as in 

1857 by Michael Faraday[55]. But the theoretical model by solving Maxwell’s classical 

electromagnetic theory to explain the  phenomenon exhibited by spherical particles 

in nanoscale was not reported until in 1908 by Mie [63]. Given the fact that the 

classical calculation reported by G. Mie is very limited to spherical particles with 

certain diameters, there have been several advanced numerical methods proposed 

to fill in the gaps. The most widely used methods include discrete dipole 

approximation (DDA) [64, 65], finite difference time domain (FDTD) [66, 67], and 

finite element method (FEM) [68]. Each of these theoretical models and calculations 

can only be applied for specific scenarios with limitations in the particle diameters, 

shapes and/or materials.   

Based on the above, several attempts have been made to assess the RI sensing 

capacity of nanomaterials in relation to the size, shape and aspect ratio of the 

particles used. For example, Nusz et al. developed a model for rational choice of gold 

nanorod with different aspect ratio in label-free biosening [69]. In this research, the 

sensitivity was simulated, showing its dependence on the aspect ratio of the 

nanorods and a higher aspect ratio leads to a higher sensitivity in terms of RI sensing. 

Sharma et al. also demonstrated the effect of size and type of materials on the 

sensitivity through several publications in theoretical calculations [37, 70-73]. Gold, 

silver, copper and Indium Tin Oxide (ITO) have been considered in the model, using 

optical fibres as a sensor substrate, and it was concluded that the highest sensitivity 

can be achieved by using ITO.  

The trend for the sensitivity enhancement for gold and silver nanospherical particles 

was demonstrated in a study by Lee et al. [74]. In their work, 3 different sizes of 
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20nm, 40nm and 60nm have been investigated, confirming that a bigger size leading 

to a higher sensitivity. In another study Miller and Lazarides [75] reported that the 

sensitivity of LSPR sensors based on nanoparticles varied linearly with their 

corresponding plasmonic resonant wavelength.  

It is important to note that, because of the complexity in sensor design and 

fabrication, it is difficult to predict accurately the RI sensitivity of a LSPR sensor using 

models or calculations. In fact, most of the research has been based on experimental 

results, followed by simulations made in a confined situation. For example, 

Mahmoud et al. experimentally analysed the sensitivity of a LSPR sensor made of 

gold nanoframes and the experimental results obtained were supported by DDA 

calculation, which was subsequently used to simulate and predict the sensitivity of 

other types of nanoframes with different wall size and thickness [76]. 

3.3.2. Experimental studies 

A large amount of experimental data has been reported in literature regarding RI 

sensitivity. In this section, a summary, rather than a comprehensive list of these 

reports will be presented. It focuses primarily on two materials, gold and silver. 

A series of experiments has been undertaken on LSPR sensors based on gold and 

silver nanoparticles to evaluate their RI sensing capacity and the impact made by the 

shape of nanoparticles used. Mock et al. demonstrated the sensitivity of LSPR sensors 

based on silver nanoparticles in the forms of spherical, cubic and triangular with a 

similar volumetric structure [77]. It was reported that that silver nanotriangle 

provided a much higher sensitivity than that of nanosphere [78].  

Gold nanosphere has been used early in RI sensing, but the sensitivity is not very 

high.  It was reported that 80 nm/RIU could be achieved with gold island in a glass 

substrate using thermal evaporation [79]. Similar results were obtained by using gold 

nanoparticles in a different sensing configuration [80-82]. A higher sensitivity could 

be achieved by increasing the diameter of gold nanoparticles, such as 137 nm/RIU 

and 187 nm/RIU could be achieved by 90nm and 130nm of AuNPs coated on ITO 

surfaces, respectively [18]. Another important sensing strategy is to improve the 
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sensitivity of AuNPs to 245 nm/RIU, based on interparticles interactions, as proposed 

by Di et al. [19, 20]. Live et al. [83] reported the highest sensitivity of AuNPs in glass 

substrate to be achieved, at 579 nm/RIU, using nanosphere lithography (NSL) to 

create particles at near micron sizes. 

And silver has been at the centre of attention due to its higher sensitivity compared 

to gold. For example, in the same experimental setup, AgNPs-based sensors have 

shown a sensitivity of 71.7 nm/RIU compared to 32.7 nm/RIU of gold-based sensors 

[81]. In a setup using dark field microscopy, single spherical AgNPs with diameters 

ranging from 40 nm to 90 nm have been reported with the highest RI sensitivity of 

160 nm/RIU in oil with RI change from 1.44 to 1.56 having been demonstrated [78]. 

However, due to the chemical instability of silver, AgNP-based sensors are not as 

widely used as AuNP-based sensors. When they are exposed to air, AgNPs could 

easily react with sulphur compounds in the air to create Ag2S, hence the 

nanomaterials could be completely destroyed over a short period of time. To 

overcome this limitation, Ag-Au core-shell particles can be used as they can both 

enhance the stability and increase the sensitivity of the sensors produced. Xia et al. 

reported the sensitivity of up to 409 nm/RIU for core-shell nanostructures [84]. Other 

reports also confirmed the enhancement of sensitivity when using core-shell 

nanoparticles including gold shell – silica core [85] or vice versa [86], silver shell – 

gold core [87] or gold shell – silver core [88, 89], Ag core – Au shell nanorods [90], 

etc. The sensitivity of the sensors has shown to be increased significantly through 

various modifications of the sensor configurations and the research in the field is still 

on-going. 

It is important to point out that sharp-tipped particles, such as nanotriangle [91] or 

bipyramid [92],  seem to be able to offer a very high sensitivity. Various strategies 

have been devised to achieve desirable shapes, including nanotriangle [15, 57, 93], 

nanobipyramid [94, 95], nanostar [58], nanorice [96, 97], etc. Among these, 

triangular silver nanoplate (TSNP)-based LSPR sensor has demonstrated the highest 

sensitivity of up to 1096 nm/RIU [98-100]. This exceptional high sensitivity might be 

related to a combined effect which includes the configuration using sharp-tipped 

nanomaterials, highly ordered assembly and big particle size (200nm in length). 
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Chung et al. [101] have summarised these sensing characteristics in relation to 

various plasmonic nanostructures and the details are shown in Table 3.1. In addition 

to varying the size and shape of particles, several attempts have also been made to 

create different structures based on the array of nanomaterials on substrate, such as 

nanogaps [60], nanopillars or hollow nanotubes [102, 103]. The outcomes of the 

experiments have shown a promise in achieving a high sensitivity through an 

appropriate use of a sensing strategy and innovation in fabrication techniques, thus 

achieving wide applications in biosensing.  

Table 3.1: Sensing characteristics of plasmonic nanostructures. Adapted from Ref. [101] © MDPI 2011 

Nanostructure Structure Dimensions Sensitivity Ref. 

Silver spherical 
nanoparticles  

Diameter: 35 nm  161 nm/RIU  [12]  

Silver triangular 
nanoparticles  

Diameter: 35 nm  197 nm/RIU  [12]  

Silver rodlike 
nanoparticles  

Aspect ratio 5:1  
Diameter: 35nm  

235 nm/RIU  [12]  

Gold nano rods  Aspect ratio 3.5:1  
Radius: 40 nm  

650 nm/RIU  [74] 

Gold colloidal 
nanoparticles  

Diameter: 30 nm  70.9 nm/RIU  [104]  

Hollow gold nano shell  Diameter: 50 nm  
Wall thickness: 4.5 nm  

408 nm/RIU  [104] 

Arrays of gold nanodisk  Pitch of nanodisk: 162 nm, 
340 nm  

167 nm/RIU  
327 nm/RIU  

[105]  

Gold nanodisk trimers  Small disk diameter: 96 nm  
Larger disk diameter: 127 nm  
Pitch between trimers: 400 
nm  

170 nm/RIU 
373.9nm/RIU  

[106]  

Gold nanorings  Diameter: 150 nm  
Thickness: 20 nm  

880 nm/RIU  [107]  

Gold nanoring trimers  Outer diameter:120 nm 
Wall thickness: 33 nm  
Ring height: 24 nm  

345 nm/RIU  [106]  

Nanocubes  Size : 100 nm  165 nm/RIU  [108]  

Nanocrescents  Diameter: 410 nm  
Deposition angle:10°  
Aspect ratio: 4  

879 nm/RIU  [109]  

Nanostars  Core size: 30–50 nm 
Conical tips: 10–60 nm  

218 nm/RIU  [110]  

Nanocross and nanobar  Length: 380nm  
Width: 76 nm α = 60°  

710 nm/RIU 1,000 
nm/RIU  

[111]  

Double nanopillars  
with nanogap  

Diameter: 425 nm  642 nm/RIU  
1,056 nm/RIU  

[112] 
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Height: 288 nm Nanogap: 33 
nm  

Planar metamaterials 
analogue of EIT  

Length: 400 nm, 340 nm  
Width: 80 nm, 90 nm  
Gap: 45 nm  

725 nm/RIU  [113]  

Plasmonic nanorod 
metamaterials  

Length: 20–700 nm  
Diameter: 10–50 nm Pitch: 
40–70 nm  

30,000 nm/RIU  [114]  

Arrays of plasmonic 
nanotubes  

Length: 120 nm Inner 
diameter: 22 nm Outer 
diameter: 44 nm Pitch: 55 
nm  

250 nm/RIU  [102]  

Nanopillar arrays  Radius: 100 nm Height: 400 
nm Pitch: 600 nm  

675 nm/RIU  [115] 

 

As shown in Table 3.1, an exceptionally high sensitivity, over 1000 nm/RIU, can be 

achieved using TSNP  [98-100] or using gold nanocross [111]. Further sensitivity 

enhancement can be achieved by using gold nanostar particles on tapered fibre to 

increase the sensitivity to 1190 nm/RIU [35] or by coating a thin layer of gold film 

reported by Cao et al. [116] to achieve the sensitivity of 2977 nm/RIU. Zhou et al 

[117] reported the potential of achieving 3770nm/RIU through theoretical analysis 

by incorporating silver nanocubes into a photonic crystal fibre (PCF). The use of 

metamaterial has been reported to be able to increase the sensitivity by 2 to 3 order 

of magnitude compared to normal gold nanoparticles. Gu et al. reported in 2011 a 

powerful tool to grow gold nanorods tightly on the glass substrate, create a layer of 

metamaterial and achieve 30000 nm/RIU [118]. Although only a theoretical 

calculation based on a short range of RI change has been made, the exceptionally 

high sensitivity which is expected to be achievable gives a clear indication that this 

might be a useful approach to explore. The disadvantage, however, lies in the use of 

highly expensive equipment and complicated technique which could prevent it from 

being commercialised and mass-produced. 
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3.4. Sensing applications 

Tailoring morphology and increasing RI sensitivity lead to a wide spectrum of 

applications for sensing through surface modification using metal nanoparticles in 

order to form a selective layer.  

3.4.1. Biosensing 

Similar to SPR, LSPR provides a similar (or sometimes even higher) sensitivity showing 

the advantage of miniaturisation. Nanotechnology enables the sensing device to be 

compact, portable and much cheaper compared to SPR sensors. Cross-comparison 

between LSPR and SPR sensors has been made and reported and detailed in Table 

3.2. 

Table 3.2: Comparison between SPR and LSPR. Adapted from ref. [1] ©Springer 2004 

Feature/Characteristic SPR LSPR 

Label-free detection Yes Yes 

Distance dependence ~1000nm ~30nm 

Refractive Index Sensitivity 2x106 nm/RIU 2x102 nm/RIU 

Modes 
Angle shift, wavelength 

shift, imaging 
Extinction, scattering, 

imaging 

Temperature control Yes No 

Chemical identification SPR-Raman LSPR-SERS 

Field Portability No Yes 

Commercially available Yes No 

Cost US $150.000 – 300.000 
US $5000 (multiple 

particles) 
US $50.000 (single particle) 

Spatial resolution ~10x10 µm 1 nanoparticle 

Non-specific binding Minimal Minimal 

Real-time detection 
Time scale = 10-1 – 103 s 

Planar diffusion 
Time scale = 10-1 – 103 s 

Radical diffusion 

Multiplexed capacity Yes Yes 

Small molecule sensitivity Good Better 

Microfluidic compatibility Yes Yes 

 

Similar to SPR sensors, LSPR for biosensing is label-free. Using the LSPR technique, it 

is possible to achieve single particle sensing, which can incredibly limit the amount 

of analyte needed for analysis and this is usually very important for the analysis of 
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biological samples, such as human or anthropology sample. This technique, however, 

usually requires signal amplification due to the weak signals generated from particle 

sensors.  

The selectivity of a LSPR sensor to bioanalyte is usually realised through various 

selective interactions, such as enzyme, biotin-avidin, antibody-antigen, aptamer-

protein, DNA based technique, or Concanavalin A (ConA) – monosaccharide, as 

detailed below. The standard procedure for the fabrication of LSPR sensors is to 

immobilise one of the pair on the surface of nanoparticles, and upon binding with 

the other, LSPR spectra would change, leading to detection of the specific bioreagent. 

3.4.1.1. Enzyme interaction based technique 

An enzyme is a class of large proteins that is responsible for life-sustaining in almost 

every living matter in the universe. It is regarded as a biocatalyst to greatly increase 

metabolic processes. The simple reaction is described below: 

E + S     ⇄  E-S   ⇄  E-P    ⇄      E + P   (Eq. 3.3) 

where enzyme (E) binds with substrate (S) to create an intermediate (E-S) which has 

lower activation energy than normal reaction condition. Subsequently, the E-S would 

be converted into a complex E-P and then decomposed to the precursor enzyme and 

the product (P). This process is illustrated clearly in Fig. 3.6.   

 

Figure 3.6: "Lock and Key" mechanism of Enzyme catalyst. Reproduced from Ref. [119] 

The simple mechanism behind the enzymatic catalyst effect for the reaction in Eq. 

3.3 is described in Fig. 3.7. Without an enzyme acting as a catalyst, the reaction must 
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undergo the transition state TSu in order to convert the substrate (S) into the product 

(P) and this requires a higher standard free energy of activation ∆𝐺𝑢
∗. In the presence 

of an appropriate enzyme (E), however, the reaction requires a much lower 

activation energy that can be recoursed through three transition steps, TSc1, TSc2 and 

TSc3, respectively. Although the total energy needed for the reaction could not be 

different ( ∆𝐺𝑢
∗ = ∆𝐺𝐶1

∗ + ∆𝐺𝐶2
∗ + ∆𝐺𝐶3

∗ ), the required activation energy in case of 

enzyme reaction is lower ( ∆𝐺𝐶
∗ ≪ ∆𝐺𝑢

∗ ), hence it is easier to make the reaction 

happen with less requirements for conditions, such as at lower temperature or 

pressure [120]. 

 

Figure 3.7: Enzyme catalyst mechanism. Yellow line is the course of reaction with the enzymatic catalyst and 
the blue line is the reaction without catalyst. Reproduced from Ref. [120] 

Enzyme biocatalyst is specific and each enzyme recognises only its specific target, 

based on the predefined size, shape, charge and hydrophobic/hydrophilic properties 

of the substrate.  This type of sensing mechanism is frequently referred to as “lock 

and key” mechanism. 

Based on this mechanism, a number of studies have been undertaken to create a 

number of biosensors, using different types of enzymes [29, 46, 48, 105, 121-125]. 

Lin et al. (2006) created a novel gold nanoparticle-based biosensor using 

Acetylcholinesterase (AChE) as an enzyme for the detection of organophosphorus 

pesticides [126]. AChE acted as a biocatalyst in the reaction to convert 
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Butyrylthiocholine into Thiocholine, which was subsequently characterised by UV-Vis 

spectra at 405nm. The sensor enables the detection of paraoxon in range of 1-

100ppb with a LOD of 0.234ppb and it is highly reproducible. Zhao et al. reported the 

creation of a competitive binding assay in order to detect methotrexate (MTX), an 

anticancer drug via gold nanoparticles coated with folic acid (FA-AuNPs) and human 

dihydrofolate reductase enzyme (hDHFR). The method achieved excellent 

reproducibility and sensitivity with a LOD of 155 nM. This method has also been 

tested with real clinical samples with high accuracy in comparison to other reference 

methods such as fluorescence polarization immunoassay (FPIA) and liquid 

chromatography – mass spectroscopy (LC-MS/MS) [125]. 

3.4.1.2. Biotin – Avidin interaction based technique 

This interaction is a common binding technique used in LSPR biosensing because of 

its strong conjunction, specificity and commercial availability. Avidin is a class of large 

protein (Mw ~ 50 kDa) molecules with four specific binding sites for biotin, commonly 

known as tetrameric glycoprotein [127]. The affinity between biotin – avidin is 

exceptionally high, with a dissociation constant (Kd) ~ 1014 M-1 [11]. This high affinity 

enables the sensors created with a LOD level in the range of few femtomolar. The 

small size of biotin molecules also makes the fabrication process much easier as they 

can be easily immobilised onto the sensor substrates. In addition, the four binding 

sites help biotin-avidin interaction to be adapted, for example in a sandwich type 

assay, to enhance the sensing capacity.  

Even using the same interaction, different LODs, ranging from few pM to micro 

molar, have been reported. This huge difference is due to the variation in sensor 

configurations, types of metals used, morphology and the experimental conditions. 

In 2004, Haes et al. [1] reported less than pM in LOD, equal to less than 100 

streptavidin compound per nanoparticle with NSL-based silver nanotriangles. Arai et 

al. reported that a biosensor made through the deposition of a thin nanostructured 

silver film on a glass substrate is able to detect streptavidin in range of 16 nM – 8µM 

[128]. Barbillon et al. created a highly sensitive biosensor of gold nanocylinder with 

100nm diameter and 200nm inter-particle distance in glass substrate fabricated by 
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EBL. This sensor could lower the LOD to 1.25 x10-18 mol for Streptavidin, equal to 75 

molecules per nanoparticles. Also later in 2009, this group used EBL to create gold 

nanodisks on glass substrate, by then lowered detection limit to 7pM for Streptavidin 

[129]. Marinakos et al. proposed the use of AuNRs on a glass slide to create an 

effective biosensor with a low LOD of 19 nM in serum and 94 pM in phosphate buffer 

solution (PBS) [80]. Based on the advantage demonstrated by nanoshells over their 

solid spherical counterparts, Wang et al. proposed a biosensor for detection of 

Streptavidin in blood sample in 2008, with a LOD of 3 µg/mL and a wide dynamic 

range from 3 to 50 µg/mL [130]. In general, biotin-avidin has become one of the 

popular interaction techniques used for the design of LSPR biosensors. 

3.4.1.3. Antibody – antigen 

Antibody – antigen interaction is one of the most widely used techniques for 

biosensing due to the high selectivity, strong binding affinity and easy production of 

this type of sensors. Antibody, or known as immunoglobin (Ig), is a large Y-shaped 

protein produced by an immune system to “identify and neutralise extruded objects 

like bacteria or virus” [131]. Each tip of the Y shape has a specific binding site for a 

certain antigen, allowing antibody-antigen interaction to be selective, similar to a 

key-lock mechanism as illustrated in Fig. 3.6. The association constant 𝐾𝑎, defined 

below (Ab: antibody, Ag: antigen), varies from 105 to 1012 M-1 in the case of antibody-

antigen interaction, which makes the latter an ideal technique for the creation of 

sensors with a detection limit in range of nM to pM.  

𝐴𝑏 + 𝐴𝑔 ⇄ 𝐴𝑏: 𝐴𝑔 

𝐾𝑎 =
[𝐴𝑏: 𝐴𝑔]

[𝐴𝑏][𝐴𝑔]
 

To configure a biosensor, antibody is usually immobilised on the surface of a metallic 

nanomaterial.  When the interaction between the antibody and the target antigen 

occurs, there is a change in LSPR spectra as a result of the surrounding refractive 

index change due to the binding. This change would be recorded and the real-time 

kinetic of binding event could also be displayed and analysed.   
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A large number of studies based on this interaction have been reported in literature 

[19, 20, 24, 25, 27, 28, 36, 99, 132-138]. Because antibody could be produced 

biologically in response to almost every antigen, the applicability of this method is 

enormous. Detection of pathogens by this method draws the most attention because 

of its direct sensing mechanism. Several examples include the detection of 

Salmonella [134], biomarker for Alzheimer’s disease [139], heptatitis B virus [140] or 

influenza virus [141]. Antibody, extracted from human, goat or rabbit, has 

occasionally been used to verify the sensing capacity of a system [99, 132, 136]. The 

LOD of such a sensor system could be down to few CFU/mL [142]. 

3.4.1.4. Aptamer interactions 

Compared to antibody-antigen interaction, aptamer interaction is a relatively new 

discovery since 1990, following the independent reports by two groups, Gold’s [143] 

and Szostak’s [144] . It is a specific nucleic acid sequence that binds non-nucleic acid 

targets with high affinity and specificity, and could be used to target a number of 

molecules, ranging from metal ions, amino acids, short peptides to proteins and even 

some pathogenic microorganisms. In general, an aptamer is immobilised onto the 

surface of an optical device either through affinity interactions (including ionic, 

hydrophobic and Van der Waal’s force), covalent binding or chemisorption methods 

[145]. Subsequently, the folding activity upon specific targets is able to induce a 

change in LSPR spectra, similar to the other interactions (Fig. 3.8).  

 

Figure 3.8: Illustration of aptamer folding mechanism. Adapted from Ref. [146] ©ACS 2007. 
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Aptamer-based immunoassays have been developed in conjunction with the SPR 

technique. Kim Do-Kyun et al. in 2008 [147] fabricated a chip with gold deposition 

onto a porous anodic alumina (PAA) layer. An aptamer specified for thrombin 

detection was then immobilised on the chip, creating an LSPR-based optical sensor 

with a very low LOD at 1 nM for thrombin. Zheng et al. developed an in-solution 

based method using AuNR and aptamer-folding ability to detect thrombin [148]. 

Using this technique, the AuNR is coated with a specific aptamer for thrombin, and 

then be mixed in a solution of tosyl-activated magnetic beads. With the presence of 

thrombin, aptamers are folded and subsequently AuNRs are aggregated on the beads 

due to the magnetic force to form a pellet.  This, as a result, lowers the concentration 

of AuNR in the solution and decreases the intensity of the absorbance spectra of the 

solution.  

Even though there are currently limited reports on this particular sensing application, 

aptamer folding could be a promising route for biosensor as well as chemical sensor 

development when it is coupled with LSPR, especially in case of single nanoparticle 

sensing. In this scheme, the sensitivity of the system could be further enhanced and 

the LOD could also be lowered to the molecular level. The flexibility in designing an 

aptamer for a specific target can also be employed to secure the specificity and 

reduce the non-specific binding, compared to other interactions such as enzyme 

interaction or antibody-antigen interaction. 

3.4.1.5. Nucleic Acids Hybridization 

Nucleic acids, most commonly known as DNA (Deoxyribonucleic acid) and RNA 

(Ribonucleic acid), are the basic materials that create all life on earth. While DNA is 

responsible for storage of genetic information, RNA is mainly responsible for the 

transfer of information within cells [131]. DNA mostly is made of double-stranded 

helices, composed by 4 different nucleobases, Adenine (A), cytosine (C), guanine (G) 

and thymine (T). In RNA, nucleobases are of a similar structure expect thymine (T), 

which is replaced by Uracil (U).  

Hydrogen bonds can only be formed between two different pairs, such as G-C and A-

T. This permits two complementary nucleic acids to form a double-strand association 
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complex, called hybridization. Nucleic acid based biosensing applications typically 

require immobilisation of a single-stranded sequence (ssDNA) to the surface of the 

substrate. This sequence is traditionally allowed to bind with a target sequence of 

interest. The optimization of the immobilization procedure can provide an increase 

in signal intensity, selectivity, and sensitivity. 

Researchers have explored this application extensively and numerous studies have 

been reported [23, 26, 86, 149-152]. However, due to the small molecular weight of 

short strain, the direct approach of monitoring change in signal upon hybridization is 

often less practical. Huang et al. reported the fabrication of a gold nanoring-coated 

chip for short sequence DNA application, with high sensitivity and selectivity [153]. 

The most commonly used approach based on DNA hybridization is colorimetric 

method, where the gold nanoparticles are capped with ssDNA in solution. Upon the 

presence of the complementary DNA, gold nanoparticles will aggregate and cause 

visible colour change. A number of applications based on this are discussed in this 

section. 

To amplify the signal, a sandwich based assay is normally implemented. For example, 

in the report by Spadavecchia et al., gold nanorods and nanostars are employed to 

create a sandwich assay for DNA hybridization, which is illustrated in Fig. 3.9 [152]. 

Using this method, firstly, the glass substrate was cleaned and deposited with gold 

nanoisland by thermal evaporation; and then the substrate was subsequently 

covered by the deposition of SiOx overlayer for later linking with the pre-selected 

DNA sequence. Gold nanorod and gold nanostar solutions were prepared and the 

metallic particles were conjugated with the complementary DNA. Simple UV-Vis 

spectra were recorded for measurement upon the binding of the conjugated 

particles onto the glass substrate. The plasmon coupling between the gold 

nanoisland on the substrate and the metallic particles (gold nanorods and gold 

nanostars) when specific binding between two complementary DNAs occurred 

enabled the larger peak-shift in the absorbance spectrum of the probe (Fig.3.9B and 

Fig. 3.9C), compared to that without the gold nanoparticles (Fig. 3.9A). Using this 

method, the LOD of a complementary DNA has been dramatically reduced, from 40 

nM to 0.2 nM when gold nanostars are used.   
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(A)          (B)      (C) 

Figure 3.9: Sandwich assay for signal amplification. 

A: Binding without gold nanoparticles. B: Binding with Gold nanorods, C: Binding with Gold nanostars.  

Reproduced from Ref. [152] © ACS Publications 2013 

 

An alternative approach based on DNA interaction is a colorimetric solution-based 

technique. In this case, metal nanoparticles exhibit a strong coupling effect when 

being aggregated, due to the inter-particle interactions. Based on this phenomenon, 

plenty of sensory strategies have been proposed in literature for qualitative 

purposes.  

Bakthavathsalam et al. reported a method for detection of E. Coli by gold capped 

DNA sequence [50]. The group used a solution of gold nanoparticles functionalised 

with single stranded DNA as a probe for the detection of E. Coli. In the presence of E. 

Coli complementary DNA, the solution remained red with the addition of HCl, 

whereas the sample without complementary DNA would turn blue due to the 

aggregation induced by the acid. With this method, the LOD could reach the low level 

of 54 ng of the DNA and possibly being reduced to 11.4 ng with pre-treatment.  

Recently, Majdinasab et al. developed an assay for Salmonella detection using a 

similar approach, and reported a good sensitivity with LOD of 21.78 ng/mL which was 

more sensitive than that of the traditional PCR technique (47.4 ng/mL) used in this 



Chapter 3 

 

- 47 - 
 

test [51]. Mycobacterial could also be directly detected by this method with a low 

LOD of 18.75ng in 10 mL sample volume [49]. Using a more complex approach, a 

multi-spot array of gold nanoparticles on a chip has been fabricated to detect BIGH3 

gene, which has been associated with common corneal dystrophies; and the 

achieved LOD was very low at 1 nM [150].  

Further to the success demonstrated in bioassay, a report by Wu et al. in 2010 

provided a route to create a colorimetric assay for the detection of silver ion, which 

is illustrated in Fig 3.10 [42]. This approach is based on the specific recognition 

property of Ag+ ion with a Cytosine-Cytosine mismatched base pair. Firstly, 13 nm 

AuNP (in diameter) were prepared and coated with specific nucleotides. With the 

presence of Ag+, those nucleotides desorbed resulted in aggregation of AuNP and 

induced a colour change visible to naked eye. The amount of change could be 

quantified for example by using a light-scattering method such as surface enhanced 

Raman scattering (SERS). The calculated LOD was 62 nM.  

 

Figure 3.10: Colorimetric assay for Ag+ ion detection. Adapted from Ref. [42] ©RSC Publising 2010 

3.4.1.6. Concanavalin A - saccharide interaction 

Concanavalin A (ConA), first isolated from jack-bean meal in 1936, is a lectin 

compound with molecular weight of 104 kDa [68]. It has four binding sites with 

specificity for branched polysaccharide with α-D-glucopyranosyl or α-D-

mannopyranosyl units, e.g. glucose or mannose [154]. The kinetics of the reaction 

between ConA and p-nitrophenyl-α-D-mannopyranoside sugar was studied in 1973 

by R.D. Gray and R.H. Glew and the disassociate constant was found to be 4.09 ± 0.62 
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x 10-5 M [155]. Therefore, with the associate constant in the range of 107 M-1, ConA 

is an excellent candidate for the quantitation of sugar-like compounds. 

Based on this interaction, there were several reports in literature using ConA as a 

receptor for the determination of glucose based on LSPR effect [68, 156, 157]. 

Yonzon et al fabricated a LSPR chip for the study of the binding event between ConA 

and monosaccaride [68]. The technique involved was using a nanosphere lithography 

technique to fabricate silver nanoislands on a glass substrate, and subsequently 

coating this surface with mannose-thiol compounds via the sulphur-terminated 

linker tri(ethylene glycol) disulfide. Upon the binding of ConA in solution to the 

mannose coated on the chip, the LSPR spectrum of the system was shown to be red-

shifted and the peak shift was reported to be at 17.8 nm when 19.8 µM solution of 

ConA was injected. Based on this result, the authors also proposed a procedure for a 

chip fabrication for the simultaneous analysis of mannose and galactose. 

In another attempt, Guiliano et al reported an excellent transducer for the study of 

the kinetics of ConA – mannose reaction [157]. The group prepared a glass substrate 

with a gold nanoisland and a thin gold film using the thermal evaporation technique. 

Subsequently, ConA was immobilised onto the surface via PEG-silane linkage. In 

parallel, mannose-coated gold nanoparticles (Man-NPs) were prepared. Similar to 

the other sensing techniques, the absorbance spectra of the probe was red-shifted, 

upon the binding event between ConA and Man-NPs, and the quantification was 

done by monitoring the peak shift (Fig. 3.11). 

Bellapadrona et al. also proposed a similar approach, but using multiplayer gold 

nanoparticles coated on glass slide [156]. The prepared substrate was coated with a 

layer of D-glucose by dip-coating technique. The measurement was then taken in 

ConA solutions of different concentration. LOD of this technique has been reported 

to be at 20 µg/mL or 180 nM.  
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Figure 3.11: Illustration of the fabrication and recognition scheme of the sensor by Guiliano et al. Reprinted 
from ref. [157] © 2011 ACS. 

3.4.2. Chemical sensing 

In addition to biosensing, LSPR has also been used for chemical sensing, for example, 

for the detection of heavy metal ions or other small compounds like VOCs, H2, CO, 

ethanol or aldehyde. Most of the chemical interactions, however, are not specific; 

therefore the selectivity is required to be improved. 

3.4.2.1. Heavy metal detection 

Several attempts have been made and reported in applying the LSPR based technique 

to detect heavy metal ions. Lin et al. [158] presented a LSPR-based reflective optical 

fibre sensor for detection of Ni2+ in high pressure condition. The sensor was 

constructed by coating gold nanospheres onto an unclad portion of an optical fibre, 

which was subsequently modified with N-(2-mercaptopropionyl)glycine (MG). MG 

has been known for being an excellent terdendate ligand with a deprotonated and 

coordinated amide nitrogen and could form a polynuclear complex through 

sulfhydryl bridge with a transition metal ion, e.g. Ni2+ [159]. In this test, the 

constructed probe was used for detection of Ni2+ in a system using a laser diode with 

635 nm wavelength as a light source. Both MG and the forming complex of MG and 

Ni2+ are transparent at the detection wavelength at 635nm, therefore the ratio of the 

intensity at 635 nm of incoming light and reflective light was used as an output as the 

concentration of Ni2+ was varied from 0 to 9 x 10-4 M. With this strategy, the 

sensitivity and LOD reported for Ni2+ sensing was 35.9 M-1 and 1.72 x 10-5 M at 

ambient conditions and at 308 K respectively. 
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Pb2+ detection has been demonstrated by Lin et al. [27] by using a LSPR fibre optic 

based sensor coated with monoclonal antibody. The binding event occurred between 

a Pb2+- EDTA complex and the monoclonal antibody coated on AuNPs which have 

been immobilised on the surface of an optical fibre core. The LOD of Pb2+ reported 

was 0.27 ppb, and this highly reproducible result could be maintained over a period 

of 35 days. On a similar study, this group also reported an optical fibre sensor for Cd 

(II) detection [160], based on the immobilisation of phytochelatins, (γGlc-Cys)8-Gly 

onto the gold nanoparticle-modified optical fibre. The LOD could reach 0.16 ppb of 

Cd2+ concentration and the sensor could also retain high stability over a long period 

of time.  However, the question of selectivity still remains unanswered.  

Hg2+ has drawn a significant amount of attention and several strategies based on 

LSPR have been devised. Huang et al. [161] reported a method for Hg2+ detection 

based on high affinity of Hg2+ toward AuNRs. The presence of Hg2+ in a Na3PO4-AuNR 

solution would create amalgamation between Hg2+ and Au, thus change the LSPR 

properties of the particles and induce a wavelength shift. This method provided an 

excellent sensitivity and could detect as low as 10-13 M of Hg2+ with a very good 

selectivity. Bi et al. [53] presented a similar approach by monitoring the etching effect 

of Hg2+ onto silver nanoparticles of different shapes, including nanospheres, 

nanorods and nanoplates. Another approach has been proposed recently by Xiong et 

al. [43] based on aggregation of AuNPs. Basically, two short sequences of 

oligonucleotide Thymine-Thymine mismatch pair, oligo-1 and oligo-2 were absorbed 

onto AuNPs. With the presence of Hg2+, desorption occurred and triggered the 

aggregation of AuNPs and increased light scattering intensity. The dynamic range of 

detection was reported to be from 53 to 530 nM with a detection limit of 29.4 nM. 

Even though these approaches have shown to be able to offer a very high sensitivity, 

their sensing activities are irreversible, therefore not suitable for scaling-up or for 

reusable applications. 

3.4.2.2. Volatile Organic Compounds (VOCs), gas and other small 

chemical compounds sensing 



Chapter 3 

 

- 51 - 
 

Applications for chemical vapour detection in gaseous form were also reported by 

using the LSPR technique. Dharmalingam et al. [162] created a gold-yttria stabilised 

zirconia (Au-YSZ) film by physical vapour deposition technique (PVD) to detect H2 and 

CO. Ghodselahi et al. [163] presented a Cu@CuO core-shell nanoparticle film for CO 

gas sensing with a high sensitivity. Chen et al. [164] proposed an approach for 

developing partially selective VOCs sensor with AgNPs. Even though the sensitivity 

and selectivity of the sensor was still not desirable (the LOD was ranged from 18 to 

300ppm), this sensor has shown a highly linear performance within a certain sensing 

range and could be used for industrial leakage and spill detection. Another strategy 

was proposed by Dalfovo et al. [165] in 2012. In this study, AuNPs coated with 

surfactant and immobilised on a gold film deposited on a glass slide, acted as a sensor 

for detection of several different VOCs including toluene, hexane, acetone, ethanol, 

isopropanol and 1-butanol. In another attempt, Ma et al. [166] reported a fabricated 

silver nanotriangle array on a chip for ethanol vapour sensing. This sensor could 

achieve excellent detection limit of 10 mg/L with fast response, high stability and 

reversibility. The selectivity, however, is still an issue because other VOCs, such as 

propanol, benzene, acetone or hexane, could induce similar effects. 

The LSPR technique has also been reported for detection of small chemical 

compounds. For example, formaldehyde in water could be detected by using gold 

nanorod film [167], uric acid estimation by using PVP coated AgNPs [168] or 

hydroxide sensing by using Ag nanoplates [54].  

Another interesting application is the detection of trinitrotoluene (TNT) by gold 

capped with ethylenediamine (EDA)  [52]. EDA could be strongly absorbed onto the 

surface of AuNPs via its protonated amino group. On the other hand, EDA, which is 

an electron-rich ligand, could have a strong donor-acceptor interaction with TNT, 

which has an electron-deficient aromatic ring. Therefore, the presence of the trace 

amount of TNT in a solution of EDA-capped AuNPs could lead to the aggregation of 

the gold nanoparticles, causing the colour change from red to blue, as illustrated in 

Fig. 3.12. This technique is able to detect 400 pM level of TNT with an excellent 

selectivity. The limit of detection could be lowered to 40 pM when combined with 

UV-Vis spectroscopy, or even to 0.4 pM using the dynamic light scattering method.  
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Figure 3.12: Sensing mechanism for TNT by methylethylene capped AuNPs. Reproduced from Ref [52] © 

Elsevier 2012 

3.4.2.3. pH sensing 

Plasmonic nanoparticles can be used in designing a pH sensor with a required sensing 

range by being incorporated with a pH-sensitive material. Nuopponen et al. [169] 

created a pH sensor by the preparation AuNPs using block co-polymer PMAA-b-

PNIPAM, and the working range of the reported sensor was from pH 5 to 8. The co-

polymer was prepared with dithiobenzoate chain end, therefore would be bound to 

the AuNPs surface. pH was found to be able to affect the binding event; hence the 

optical properties of the system were pH-dependant. However, the probe was found 

to be highly temperature dependent and the particle agglomeration was irreversible.  

Later, Mack et al. [170] reported a pH sensor based on plasmonic crystal. The 

plasmonic crystal used was the gold coated nanowells array prepared by thermal 

evaporation of gold film onto the predefined substrate. The substrate was then 

coated with a thin film of hydrogel to form a pH sensing layer. As a result, pH was 

determined in the range from 1.44 to 7.86 with a precision of 0.1 pH unit. The 

advantage of this method is the reversible sensing mechanism used. 
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A highly sensitive pH sensor has been reported by Jiang et al. [171] by using a gold 

nanocrescents system covered with poly-HEMA hydrogel. Within the sensing range 

from pH 4.5 to 6.4, a high precision was achieved to be at 0.045 pH unit. The sensor 

was also reported to be stable and repeatable even after 1 month of storage. 

3.5. Technological advancement 

More advantageous sensing features can be created when the LSPR effect by metallic 

nanoparticles is combined with other advanced techniques, such as multiplexing, 

being in conjunction with microfluidic devices and integration with fibre optics. 

3.5.1. Multiplexing 

Materials with different shape and size and composition possess their own unique 

LSPR peak in either absorbance spectra or scattering spectra. Thus, the combination 

of several materials could lead to a possibility of multiplexing in order to target 

multiple agents, compounds or analytes. For example, Huang et al. [135] created a 

multiplexed sensor by fabricating 4 different types of AuNRs with different aspect 

ratio and coated them onto 4 glass slides and aligned 4 different AuNRs together to 

make a multi throughput sensing system. For detection, goat antibody, human 

antibody and rabbit antibody were immobilised on each type of AuNR to 

simultaneously determine corresponding antigens by independently monitoring 

different LSPR peak. Based on this principle, this group also presented an 

immunoassay for simultaneous detection of S. japonicum and tuberculosis in human 

serum specimen [123]. In another study, Chen et al. [172] built their own multiplexing 

system for chemical vapour sensing by combining the using of AuNP, AgNP and Au/Ag 

core-shell nanoparticles. Notably, a multispot gold capped nanoparticle array chip 

was developed by Yoo et al. [150], for detection of BIGH3 gene. These examples 

demonstrate a strong advantage of multiplexing that those plasmonic nanoparticles 

could offer. This offers the potential for commercialisation of an integrated system 

with high throughput. 
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3.5.2. Combination with microfluidics 

The birth of microfluidic devices in 1990s gives rise to the exponential development 

of miniaturisation, especially in the field of gene chip, lab-on-a-chip, 

chromatography, chemical microreactors, etc. [173]. Combined with microfluidic 

device, LSPR technique shows the possibility of miniaturisation and decreases the 

sample amount yet with highly sensitive, fast and reliable response. A typical 

example is the work done by Huang et al. in 2009 [174], to create  a LSPR based 

system combining with microfluidic device using gold nanoparticles. In this test, their 

system could reach a resolution of 10-4 RIU and the LOD of anti-biotin using this setup 

was 270 ng/mL. The significant advantage of this system is their ability in precisely 

controlling the amount of sample transported to the sensing area, therefore 

enhancing the sensitivity, selectivity as well as reducing the quantity of the sample 

and the reagent required. Guo et al. [175] proposed a similar system with an effective 

volume of 0.75 µL using gold nanorods to detect RS-melagatran. This sensor system 

exhibited excellent enantioselectivity for RS-melagatran and the LOD is 0.9 nM. 

Recently, SadAbadi et al. [176] directly synthesised AuNPs in a poly(dimethylsiloxane) 

(PDMS) microfluidic chip to create a highly sensitive device for detection of bovine 

growth hormones, with an excellent LOD of 3.7 ng/mL (or 185 pM). 

3.5.3. LSPR coupling with optical fibres 

Optical fibres are an excellent wave guide for light propagation. By combining optical 

fibres with plasmonic nanomaterial, a compact system with a high sensitivity, 

reliability and inexpensive cost can be produced. Numerous attempts have been 

made in this field in order to meet the demand from the commercial market.  

Normally, a multimode fibre is preferred in this approach due to its large surface area 

for immobilisation of the metallic nanoparticles. Several configurations have been 

explored and employed to date, including decladded fibre,  tapered fibre [35, 177], 

U-bent fibre [28, 178] and tapered tip [31, 32] as illustrated in Fig. 3.13. 
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Figure 3.13: Common fibre configurations used in sensing. Reproduced from Ref. [179] © Elsevier 2007 
A) Decladded fibre B) Tapered fibre C) U-bent fibre D) Tapered tip 

Single mode fibres can also be used as a LSPR sensor substrate. Because of its very 

narrow core, the penetration depth of the evanescent field is normally very small, 

around 100nm [179]. Therefore, in case of single mode fibre sensor, the cladding is 

often removed uniformly on a portion of the fibre and the sensing layer.  

To date, plasma-enhanced chemical vapor deposition (PECVD) or chemical vapour 

deposition (sputter coating) has been employed as one of the immobilisation 

techniques, but it usually requires expensive equipment. Chemistry-wise, i.e. 

immobilisations via electrostatic force by Layer-by-Layer (LbL) technique or by strong 

interaction of gold and amine or sulphide linker can provide a much simpler and 

cheaper alternative. The main drawback is that it is difficult to control the surface 

density of deposition, inter-particle distance and the coating thickness.  

Through the modification of the fibre structure, it is possible to increase the 

sensitivity of the system. For example, side-polished fibre [180, 181], tapered fibre  

or sharp fibre tip [38] have all been reported to be able to enhance the performance 

of a sensor probe, due to the enhancement of the evanescent field. In a tapered fibre, 

the evanescent field has been exposed and the magnitude and the penetration depth 

have also been increased [179]. In a report, Mignani et al. [182] expressed that the 
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sensitivity of a tapered fibre could be 10 times higher than that of normal fibre. The 

power in the evanescent field has also been reported to be 100 times higher than 

that of normal polished fibre [183]. Using other configurations like U-bent, sharp tip 

or side-polished fibres, the resulting enhanced evanescent field encourages more 

light interactions with the surface material/coating, thus improving significantly the 

sensor performance. 

The combination of LSPR effect and optical fibres as a sensor substrate has shown a 

great promise as summarised by Lee et al. [184]. It was predicted by Homola et al. 

[185], both by theoretical and experimental studies on D-shaped single mode fibre 

coated with a thin layer of gold film, that a high RI sensitivity up to 5000 nm/RIU 

could be achieved. Gupta et al. theoretically calculated the sensitivity of 3000 

nm/RIU using Au-Ag nanoparticles film coated on a de-cladded multimode fibre [70] 

and 2700 – 15000 nm/RIU with gold coated on off-cladding tapered fibre [186, 187]. 

Based on experiments, Zhang et al. [35] reported a sensitivity of 1190 nm/RIU using 

gold nanostar on a tapered single mode optical fibre.   

Various applications using LSPR based optical fibre sensors have been widely 

reported. In 2006, Lin et al. [126] proposed the use of 10 nm gold nanoparticles and 

the enzyme technique to create a sensor for pesticide with a LOD of 0.234 ppb. In 

2007, this group also developed similar sensors for the detection of Ni2+ and 

proposed the demonstration for biotin and antibody sensing [158]. The LOD for Ni2+, 

biotin and antibody is 1.72 x 10-5 M, 7.82 10-10 M and 0.1 ng/mL, respectively. In 2008, 

a sensor for Pb2+ detection using a similar strategy was also reported, with a LOD of 

0.27 ppb [27]. Sai et al. [28] studied gold nanoparticles with a U-bent fibre to 

fabricate an intensity-based biosensor for antibody-antigen interaction and the 

reported LOD was 0.8 nM. Huang et al. [29] applied gold nanoparticle coated optical 

fibre in developing label-free biosensor for Guanosine 3’,5’-cyclic monophosphate 

(cGMP), which was an intracellular second messenger and the developed sensor had 

a working range over 0.1 – 100 pmol/mL for cGMP with a high stability over 4 weeks. 

Shao et al. [181] proposed a similar sensing strategy with different gold nanoparticle 

sizes for detection of rabbit antibody with a LOD of 11.1 nmol/mL. Chen et al. [30] 

devised a sensor for HF with a detectable range from 1% to 5% of HF in solution. 



Chapter 3 

 

- 57 - 
 

Jeong et al. [32, 34, 36] assembled gold nanoparticles on the end-face of an optical 

fibre to create a highly sensitive sensor for Interferon-gamma (IFN-γ), with a LOD of 

12.6 pg/mL.  Choosing the end-face of an optical fibre as a sensing platform, Lin et al. 

[33] performed EBL to strictly control the fabrication of gold island on the tip of an 

optical fibre to create a highly sensitive sensor and demonstrate the sensing 

feasibility with biotin-streptavidin interaction. Recently, Rivero et al. [188] 

successfully developed a silver nanoparticles based optical fibre sensor for humidity 

measurement, combining LSPR and Lossy-mode Resonance with a high sensitivity 

(0.943 nm/RH%), large dynamic range and nearly instant response time (less than 

500ms).  

With various sensing strategies and techniques, research in the field of LSPR coupled 

with optical fibres is expanding rapidly. Benefited from the small size and 

electromagnetic interference-free property of optical fibre, this combination 

provides an effective route for developing highly sensitive, reliable and inexpensive 

sensors for both chemical and biological applications. 
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3.6. Summary 

LSPR has become a powerful tool in sensing area based on its unique properties. This 

chapter gives a comprehensive overview of the research in LSPR through its 

properties, strategies and applications in relation to sensing. The purpose of this is to 

establish a solid foundation for the work and discussions given in the following 

chapters.  

In summary, main discoveries and reports in the field related to LSPR as a powerful 

sensing tool have been explored. The generic layout of a sensor based on the LSPR 

effect has been sketched with each element of the setup being discussed. Three main 

sensing mechanisms, i.e. LSPR absorbance-based technique, colorimetric technique 

and direct LSPR spectral monitoring technique, have been widely employed for 

different applications, from bioanalysis, chemical detection to clinical testing and 

health and safety security enhancement. The properties and characteristics of the 

metallic nanomarterials, in particular gold and silver, were analysed, showing their 

influence on LSPR phenomenon, both theoretically and experimentally. The 

realisation, preparation and immobilisation of various morphologies of 

nanostructures were also presented. The applications of LSPR in sensing area, 

especially in biosensing and chemical sensing were discussed, with a particular 

attention to the interactions which determine the sensor selectivity. Integration of 

LSPR with the other advanced techniques/materials, for example, with optical fibres, 

has also been discussed in this chapter in order to optimise and promote the 

versatility, convenience and enhancement in sensing.  

The research and development in the field is still on-going and with the ease in 

controlling and modifying LSPR spectra by customising the structure and 

arrangement of the nanomaterials, LSPR-based sensor can be readily suitable for 

applications ranging from simple colorimetric identification to highly sensitive lab-

based experiments.  
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Optimisation of gold-nanoparticle-based optical 

fibre localised surface plasmon resonance 

(LSPR)-based sensors 

 

4.1. Introduction 

As discussed in Chapter 3, gold and silver are the most extensively explored metals 

based on their strong LSPR properties. Gold nanoparticles (AuNPs) have been of 

particular interest over a wide range of fields because of the breadth of their 

potential applications.   

There have been two major approaches considered – both chemical and physical [1] 

– to prepare gold colloids solutions. The chemical approach includes the conventional 

reduction process using different agents like citrates [2] or sodium bohydrate [3, 4], 

or the two-phase synthesis method [5] and other complex methods such as ligand 

reduction by phosphines, amines or carboxylates or by using micro-emulsions, 

reversed micelles, surfactants, membranes and polyelectrolytes [1]. The physical 

method, however, relies on creating the AuNPs through a physical chemistry process 

such as photochemistry, sonochemistry, radiolysis or thermolysis [1, 6]. Recently, 

more attempts have been made towards implementing ‘green chemistry’ by using 

bio-reducing agents in order to create AuNPs [7-9]. Table 4.1 shows a summary of 

the methods used for the preparation of gold colloidal solutions.  Each method has 

its own advantages and disadvantages, but the common goal of all of techniques 

considered is to optimise the fabrication process and thus to achieve the uniformity 

of the AuNPs created. 
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Table 4.1: Several approaches for AuNPs synthesis 

Technique Reagents/Surfactant AuNP size (in diameter) Ref. 

Chemical reduction Sodium citrate 14 -24 nm [2] 
 LiBH4/THF 4 nm [4] 
 NaBH4/Polymer PMPP 5.1 – 7.4 nm [10, 11] 
 Hydrazin/CTAB 10 – 60 nm [12] 
 Amino acids 15-40 nm [13, 14] 
 Sodium napthalenide 1.9 – 5.2 nm [15] 
 Peptides 11-14 nm [16] 
 Sodium diphenylamine/PVP 10 – 66 nm [17] 
Thiol-reduction Thiol derivatives 1 – 4 nm [3, 5, 18] 
Sonochemistry  9 nm [19, 20] 
Seed-growth TX100/Sodium Citrate 20 – 110 nm [21] 
Physics method EBI technique with polymer 2 – 3 nm [22] 
UV irradiation PMMA nanocomposites 50 – 120 nm [23] 
Green chemistry Various*  [7-9, 24] 

Among the different types of metal nanoparticles, gold colloids have shown both a 

unique stability and highly desirable properties such as size-related electronic, 

magnetic and optical effects. One of the most important characteristics of the gold 

colloids is their surfactant properties which are suitable, for example, for the creation 

of a surface plasmon band to enable their potential applications in sensors, in a wide 

range of bio-recognition actions as well as in catalysis and biosynthesis [25-28]. 

Through the modification and/or functionalization of the surface of the AuNPs layer 

on a certain substrate, many different types of sensors can thus be created.  A typical 

example is the creation of a LSPR sensor by immobilising an AuNP layer onto the 

surface of an optical fibre glass substrate as discussed in detail in Chapter 3. The 

sensors fabricated have demonstrated a rapid response to environmental changes 

thus shown potential for real-time monitoring. As a result, extensive research has 

been undertaken and reported in this area, discussing methods to enhance the 

sensitivity, reproducibility and robustness of sensors of this type [6, 25-35]. 

Both the sizes and shapes of gold nanoparticles have long been considered as major 

factors in characterising the optical properties of the coated surface [36] as different 

sizes and shapes can result in different LSPR properties. As a result, extensive work 

has been undertaken to explore and manipulate the sizes and shapes of gold 

particles, ranging from gold nanospheres to gold nanorods, nanotube, 

nanobipyramids, etc., in order to achieve different optical properties and 

characteristics [36-39]. However, limited systematic discussions have been made so 
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far to correlate these key contributing factors, such as gold-nanoparticle sizes and 

their related parameters including coating time, pH condition and coating 

temperature, to the sensor performance, and this forms the core of the work 

discussed in this Chapter. 

Building upon the previous research discussed in Chapter 3, this Chapter focused on 

the establishment of a new systematic approach used for the performance 

optimization of LSPR-based optical fibre sensors through the exploration of various 

key parameters that are related closely to the sensor fabrication process.  In this 

chapter, a systematic research is undertaken to evaluate the sensor performance as 

a function of the size of the AuNPs, the pH condition of AuNPs solutions used, the 

AuNPs coating time and the coating temperature and thus to optimise the sensitivity 

of various LSPR sensors created and calibrated using solutions with known refractive 

index (RI) values. In order to do so, the most common and easiest method for size 

controlling and adjustment of AuNPs has been selected, chemical reduction of 

HAuCl4 by sodium citrate [2]. At first, a solution of Chloroauric acid was prepared and 

brought into boiling under vigorous stirring. Subsequently, a freshly prepared 

solution of sodium citrate was put into the boiling solution and the reaction started 

immediately. The reaction has undergone two key stages: nucleation and growth. At 

the very beginning of the reaction, sodium citrate reduced HAuCl4 into very small 

nucleic particles, called seeds, typically with diameter less than 5nm. As the reaction 

went on with strong stirring, more seeds were being formed and the nucleation rate 

was decreasing. As more gold atoms were formed from the reduction, these would 

be deposited onto the preformed seeds, creating a next step called growth step. In 

growth period, depends on the ratio between gold precursor and the reduction 

agent, size of the particles could be controlled. Sodium citrate also acted as a 

surfactant to halt the growth period to finalise the particles’ diameter. Therefore, by 

controlling the amount of sodium citrate and the ratio between HAuCl4 and 

Na3C5H7O6, it is possible to achieve the desirable size of the AuNPs. By this method, 

AuNPs could be synthesised with high monodispersity, which is the key point for later 

characterisations. 
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4.2. Experimental Setup 

The details of the experimental procedures undertaken in the preparation and 

evaluation of the performance of the AuNPs are given below. 

4.2.1. Chemical and Apparatus 

The following were purchased from Sigma-Alrich: gold chloride hydrates 

(HAuCl4.3H2O), sodium citrate tribasic dehydrate (Na3C6H5O7), 3-aminopropyl 

trimethoxysilane 97%.  In addition, CH3OH (Analytical Reagent Grade) and H2SO4 95% 

(Laboratory Reagent Grade) were purchased from Fisher Scientific. H2O2 37% 

solution was purchased from ACROS. 

The optical fibre was purchased from Thorlab: type BFH37-600, the fibre coupler type 

SPLIT400-UV-VIS from OceanOptics, the light source was a halogen light source, type 

HL-2000-FHSA obtained from Mikropack and the Spectrometer used was Maya type 

2000PRO, obtained from Ocean Optics. 

4.2.2. Synthesis of gold colloids 

A common method [40] for the fabrication of Au-NPs has been slightly modified and 

used here for synthesising gold nanoparticles of 4 different sizes, i.e. 13nm, 20nm, 

40nm, 60nm respectively, chosen specifically in this work to evaluate the particle size 

effect on the LSPR sensor performance. Based on the basic reduction reaction 

between HAuCl4 and sodium citrate (Na3C6H5O7), gold nanoparticles solutions with 

different sizes have been made using the following procedure.  

First of all, 5 mg of HAuCl4 was dissolved in 50 mL distilled water and then the solution 

was heated until boiling. Following this, a known amount of sodium citrate was 

added quickly to the boiled solution, resulting in a colour change from slight yellow 

colour to dark-green after few seconds. The solution colour was then seen to change 

slowly to red/purple. The solution was kept being heated for a further 10 minutes 

before the heat source was removed, following which the solution was kept stirred 

for another 15 minutes before being ready for the sensor preparation discussed 
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below. The remaining solution prepared was kept in a refrigerator (at 4oC) to ensure 

the sample being stable over the experimental period for one or two months.  

4.2.3. Optical fibre sensor preparation 

Figure 4.1 illustrates in diagrammatic form the procedure for the creation of the 

optical fibre sensors used in this work.  Initially, both ends of the optical fibre used 

(of 600 µm diameter) were carefully and sequentially polished with polishing papers 

from Thorlabs with four different grit sizes of 5 µm, 3 µm, 1 µm and 0.3 µm, 

respectively, keeping one end with 20mm unclad section as a sensing area. 

The fibre was then washed and hydroxylised with Piranha solution (with a ratio of 7:3 

of H2SO4: H2O2) for 30 minutes. Subsequently it was washed and sonicated with 

distilled water before being placed in an oven for 1 hour at 120oC. After the above 

pre-treatment, the unclad fibre section was functionalised with APTMS solution in 

methanol (5% v/v) for 4 hours, after which it was washed several times with 

methanol followed by water. After the above treatment, the fibre was then placed in 

an oven (overnight at 100 oC) to dry.  The fibre was then ready for being coated with 

AuNPs through a dip coating process, undertaken over a period of several hours.  

After the coating process, the coated fibre was washed carefully several times with 

distilled water, dried under a nitrogen gas flow and then coated with silver mirror at 

the distal end of the fibre to make the fibre sensor thus created to be of a reflective 

sensor design when connected to a light source, as shown in Fig 4.2, for ease of the 

spectral recording. The coating of silver mirror was done by using Tollen’s reagent. 

To prepare Tollen’s reagent solution, the first step taken was to prepare fresh 10 mL 

solutions of AgNO3 0.1 M, sodium hydroxide NaOH 1 M and dextrose 0.25 M. 

Ammoniac solution was then added dropwise to 2 mL of as-prepared AgNO3, until 

the colour of the solution was changed from transparent to yellowish brown and to 

transparent again. By adding 1.4 mL of NaOH solution, the colour of the solution was 

changed to brown. Some more drops of ammoniac solution are added until the 

mixture is changed to be transparent again. The fibre was then dipped into the 

reagent solution and in the meantime 0.4 mL dextrose was added. After 2 min, a 
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silver mirror was completely formed at the end surface of the fibre. The fibre was 

then taken out, washed with distilled water and dried under a gentle stream of 

nitrogen. 

 

Figure 4.1: Schematic procedure for the coating process 

4.2.4. Optical fibre sensor system 

Figure 4.2 shows a schematic diagram of a typical LSPR sensor system used in this 

work, where the sensor probe was connected to a broadband light source, a halogen 

lamp, via a 1x2 fibre coupler and thus to allow the sensor area to be fully illuminated 

by the light.  The silver mirror coated at the end surface of the fibre enables the light 

to be reflected back via the 1x2 coupler and captured by a mini-spectrometer. That 

spectrometer was connected to a computer so that the reflected absorbance spectra 

can be recorded in real-time when the probe was submerged in solutions with known 

and different refractive indices. 
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Figure 4.2: Schematic diagram of the sensor system setup used in this work 

Table 4.2 lists a number of solvents used to create solutions with different yet known 

refractive index, allowing for the sensor calibration over the refractive index (RI) 

range from 1.333 (water) to 1.424 (dichloromethane). 

Table 4.2: Refractive Index (RI) values of different solvents used to provide RI calibrations 

Solvent RI 

Water 1.333 
Acetonitrile 1.344 
Acetone 1.359 
Petroleum Ether 1.365 
Hexane 1.375 
n-Propyl Alcohol 1.386 
Methanol:Toluol 1:3 1.393 
Tetrahydrofuran 1.407 
Dicholoromethane 1.424 
  

4.3. Experimental results and discussions  

4.3.1. Characteristics of a gold nanoparticle coated surface 

Surface density of a gold nanoparticle-coated optical fibre plays an important role in 

determining the characteristic of the sensor. The properties of the sensor are 

dependent on two major factors, i.e. the characteristics of the metal itself and the 
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surface density [41]. The surface density of different sensors is closely related to the 

coating method and can be calculated using the simple equation below: 

𝑺𝒖𝒓𝒇𝒂𝒄𝒆 𝑫𝒆𝒏𝒔𝒊𝒕𝒚 (%) =
𝑺𝑨𝒖−𝑵𝑷

𝑺𝒕𝒐𝒕𝒂𝒍
× 𝟏𝟎𝟎%  (Eq. 4.1) 

where the surface density is calculated as a ratio between the surface area covered 

by gold nanoparticles (𝑺𝑨𝒖−𝑵𝑷) and the overall surface area (𝑺𝒕𝒐𝒕𝒂𝒍). Based on 

equation (4.1) and the SEM (Scanning Electron Microscope) images of Au-NP coated 

coverslips taken and shown in Fig. 4.3, the surface density can thus be calculated to 

be 43.5%, 37.1%, 23.7% and 17.9%, respectively when the surface is coated with Au-

NPs with sizes of 13nm, 20nm, 40nm and 60nm. The obtained surface density as a 

function of Au-NP size is illustrated in Fig 4.4. 

 

Figure 4.3: SEM of different sizes of AuNPs coated. From left to right: 13nm, 20nm, 40nm and 60nm.  
Scale bar is included in each image. 

The results obtained have confirmed that a higher density can be achieved when the 

surface is coated with Au-NPs with smaller sizes. The reason for this is that a AuNP is 

normally covered by negative ions of citrate when synthesized. When the AuNP is 

bigger in size, a larger number of negative citrate ions would surround a single 

particle; therefore there is a stronger electrostatic force around the particle. When 

they are immobilised on the surface of a coverslip, it would be harder for a bigger 

particle to achieve high surface density than for a smaller one. Lee et al. [27] has 

reported a similar effect and noted that, achieving highest surface density might not 

be necessarily for the sensor design in order to achieve a high sensitivity.  
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Figure 4.4: Surface density of coverslips coated with AuNPs with different sizes  

4.3.2. AuNPs size – effect on the LSPR sensor sensitivity 

In this work, 4 different gold solutions with different AuNPs sizes of 13nm, 20nm, 

40nm and 60nm were synthesised and used to investigate the impact of the AuNPs 

size on the sensitivity of the LSPR sensor using the experimental setup shown in Fig 

4.2 to record their respective absorbance spectra as a function of the known 

refractive index of the solution used. The sizes of gold nanoparticles were 

determined based on the absorption spectra of their corresponding synthesised 

solutions.  
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Figure 4.5: Absorbance spectra of LSPR sensors with AuNP sizes of (a) 13nm, (b) 20nm, (c) 40nm and (d) 60nm 
respectively. Different spectra in one graph are recorded in different solvents with different RI values over 

the range from 1.333 to 1.424. 
Colour indices for various solvents with different RI values as follows 

 

Figure 4.5 shows a set of absorbance spectra obtained when the AuNPs size is 

changed and within each diagram, the absorbance spectrum varies as a function of 

the refractive index, indicating the potential specific sensitivity of each sensor design. 

Fig. 4.6 summarises the peak wavelength change as a function of the refractive index 

variation, when the AuNPs size is varied. The sensitivity of the LSPR sensor, however, 

can be expressed theoretically and is given by the slope of their respective linear 

correlation, as given below. 

𝑆 =
𝑑𝜆𝑚𝑎𝑥

𝑑𝑛
     (Eq. 4.2) 

In Eq. 4.2, λmax is peak value in the absorbance spectrum, and n is the refractive index 

value of the solvent. 
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Figure 4.6: Plot of peak wavelength vs. RI value for 4 sensor probes coated with different sizes of AuNPs, i.e. 
13nm, 20nm, 40nm and 60nm respectively. 

To verify the repeatability of the results obtained, for each of the AuNP sizes chosen, 

three sensor probes were fabricated and tested. The sensitivity of each sensor was 

calculated with the results obtained being compared. In this work the sensitivity 

showing a standard deviation was calculated using Origin® software. 

As shown in Fig 4.7, the calculated sensitivities of the sensors coated with AuNPs with 

the same size are consistent and it is noticeable that the sensitivity increases with 

the particle size. For the 13nm AuNP-coated sensors, the sensitivity is determined to 

be 154 ± 14 (nm/RIU); for 20nm, it is 266 ± 27 (nm/RIU); for 40nm, it is 418 ± 44 and 

for 60nm, it is 571 ± 68. This provides clear evidence that increasing the gold 

nanoparticles size leads to a higher sensitivity for the sensor in response to the 

surrounding environmental RI change. This agrees well with the findings reported by 

several authors in the literature [30, 42, 43] and as shown in Fig. 4.8, and it can be 

seen that the sensitivity of the sensors tested in this work is very close to that 

reported by  Shao et al. [31], who have investigated two different sizes of gold 

nanoparticles (using the same technique demonstrated in this work), i.e. 23nm and 

48nm respectively. A similar research has been undertaken by Wang et al. [42], who 

have made a comparison in sensitivity for 3 different sizes of gold nanoparticles, i.e. 
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36nm, 90nm and 136nm respectively.  However, they investigated the change in 

absorbance at a fixed wavelength, instead of the resonance wavelength shift as 

shown in this work, as a function of the change in RI.   

 

Figure 4.7: Sensitivity comparison of 4 groups of sensors coated with different sizes of AuNPs 

 

Figure 4.8: Sensitivity comparison of the results from this work with those reported from several examples in 
the literature. This work and the one of Shao et al. ’s sensitivities were presented in nm/RIU, while the work 

from Wang et al. was recorded in AU/RIU. 
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4.3.3. Effects of the pH of gold nanoparticle solutions on LSPR sensor 

sensitivity 

Lee et al. [41] previously reported that the pH of the gold solution significantly affects 

the immobilization of the AuNPs on the surface of an optical fibre. They stated that, 

over the range from pH 5.9 to pH 11.4, increasing the pH will result in a decreasing 

of the surface density of the gold nanoparticles on the fibre. In their synthesis, the 

pH values of the original gold nanoparticle solutions used are quite different and are 

of values 5.7, 4.9, 3.9 and 3.5 respectively for 13 nm, 20 nm, 40 nm and 60 nm AuNPs 

solutions.  Thus in order to investigate in more detail the impact of the change in the 

pH, the pH value for all the gold solutions used in this work was adjusted to be 5.7. 

Fig. 4.9 shows the results obtained when the pH of all the gold solutions with 

different AuNPs sizes are set to be the same. Again for each size, three samples 

(denoted as Trials #1, 2 and 3) were used to evaluate the repeatability of the 

performance of the sensors.   

 

Figure 4.9: Sensitivity comparison of the sensors when the pH of the gold solutions is the same (pH 5.7) 

The sensitivity of the above sensors made under the same pH conditions, i.e. pH = 

5.7, is cross-compared with that of those created using the original pH solutions, i.e 

pH = 5.7 for 13nm AuNP solution;  pH = 4.9 for 20nm AuNP solution; pH = 3.9 for 

40nm AuNP solution and pH = 3.5 for 60nm AuNP solution.  The results obtained are 

shown in Fig. 4.10. 
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Figure 4.10: Sensitivity comparison before and after the pH adjustment. 
Original pH values were 5.7 (for 13nm AuNP solution), 4.9 (for 20nm AuNP solution), 3.9 (for 40nm AuNP 

solution) and 3.5 (for 60nm AuNP solution)  

It is noticeable that the change of the pH of the gold solutions from the values 

originally used, ranging from 3.5 to the standardised value of pH of 5.7, seems not to 

have a significant effect on the sensitivities of the different sensors made.  This may 

be due to the fact that the pH change in this work is not significant, i.e. the biggest 

change was from 3.5 to 5.7, and the smallest was from 4.9 to 5.7.  However, it should 

be noted that all solutions are required to be acidic.  

4.3.4. Effects of coating time 

Electrostatic interaction between gold nanoparticles and the amino group of the 

silanised layer would lead to the formation of the sensing layer. Normally, a longer 

coating time induces a higher surface density of the coating – therefore a higher 

surface plasmon resonance (SPR) effect occurs, resulting in a higher sensitivity of the 

sensor. This work is aimed to investigate relationship between the sensitivity of the 

sensors made and their respective coating time by varying the coating time and in 

the meantime monitoring the sensor performance. 

In order to do this, two different experimental arrangements were created. In the 

first experiment (which was repeated for consistency), five different coating time 

ranging from 1 hour to 5 hours was used for each gold nanoparticle size: the coating 

time was controlled manually.  The results obtained are shown in Fig. 4.11.  
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Figure 4.11: Effect of coating time on sensitivity for 4 different AuNP coated fibres with two trials each 

It was observed that the longer coating time does, as would be expected, make the 

sensor more sensitive. When the AuNPs size is small, e.g. 13nm, the increase in 

sensitivity caused by the increased coating time is not very evident.  However, with 

the increase of AuNP size, the coating time effect becomes more significant. This 

arises because when the AuNP particle size is small, the interaction will be greater 

and smaller gold nanoparticles are more easily immobilised. Given the fact that all 

the gold particles are negatively charged, the larger sized particles experience a 

greater mutual interaction prior to being attached to the fibre surface. 

In order to monitor more accurately the effects of the coating time, a second 

experimental arrangement was made, allowing for a continuous monitoring through 

a small modification in the coating procedure. This is to be realised by coating the 

silver mirror on the distal end of the fibre before the AuNPs are attached rather than 

after, as was done in the first experiment discussed above.  This modification enables 

the computer to record in real time the absorbance features from the sensor probe 

during the entire coating process. 
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a) Absorbance spectra observed during the coating 
process 

b) Absorbance of 13nm AuNP-coated fibre 
at 539nm as funtion of time 

Figure 4.12: Absorbance spectra obtained during the 13nm AuNPs coating process 

Fig. 4.12 shows a typical set of experimental results obtained. For 13nm AuNPs, a 

period of 20 to 30 minutes is required for the point of saturation to be reached and 

thus a total time of 30 minutes will be sufficient for a complete coating of 13nm gold 

nanoparticles. 

For larger size AuNPs, the optimum coating time was seen to vary.  The work done 

has shown that it takes about 100 minutes for the 20nm AuNPs coating to reach 

saturation.  Similarly, for 40nm and 60nm AuNP particle sizes, the optimum time is 

longer, typically in the range of 200 minutes and 240 minutes respectively. Fig. 4.13 

shows the recorded data for the 60nm LSPR sensor.  It is noticable that the 

absorbance reaches saturation after a particular time period and therefore there is 

no need to leave the fibre in the coating solution longer than the saturation time.  In 

addition, the longer  coating time gives more opportunity for the gold particles to 

become aggregated onto the surface of the fibre, making different sizes and shapes, 

and hence making it more difficult to produce a sensor in a reproducible and 

controllable way.  Therefore, the optimum coating time indicated in Figures 4.12 and 

4.13 should be used to avoid the problems indicated. 
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a) Absorbance spectra recorded during the 

coating process 
b) Absorbance change for 60nm AuNPs-

coated fibre at 585nm as a funtion of time 

Figure 4.13: Absorbance spectra obtained during the 60nm AuNP coating process 

4.3.5. Effects of temperature on the coating 

Temperature is crucial to almost every process in chemistry.  Normally, the thermal 

effect increases the rate of a reaction or indeed it could completely change the 

nature of the process.  Thus in this work, the entire coating process for the 60nm 

AuNPs has been carried out again in a temperature and humidity controlled chamber, 

where the temperature can be controlled and set to be 25, 30, 35, 40 and 45oC 

respectively (room temperature was 19 oC).  After each sensor was coated at the 

specific temperature, the sensor performance was recorded: the sensors were 

submerged in different solvents of different refractive indices, where the results 

obtained are shown in Fig. 4.14: 

 

0

0.1

0.2

0.3

0.4

0.5

400 500 600 700 800

A
b

so
rb

an
ce

Wavelength (nm)

60nm continuous coating

0

0.1

0.2

0.3

0.4

0.5

0 100 200 300 400

A
b

so
rb

an
ce

Time (min.)

Absorbance at 585nm



Chapter 4 

 

- 88 - 
 

 

a) 4 hours coating, 60nm AuNP, Room temperature b) 6 hours coating, 60nm AuNP,  25oC coating temp. 

 

c) 6 hours coating, 60nm AuNP,  30oC coating temp. d) 6 hours coating, 60nm AuNP,  35oC coating temp. 

 

e) 6 hours coating, 60nm AuNP,  40oC coating temp. f) 6 hours coating, 60nm AuNP,  45oC coating temp. 

Figure 4.14: Absorbance spectra of 60nm AuNP coated fibres with different coating temperatures.  
Colour indices for various solvents with different RI values as follows 

 

It can be seen clearly that the performance of the sensors coated both at 25oC and 

at room temperature (~19oC) is quite similar.  However, a difference in the sensor 

performance has been observed from the sensors coated at higher temperatures and 

when the sensors are submerged in solutions with RI values higher than 1.4. Based 
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on the results summarised in Fig. 4.15, 25oC is considered to be the optimised coating 

temperature for ensuring both high sensitivity and wide sensing range. 

 

Experiment  Exp #1 Exp #2 Exp #3 Exp #4 Exp #5 

Temperature  25oC RT* (~19oC) RT (~19oC) RT (~19oC) RT (~19oC) 

Coating time  6 hours 4 hours 4 hours 4 hours 5 hours 

Coating pH  pH 5.7 pH 3.5 pH 5.7 pH 5.7 pH 5.7 

*RT: Room temperature 

 

Figure 4.15: Comparison of sensitivities of several 60 nm AuNP-coated sensors  

produced under different coating conditions 

4.3.6. Stability and Reusability 

In order to verify the stability of SPR-based sensors, one fibre coated with 60 nm 

AuNPs was monitored for 10 days when it was subjected to a solution with a constant 

RI of 1.333 (water), followed by a RI of 1.375 (n-hexane) for another 10 days. The 

peak wavelength recorded from the sensor over each of the 10-day periods is shown 

in Fig. 4.16. 
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a) in water (RI = 1.333) b) in n-hexane (RI = 1.375) 

Figure 4.16: Peak wavelength monitoring of a 60nm AuNP coated fibre for a period of 10 days. 

a) in water (RI = 1.333)   b) in n-hexane (RI = 1.375) 

As illustrated in Fig. 4.16, the stability of the sensor has been verified in the tests 

carried out over a fixed period of time (10 days). The peak wavelength of the sensor 

has shown to be constant over that test period, showing very little variation (less 

than 0.1%) when the sensor was exposed to solutions of different RI values. 

Reusability of the sensor was also evaluated by subjecting the same sensor to 

multiple test cycles of tests (cycled over 10 times) when the RI of the test solution 

was varied from 1.333 to 1.424 where the results obtained are shown in Fig. 4.17, 

where a good repeatability (and thus reusability) of the sensor has been 

demonstrated. The largest deviation was observed when the probe was submerged 

in the solution with a refractive index value of 1.424, with an average peak 

wavelength of 628.96 nm and a standard deviation of 1.49 nm being observed. 
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Figure 4.17: Reusability test of the sensor 

4.4. Conclusions 

This work has presented a systematic approach by giving a careful consideration to 

key factors affecting their coating process onto optical fibres, in order to optimise 

the sensitivity of a series of LSPR-based sensors based on AuNPs. As a result the 

following conclusions can be drawn:  

 The increase of the diameter of gold nanospheres leads to a higher sensitivity 

of the LSPR sensor when it is subjected to refractive index changes in the 

surrounding environment. 

 Changes of pH in the coating AuNPs solution, in the range from 3 to 5, did not 

significantly affect the coating process and thus the LSPR sensor performance. 

 Prior to the absorption saturation being reached, the use of a longer coating 

time makes the sensor more sensitive to the surrounding environment. This 

saturation point is different for different AuNP sizes, where the smaller size 

requires a shorter time for coating on the fibre.   

 Temperature can significantly affect the coating process. The systematic 

research underaken in this work confirms that 25oC is considered to be the 

optimised coating temperature ensuring both high sensitivity and a wide 

sensing range. Higher temperatures (30°C and over) were seen to cause 
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abnormalities in the sensor performance and thus to create a shortened 

sensing range. 

 The sensor has been tested and proven to be repeatible and thus reusable.  

This has been verified through extensive tests disucssed in this chapter. 

This work establishes a solid background for fabricating and characterising an optical 

fibre sensor coated with metal nanoparticles. Based on this work, a wider exploration 

is to be undertaken by considering different morphology and metal composition, 

with an aim to enhance further the sensitivity of LSPR sensors and widen their 

potential applications and the details will be discussed in the following chapters. 
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Gold nanoparticle- and gold nanorod-based  

optical fibre probes:  

Evaluation, Comparison and Applications 

 

5.1. Introduction 

Localised surface plasmon resonance (LSPR) has been explored as an effective tool 

for sensory applications with details having been discussed and analysed extensively, 

both theoretically and experimentally in previous chapters. In Chapter 4, key factors 

and conditions for the enhancement of sensitivities of the LSPR-based optical fibre 

sensors were investigated and optimal settings were proposed based on the 

experimental data obtained. The conclusion was made based on the performance of 

LSPR sensors coated with gold nanoparticles with spherical shapes (AuNPs). It was 

also indicated in Chapter 3, based on the theoretical calculations and simulation 

results, that there is a possibility to achieve a higher sensitivity using other shapes, 

such as nanorod (AuNR), nanorice [1], nanocube [2] or nanostar [3]. The shape, size 

and composition of the nanoparticles contribute mostly towards their LSPR 

absorbance and scattering spectra [4], thus could also affect their sensory 

performance. 

Compared to the other metal, gold is one of the most desirable metals for the 

preparation of label-free biosensors as gold demonstrates better affinity with 

biomolecules and resistance to oxidisation [5]. Gold nanorods could be seen as an 

elongated nanosphere, where the length and the width of the particle could be 

varied (Fig. 5.1). The ratio between the length and the width is called aspect ratio R. 

In the theoretical calculation (as shown in Chapter 2), the value R would be critical in 

the determination of the LSPR absorbance spectrum of the particle [6, 7]. When an 

AuNR interacts with polarised light, it would exhibit two possible oscillations thus 

create two bands in its LSPR absorbance spectrum due to its shape, which are named 
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transverse and longitudinal plasmon wavelength (TPW and LPW, respectively). The 

transverse oscillation occurs perpendicularly to the length of the particle while the 

longitudinal one appears along the particle’s length. Therefore, in particles with 

different aspect ratio but with similar width, the transverse plasmon peaks were 

positioned at the same place in the absorbance spectra, while the longitudinal peaks’ 

positions were different with different aspect ratio [8]. Particles with higher aspect 

ratio would have their absorbance spectra more shifted to the red [9]. As suggested 

by Miller et al. [10], the higher position of the absorbance’s peak would presumably 

lead to a higher sensitivity in RI sensing. Hence, gold nanorod should provide better 

performance in term of sensing than that of gold nanoparticle.     

 

Figure 5.1: Excitation in AuNP and AuNR.  
From left to right: Illustration of the particles, their excitation states and their corresponding exhibit 

absorption. 
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The previously reported Refractive Index (RI) sensing using LSPR sensors was often 

carried by measuring the change in absorbance at a peak wavelength when the probe 

was submerged in different RI solutions. In bio-applications, intensity measurement 

is widely considered rather than the peak wavelength shift [11-16]. This is because 

the change in peak wavelength induced by the bio-interaction at the surface of the 

reported sensors was too small to be detected by the probe. In other words, the 

resolution of the probe in term of wavelength shift was not high enough for bio-

detection, compared to that based on the intensity measurement. The intensity-

based technique, however, suffers from the interference from the surrounding 

environment, such as light conditions or varying temperatures. Therefore, improving 

the sensitivity of the wavelength-based technique could offer the bio-sensors better 

performance due to their intrinsic insensitivity to the surrounding environment.   

In previous chapters discussions were made to improve the sensor performance by 

considering optimised conditions, including pH condition, coating time, coating 

temperature and the size of the particles with an aim to achieve a higher sensitivity 

in RI sensing with GNPs-based optical fibre sensors. Cao et al. [8] in the same research 

group at City University London reported that LSPR sensors coated with gold 

nanorods (AuNRs) with a higher aspect ratio offer higher sensitivity. Therefore, this 

Chapter focused on the cross-comparison of two types of LSPR sensor systems using 

two different nanomaterials, AuNP and AuNR, with each being in its respective 

optimised conditions discussed respectively in Chapter 4 and in [8]. To do so, a set of 

LSPR sensors is fabricated using a common technique [17-19] and in order to 

facilitate antibody-antigen interaction, surface modification of the AuNP and AuNR 

coated optical fibres has been implemented in order to obtain label-free sensors. The 

prepared fibres would be first coated with AuNP and AuNR via silanised linkers, and 

subsequently be coated with human antibody IgG via NHS/EDC linker. Upon the 

binding with free antigen anti-IgG, the change in absorbance spectrum of the probe 

would indicate the concentration of the target solution. 

   

5.2. Experimental Setup 
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5.2.1. Materials 

Gold (III) chloride trihydrate (HAuCl4·3H2O), sodium citrate, ascorbic acid, silver 

nitrate (AgNO3), cetyltrimethylammonium bromide (CTAB), sodium borohydride 

(NaBH4), sodium citrate tribasic dehydrate (Na3C6H5O7), 3-aminopropyl 

trimethoxysilane 97% (APTMS), 3-Mercaptopropyltrimethoxysilane (MPTMS), 

potassium hydroxide (KOH), tin (II) chloride dehydrate, dextrose, human IgG (purified 

immunoglobulin, reagent grade), anti-human IgG (whole molecule, produced in 

goat), 11-Mercaptoundecanoic acid (MUA), bovine serum albumin (BSA), N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and N-

hydroxysulfosuccinimide (Sulfo-NHS) were purchased from Sigma Aldrich.  

Ultrapure de-ionized (DI) water (18 MΩ) was used to prepare all solutions. All 

chemicals and reagents were of analytical grade and used as received. All procedures 

were conducted at room temperature unless specified otherwise. Multimode optical 

fibres of diameter 600 µm and NA=0.37 were purchased from Thorlabs. 

5.2.2. Synthesis of AuNPs and AuNRs and their characterisation 

AuNPs with a mean diameter of 60 nm and AuNRs with a mean aspect ratio about 

4.1 were chosen based on the optimisation results obtained by the author and 

discussed in Chapter 4 and by Cao et al [8]. This forms the basis of this work for cross-

comparison of their refractive index sensitivities using the methods reported 

previously [20, 21]. In brief, 60 nm AuNPs solution was prepared by citrate reduction 

method [22], and the ratio between precursor HAuCl4 and sodium citrate has been 

pre-calculated to achieve the desirable size. In a typical synthesis, 5 mg of 

HAuCl4·3H2O was dissolved in 50 mL DI water and heated until boiling. 300 µL of 1% 

sodium citrate tribasic dehydrate solution was then rapidly added, resulting in an 

immediate colour change from nearly colourless to dark-green. The colour was then 

slowly changed to red/purple, and the mixture was heated for a further 10 minutes 

before the heat source was removed. This was followed by stirring the solution for a 

further 15 minutes in order to stabilise the particle size distribution.  
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In order to achieve AuNR, a common seed-mediated technique has been employed 

to reach high yield and monodispersity, reported by Nikoobakht et al. [23], with a 

slight modification. The technique involves two steps: firstly, to create a seed solution 

of gold spherical nanoparticles with a very small size (less than 4nm in diameter) and 

secondly, to grow the as-prepared seeds into nanorods with desirable aspect ratio. 

The seeds were prepared by reducing 5 mL of HAuCl4 0.5 mM using a strong reduction 

agent NaBH4 (600 µL of NaBH4 0.01M) in the presence of protective agent CTAB (5 

mL of CTAB 0.2 M). Afterwards, the solution was aged for 3 hours in room 

temperature and then 100 µL of this seed solution was added into the growing 

solution, containing surfactant (30 mL of CTAB 0.2 M), growing material (30 mL of 

HAuCl4 1 mM), catalyst (310 µL of AgNO3 0.02 M) and a mild reducing agent (420 µL 

of ascorbic acid 0.0788 M). The growing period lasted for 24 hours at a constant 30 

oC and then the mixture was subjected to a series of centrifugation and washing in 

order to remove the excess CTAB.  

An accurate measurement of the mean diameter and the aspect ratio of the AuNPs 

and AuNRs synthesised was undertaken by using a JEOL 1010 transmission electron 

microscope (TEM). The TEM samples were prepared by placing 2 µL of diluted AuNPs 

or AuNRs solutions on a 3 mm 400-mesh Formvar coated copper grid (purchased 

from Agar Scientific) and evaporating the solution at room temperature. Fig. 5.2 (a) 

and (b) show the TEM images of the as-synthesised AuNPs and AuNRs respectively. 

 
(a)      (b) 

Figure 5.2: TEM images of (a) 60nm AuNPs and (b) AuNRs with aspect ratio 4.1. 
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5.2.3. Preparation of LSPR sensor probes 

Cladding Gold nanosphere Fiber core Silver mirrorIncident light

APTMS

 

(a) 

Cladding Gold nanorod Fiber core Silver mirrorIncident light

MPTMS

 

(b) 

Figure 5.3: Schematic diagrams of the structure of (a) AuNPs-coated and (b) AuNRs-coated optical fibre 

sensor probes. 

Fig. 5.3 (a) and (b) demonstrate the schematic diagrams of the AuNPs- and AuNRs-

based LSPR sensor probes prepared in this work respectively. The preparation of the 

fibres for coating was described earlier in previous chapters, with only a slight 

modification for different materials. 

AuNPs were immobilised on the surface of the fibre core via electrostatic interaction. 

As-synthesised AuNPs were gold spherical nanoparticles covered with negatively 

charged citrate ion. The surface of the fibre core, after being exposed with 

H2SO4/H2O2 mixture, had free hydroxyl (-OH) groups. Afterwards, this probe was 

coated with an organosilanised agent (APTMS), which has been chosen as a linker for 

the coating of AuNPs, using a dip-coating technique. APTMS has amino groups which 

were positive charged and could act as a suitable platform for the formation of a 

uniform self-assembled monolayer (SAM) of the negatively charged AuNPs.  

On the other hand, as-prepared AuNRs were coated with a layer of CTAB molecules, 

which was also positively charged. Therefore, the repulsive force between the same 

charged molecules prevents the formation of a successful coating if using APTMS for 
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AuNRs. Instead of that, 3-mercaptopropyltrimethoxysilan (MPTMS), another 

organosilanised agent with sulfhydryl (-SH) terminate was used. The thiol group in 

MPTMS was negatively charged, therefore more suitable for AuNRs coating. In 

addition, the formation of strong Au-S covalent bonds helped to create a stable and 

uniform monolayer [24-27].  

Finally, in order to create a reflective sensor, the above-prepared probes (both with 

AuNPs and AuNRs) were coated with a silver mirror at the end surface of the fibre. 

The process involves the use of Tollen’s reagent to initiate a reaction, i.e. reducing a 

silver complex created by mixing a solution of AgNO3 with NH3, to form a thin layer 

of silver mirror (Ag atoms) at the end surface of the probe by a mild reducing agent, 

dextrose. The fabricated probes were photographed and shown in Fig. 5.4. 

 

Figure 5.4: Photographs showing the AuNP- and AuNR- coated sensor probes developed in this work. 

5.2.4. Functionalisation of LSPR sensor probes 

In order to demonstrate the capacity of the prepared probes in biosensing area, 

AuNP- and AuNR-coated fibres were further functionalised for antigen detection and 

in this particular case, the detection of anti-human IgG. The functionalisation process 

Silver mirror  
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AuNRs sensor probe 

AuNP-coated sensing 
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was illustrated in Fig. 5.5 and described as follows. Firstly, the gold nanomaterial 

coated probes were immersed in a solution of MUA in ethanol to form carboxyl 

groups on the surface of gold nanomaterials. This carboxyl groups acted as the 

anchors for the immobilisation of the human antibody IgG via Carbodiimide 

crosslinker reaction between carboxyl group and EDC and NHS [28, 29]. Furthermore, 

the probe was treated with bovine serum albumin (BSA) to block the sensing surface 

from nonspecific absorption. More details of the preparation process could be found 

in the published work by Cao et al. [20].   

Upon binding, the interaction between antigen (the anti-human IgG in the solution) 

and antibody (the human IgG immobilised on the probe) thus created a local 

refractive index change, from which the modulated signal could be detected via LSPR 

effect. 

 

Figure 5.5: Schematics of bio-sensing approaches using AuNP- or AuNR- based LSPR sensors. 
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5.2.5. Experimental setup 

The experimental set-up used for the evaluation of LSPR sensor performance in this work is 

similar to that described in Chapter 4 and is shown in Fig. 5.6. As illustrated, the sensor 

probe was connected to one end of a 1x2 fibre coupler, in which the incident light is 

launched from a white light source. The interaction between the sensor probe and the test 

solution is able to modulate the incident light, which is then reflected and captured by a 

mini-spectrometer (Ocean Optics Maya 2000pro), connected to the other end of the 

coupler. Thus the signals obtained could be displayed and monitored by a computer 

connected to the mini-spectrometer. 

Computer

Mini 

Spectrometer

Light Source

1x2 

Coupler

Sensor 

Probe

Testing 

Solution

 

Figure 5.6: Schematic diagram of a typical LSPR sensor system. 
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5.3. Results and discussions 

5.3.1. Preparation of the LSPR sensor probes 

 

Figure 5.7: Absorption spectra of a 60 nm AuNPs solution and a AuNRs solution with an aspect ratio of 4.1. 

The absorption spectra of AuNP and AuNR solutions in this work were illustrated in 

Fig. 5.7. In the spectrum of AuNPs, only one peak appeared at ~560nm and this 

confirmed the successful preparation. On the other hand, the spectrum of AuNRs 

shows two plasmon bands, one was at 510nm and the other was at 810nm. These 

bands appeared due to the resonance between the incoming light and the transverse 

and longitudinal electron oscillation, respectively (called transverse plasmon 

wavelength and longitudinal plasmon wavelength, TPW and LPW, as seen in Fig. 5.7). 

It was also noted that, while the synthesis of AuNP was simple and straightforward, 

the preparation of AuNR required more effort and precise control of the synthesis 

conditions, such as temperature [30-32], aging period, pH condition [33] or seed 

amount to achieve consistent results [34-36]. 
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5.3.2. Sensitivity to surrounding refractive index change 

 

(a) (b) 

Figure 5.8: Absorbance spectra of (a) 60 nm AuNP-based LSPR sensor, (b) AuNR-based LSPR sensor with an 
aspect ratio of 4.1, both showing an increase with the increase of the refractive index of the testing solutions. 

Different refractive index solutions, from 1.330 to 1.400, with an increment step of 

0.010 have been prepared by mixing methanol, ethanol, toluene in different ratios, 

and their refractive indices were further confirmed by a refractometer. RI sensitivity 

test was carried out using both probes, and the sensitivities were calculated using Eq. 

5.1 as shown below, where S is the calculated sensitivity, 𝜆𝑚𝑎𝑥 is the peak 

wavelength and n is the refractive index of the solution.  

𝑆 =
𝑑𝜆𝑚𝑎𝑥

𝑑𝑛
    (Eq. 5.1) 

As illustrated in Fig. 5.8, the absorption peaks of both AuNP- and AuNR-coated probes 

were shifted to red in the spectrum with the increase of the refractive index of the 

surrounding medium. In the particular spectra of AuNR, both its two peaks, TPW and 

LPW, had increased in intensity, but only LPW peak has shown a noticeable and 

quantifiable peak shift (Fig. 5.8b). Therefore, the peak shift of the resonance 

wavelength of AuNP and the LPW of AuNR in different RI solutions could be chosen 

for quantitative calculations. 

In addition to the above test, different probes with different sensing length were 

prepared in order to investigate an optimised length for sensing. Three lengths have 

been chosen, 0.5 cm, 1 cm and 2 cm, and for each length and each material (AuNP 

and AuNR), 7 probes were prepared to ensure the repetition of the data. The 

sensitivities were calculated using Eq. 5.1 and plotted in Fig. 5.9. The highest 
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sensitivity AuNP-coated probe achieved was the one with 2 cm sensing length, and it 

was 914 nm/RIU. Similar trend was observed with AuNR, and a 2 cm sensing length 

probe of AuNR (with aspect ratio 4.1) has a sensitivity of 601 nm/RIU. In this test, the 

RI sensitivity of both AuNP- and AuNR- based sensors increases with the increase of 

sensing length. It could be explained by the fact that, the sensor with a longer length 

promotes more interactions between light and the nanoparticles coated on the 

surface of the fibre core. This was also confirmed in a report by Chau et al. [37]. 

Although a longer length could lead to a higher sensitivity of the probe, longer than 

2 cm could lead to the difficulty in probe handling and preparation. Moreover, a 

longer sensing length could introduce more light loss, thus resulting in poor signal-

to-noise ratio. In this work, a sensing length of 2 was chosen for the preparation of 

both AuNP- and AuNR- based bio-sensors. 

    
 

      (a)                                               (b) 
 

Figure 5.9: RI sensitivities of (a) AuNP-based sensors and (b) AuNR-based sensors with different sensing 
length. 
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5.3.3. Stability of the sensor probe 

 
(a)                                                   (b) 

Figure 5.10: Peak wavelength monitoring of (a) AuNP-based sensor and (b) AuNR-based sensor subjected in 
solutions with different refractive indexes for a period of two weeks. 

 

The stability of the LSPR sensors has been verified by testing repetitively the prepared 

probes in different RI solutions for a period of two weeks. Each measurement was 

taken every two days and in the solutions with refractive index of 1.340, 1.360 and 

1.380 respectively. In between, the probes were kept in a DI water solution at room 

temperature. As shown in Fig. 5.10, both types of LSPR sensors (AuNP-coated and 

AuNR-coated) were found to be stable for at least two week time. Only very small 

variations (less than 0.05 nm) in the peak wavelengths have been observed and this 

proved the stability of the fabricated sensors over the testing period. 

5.3.4. Biosensor applications 

 
(a)                                              (b) 

Figure 5.11: Monitoring the process of anti-human IgG binding to human IgG immobilised on  
(a) AuNPs-based and (b) AuNRs-based LSPR biosensors over a period of 2 hours. 

 

Antibody-antigen interaction was chosen in this experiment for the demonstration 

of biosensing application due to its ease in fabrication, high stability and strong 
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interaction. EDC/NHS technique [17] has been used for the immobilisation of the 

antibody (human IgG) onto the metallic coated probes (for both AuNP and AuNR), as 

described earlier in Fig. 5.5.  
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       (a)                                                 (b) 

Figure 5.12: (a) Peak wavelength shift of AuNP-based LSPR biosensor and (b) LPW peak wavelength shift of 
AuNR-based LSPR biosensor as a function of the incubation time at different concentrations of anti-human 

IgG. The corresponding coloured lines are the mathematically fitted curves with each data set. 

The kinetics of the binding between antigen and antibody has been studied in this 

work, based on the experimental data obtained and shown in Fig. 5.11 and Fig. 5.12. 

Before the binding, a final probe (a probe which has been functionalised with 

antibody) was immersed in PBS solution with pH 7.4 until a stable spectrum was 

recognised and recorded. Subsequently, this probe was immersed in solutions with 

different concentrations of the corresponding antigen. The spectrum was recorded 

every 5 min within a period of 2 hours. As seen in Fig. 5.11, as soon as the binding 

took place, the spectrum of the probe has shown a slow increase of the peak 

absorbance and a peak wavelength shift to the red, in both AuNP-based and AuNR-

based probes. The data of the peak resonance wavelengths (in case of AuNP-based 

probe) and the LPW peaks (in case of AuNR-based probe) were presented in Fig. 5.12. 

When free antigens in the solution bound to the surface via antibody-antigen 

interaction, they would induce a change in the local refractive index at a very close 

distance to the probe. Thus, this change in refractive index could be picked up by 

LSPR effect via gold nanoparticles and represented by the red shift in the peak 

wavelength or the LPW peak. In the first 30 min in both AuNP and AuNR cases, the 

shift of the wavelength was approximately linearly proportional to the reaction time. 
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After that, the rate of the binding was seen to gradually slow down, as the binding 

sites on the sensing region were gradually filled up. After 2 hours, saturation was 

reached. In this test, different sensor probes were incubated in the anti-human IgG 

solution at concentrations of 1.6 nM, 8 nM, 40 nM and 80 nM for 2 hours.  

Antibody-antigen interaction could be represented by equation Eq. 5.2, with Ab 

stands for antibody (the human IgG) and Ag stands for antigen (the anti-human IgG). 

𝐴𝑏 + 𝐴𝑔 ⇄ 𝐴𝑏: 𝐴𝑔    (Eq. 5.2) 

While the antibody was immobilised on the fibre, the rate of binding would be 

entirely dependent on the concentration of the antigen, therefore, a first order 

kinetics of the reaction could be applied and descried in Eq. 5.2 and Eq. 5.3, where R 

is the rate of the binding interaction, k is the rate constant, [Ag] is the concentration 

of the antigen at the time t, [Ag]0 is the initial concentration of the antigen [38, 39]: 

𝑅 = −
𝑑[𝐴𝑔]

𝑑𝑡
= 𝑘 [𝐴𝑔]    (Eq. 5.3) 

Therefore, we could have  

[𝐴𝑔] = [𝐴𝑔]𝑜 𝑒
−𝑘𝑡    (Eq. 5.4) 

In the previous refractive index sensitivity test, it was assumed that, the refractive 

index of the surrounding medium and the shift of the resonance wavelength were 

linearly related, and, that the refractive index of the surrounding medium was 

governed by the amount of antigen attached to the antibody coated on the fibre 

surface. 

Therefore,  

𝑊𝑆ℎ𝑖𝑓𝑡 = 𝛾 = 𝐶 ∙ ([𝐴𝑔]0 − [𝐴𝑔])    (Eq. 5.5) 

Wshift or 𝛾 is the wavelength shift value, and C is a constant which represents the 

linear relationship between the wavelength shift and the concentration of the 

antigen. 
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And 𝛾 can also be expressed as 

𝛾 = 𝐶 ∙ ([𝐴𝑔]0 − [𝐴𝑔]0𝑒
−𝑘𝑡) = 𝐶 ∙ [𝐴𝑔]0(1 − 𝑒−𝑘𝑡)  (Eq. 5.6) 

Equation 5.6 describes the kinetics of the reaction which depends on the initial 

concentration of the antigen, and the experimental data obtained could also confirm 

this theory. Combining equations (5.5) and (5.6), the wavelength shift of the 

resonance peak is expressed against the reaction time and this can be used to 

visualise the kinetics of the binding. As the binding has occurred, the concentration 

of the antigen in the solution gradually decreased.   

Based on the above, the experimental data shown in Fig. 5.12 can thus be fitted using 

Eq. 5.6 and shown in solid lines in Fig. 5.12a and 5.12b. The fitted curves and 

equations have been derived using Origin Software, based on Equation 5.6. The fitted 

curve was describe generally as below 

𝑦 = 𝐴 (1 − 𝑒−𝐵𝑥)    (Eq. 5.7) 

In this case, 𝐴 = 𝐶 ∙ [𝐴𝑔]0 and 𝐵 = 𝑘. The calculation of B would indicate the 

associate rate constant of the binding event, one of the important parameters in 

kinetic study.  

A very good agreement between the experimental data and the fitted curves has 

been observed, confirming both the success of the sensor fabrication and suggesting 

the capacity of using this type of probes as a tool for establishing and studying the 

kinetics of bio-reactions. Using the fitted equation, the following data were 

extracted, leading to the calculation of A and B in equation 5.7. A set of B values 

obtained, representing the associate constant values, k, as expressed in equation 5.7, 

was presented in Fig. 5.13. 
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Figure 5.13: The calculated associate rate constant of the binding event. 

The calculated associate rate constants were close to each other despite the fact that 

there was a big difference in the solution concentrations. The mean value calculated 

from a set of experimental data obtained from the AuNPs based sensor probe was 

7.676 x 10-2 s-1, while the one from AuNR-based sensor probe was 7.092 x 10-2 s-1. 

  
(a)            (b) 

Figure 5.14: (a) Peak wavelength shift of AuNP-based LSPR biosensor and (b) LPW peak wavelength shift of 
AuNR-based LSPR biosensor as a function of concentration of anti-human IgG after a 2h period of incubation. 

 

The correlations between the peak wavelength shift data after 2 hours of incubation 

and the concentration of the antigen were plotted in Fig. 5.14. Three independent 

measurements from different sensor probes were carried out for the analysis of the 

averages and the standard deviations. As seen in Fig. 5.14, a higher concentration of 

the anti-human IgG could lead to a higher shift in the peak wavelength. Aslo, the 

AuNP-based probes used in this work demonstrated slightly better performance in 
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term of sensitivity compared to the one of AuNR-based probes. It is consistent with 

the results from RI sensitivity test. 

Even using different materials, both types of sensors in this work could achieve a limit 

of detection (LOD) of 1.6 nM anti-human IgG. This represented the lowest 

concentration of antigen anti-human IgG that the system could detect from signal 

change in the peak wavelength. Thus, it is important to account for the fact that the 

detection limit of the LSPR biosensor is not only dependent on the refractive index 

sensitivity of nanomaterials, but also affected by the capability of the sensor to 

capture the target molecules effectively.  

The results obtained in this work have also been compared to those reported in 

literature. The defection limit of the developed sensors in this experiment was 

comparable to that reported by Mayer group [18] and higher than the one reported 

by Marinakos et al. [40]. Moreover, this LOD was much lower than that of a solution-

phase LSPR sensor [41], with AuNRs being suspended in solutions. The chip based 

LSPR sensor  has shown a lower detection limit [40], but the sensor system requires 

more expensive bulky components, such as a UV-Vis spectrophotometer and a 

greater volume of samples needed, compared to the optical fibre based sensor 

system used in this work. The promising results obtained herein show that the LPSR 

based optical fibre sensors prepared in this work have the ability to be sensitive and 

label-free biosensors for studying the interaction between biomolecules.    

5.4. Conclusions 

In this chapter successful synthesis and preparation of AuNPs with a mean diameter 

of 60 nm and of AuNRs with an aspect ratio of 4.1 were reported, based on their 

respective optimisation results obtained. Subsequently, a simple yet fast fabrication 

procedure was employed in order to produce LSPR-based sensor probes using those 

prepared nanomaterials. High sensitivities have been achieved with a value up to 914 

nm/RIU for AuNPs-based LSPR sensors and 601 nm/RIU for AuNRs. These high 

sensitive probes were then subjected to a series of surface modification and 

functionalisation for bio-applications. The final bio-sensors created have exhibited an 

excellent capacity for studying the kinetics of antibody-antigen interaction, with the 
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reported associate constant value of 0.07 s-1. And 1.6 nM was shown to be the lowest 

detectable concentration of anti-human IgG that the developed sensor probes can 

measure. Compared to previously reported LSPR optical fibre sensors, which are only 

based on the absorbance or intensity interrogation (due to the poor wavelength 

sensitivity), the sensors demonstrated in this work could be interrogated, based on 

their wavelength shifts, due to their high wavelength sensitivities to the refractive 

index changes. The LSPR optical fibre sensors reported were relatively inexpensive to 

produce, thus potentially disposable after a single use and able to be developed 

further for a range of other bio-sensing applications, especially enabling the 

wavelength interrogation approach which has shown to be successful in this work to 

be more widely used.  
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Gold-silver alloy nanoparticles LSPR sensor 

 

 

6.1. Introduction 

As discussed extensively in Chapter 3, gold and silver nanoparticles have been well 

known for decades for their unique characteristics and the surface plasmon 

resonance (SPR) effect using such particles has been widely recognised and exploited 

for a broad spectrum of sensor applications ranging from catalysis [1, 2] and medical 

analysis [3, 4] to chemical and biological measurements [2, 5, 6]. The combination of 

two or more metal nanoparticles, rather than using a single metal, has been of 

significant interest recently, resulting in a body of research literature in this area.  In 

the case of gold and silver, even though their combination in a nanoparticle alloy had 

been first synthesised and was investigated in 1976 [7], significant developments in 

the field have only occurred in the last decade [8] with an aim to maximise their use. 

Hybrid and bimetallic nanoparticles between gold and silver can be generated in 

several differential forms and the two most important structures reported are core-

shell structure [9-21] and alloy formation [7, 8, 17, 22-33]. The latter inherits the 

advantages of both gold nanoparticles with a high plasmonic effect and silver 

nanoparticles with a sharp plasmonic absorption peak. In addition, it is possible to 

tune the plasmonic absorption by varying the alloy content ratio which enables the 

alloy nanoparticles to be made specifically to meet some special needs. Therefore 

this chapter is focused on the development of a set of novel LSPR sensors based on 

alloys of gold and silver nanoparticles, with an aim to enhance the sensor 

performance compared to those coated with particles made of a single metal as 

discussed in Chapters 4 and 5.  
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As discussed in Chapter 3, the morphology of nanostructures, which relates 

specifically to their size and shape, plays a very important role in contributing to the 

plasmonic effects caused by the nanoparticles.  There have been a number of 

synthesis methods reported to create gold and silver alloys with different 

morphologies, ranging from mono-dispersed nanospherical alloys [6, 24, 34] to 

nanocubes [35], nanoframes [36], nanocages [37] and nanorice [38], configured as 

bimetallic structures of gold and silver. However, the more complex the structure, 

the harder it is to achieve a good dispersion (‘monodispersity’) of the particles. Unlike 

single metal nanoparticles, bimetallic alloy particles are usually created, under most 

circumstances, using a chemical technique, due to their complicated structures and 

the required controllability of the synthesis process. Therefore it might be the best 

to consider first the synthesis of spherical bimetallic alloy particles.  Among the 

several commonly known methods, co-reduction [8] is recognised as the simplest 

and easiest method for achieving the Au-Ag alloy particles required.  The limitation 

of this method, however,  lies in both the difficulty in controlling the morphology and 

the possible formation of a silver halide, making the synthesis process less 

predictable than desired [2].  Annealing the core-shell particles could be considered 

as an effective approach to overcome the above limitation [9, 17].  In some reports, 

it has been suggested that a digestive ripening technique could also be used for 

creating small (around 5nm in diameter) alloy nanoparticles, but this is not suitable 

for the larger particles required, for example, bigger than 11 nm in diameter [26, 31].  

Another approach is to use a replacement reaction, but the particles synthesised are 

typically small and usually have diameters of less than 10nm [16, 26, 30, 39, 40]. 

It has also been reported recently that the step-wise method could be used to create 

alloy particles of larger size and better shape [26, 41]. Zhang et al. [2] have reported 

results obtained from the creation of larger size monodispersed gold-silver alloy 

particles (over 20nm in diameter). In their work, a silver precursor and a reductant 

were mixed together, brought to boil and allowed to remain under the same 

condition for some time. After that, some gold solution was added following which a 

reaction took place, accompanied by heating and vigorous stirring. This simple 
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method overcomes a number of difficulties highlighted previously in producing a 

monodispersed large nanoalloy. 

Despite the fact that nanoalloys of gold and silver particles have been developed 

intensively, there has been limited report in literature considering them as promising 

materials for the construction of LSPR-based sensors for various sensing applications.  

Several theoretical calculations have been made, for example by Kyeong-Seok Lee et 

al. [33], and Sharma et al. [42, 43], but the results reported are not readily 

comparable. One possible explanation is that the plasmonic sensing effect involves a 

number of factors including diameter, shape and alloy content, but only a limited set 

of factors could be taken into account for ease of theoretical calculations under each 

circumstance. Thus this chapter is focused on the experimental exploration, with an 

aim to develop a new yet feasible approach for the creation of a sufficiently sensitive 

optical fibre based refractive index (RI) sensor using such alloy particles. This is 

achieved by modification of a section of an unclad optical fibre, followed by the 

subsequent coating of nanoalloys of gold and silver synthesised on the fibre surface. 

As a result the surface-plasmon resonance effect between the alloy particles and the 

optical fibre can thus be employed for refractive index measurement.   
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6.2. Experimental setup 

6.2.1. Chemical and Apparatus 

The following chemicals used were purchased from Sigma-Alrich: 3-aminopropyl 

trimethoxysilane (APTMS) 97%, gold chloride hydrate (HAuCl4.3H2O), silver nitrate 

(AgNO3) and sodium citrate tribasic dehydrate (Na3C6H5O7).  CH3OH (Analytical 

Reagent Grade) and H2SO4 95% (Laboratory Reagent Grade) were purchased from 

Fisher Scientific. De-ionized water and H2O2 37% solution were purchased from 

ACROS. 

The optical fibre was purchased from Thorlab, of type BFH37-600; the light source 

was a halogen light source, type HL-2000-FHSA obtained from Mikropack and the 

spectrometer used was Maya type 2000PRO, obtained from Ocean Optics. 

6.2.2. Synthesis of alloy nanoparticles 

Successful synthesis of large monodispersed alloy nanoparticles of gold and silver has 

been reported recently by Zhang et al. [24] and a similar approach is used in this 

work. Briefly this can be described as follows: initially, solutions of 2mM HAuCl4 and 

2mM AgNO3 are prepared, as well as a 35mM sodium citrate solution which acted 

as both a reducing agent and a surfactant. Different alloy content ratios can thus be 

controlled by changing the molar ratio of the gold and silver solutions.  The size of 

the alloy particles can be modified by varying the ratio and molarity of the total 

metals (gold and silver) and the molarity of the reducing agent (Na3C6H5O7). In this 

work, several different gold-silver alloy nanoparticles solutions were prepared and 

labelled and the details are shown in Table 6.1.  

Table 6.1: Solution Code and Characteristics 

Solution Characteristics 
 
Molar ratio of  
metal : sodium citrate 
for alloy size control 

25% Ag, 
75% Au 

75% Ag, 
25% Au 

1:7 A25-1 A75-1 

1:3 A25-2 A75-2 

1:1.5 A25-3 A75-3 
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1:0.9 A25-4 A75-4 

1:0.45 A25-5 A75-5 

 

Two groups of samples, with ten different gold-silver alloy nanoparticles, were 

synthesised. The A25 group, represented by alloy particles with 25% Ag and 75% Au 

(in their molar ratio), with solutions being coded A25-1 to A25-5 (with the second 

number representing the particle size, the higher number is the bigger size) and A75, 

represented by alloy particles with 75% Ag and 25% Au in the group with solution 

being coded A75-1 to A75-5 (again with the second number representing the particle 

size). 

At first, to synthesise the A75-1 Alloy (as described in Table 6.1, an alloy with 75% Ag 

and 25% Au), 1.875 mL of prepared silver solution was mixed with 1mL of 35mM 

sodium citrate solution in a round bottom flask equipped with a condenser and a stir 

bar.  50 mL of deionized water was then added before the solution was heated to 

boiling and maintained under the boiling condition for 30 min. This was followed by 

the addition of 0.625 mL HAuCl4 solution, applying vigorous stirring. The reacting 

solution gradually became darkened and was left being heated, and stirred, for 30 

min. After that, the heat source was removed but stirring is maintained for another 

30 min. The resultant solution of A75-1 has a yellowish colour and was then 

transferred to and kept in a refrigerator (at 4 oC) until it was required for use.  

Similarly, alloy A25-1 was synthesised using the same method, but exchanging the 

amounts of the gold and silver solutions used from those indicated above. In this 

particular case, 0.625 mL of AgNO3 has been used first, being followed by 1.875 mL 

of HAuCl4 solution. The colour of the final solution thus obtained is cardinal red.  

To achieve different particle sizes of the A75 and A25 groups, the amount of sodium 

citrate was varied and, as a result, 10 solutions of different particle sizes and 

gold/silver content were created and thus made ready for sensor fabrication, using 

the process described below. 
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6.2.3. Sensor preparation process 

As shown in Fig. 6.1, 600 µm diameter optical fibres were chosen for use in this work 

with a length of approximately 20 cm.  These larger core fibres offer a larger surface 

area for coating and ease of coupling of light from the source used.  Both ends of the 

fibre were polished with different polishing papers (from Thorlabs, using types 5 µm, 

3 µm, 1 µm and 0.3 µm, respectively). Finally, one end of the fibre was stripped off 

its cladding, leaving the sensing area (the fibre core) of 20 mm length and ready for 

the application of the coating. 

The unclad part of the fibre (the fibre core) is required to undergo a series of cleaning 

and surface modifications prior to the coating being applied and for it to act as a 

sensor. The same coating procedure was given in previous chapters. In summary, the 

fibre was initially cleaned by using Piranha solution (70% H2SO4, 30% H2O2) for 30 

min, then washed several times by using distilled water followed by oven curing at 

120oC for 1 h.  Following that the fibre was coated with a thin layer of APTMS for over 

4 hrs before being washed carefully again using methanol and finally treated in the 

oven overnight at 80 oC.  Subsequently, a dip-coating method was used for the 

formation of a thin layer of the alloy nanoparticles on the surface of the unclad fibre. 

This layer was designed to perform as the sensing material, responding to the 

surrounding reflective index change through the localised surface plasmon 

resonance (LSPR) effect between the alloy particles and the dielectric fibre, when the 

fibre was illuminated by light from the light source described earlier.  

 

Figure 6.1: Illustration of the preparation of the fibre optic sensor 
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6.2.4. Sensor system setup for solution refractive index measurement 

The sensor system configuration used in this work was also described in Chapter 4 

and is shown schematically in Fig. 6.2. In this work, instead of using gold 

nanoparticles, the gold/silver alloy nanoparticles prepared as described above were 

used for the fabrication of LSPR sensors and their performance in response to the 

variation of the external refractive index (RI) was investigated. 

 

Figure 6.2: Schematic diagram of an experimental setup used in this work 
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6.3. Results and Discussions 

6.3.1. Gold-silver alloy characteristics 

 

Figure 6.3: Normalised Absorbance Spectra of the Alloy Solutions prepared  
(Left: A25 Alloy Solutions, Right: A75 Alloy Solutions) 

Figure 6.3 shows the UV-Vis absorbance spectra obtained from both A25 and A75 

alloy solutions, with their corresponding absorbance peak wavelengths being 

scattered within the range from around 440nm to 500nm. This observation further 

confirmed the successful synthesis of A75-1 and A25-1 alloy solutions. The only 

abnormal condition is A75-5, showing a broadened spectrum containing two 

distinctive peaks as illustrated in Fig. 6.4. This indicates that in this case, the alloy 

could not be formed and that what seems to have occurred is a mixture of gold and 

silver nanoparticles. With a smaller amount of sodium citrate being introduced in the 

solution, a greater red-shift of the absorbance peak was observed, indicating that a 

larger size of alloy particles has been achieved. 
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Figure 6.4: A75-5 Absorption Spectrum – spectrum to the left illustrates the absorption peak of silver 
nanoparticles while that to the right the absorption peak of the gold nanoparticles. 

Figure 6.5 further confirmed the conclusion made based on the results shown in Fig. 

6.3, through a cross-comparison made by the measurement of the peak wavelength 

in the absorbance spectra of gold nanoparticle solution, silver nanoparticle solution 

and 2 alloy nanoparticle solutions (A25-1 and A75-1), with the same amount of 

metallic precursor used for the synthesis. Silver nanoparticle solution had its peak 

absorbance wavelength at around 420nm, and the one of gold nanoparticle solution 

was at around 520nm. Alloy nanoparticle solutions have their own distinct peaks in 

between those values, with the trend shown in Fig. 6.5b. 

 
(a)       (b) 

Figure 6.5: Normalised Absorbance Spectral comparison of AuNP, AgNP and alloy nanoparticle solutions.  
(a) Normalised absorbance spectra of of AuNP, AgNP and Au/Ag Alloy solutions and (b) Plot of the peak 

wavelength and the amount of Ag in the Alloy. 
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The morphology of the alloy particles synthesised above has been investigated using 

an electron microscope and a series of TEM images obtained (using a JEM-1010 

Electron Microscope at 80kV) is presented in Fig. 6.6.  The images show that the alloy 

particles are well dispersed (showing monodispersity) and in most cases spherical-

like particles are observed. The average diameter of the alloy particles in each 

solution is calculated by monitoring > 100 particles in each TEM image and calculating 

the average in each case. Results obtained show that the A25 group has particles with 

average diameters of 13.7 ± 3.8nm, 15.0 ± 4.8nm, 17.2 ± 3.7nm, 24.2 ± 3.7nm and 

34.1 ± 6.4nm, respectively for samples A25-1, A25-2, A25-3, A25-4 and A25-5, while 

for A75, it is 12.9 ± 3.1nm, 13.8 ± 4.3nm, 19.3 ± 5.2nm, 33.7 ± 6.2nm and 17.1 ± 4.2nm 

respectively for the A75-1, A75-2, A75-3, A75-4 and A75-5 samples. It is noticeable 

that, for the A75-5 sample, the diameter of the particles is smaller than would have 

been expected, given the consistent results obtained from the other alloys and the 

reduced amount of reducing agent being used for the solution. This evidence, 

combined with the spectral data shown in Fig. 6.4, points to a conclusion that the 

expected alloy particles were not formed, but a mixture that is largely of separated 

gold and silver particles. 

 

Figure 6.6: TEM Images of Alloy nanoparticles (codes for the type of alloys have been included in the images) 

By considering the effect of the amount of sodium citrate on creating different 

particle sizes, a clear relationship between the molar ratio of the reductant to metal 

used and the calculated average diameter of the alloys has been established.  A 

similar effect is seen for both A25 and A75 types. Sodium citrate, in this work, acts 
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not only as a reductant but also a surfactant, preventing small particles from 

aggregating. The lesser the amount of sodium citrate used, the larger the alloy size 

created, in this way similar to the results seen for gold nanoparticles which were 

characterised in Chapter 4. It seems clear that at first, when the sodium citrate is 

overly abundant (the molar ratio is 7), small particles with diameters around 13nm 

in both the A25 and the A75 alloy group are created.  By lowering the ratio to 3, the 

size of the alloy particles increases from an average diameter of 13.7nm to 15.0nm. 

In this situation, the amount of sodium citrate is sufficient to reduce all the gold and 

silver salts to nanoparticles, and the remaining amount of sodium citrate, acting as 

surfactant and being less than that in the previous case, leads to the formation of 

slightly larger nanoparticles. By continuing to reduce the total amount of sodium 

citrate, the amount of surfactant is proportionally reduced, thus making the 

diameters of synthesised alloys bigger and bigger, reaching the highest at an average 

of 34.1nm. Going for further reduction of the amount of sodium citrate, it would not 

be sufficient both to reduce all the metal salts and to achieve a sufficient surface-

covering of the newly created nanoparticles. In those cases, alloys with non-uniform 

shapes and sizes would appear as the result of the synthesis process not being well 

controlled. The only exception in this experiment is the result seen for the A75-5 

case. The evidence from a close investigation of the UV-Vis spectra is that A75-5 is 

likely a simple mixture, rather than an alloy of gold and silver nanoparticles. 

Therefore, the diameter of particles under such circumstances would be quite small 

and the data obtained do not fit the pattern established with the other alloys (this is 

shown as the isolated square in Fig. 6.7). It is also observed that the morphology of 

the largest alloy particles show them somewhat deviated from being spherical. This 

agrees with what is reported in the literature [2, 26], that it is indeed difficult to 

control the size and shape of alloy nanoparticles as they continue to grow larger. 
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Figure 6.7: Effect of the amount of Sodium Citrate on the Alloy size 

The correlation between the absorption peak and the diameter of particles is shown 

in Fig. 6.8, where the greater absorption peak wavelength of the alloy particles 

corresponds well to situations where the particles sizes are larger. Again A75-5 has 

shown to be an exception (because the particles are not the expected alloy and thus 

have different properties), this being reflected clearly in the change of both the peak 

wavelength and the diameter. If the data for this suspect A75-5 case are ignored (the 

lower dot on the right hand side of Fig. 6.8), the overall picture is similar for both the 

A25 and the A75 alloy groups within the experimental error. 

 

Figure 6.8: Diameter and Absorption Peak Correlation in the cases of the A25 Alloy (left) and the A75 Alloy 
(right) (data for the A75-5 case, where the alloy did not form, are shown as a circle) 
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6.3.2. Sensor performance 

LSPR sensors created by coating optical fibres with gold-silver alloy nanoparticles 

discussed above were subsequently used for Refractive Index (RI) measurement. To 

do so, the sensitivity of each sensor was calculated using the method reported 

previously in chapter 4.  A set of solutions with known RIs was made by using 

different solvents.  Table 6.2 shows a list of solvents used and their corresponding 

RIs of the solutions made. 

Table 6.2: Solvents used for the calibration and their refractive index values 

Solvent Refractive Index 

Distilled Water 1.333 

Acetonitrile 1.344 

Acetone 1.359 

Petroleum Ether 1.365 

n-Hexane 1.375 

n-Propyl alcohol 1.385 

Tetrahydrofuran 1.407 

The absorption peak wavelength observed from the sensor when evaluated in each 

solvent was thus recorded, with its sensitivity being calculated using equation 6.1: 

𝑆 =
𝑑𝜆𝑚𝑎𝑥

𝑑𝑛
       (Eq. 6.1) 

Two probes of each alloy type were prepared, fabricated and tested to ensure that 

the results were representative. As verified by both the theoretical analysis [32, 33] 

and the experimental data, the particle size plays a vital role in contributing to the 

sensitivity of the probe. The calculated sensitivities to RI of different alloy particle-

coated optical fibre sensors are cross-compared and the results obtained are 

presented in Fig 6.9, confirming the general trend that the larger the particle’s size 

for the alloy-coated sensor, the greater the sensitivity. The particle sizes for A25-1 

and A25-2 (and also for the A75-1 and A75-2 cases) are the same within experimental 

error and thus only one histogram is displayed. A25-2 and A75-2, because of their 

similarities in particle size to A25-1 and A75-1 respectively (within the experimental 

error shown) have thus been excluded from further individual investigation of their 

sensing performance and are subsumed into the data labelled A25-1 and A75-1. 

Subsequently, for A25 group, explicit data are given for A25-1, A25-3, A25-4 and A25-
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5, and in the other A75 group, the same situation applies for the A75-1, A75-3, A75-

4 grouping.  A75-5 has not been considered to be an alloy based on the discussions 

made earlier and hence the sensitivity is not included in Fig. 6.9 for cross-comparison. 

 

Figure 6.9: Sensitivity comparison of different Alloy coated fibres (left: A25, right: A75) 

As a result, it can be seen that A25-5 shows the highest sensitivity (of 531nm/RIU) 

among the A25 group; as can be seen, it is approximately four times of that of the 

A25-1 sample. On the other hand, for the A75 group, (and excluding the A75-5 data), 

a smaller increase in the sensitivity with the increase of alloy particle size is observed. 

Fig 6.9 summarises the results obtained, confirming the trend in the sensitivity 

increase with the increase of the diameter of the alloys. For smaller particle sized 

(from 10-20nm diameter) alloys, A75 alloy-coated sensors (by comparison to A25 

alloy-coated sensors) demonstrate a much higher sensitivity to RI change. However, 

when the size is greater, the A25 group of coated sensors demonstrates a rapidly 

increasing sensitivity, approaching that seen for those coated with the A75 group of 

nanoparticles. In summary, with an average particle size diameter of 33.7 ± 6.2nm, 

the fibre sensors coated with nanoparticles alloy of 75% Silver and 25% Gold exhibit 

the best sensing capability (i.e. the A75 group). The special case of A75-5 (shown as 

a circle in Fig. 6.10) is also included for completeness but it is clear from the graph 

that the actual non-alloy smaller particles obtained do not perform as well in the 

sensor as would the larger alloy particles (that were expected from such a synthesis), 

as was seen for the A25 cases. 
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Figure 6.10: Correlation between the sensitivity of the alloy-coated sensors and the alloy size 

From literature, advanced techniques for refractive index measurement using 

photonic crystal fibres (PCFs) have been predicted theoretically to have a very high 

sensitivity at 70,000 nm/RIU [44], with several experimental reports to date. For 
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improvement is achievable by using alloys of larger sizes and different shapes, as well 

as using different fibre structures, such as tapered fibres or side-polished fibres.  

The data obtained clearly show the trends with particle size and alloy type and this 

allows for the tailoring of the sensor design to achieve the sensitivity required. This 

can be done either by using different synthesis approaches to produce alloy particles 

with appropriate sizes, or through the control of the content of the gold and silver in 

the alloy, to ensure the creation of a sensor with the required sensitivity yet with an 

optimum sensor design. 
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6.4. Conclusions 

A systematic investigation into the potential of using bimetallic nanoparticle alloys of 

gold and silver for the creation of enhanced SPR-based optical fibre sensors has been 

undertaken and discussed in detail in this chapter. The sensitivity of the sensors 

created can readily be tailored through the design process. In this chapter the sensors 

designed and fabricated through optimization have shown both a high and 

reproducible sensitivity to refractive index (RI) change.  Based on the experimental 

results obtained, the detailed characteristics and capabilities of the novel RI sensors 

created can be summarised as follows: 

 The size of the alloy particles can be modified reproducibly by altering the 

amount of sodium citrate in a simple one-step preparation of gold-silver 

nanoalloys, confirming the success of the fabrication of monodispersed nano-

spherical alloy particles with different sizes, both for the gold-rich (A25) and 

the silver-rich alloys (A75).  

 In a way similar to single metal nanoparticles, the increase in diameter of 

spherical alloy nanoparticles is shown to enhance the sensitivity of the alloy 

particle-coated SPR sensors.  

 The alloy content also influences the sensitivity of the alloy particle-coated 

SPR sensors. The silver-rich alloy particles (A75) produce a comparatively 

more sensitive device in term of RI sensing, with (in both the cases of the A25 

and A75 groups) the highest sensitivity being demonstrated with the larger 

particle size. 

In conclusion, refractive index sensors based on surface plasmon resonance (SPR) 

using gold-silver alloy nanoparticles coated on optical fibre have shown considerable 

promise and high sensitivity which can be tailored for different applications, for 

example  in the bio-sensing area.  
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LSPR optical fibre sensors based on  

hollow gold nanostructures 

 

7.1. Introduction 

As discussed extensively in Chapter 3, noble metal nanoparticles, especially gold, 

have shown a strong plasmonic effect at the boundary with a dielectric material and 

therefore they have been used widely to create localised surface plasmon resonance 

(LSPR)-based sensors, in which they are immobilised on the surface of an optical 

fibre. This approach has been used in monitoring the refractive index variation in the 

medium surrounding the probe or for biological sensing when the nanoparticles are 

functionalised, for example, with antibodies [1]. The previous research undertaken 

and discussed respectively in Chapters 4, 5 and 6, has enabled both a detailed 

investigation and a cross-comparison of the sensitivities of optical fibre sensing 

probes coated with several different solid structures, including gold nanospheres, 

gold nanorods and gold-silver alloy nanoparticles. This chapter aims to take such 

work further and thus to explore ways to enhance the sensitivity of a LSPR sensor by 

varying the nanostructures from solid to hollow, as theoretically the latter exhibits a 

stronger plasmonic effect due to the enhanced coupling between the exterior and 

interior surface fields [2]. In this chapter, the synthesis and fabrication of hollow gold 

particles will be discussed in detail and the LSPR sensor developed and based on this 

type of hollow nanostructures has been evaluated, its performance optimised and 

the results cross-compared with those based on solid nanostructures. 

Sun et al. [3] first introduced the technique of synthesising gold nanoboxes in a 

controllable manner in 2002 through sacrificing silver nanostructure templates in a 

galvanic reaction with a gold precursor. Further reports by the group have included 

the enhancement of the homogeneity and stability of the products in addition to the 

creation of other hollow/porous particles such as gold nanocages (AuNCs), 

nanoframes, porous nanorods, etc. [4-18]. In their reports, the detailed mechanism 
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of reduction, Galvanic replacement and the de-alloying process in the synthesis was 

proposed and discussed [13, 14, 19, 20]. Since then, the properties of gold nanocages 

and their applications in various areas have been explored widely, for example, for 

cancer imaging and therapy [21, 22], photo-acoustic imaging [23] with a particular 

focus on biomedical applications [4],  but limited research has been reported for 

sensor development.  

Mahmoud et al. in 2010 [24] reported the potential of using hollow gold nanoframes 

for refractive index sensing. In their work, they examined various gold nanoframe 

structures with different wall length and width, and used a DDA (discrete dipole 

approximation) calculation to simulate their extinction spectra.  Based the 

theoretical analysis, the highest sensitivity reported was 729 nm/RIU with gold 

nanoframes of 50 nm wall length and 9 nm wall width, or with an aspect ratio of 5.5. 

It was also reported that the aspect ratio plays an important role in determining the 

sensitivity of a LSPR sensor based on gold nanoframes. However, even with the same 

aspect ratio, there is no direct correlation shown between the device sensitivity and 

the size of the nanoframes, i.e. the sensitivity demonstrated by bigger frames (e.g. 

90 nm wall length and 21.6 nm wall width) is not necessarily to be higher than that 

of the probes with smaller frames.  

In light of the above, this work aims to explore the sensing capacity of hollow gold 

nanocages by immobilising them on a multimode optical fibre to create a LSPR sensor 

for refractive index measurement. The sensitivity of the sensor thus created was then 

determined, based on the experimental data obtained and the result cross-compared 

with that of those reported and from devices created using different materials and 

structures, synthesised using different methods. 
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7.2. Experimental setup 

7.2.1. Chemicals and Apparatus 

The following chemicals used were purchased from Sigma-Alrich: 

Polyvinylpyrrolidone (PVP, MW ~55000), 3-aminopropyl trimethoxysilane (APTMS) 

97%, gold chloride hydrates (HAuCl4.3H2O), silver nitrate (AgNO3), Silver 

trifluoroacetate (CF3COOAg), Sodium Sulfide (Na2S) and Dextrose. Ethylene Glycol 

(EG), CH3OH (Analytical Reagent Grade) and H2SO4 95% (Laboratory Reagent Grade) 

were purchased from Fisher Scientific. De-ionized water and H2O2 37% solution were 

purchased from ACROS. 

The optical fibre was purchased from Thorlab, of type BFH37-600, with core diameter 

of 600 µm; the light source was a halogen light source, type HL-2000-FHSA obtained 

from Mikropack and the spectrometer used was Maya type 2000PRO, obtained from 

Ocean Optics. 

7.2.2. Synthesis of Hollow Gold Nanocages 

Gold nanocages were prepared by a 2-step method reported by Xia et al. [3, 10, 15, 

19]. Firstly, a template silver nanocube (AgNCs) was synthesised by polyol reduction 

of silver trifluoroacetate under the protective polymer PVP [25]. In a typical 

preparation, 5 mL of EG was boiled in a 25 mL round bottom flask and stirred at 150 

oC for 1 hour. Then 70 µL of Na2S solution (3mM in EG) was quickly added. 2 min later, 

0.5 mL HCl (3mM in EG) was injected into the reaction flask and this was immediately 

followed by adding 1.5 mL PVP (20 mg/mL in EG). After 2 min, 0.5 mL solution of 

CF3COOAg (282mM in EG) was added. Throughout the reaction, a stable stirring 

speed was maintained at 450 rpm. The reaction stopped after 60 min, resulting in a 

silky white coloured solution. The acquired solution was then cleaned with acetone 

and deionised water several times with centrifugation to wash out the excess PVP 

and EG. Finally, the silver nanocubes obtained were stored in 4 mL of deionised water 

and kept in the dark for further use. 
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Secondly, silver nanocube template was used to prepare hollow gold nanocages via 

galvanic reaction with HAuCl4 [10]. In a typical synthesis, 5 mL of PVP solution in 

deionised water (1 mg/mL) was prepared and brought to mild boiling in a 25 mL 

round bottom flask, equipped with a condenser and a stir bar. 200 µL of as-prepared 

silver nanocubes was added into the flask. After 10 min, 1.25 mL HAuCl4 (200 mM in 

deionised water) was introduced into the flask by a syringe pump (KDScientific, 

KDS100) at the rate of 0.5 mL/min. The reaction was completed after 10 min and 

then left to cool down slowly to room temperature. During the reaction period, the 

liquid was stirred vigorously. Afterwards, the final solution was washed with acetone 

and deionised water several times by centrifugation, and the final product was 

redispersed in deionised water for further use.     

7.2.3. Sensor probe preparation and system setup 

 

Figure 7.1: Photograph of a sensing probe created, with its size comparing with a 5 pence coin. 

The fibre probes are treated with a series of cleaning, silanisation and curing steps 

using the same sensor fabrication protocol reported in previous chapters. In a typical 

preparation, two ends of a 20 cm optical fibre of 600 µm diameter was firstly polished 

using different polishing papers (from Thorlabs, using types 5 µm, 3 µm, 1 µm and 

0.3 µm, respectively). Following that, one end was stripped of its jacket and then 

decladded.  To facilitate the next step sensor fabrication, the fibre was further 

treated with Piranha solution (70% H2SO4, 30% H2O2) for 30 min, and then washed 

several times by using distilled water before being oven-cured at 120 oC for 1 hour.  

The fibre then was silanised with a solution of 10% APTMS in methanol over 4 hours, 

sonicated thoroughly 3 times with methanol and finally treated in an oven, overnight 

at 80 oC.  The probes thus prepared were then dip-coated with the ‘as-prepared’ 

solutions of gold nanocages for 6 hours.  Subsequently, they were coated with a silver 

mirror and dried under a gentle draught of nitrogen gas, to form the reflective probes 

required.  They were then stored in a dark box until they were required for 

Silver mirror 
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evaluation.  Figure 7.1 shows a photograph of a prepared LSPR probe, coated with 

gold nanocages and used in this work. 

The sensor system configuration that was employed has previously been described 

in detail in previous chapters and is shown again schematically in Fig. 7.2. In 

summary, the sensing area was illuminated by using light from a broadband light 

source, a halogen lamp, via a 1x2 fibre coupler. The silver mirror coated on the end 

surface of the fibre enabled the modulated light due to the interaction between the 

LSPR probe and the solution in the fibre to be reflected back and via the 1x2 coupler 

used to the mini-spectrometer for analysis.  That spectrometer was connected to a 

computer so that the reflected absorbance spectra could be recorded in real-time, 

when the probe was submerged in solutions with known yet different refractive 

indices for calibration.  

 

Figure 7.2: Schematic illustration of a LSPR sensor system  

7.2.4. Characterisation of silver and gold nanoparticles solution  

TEM images have been taken by JEM-1010 Electron Microscope at 80kV and UV-Vis 

spectra have been acquired by a Perkin Elmer spectrometer Lambda 25. 
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7.3. Results and discussions 

7.3.1. Silver nanocubes and gold nanocages synthesis 

As described above, a two-step method reported by Xia et al. [3, 10, 15, 19] is used 

in this work for the synthesis of gold nanocages which involves two main processes: 

firstly, forming silver nanocubes and secondly, creating gold hollow structures. 

a) Synthesis of silver nanocubes 

Silver nanocubes have been reported to be synthesised using several different 

methods, including water-based reduction from metal salts by HTAB [26], seed-

mediated synthesis [17] and polyol reduction [3, 27]. Among those, polyol reduction 

provides the most reliable results in term of monodispersity, yield and stability. 

AgNO3 as precursor, PVP as surfactant, HCl and Na2S as catalyst are the main 

components in this recipe. All solutions were prepared in Ethylene Glycol (EG), and 

essentially, minimum amount of H2O should be included in the synthesis.  

The process requires a strict control of reaction parameters, such as temperatures, 

stirring rate, stir bar’s size as well as reaction time [10]. A slight modification of those 

parameters could result in a completely different morphology of silver cubes. At 150 

oC, Ag+ would be reduced by EG, forming silver seed. PVP presented in the solution 

has higher affinity toward <fcc> face, therefore, the binding would be more 

favourable towards this face. In growing process, more Ag would be deposited onto 

these remaining two faces, hence creating nanocube structure [27]. It is also 

important that the ratio of PVP/AgNO3 has to be lower than 1.5, and the final 

concentration of AgNO3 must also be high (from 0.125M to 0.25M) [3]. Based on the 

seed’s morphology (i.e. cubooctahedron, decahedral or quasi-spherical), different 

types of nanostructures could be synthesised, including nanocube, nanorods or 

nanosphere. More detailed discussion of this nucleation and growth steps for shape 

control could be found in literature [27]. 

In reality, it is important but really hard to control the reaction in order to create the 

desired shape and size of nanostructures. Even following exactly the same protocol, 

step-by-step, as that proposed by Skarabalak et al. [10], the first several attempts by 
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the author failed. The synthesised particles were shown either spherical or a mixture 

of different shapes including rods, spheres, cubes, as shown in Fig. 7.3. This is due to 

the lack of control in both the initial prepared PVP/AgNO3 and its ratio when the 

reaction occurs. Given the fact that PVP was already in the reaction flask, the ratio of 

PVP/AgNO3 is required to be kept high. 

 

Figure 7.3: Some unsuccessfully synthesised silver nanocubes 
A) nanospheres, B,C,D) Mixtures of spheres, rods, cubes, triangles. 

In 2010, Zhang et al [17, 25] proposed a new method to achieve a better control of 

the size and shape of silver nanocubes. By using CF3COOAg instead of AgNO3, the 

reaction rate was reported to be slower, hence making it easier to control over nuclei 

and growth mechanisms. It was also reported that both the concentration and 

presence of NaSH and HCl are critical in the formation of the cubes as the absence of 

any of those could lead to other morphology of silver particles. Longer reaction time 

(approximately 90 min) has helped a proper reaction control, as this has made 

regular checking and comparison of absorbance spectra of the product being possible 

during the reaction period. As expected, a quality batch of silver nanocubes with 

monodispersity (as seen in TEM image in Fig. 7.4) has been successfully synthesised 

using this approach.  
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    (a)           (b) 

Figure 7.4: (a) TEM image and (b) absorbance spectrum of AgNCs prepared with CF3COOAg 

The absorbance spectrum of the silver nanocubes was characterised by three 

distinctive peaks at wavelengths of 351 nm, 400 nm and 467 nm (Fig. 7.4b) 

respectively.  As predicted by theory, these three peaks were resulted from out-of-

plane quadrupole, in-plane quadrupole and in-plane dipole plasmon resonance 

modes respectively [27]. The morphology of silver nanoparticles was also 

characterised by transmission electron microscopy (TEM). In this work, an analysis 

and subsequent  statistical calculation undertaken using over 100 particles from the 

TEM images confirmed the mean length of the silver nanocubes produced to be 37.3 

± 5.1 nm. It is also important to note that further enlargement of the cubes was made 

possible either by increasing the reaction time [25], or by using seed-growth method 

[17]. The solution of AgNCs when left in storage was shown to be stable for several 

months after synthesis. 

 b) Gold nanocages formation 

The silver nanocubes were used as a sacrificial template in titration with HAuCl4 to 

create the hollow gold nanocages [14] where, via a galvanic reaction, the gold atoms 

gradually induced pores in the facets of the silver nanocube and thus created hollow 

gold/silver alloy particles. Subsequently, gold atoms are deposited continually on the 

wall of the cube, resulting in a gold nanocage with a hollow cube shape. By increasing 

the amount of HAuCl4, the main absorption peak was continuously red-shifted, this 

varying from a peak wavelength of 497 nm (AuNC1), to 594 nm (AuNC2) and then to 
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737 nm (AuNC3), as shown in Fig. 7.5. This indicates the continous development of 

the hollow nature of the nanocages, as illustrated in Fig. 7.6, increasing from AuNC1 

to AuNC3, with the increasing amount of HAuCl4 used.  However, there is a limit in 

that a further increase of the amount of HAuCl4 used leads to the destruction of the 

cubes, resulting in groups of small particles, as seen in the image of AuNC4 (shown 

in Fig. 7.6D). When this happened to the cubes, the corresponding absorbance peak 

was found to be dramatically blue-shifted, back to a wavelength of 524 nm and close 

to the position where the absorbance peak of gold nanoparticles occurs (at a 

wavelength of around 520 nm).  

Due to the nature of the galvanic replacement reaction used to form cavities on the 

silver nanocubes, the final solutions of gold nanocages, when analysed, showed that 

there were some irregular shapes formed other than the cages themselves.  This 

could occur (forming the irregular shapes) by the replacement reaction having taken 

place on the sharp corners or on the edges, rather than on the faces of the silver 

nanocubes.  This could be the reason why the absorbance spectra of the synthesised 

gold nanocages were quite broad. The water absorbance peak was seen at around a 

wavelength of 970 nm in the absorbance spectra of all the solutions.  

It was noted that the size of the gold nanocages formed was usually larger than that 

of their precursor silver nanocubes.  This observation has not been explored further 

in this thesis but more details about the alloying and dealloying mechanisms can be 

found in literature e.g. by Yugang Sun and Younan Xia [19].  
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Figure 7.5: Normalised absorbance spectra of different AuNCs solutions 

 

Figure 7.6: TEM Images of different AuNCs by different amount of HAuCl4  

A) AuNC1 – 0.75 mL – B) AuNC2 – 1.0 mL – C) AuNC3 1.5 mL – D) AuNC4 – 3 mL 
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7.3.2. Experimental tests and results 

The AuNCs formed, as discussed above (AuNC1 – AuNC4), were subsequently coated 

onto four pre-treated optical fibre samples to create four types of LSPR sensor probes 

(labelled as Probes 1 – 4), prior to their intensive tests being carried out on their use 

for refractive index measurement.  With each type of AuNCs, three probes were 

prepared using the same procedure to enable the evaluation of the reproducibility 

of the sensors produced (labelled as Trials 1, 2 and 3).  In the experiments carried 

out, eight different solvents (with different yet known values of refractive index from 

1.333 to 1.404) were used in the measurements carried out.  The sensitivity values 

of the devices created were calculated (and specified in units of wavelength shift per 

refractive index unit), as shown in Equation 7.1, with the calculation undertaken 

using Origin software.  

    𝑺 =
𝒅𝝀𝒎𝒂𝒙

𝒅𝒏
    (Eq. 7.1) 

 

 

 

Figure 7.7: Evaluation of the performance of the probes created – measurement of a series of absorbance 
spectra in different solvents, each representing different values of RI (colour coded and indicated above) 
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Illustrations of representative absorbance spectra from 4 different probes (Probes 1 

to 4) evaluated using different solvents (representing RI values from 1.333 to 1.407) 

are shown in Fig. 7.7.  From the data, the sensitivities of these four probes, coated 

with different AuNC samples, are presented in Fig. 7.8 and it is useful to note that a 

high level of precision has been achieved throughout the whole course of the 

experiment.  An analysis of the data has shown that the highest sensitivity was 

obtained from AuNC3 coated sensor (Probe 3), with a mean value of 1933 ± 108.2 

nm/RIU. The values of sensitivity determined for samples of AuNC1 (Probe 1), AuNC2 

(Probe 2) and AuNC4 (Probe 4), each coated to create appropriate optical fibre 

sensors, is 783.9 ± 12.0 nm/RIU, 980.4 ± 77.0 nm/RIU and 415.5 ± 16.5 nm/RIU, 

respectively.  The data reported show that the sensitivity changes with the change in 

morphology of the particles (as can be seen from the images inset in Fig. 7.8). With 

the increase of the degree of hollowness of the structures, the sensitivity of the 

sensors created has shown a significant increase from 784 nm/RIU to 1933 nm/RIU. 

However when the nanocages were deconstructed (as in the case where AuNC4 was 

used), the coupling effect between the exterior and the interior plasmonic fields 

ceased to exist and this, as a consequence, was seen to lead to a dramatic drop in 

the sensitivity of the probe formed using this material (Probe 4). 

 

Figure 7.8: Sensitivity comparison between probes 
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It is important to consider the results from these sensors, in light of both previous 

work by the authors and other published data.  Thus compared to those LSPR sensors 

reported earlier either by the authors or by the other researchers, the LSPR sensors 

based on hollow particles have demonstrated better performance and sensitivity.  

For example, the sensitivity has been shown to be approximately 4.5 times greater 

than that based on gold nanoparticles of similar size (40nm) (comparing to a 

sensitivity figure of 418 nm/RIU for 40 nm AuNPs to 1933 nm/RIU for the AuNC3 

coated probe) [28]. Further, considering the reported sensitivity to RI of the LSPR 

sensors based on gold nanorods, the use of gold-silver alloy particles has not yet 

achieved a comparable sensitivity to that from AuNCs either.  Even the low sensitivity 

demonstrated by Probe 4 (at 415 nm/RIU) is in fact approximately 50% more 

sensitive than that of 20 nm AuNP-coated sensors (at 266 nm/RIU).  This enhanced 

sensitivity can be explained by consideration of the underpinning theory through the 

inter-particle interaction based on the work reported by Jain et al. [29] for gold 

nanospherical particles. A smaller interparticle distance would greatly enhance the 

plasmonic coupling effect, which therefore would produce a higher value of 

sensitivity.  In the case of AuNC4, the cage structure was deconstructed with small 

parts still being held together by the surfactant.  Therefore, the plasmonic coupling 

effect could still occur and this would result in a higher sensitivity, in comparison to 

using similar solid nanospherical particles.   

A graphical summary of the experimental results obtained in this work, together with 

those reported in the literature [28, 30-32], is shown in Fig. 7.9, in which the 

sensitivity values of the probes were plotted against the plasmonic peak of the nano-

materials in their original solutions. The data for the gold nanorods have been 

adapted from the experiments reported by Cao et al. [30, 33] and discussed in 

Chapter 5. Particles of the same type were grouped together and the sensitivity 

variation trend of each group can be clearly observed and cross-compared to that of 

the other groups.  Within each group, it was noticed that the increase of the red-shift 

of the absorbance peak of the material was related to the increase of the sensitivity 

of its corresponding sensor, although the magnitude of increase was different for 

different types of materials. Mayer et al. [34] have stated that the position of the 
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plasmonic peak, the sensitivity, and the materials size and type all play important 

roles and have demonstrated a more complicated correlation of the effects of these 

different parameters.  

 

Figure 7.9: Plot of sensitivity vs. plasmonic peak of different gold nanostructures. 
AuNPs: Gold nanospherical particles; AuNRs: Gold nanorods; AuNCs: Gold nanocages particles;  

A25, A75 Alloy: Gold/silver alloy nanospherical particles with 25% and 75% Ag content, respectively. 

 

Figure 7.10: Plot of sensitivity vs. size of different gold nanostructures 
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A comprehensive summary of the corresponding sensitivities of the sensor probes 

created, as a function of the particle size used, is shown in Fig. 7.10. In this 

illustration, all the AuNCs samples used are illustrated in the figure on the basis of 

their size being the same size of the original cube (40 nm). The size of the nanorods 

was represented by the length of the rods, just for the ease of comparison. 

Mahmoud et al. [24] has summarised the sensitivity of the different types of gold 

nanoparticles considered, based on the published data, showing a sensitivity of 44 

nm/RIU with gold nanospheres, 150-285 nm/RIU with gold nanorods, 408 nm/RIU 

with hollow gold nanocages and 620 nm/RIU with gold nanoframes [24]. Compared 

to those data published in the literature and listed below in Table 7.1, the LSPR 

sensors based on AuNCs reported in this work have shown a superior performance, 

showing a higher value of sensitivity, this being in the range of 783 - 1933 nm/RIU. 

Table 7.1: Sensitivity comparison of some results in literature 

Nanostructure Sensitivity Ref. 

Gold colloidal nanoparticles  071 nm/RIU  [35]  

Gold nano rods 650 nm/RIU  [36] 

Hollow gold nano shell  408 nm/RIU  [35] 

Arrays of gold nanodisk  167 nm/RIU  
327 nm/RIU  

[37]  

Gold nanodisk trimers  170 nm/RIU  
374 nm/RIU  

[38]  

Gold nanorings  880 nm/RIU  [39]  

Gold nanoring trimers 345 nm/RIU  [38]  

Nanocubes  165 nm/RIU  [40]  

Nanocrescents  879 nm/RIU  [41]  

Nanostars  218 nm/RIU  [42]  

Nanocross  
Nanobar  

710 nm/RIU  
1,000 nm/RIU  

[43]  

Double nanopillars with nanogap  642 nm/RIU  
1,056 nm/RIU  

[44] 

Nanopillar arrays  675 nm/RIU  [45] 

This thesis’ experiments   

Gold nanospheres 
13nm diameter 
20nm diameter 
40nm diameter 
60nm diameter 

154 - 914 nm/RIU 
154 nm/RIU 
266 nm/RIU 
418 nm/RIU 
914 nm/RIU  

[28] 

Gold nanorods  601 nm/RIU  [31, 33] 

Gold/silver nanoalloys 131- 625 nm/RIU [32] 
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A25 alloy, 13nm diameter 
A25 alloy, 17nm diameter 
A25 alloy, 24nm diameter 
A25 alloy, 34nm diameter 
A75 alloy, 13nm diameter 
A75 alloy, 19nm diameter 
A75 alloy, 33nm diameter 

131 nm/RIU 
258 nm/RIU 
361 nm/RIU 
531 nm/RIU 
477 nm/RIU 
502 nm/RIU 
625 nm/RIU  

Gold nanocages 
AuNC1 
AuNC2 
AuNC3  

 
783 nm/RIU 
980 nm/RIU 
1933 nm/RIU  
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7.4. Conclusions 

In this Chapter, an intensive study of the potential of hollow nanostructures in gold 

has been carried out with extensive data reported, together with a cross-comparison 

to the previous work of the authors and literature data.  Initially the required gold 

hollow nanostructures were successfully synthesised with controllable shapes and 

hollowness for a planned series of experiments using optical fibre sensor probes.  

They have been coated subsequently onto optical fibres to create LSPR sensors which 

were used for a series of refractive index measurements.  An important result of the 

work done was the observation of a much higher sensitivity of these optical fibre 

probes, compared to the other types of LSPR sensors reported, having demonstrated 

values of sensitivity of up to 1933 nm/RIU.  The key advantage of using the techniques 

reported is that the sensitivity value of the sensor thus created is controllable, 

showing an increase with the hollowness by changing systematically the aspect ratio, 

i.e. increasing the length of the cage wall and decreasing its width.  A highly effective 

sensing system thus has been discussed based on these structures and demonstrated 

for RI measurement.  However, the approach described in this work can be expanded 

for bio-sensing as the metal layer could be further functionalised for specific bio-

agent recognition.  The high sensitivity of the probes demonstrated in this work 

(compared to literature values) could also enable the sensor to be used in a direct 

sensing manner, without using the sample preparation and concentration step.  Thus 

with a relatively short time needed for fabrication (a total time of preparation of less 

than 12 hours was used), the probes developed are easy to prepare.  Further, they 

are reusable as they can conveniently be cleaned for such reuse through several 

normal washing cycles with water and solvent.  Moreover, multimode optical fibres 

can be configured and are relatively cost-effective, allowing for volume production 

and relatively easy disposal of used probes. 

Future research is needed to enhance further the sensing capacity, possibly by 

increasing the size or the hollowness of the cage.  It is also noted that the sensitivity 

could be enhanced by immobilizing the gold nanocages onto optical fibre substrates 

of different configurations (e.g. tapered fibre or side-polished fibre). 
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Conclusions and Future Work 

 

 

8.1. Conclusions 

In this chapter, major conclusions, significances, implications and suggestions, based 

on the detailed work discussed in previous chapters, would be made with 

discussions. This will also echo the major aims and objectives set out in Chapter 1. 

The primary objective of the work discussed in this thesis is to examine the sensing 

capacity of metallic nanostructures in an optical fibre sensor system through various 

experimental designs, evaluations, implementation and optimisations. The optical 

fibre system was chosen to be a reflective type with the sensing area being 

decladded, allowing for the coating of metallic nanostructures before further surface 

modification and functionalisation for the creation of bio-sensors. Chapter 4 has 

focused on the design of AuNP-based LSPR sensor design and optimisation for 

refractive index sensing through a systematic evaluation various parameters in order 

to establish an optimal procedure for maximising the sensitivity of the sensor system. 

More discussions and comparisons have been made in terms of the use of other 

novel types of nanostructures. Coupled with theoretical studies published in 

literature, some conclusions are withdrawn with insights and implications, which 

could be summed up as: 

 The sensitivity of LSPR-based sensing system investigated in this thesis has 

shown a clear correlation with the characteristics of the coating metallic 

materials. For example, the LSPR sensor coated with a larger size of gold 

nanospherical particles leads to a higher sensitivity of the sensor when it is 

subjected to the refractive index change in the surrounding medium. This 

experimental result shows a good agreement with the theoretical studies of 

plasmonic effect on nanoparticles. 
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 Some experimental parameters related to the coating process were analysed 

and their direct effect on the sensitivity of the sensors created were 

systematically evaluated and optimised. The nature of coating process 

involves electrostatic interactions, covalent bonding and silanisation process; 

therefore external conditions such as pH, temperature and coating time could 

affect the quality of the sensing probe created to some extent. As discussed 

in Chapter 4, pH variation, in this particular experiment, from 3 to 5 expressed 

statistically no effect on the sensitivity of the probe. Coating time and 

temperature, on the other hand, could induce influences on the sensitivity. 

AuNPs with different sizes required different time to reach coating saturation 

and coating AuNPs with bigger sizes is often related to longer coating time. 

Similarly, higher temperature creates a higher thermodynamic system with a 

higher kinetic energy, which could make a significant impact on the coating 

process. 25 oC was experimentally proven to be the optimal temperature for 

ensuring both the high sensitivity and a large dynamic working range. 

 Stability and repeatability of the sensor system were tested and proven to be 

consistent over at least ten-day period. These tests demonstrate the potential 

of LSPR-based sensors for future development of inexpensive, versatile and 

reliable sensing probes for chemical and biological applications, with 

possibilities of mass-production, disposability and multifunctionality. 

 Cross-comparison of gold nanospheres and gold nanorods was made and 

their respective biosensing potential has also been demonstrated in chapter 

5. The high sensitivity of the sensor can either be achieved by using relatively 

big nanospherical particles or by gold nanorods with a high aspect ratio. In 

this demonstration, LOD of the sensor was reported to be as low as 1.6 nM, 

which was comparable to other reports in literature.  

 Following the successful optimisation of AuNP-based sensors discussed in 

Chapter 4 and their subsequent cross-comparison with AuNR-based sensors 

discussed in Chapter 5, a variety of gold/silver nanoalloys were investigated 

in Chapter 6 as an alternative choice of materials using a similar fabrication 
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process and experimental evaluation system. Alloy nanoparticles, which 

possess the benefit of chemical stability from gold and excellent plasmonic 

properties from silver, have shown to be beneficial for the sensor sensitivity 

enhancement. Small alloy nanoparticles were proven to achieve a higher 

sensitivity than that of gold nanoparticles of a similar size. More importantly, 

the sensitivity of the sensor was not only dependent on the diameter of the 

nanoparticles but also on the content of the alloy. The correlation between 

sensitivity, particle size and particle content is complicated. 

 Novel classes of nanostructures, such as hollow nanocages particles, were 

also synthesised and used in fabrication of LSPR sensors with the details being 

discussed in Chapter 7. With the exceptional plasmonic effect caused by the 

coupling between the interior and exterior plasmonic fields in the hollow 

structure, gold nanocages were experimentally prepared and used for the 

construction of LSPR-based sensors, which have demonstrated an excellent 

sensing capacity. The plasmonic effect, which directly contributes to the 

sensitivity of the probe, was proven experimentally to be dependent on the 

hollowness or the wall thickness of the structures. The sensitivity of the 

system from hollow nanocages particles as discussed in Chapter 7 shows at 

least 3 times higher a sensitivity than that of solid ones with a similar size. 

This result indicated the importance of hollow structures and suggested that 

more advanced sensing capacity could also be explored by using larger 

particles with an increased hollowness. 

In summary, a sensing system for refractive index measurement based on optical 

fibres based on localised plasmon resonance and various metallic nanostructures has 

been successfully investigated and fabricated. The experimental results in this work 

brought some important insights into and implications for further development of 

practical sensors. 
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8.2. Future work 

In this thesis, a series of nanomaterials was rationally chosen for evaluation of their 

capacity in the fabrication of compact optical fibre sensor probes for refractive index 

sensing purpose. Despite the success achieved, there is still a wide scope for further 

research and this is discussed in detail below.  

 Practical sensing purposes could be explored in various chemical and 

biological sensing schemes. The nanomaterials layer deposited on the fibre 

has shown to be an excellent platform for chemical or biological reagents, due 

to the metal’s localised plasmonic effect. The applications could be unlimited, 

as long as a proper measurands-capturing mechanism is employed to achieve 

high selectivity and stability. As reviewed in Chapter 3, from pH, temperature 

to gas sensing or bacteria or DNA sensing, applications could bear no 

limitation in both measurands and sensing mechanisms. 

 Basic research of nanomaterials and nanostructures could also be continued. 

For example, various alloys of different materials and contents could be 

examined based on theoretical studies and practical deployment (e.g. 

environmental stability or cost-effectiveness). Nanomaterials with hollow 

structure possess powerful potential in sensing area. Research in chapter 7 

just shows a start but many possibilities can be explored. For example, the 

sensing potential of other types of hollow structures, such as nanotriangles, 

nanostars, nanorice, nanocresents have not yet been evaluated but their 

corresponding solid structures have shown a much stronger plasmonic effect 

than the plasmonic property of gold. Further investigation into this area could 

yield surprising and fascinating results and could offer an effective method 

for raising sensitivity of LSPR-based sensor systems. 

 The controllability of the fabrication process is required but it has not yet 

been explored. The advance in nanomaterial research has pointed out that 

not only materials themselves, but also the structure of these materials at 

nano level could possess extreme effects such as the creation of negative 
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index materials or metamaterials [1]. Plasmonic metalmaterials based on gold 

nanorods were reported to have exceptional sensing capacity, much higher 

than that of freely assembled gold nanorods [2]. However, the fabrication of 

this type of structures requires expensive instruments. An alternative 

inexpensive fabrication technique based on chemical interactions has not yet 

been discovered. Proper control, growth and fabrication of nanostructure like 

gold nanorods on substrates could be made possible through an appropriate 

selection of surfactant, encapsulated agents, solvents and other physical 

parameters such as temperature, pressure, etc. In addition to that, self-

assembly monolayer should also be regulated via physical interactions and/or 

chemical process such as polymerisation or covalent bonding. 

 Moreover, optical fibre itself can also be tailored for further sensitivity 

enhancement. Different structures such as U-bent fibre, tapered fibre or fibre 

tips can increase sensing performance compared to that of standard fibres. 

Other types of fibres such as long period grating (LPG), Fibre-Bragg Grating 

(FBG) or photonic crystal fibre (PCF) could also contribute to the sensitivity 

improvement. It is also important to consider the miniaturisation by 

integrating all components into one portable system with replaceable and/or 

disposable sensing probes. This possibility encourages commercialisation for 

future development. 
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