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Abstract

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 localisedrice 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 nhanomaterials has shown a strong dependence on the local
surrounding envirament. 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
nanoparticlefAuNPSs) 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
severakey factors, such as the size of nanopatrticles produced, pH, coating time and coating
temperature.

The above optimised probes coated with golanoparticles are further crossompared with
those optimized but coated with gold nanorods with a high aspetid rBoth types of probes
are also prepared for a specific biosensing application based on the ant#Hmiggen
interaction to create wavelengtbased sensors for the detection of aftiman 1gG. Both
probes have exhibitedxcellentrefractive index (RIsensitivity, showing ~914 nm/RIU
(refractive index unitjor 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 achiemgood LOD (limit of detection) at 1.6 nM.

Based on the above cresemparison, 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 excellebBPR 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 catent has shown better performance in Rl 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 nanopatrticles resulting from the enhanced coupling between the interior and exterior

of the hollow patrticles. Gold hollow nanocages have been successfully synthesised and
tested with different hollowness and a LSPR sensor coated with gold nandwsyskown

an excellent sensitivity as high as ~1933 nm/RIU, whitloie than3 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 clasgensing applications.

Xiii
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Chapter 1

Introduction

1.1.Introduction

A ®nsoris a device which converts physical, chemical and biological parameters
which could not be directly measureable into electrical signals that can be directly
processed and perceiveﬂ. In addition to that, the converted signals should be

correlated to the amount of input paraeters for quantitative purposes.

A ®nsor 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 ptudag northuman
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 purposesSensors can also providactual, 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 detter managehuman
disablities, providing timely information for health care, alarming and rescue

purposes, nhavigating and tracking disabled people,c.

In this thesis, an optical fibre sensor system using a metallic nanostructure based on
plasmonic effect is explored and detailed. A typical optiteefsensor uses light as

a transducing signal which is propagating through an optical fibre. Optical
interactions of incoming light and the measurands, either direct or-dioect, would
cause differences in the outgoing light via various modulation meish@s 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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Chapter 1

physical properties which are different from their bulk metallic structLﬁsAmong
those,the %00 su}v] (( 38U AZ] Z ijteraction pfacedses between
electromagnetic radiation and conduction electrons at metallic anfaces or in
small metallic nanostructures, leading to an enhanced optical near field of-sub
wavelength dimension, 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 chemi¢@and biosensing.

The original researcimithis field did not draw muchttention when the work was

first published, but was fully acknowledged several decades erOne of the
reasons is that the potential of a research could not be easily assessed, especially
through theoretical research. Colloidabld and othermetalswere created early in

15th t 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. Faﬁj\a&no first
conductedan 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 availabili of advanced fabrication technologies. Similarly, theoretical
studies of surface plasmsnvere reported as early as 1900s with the most notable
by G. Mi in his original paper in 1908, butvtas not until 1950s that the paper
was fully acknowledged. The first surface plasmon sensing application was reported
later in 1983 by Liedberet al. . A similar pogress path for optical fibres with the
theoretical framework being set up early in 1910 by D. Hondros and P. ﬁbbet

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

N. S. Kapan@, and high attenuation glass fibre optics were fabricated by K.C. Kao

andG. A. Hockha in 1966.

S. MayerEl summarised four major elementseeded for rapid development of

plasmonic materials and theyere:

X Advanced technologies, including both advanced fabrication techniques, such

as electron beam lithography (EBL), nsploerelithography (NSL) and
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characterisation techniques, such as higisolution transmission electron

microscopy (HRTEM);rXy diffraction (XRD) system, etc.)

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

microscopy, high resolution photdetector and photo multiplier.

x Advanced computing, datanalysis and numerical modelling, such as

multivariable data analysis techniques, artificial neutral network, etc.
X Widespread needs in real life.

A typical example is the development of an advanced optical fibre plasmonic sensor
which requires the advancesmt in fibre optics, plasmonic effects and
nanomaterials; and their integration enables widened sensory applications. Fibre
optics provides miniaturisation and compactness, along with-eeasiveness, high
power transmittance and instant response duethe optical properties of lightThe
plasmonic effect, especially in nanomaterials, brings ultrasensitive sensing
mechanism down tosingle moleculdevel. When they are integrated together,
plasmonic optical fibre sensors offer a powerful yet simple solutaymanoscale

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 uniquersesf 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 furthedified 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 eliminabbmpurity, 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 filnto it, conducted by R. C.
Jorgerson and S. S. . In 2000, localised surface plasmon resonance (LSPR) was
reported to be incorporated experimentally withthe glass substrate via colloidal
nanogold suspended on the glass slide by Okanebtal. . L-K. Chatet al.

were the fiist that proposed novel LSPR based optical fibre using gold nanoparticles
and applied in biosensing via demonstration of biegtreptavidin interaction. Since
then, various configurations and sensing strategies have been developed and the
research in thisrea 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 aasyeneric 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:
X To establish a thorough understanding of plasmonic nhanomadseaiad their
wide applications in optical fibre sensing, through a series of carefully
designed experiments.
X To evaluate sensing capacity of different metal nanomaterials when they are
incorporated with optical fibres, particularly in Rl sensing.
x To demongate the biosensing ability of the plasmonic sensors through
antigenantibody detection.
X To estimate and predict the huge potential of advanced nanostructures in

sensing applications.

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

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

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

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

in particular those using gold and/or silver nanomaterials.

Chapter 4shows the detailed research undertaken by the author to produce optical
fibre sensors using gold nanoparticld@his 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 @ithered various parameters which could

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

Chapter 5shows the performance crosomparison between the LSPR sensors
coated with gold nanoparticles and those coated with gold nanorods, their

applications in biosensing area.

Chapter 6details the development of optical fibore LSPR sensors coated with gold
silver alloys, highlighting detailed synthesis of various alloys with varying content and
size, and their impact on the sensitivity the sensors created, in particular in Rl

sensing.

Chapter 7details the development of optical fibore LSPR sensors coated with hollow
nanomaterials and their application in Rl sensing. This chapter also summarises and
compares all the LSPR sensors repaiby literature and created by the author and

their sensitivities in Rl sensing.

Chapter &oncludes 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 challsngesing from the real world. In

this chapter, the theoretical background for optical filvased sensing based on
surface plasmon resonance (SPR) and localised surface plasmon resonance (LSPR) is
given prior to the detailed discussions on the manipulawbdthe LSPR effect through

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

2.1.Optical fibres for waveguiding and sensing

Since the first discovery of a light transmitted mediuni841 by D. Colladen and J.
Babinet, and shortlafterward by J. Tyndall in8Z0 , fibre optic ha 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 a& of compact size and light weight and along with their exceptional
light transmittance, electromagnetic interferendeee and inexpensive cost; they
have found niche markets for sensing, showing advantages over their electrical
counterparts. To create ampptical fibre sensor, a section of an optical fibre can be
functionalsed as an active part, for example, through coating a thin layer of gold
film/particles to form SPR/ LSPRsed sensors as discussed in detail in this work. If
a section of fibre withts refractive index is being periodically modulated, fibre Bragg

grating (FBG) or long period grating (LB@¥ed sensors can thus be created for

strain/temperature measurement$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 phatetector or a spectrometer for
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further signal analysi The sensor, i.e. the functiorssld fibre section, is able to

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

Protective cover n
Ny

Claddin

(a) (b)

Figure 21: a) Typical fibre structure and b) Total internal reflection inside a fibre core.
No, Ny, Ny is respectively the refractive index of the outside medium, the fibre core and the cladding

As illustrated in FigR.1 (a), a basic optical fibre consists of two key parts: the fibre
core and the ladding. The outer layers such as jacket and protective cover are
% E]Ju E]JOC - (JE& SZ (] & [+ % E}S S]}vX >]PZS SE v

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

Optical fibre sensors atgsually classified into two major types: intrinsic and extrinsic
optical fibre sensor. In an extrinsic sensor, optical fibre acts merely as a
waveguide andhe 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
medanisms 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, |i

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 anconfiguration of the sensor. The performance of an

optical fibre sensor system can also be limited by the availability and specifications
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of the system components available, for example, the bandwidth of a light source or
the response time of a photdetector. 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 Loca&dés Surface Plasmon Rewmnce (LSPR) are based the
plasmonic effect, but their underpinning sensing mechanisms are different. Surface
plasmon resonance, which was firstly discovered by Wood in 2is the
collective oscillation of electrons propagating along the meialectric interface
When light from a light source interacts with a metigélectric interface, photons
from this light source are transferred to a packet of electrons, which are called
surface plamon. 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 SPRfigarations, as shown in Fig.2, are
Krestchmann and Otto configuiahs. In Krestchmaneonfiguration 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 usednfiguration in practical applications, where the
gold surface could be modified to be a local specific binding site for chemical or
biological reagents. In the Otmonfiguration as shown in Fig.2(b), the metal layer

is positioned not directly on butlose to the prism surface, allowing the evanescent
electromagnetic wave to interactvith the metal layer and excitehe surface

plasmons.
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(a) (b)

Figure 22: (a) Krestchmann and (b) Otto configurations for SPR effect. Reproduced f © Springer
2007.

Surface plasmons are usually characterised by the propagation congtawhich is

given by equation (2.1) beIo:

(e L Jpol o 825 (Eq. 2.1)

O 3/4>é“.

In Equation(2.1), fiis the angular frequency?is the speed of light imacwm, Ygis
permittivity of the metal andJ.,is the refractive index of the dielectric. Therefore,
surface plasmons depend largely dme angular frequency, refractive index of
dielectric medium and the permittivity of the metal. Because the evanescent field is
highly lacal (from 150t 400 nm from the excitation surfac, a small change in

the local surface afhe 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 intensi as illustrated in Fig2.3, are usually used to
meet various sensing needs. In a sensor design based ommtidulation of
wavelength as shown in Fig.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 canertiecshift

in plasmonic wavelengths and this shift would be used sesnsor output. An angle
based tehnique is illustrated in Fig.3.b, where a monochromatic light source with

a fixed wavelength is used and the angle of incident beam is seen tayvarfunction

-10-
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of the surrounding refractive index. In the intenshigsel 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 imtéesity of

the output signal.

Figure 23: SPR sensing strategies based on modulation of a) wavelength, b) angle of incidence and c) light
intensity. Reprinted from Ref. © Springer 2008

2.3.Localised Surface Plasmdresonance (LSPR)

Localised surface plasmon (LSP) is a phenomenon where the electrons of metallic
structure coupled with electromagnetic field from excitation Ii . It arises from

the scattering properties of small, conductive particles in an oscillating
electromagnetic field. Adlustrated graphically in Fi@.4, the electronic and ionic
clustersare 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 metallc particles and this effect is termed localised surface plasmon resonance

(LSPR).

-11-
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Figure 24: Schematic illustration of localised surface plasmon. Reproduced from @.@ 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 senstagisyor noble metal

like gold and silver, the resonance wavelengths are within visible range, for example,
colloidal solutions of those metals are brightly colou@. This phenomenon is

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

has been explained in theory by Gustav Mie (28G9 6+ ps]JvP D A£A oo <u §
of electromagnetic field documented ims weltknown paper published in 19.

This grounebreaking study has laid a solid foundation for characterising, modelling

and anticipating properties of other nanostructures than spbarismall particles.

Below include some fundamental theories behind.

-12-
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2.3.1. Mie theory

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

% ES] o » pue]vP D £A oo[s <y 8]}ve ]Jv 0o SE}u Pv §] 37}
he succesfully explained the distinct rubyed 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
modifica§]}veU %% 0] S]}ve v }EE S§]}ve }( D] [+ }E]P]v O
other than gold and with different size and morphology. These includespberical

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

chiral andanisotropic spheres, from few nm up to i in diameter.

d} A %0}E D A£A oo[* <«u 3]}v (}E -absdtbidymediute, MES] 0 ¢« v
established several important equations for scattering, absorbance and extinction at

the crosssection. Detailed mthematical 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:

%ob% Al@b:t. Es;: =A% E >°; (Eq. 2.2)
égéQL% ARlg:t. Es; A= E >;? (Eqg. 2.3)
ook €x0b Es¢ (Eq. 2.4)

where k is the wavevector of incominghtgand L are integers representing the
dipole, quadrupole, and higher multipoles of scatteringaad h are the following

parameters, composed of Ricatti ¢+ o (pv §]w N

_ A ad; e Jae; ye
=i L Y . 0o 0as b (Eq. 2.5)
wal, D67 Laé,; e,
yae; Se2a Zas; 46
> L —= % 1(2 - (Eq. 2.6)

1/2.38, P/ze,’)é 192387 1/281

Where | L JAJ; and 3L Je: E Blais the complex refractive index of the metal

material, J; is the refractive index of the surrounding medium. So that
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@ éA>L"ﬁo
L L (Eq. 2.7)
TL QNL%N (Eqg. 2.8)

With G is the wavenumbem the medium.

Equations 2.22.7 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 lgartic
with diameters much smaller than that of the wavelength of the excitation light, i.e.
teN aKN' s equations (2.5) and (2.6) used to calculatgand >z can be
simplified as given in equations (2.9) and (2.10), assuming higher ordg@aofd >z

are zero.
Lﬁ"/ .25
:SNF—jZ_>6 (Eq. 2.9)
> Nr (Eq. 2.10)
Substitute | in Eq.(2.7) into Eq.(2.9), we have:
_ &/ ax ?a0 >6lhga0?agy"
S N P e acoiy (Eq. 211)

Next, with complex metal dieledt function, we have
YA X E B
¥% L Je®F IR
Y% L tJeJda

And with medium dielectric functiony, L J, & equation(2.11) can be modified to

be

= NS 20?0 0>7. 07U, >6Ug (Eqg. 2.12)

7 L .>6 g >
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Substitute this value into ER.2) and (2.3), the scattering and extinction coefficients

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

" 760 51 1?2 >

eob 0T Seo e (EqQ. 2.13)
A 5< g/ 1 s

eﬂéd- : >0 67> 1 (Eq. 2.14)

Equation (2.14) could be used for establishing retion spectra of small
nanoparticles when excited by light. It can be seen clearly ¢ depends on

% ES3S] o [+ tedlume f the particle, related to rt 1§ E JueeU % ES] ©
characteristics % and ¥) and surrounding medium ¥%). Extinction can be
maximised when>¢:&; EtY, ® E %:4&;%is a minimum and this can be achieved

when ¥ L Ft Y. When this specific condition is considered for Gold and SilegE,

can be calculated precis. It has been reported that the theoretical data

obtained matched well with the experimental data obtath&om small gold and

silver particlg17-19].

In the case of real life, where the particle is npherical, equation (2.15) below can

EJA U A]J8Z — E % E « vVS3]VP 8§Z <% § @langgu ]X X
diameter and outof-%00 v Z JPZS }( SZ Vv Vv}% ES] 0 ~]wW < }(
is the areal density of the nanoparticle amds the radius of the particl:

A 68C0 g/ " o .
€6 52 B ®?>..C (Eq.2.15)

dZ E (JE U C A EC]JVP — A op U 8Z]* %% E}A]Ju 8]}v }uo
AS]v S]}v «% SE& }( o}vP § % ES] 0« E SZ E SZ V *%o.
from 2 (spheres) to 17 (rod with 5:1 aspect ratio), the extinction spectra ofnoa@no

particles with varying aspect ratio can thus be obtained using Eq ﬁlﬁ .
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Table 21: Values of dielectric constants of different metals. Adapted from © Springer 2010

Metal Dielectric constant ¢y E *¢) ‘U\/\{U

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
calcuated and crossompared. 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 whiché.cs. P ¥%.o¢. 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 thain gold, therefore, theoretically, the resonance peak of
Ag appears to be sharper than that of .

Figure 25: (a) Real and (b) laginary part of extinction spectra from gold (yellow line) and silver (grey line).
Reproduced from Re © ACS Publications 2011

The fact that &, s depends onY is particularly important for sensing applications

and this underpins the sensing mechanism for refractive index measurement using

LSPR approach. Also, in from Eq. 2%, ¢ Z}A. 3§} % V VS }( % ES] O
(=t E Jue* }( 8Z % ES] 0 * VvV % EIFlhe appectralid ofSthéE |+S] ~
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 alse predicted using the above equations as

described belo:
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?6x%
iBhosl | (JBFA HA (Eq. 2.16)

where ¢Jis the change in refractive index, is the bulk refractive index response of
the patrticles, @s the thickness of absorbate layer andlis electromagnetic field

decay length.

CENY
[ > EMEg g > -

el =Y ' °8 Ay (Eq. 2.17)

where Zsare the depolarisation factors along three ax&, B, C of the nanorod, and

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

2 L2 B Z@AF SC (Eq. 2.18)
2 L2, L2E (Eq. 2.19)

6

The relationship between valugand aspetratio R is given below:

6 5
AL 8 F @AhL §sF— (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.
Haisset al. 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
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established for norspherical particle. Mie theory has already been modified

for an absorbing medium, rather than natsorbing medium in its original ¢lory

. Other types of spherical particles haalso been extensively explored, such as

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

particles.

The original Mie theory can only be applied for small spherical pastielbich has
shown some limitations. In reality, the-psepared nanomaterials always show a

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

2.3.2. Discrete Dipole Approximation (DDA) calculation

u} 1(¢ sz

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

be found in abook chapter by Engueha

22

28-32

. Zhacet al. gave an concise and straightforward summary of common

uszZ} o e

0 HO S]}v u 8§Z} ~e¢ 8} (]85 (}@& SAnudn@&icab|[ *Z %o
method was proposed by E.M. Purcell and C.R. Pennypes?;} Z(]Joo Jv §Z P %o[

lv u}

oo]vP

v e E] JVP Vv v}% &S] 0 <]

, Or in many other important papers

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 po E] -

] G:] § @) determined by a nanoparticle dielectric

function. The dipole fin each element is defined a&;L Uj g as in which' ¢ 449

the sum of incident and retarded fields of the othertNL elements, as givem Eq.
2.21

where ' 4is the amplitude of incident wavelength, ar@L t é\/glis the wave vector.

‘sawl "vadE xvassb AVROF Alg #o V@
Y- U

#,is the matrix of @ole interaction and is given by:

O
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With N is the vetor from element Eo element F

After having solved these equations, the final conclusion for extinction -G@cson

is given by

% e d o7 Al + 10§ O ag (Eq. 2.23)
DDA method has been wekcognised and widely applied in simulation of extensive
structures, such as nanotriangle, nanodisk, nanocube,-sbedl particles, hollow
particles and many others, with diameter ranged from few nanometre to hundreds
nanometre. For exampleéhe EFSayel group has used DDA calculation for various
type of nanostructures, ranging from gold to silver, such as-gibldr alloy of
different content ratio and siz, gold nanoro, gold nanocage as well
as for coupling effect of nanoparticl. The calculation has shown a good fit with
experimental results and has provided a powerful toal &pplications in sensing

area, for example, for enhancement of RI sensitivity by using gold nanof@es

In addition to Mie theory and DDA method, several other numerical methods have
been widely reported. In 1998, Thomas Wri reviewed different calculation
methods, including point matching methodniatrix method, generalised multipole
technique (GMT) and other volurEased methods such as Finite Difference Time
Domain (FDTD), Tmamission Line Matrix (TLM), Volume Integral Baquma(VIE) and
Finite Element Method (FEM). Myroshnychengb al. summarised several
popular methods with their own advantages and disadvantages, including DDA, FDTD
and boundary element method (BEM). éngprehensive review of characterisation

of light scattering by particles was given by A.R. J ﬁ s 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, SR and LSPR. With technological advancement both in the optical fibre
manufacturing and in materiakcience driven byhe telecommunicationsndustry,
optical fibre proves to be an excellent material not only for light transmission,
information and data tansfer 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 thaderpinning 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 phenoranon 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 abgation and scattering peak anithe enhancement of the

electromagnetic field1-4]. LSPR effect has gained much of interest, due to its huge

potential in various pplication areas, including clinical and medicat®émsing and
chemical sensing, imaging and therapy, etc. LSPR also shows the potential for
miniaturisation, which can be exemplified by a-apa-chip design, integrating a
range of microfluidic deviceyeing 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 differeaspects in relation to LSPR, ranging
from synthesig5-7], fabrication techniquegllﬂ, theoretical calculation@ to
applicationsE IE . This chapter aimgo review the stateof-the-art

technologies reported and thus provislieollective information, in particular, in the

field of LSPRased sensing. This chapter starts with the introtion of a generic
LSPR sensor configuration, which includes the key components required to create a
LSPRased sensor. This is followed by discussions on the sensing mechanisms and
the strategies which have been widely deployed for sensing. Detailedsdistis 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 apptiations reported in chemicasensingand biosensingarea 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, du#stspectral enhancement and
dependence on the medium surrounding the nanomaterial. Different sensing
strategies have been derived from this phenomenon &gl 3.1 shows a generic
configuration of a LSPR sensor system, in which the sensing area iy usasdd
with plasmonic materials. Light from a light sourtei¢ guided to interact with the

sensing area and the resulting spectral signal variation is collected by a det@gtor (

Light source Sensing Area Detector
—> >

(8] C) (D)

Figure3.1: A generic LSPR sensor layout

Various light sources can be used for this purpose, ranging frone Wgitt sources
(typically with a wavelength range of 2@%00nn), lightemitting diodes (LEDS) to
normal laser sources. Spectroscopic techniques are usually used for the detection of
LSPR induced spectral variations, ranging fromVidgible to near infraed (NIR),

which is dependent on the corresponding LSPR absorbance characteristics. Dark field
spectroscopy has been used extensively for single nanopatrticle sng)ther
techniques such as surfaemhanced Raman spectroscopy (SERS) or quartz micro

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

A dass slide was first chosen athe main platform for the deposition of

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

18-22], fluorine-doped tin oxide (FTO) polym or anodic aluminium oxide
(AAO) platform , have also been chosen, either for the enhancemeht

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

coated onto optical fibres, either on the ersdirface or on the decladded portion of

the fibre to create a highly sensitive, versatile and compact sensing J&&:g9).

The interaction between the propagated light along the fibre and the sensing surface
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results in the change in LSPR peak when the surrounding medium vargs.réode
fibres, multimode fibres with different core and cladding, photonic crystal fibres
(PCF and other metaldoped 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 tyes of sensor substrates. A detailed discussion on nhanomaterials is included
in Section 3.3of 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 expled, which includes both chemical techniques, such as
seedgrowth method, metal ion reduction, epolymer reduction and physical
methods, such as nanosphere lithography (NSL), electron beam lithography (EBL),
laser ablation and electrdeposition. Other les popular preparation schemes, such

« A\PE Vv Z ul*SEC_U Z A o} V % E}%}e X /v }Vipv ¢
methods, various immobilisation techniques have begmposed to coat the
nanomaterials onto a substrate surface, which include the agpdin of silanisation
agents, sobel techniques, biunctional compounds, electrostatic force or other

physical interactions, in situ chemical oxidation, hydrothermal growth, liphiase

deposition, etc.

In term of sensing, as illustrated kig.3.2, two main streams, i.e. bulk sensing,
commonly referring to refractive @ex (RI) sensing and molecular sensing or single
particle sensing, have been recognis@. Different types of spectroscopic
techniques have been used in diffetesensing 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 dtexing 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 sigtwahoise ratio (S/N).
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Figure 32: Bulk sensing vs. molecular sensing. Reprinted from. Copyright 2011 ©American Chemical
Society

In general, the evahtion 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 spegt. The sensitivity can be calculated using (Bd):

5 2810 (Eq. 3.1)

x a

i
JDAE

(1/ L (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(&q), 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 summaﬂsﬁeﬂlow:

X LSPR absorbandsased techniqueThe 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 défee in the absorbance

intensity or the shift in the peak wavelength.
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x Colorimetric techniqueThis technique can be implemented when there is a
colour change as a result of the aggregation of metallic nanoparticles in

solution.

x Direct LSPR spectral moaring 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 absorbandsased technique

This sensing approach is theost 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 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 bg tihange in the concentrations

of analyte, such as gluco . Usng 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

- @@ﬁ%

Free particles in solution Aggregation upn binding
(red colour) (blue colour)

Figure3.3: lllustration of colour change due to theggregation of metallic NPs
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The coloimetric technique has been used for the detection of DNA using
oligonucleotidecoated gold nanopatrticles dispersed in solut. These mallic
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 colo&ig. 3.3. The aggregation creates a leug
intermolecular interaction between metallic nanoparticles and the imarticle

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

which can be observed by naked e.

Based on this aggregation phenomenon, a similar approach has been applied based
on biotin-streptavidin, antibodyantigen or glucos-Concanavalin A (conA)

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

solution such as At, Hg* , Fe+ , thiol-containing amino acids,
enzyme, bacteria|485l, protein, TN , etc. Their advantages including

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

to be more applicable for disposable and loast 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 dirdty affect the morphology of the nanometallic layer, and as a
result inducing the change in the LSPR absorbance or scattering speetral. ﬁ
proposed a methodor detection of Mecury ion (Hg by using silver nanoparticles

of different morphology. Silver nanorods, nanospheres and nanoplates were self
prepared by different seegrowth methods. With the presence of Hgion,
replacement reaction would occur, rdéng 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 f Hg
and the wavelength shift was recorded over the rafrgen 10 t 1500 nM with AgNR.
Similarly, Shaet al. proposed an approach to dete Oz, based on its etching
effect on gold nanorods. 3@, would induce a shapehange 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 beO&46 pM. The
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disadvantage, however, is the interference with the other molecules present in the
sample solutions. For example, for&detection, other metal ions could create a

similar effect, making this approach being rgpecific.

However, the main dadvantage of this approach is the nmversibility 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 ctly.

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

15 PJve A]$Z (u}us & E C[* A% E]u vén}ms. }ool}]

Since then, chemical approach has evolved to achieve different morphology with
JVEE}o0 ]Jo]3C }A E v V}*SEU SUE [* % E u §-§epX ] 00

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

create nucleit it is also called seefibrmation step. Second step is to grow the seed

into different particlestructures of choice, allowing for an appropriate control over

the growth period using different surfaatés. 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 formatianicrowave ultrasonic, hydrothermal

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

successfully synthesised using this approach, ranging from nanospheres, nanorods,

-30-



Chapter 3

nanotriangles, nanocubes, nanorice to more complex stmas 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 cowhell structure to a structure wittwo 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, inteparticle distance. Among these, electbeam litharaphy (EBL) is able

to provide an accurate control of gold nanoislands in a substrate. The disadvantage
is that it requires expensive equipment and letige sample preparation.
Nanosphere lithography (NSL) is an inexpensive alternative, which is simple a
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 patrticles, such as creating gold
nanodisks on glass by hollemask colloidal Iithograph@, making AeAg triangle
array on glass by N , or using the advantage of EBL to create gold nanostar,
nanoellipse and nanorin. The strength of using a physiegethod 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 nanoh, nanoga or nanowdl for
biosensing applications. However, costly equipmenteerded 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 subrate, 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, thefage of a substrate (normally glass)

is first modified with a silanised agent. Different orgasiane compounds, e.g- 3
mercaptopropyltrimethoxysilane  (MPTMS), -n8rcaptopropyltrimethoxysilane
(MPTES), -aminopropyltrimethoxysilane (APTMS)-afinopropyltiethoxysilane
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(APTES), 18-(trimethoxysilyl)propyl]ethylenediamine (TMSPED), are widely used.
Normally, thieterminated compound has a higher adhesiveness towards gold or
silver nanoparticles than amiaerminated compoun. A common strategy for
immobilisation of AUNPs on a glass surface is illustrateBign 3.4 Electrostatic
interactions between compounds are the main driving force to adhere these

together.

Figure 34: lllustration of immobilisationof AUNPs onto a glass slide

Solgel 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 produltiss process is able to create

a highly stable substrate with high surface density.

Another efficient immobilisation method is to use laymrlayer (LbL) technigue via
electrostatic interactions as illustrated Fig 3.5 Using this approach, a numbef o
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 bromideknown as CTAB (positive

charge).
20090¢
00000 0990g
209 0O¢
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Figure 35: 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 importancef their morphology.

3.3.1. Theoretical studies

Gold colloidal solutions were practically synthesised in the laboratory as early as in
1857byMichaeIFaradX us §Z 8Z }E& 8] ou} o C <}oA]vP D £
electromagretic theory to explain the phenomenon exhibited by spherical particles

in nanoscale was not reported until in 1908 by . Given the fact that the

classical calculation reported by G. Mg&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 , finite difference time domain (FDT@, and

finite element mehod (FEM . Each of these theoretical models and calculations

can only be applied for spéic 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 sed. For example, Nust al.developed a model for rational choice of gold
nanorod with different aspect ratio in lab&lee biosenin. 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.
Sharmaet al. also demonstrated the effect odize and type of materials on the
sensitivity through several publications in theoretical calculatim. 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 enhancemigior gold and silver nanospherical particles

was demonstrated in a study by Leeal. . In their work, 3 difrent 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 Lazar@ 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 idifficult 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,
Mahmoudet al. expeimentally 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 diffent wall size and thickne.

3.3.2. Experimental studies

A large amount of experimental dataas 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 undertakenL@&PR sensors based on gold and
silver nanopatrticles to evaluate their Rl sensing capacity and the impact made by the
shape of nanopatrticles used. Moekal.demonstrated the sensitivity of LSPR sensors
based on silver nanopatrticles in the forms of spt&li cubic and triangular with a
similar volumetric structur. It was reported that hat silver nanotriangle

provided a much higher sensitivity than that of nanospﬁ.

Gold nanosphere has been used eanyRI| 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 evaporati. Similar results were obtained by using gold
nanoparticles in a different sensing configurat@. 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, respectivel. Another important sensing strategy is to improve the
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sensitivity of AUNPs to 245 nm/RIU, based oenpérticles interactions, as proposed
by Diet al. . Liveet aI. reported the highest sensitivity of AUNPs in glass
substrate to be achieved, at 579 nm/RIU, using nanosphere lithography (NSL) to

create particles ahear micron sizes.

And slver has been at the centre of attention due to its higher sensitivity compared
to gold. For example, in the same experimental setup, AdiiBsed sensors have
shown a sensitivity of 71.7 nm/RIU compared to 32.7 nm/RIU oflgaédd sensors

. In a setup using dark field microscopy, single spherical AQNPs with diameters
rangingfrom 40nm to 90nm 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 demonsd
However, due to the chemical instability of silver, AgiiBed sensors are not as
widely used as AuNPased sensors. When they are exposed to air, AQNPs could
easily react with sulphur compounds in the air to create.SAgh@éce the
nanomaterials could be completely destroyed over a short period of time. To
overcome this limitation, Ad\u coreshell particles can be used as they can both
enhance the stability and increase the sensitivity of the sensors producedt Xlia
reported the sensitivity of up to 409 nm/RIU for cesbell nanostructure. Other
reports also confirmed the enhancement of sensitivity when using <sbrell
nanoparticles including gold sheflsilica core or vice versd86|, silver shellt

gold core or gold shellt silver core, Ag coret Au shell nanorod,

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 sharpipped particles, such as nanotride or
bipyramid, seem to be able to offer a very high sensitivity. Various strategies

have ben devised to achieve desirable shapes, including nanotri,

nanobipyramid @ nanostar@, nanorice @ etc. Among these,
triangular silver nanoplate (TSNBPased LSPR sensor has demonstrated the highest

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

related to a combined féect which includes the configuration using shdigped
nanomaterials, highly ordered assembly and big particle size (200nm in length).
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Chunget al. [101] have summarisd 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

nanogap, nanopillars or hollow nanotubed 02/|103

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

. The outcomes of the

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

achieving wide applications in biosensing.

Table 31: Sensing characteristics of plasmonic nanostructures. Adapted from Réfl] © MDPI 2011
Nanostructure Structure Dimensions Sensitivity Ref.
Silver spherical Diameter: 35 nm 161 nm/RIU
nanoparticles
Silver triangular Diameter: 35 nm 197 nm/RIU
nanoparticles
Silver rodlike Aspect ratio 5:1 235 nm/RIU
nanoparticles Diameter: 35nm
Gold nano rods Aspect ratio 3.5:1 650 nm/RIU
Radius: 40 nm
Gold cdloidal Diameter: 30 nm 70.9 nm/RIU (204
nanoparticles
Hollow gold nano shell | Diameter: 50 nm 408 nm/RIU [104]
Wall thickness: 4.5 nm
Arrays of gold nanodisk | Pitch of nanodisk: 162 nm, | 167 nm/RIU (105
340 nm 327 nm/RIU
Gold nanodisk trimers | Small disk diameter: 96 nm | 170 nm/RIU [106]
Larger disk diameter: 127 ni 373.9nm/RIU
Pitchbetween trimers: 400
nm
Gold nanorings Diameter: 150 nm 880 nm/RIU (107
Thickness: 20 nm
Gold nanoring trimers Outer diameter:120 nm 345 nm/RIU [106]
Wall thickness: 33 nm
Ring height: 24 nm
Nanocubes Size : 100 nm 165 nm/RIU (10§
Nanocrescents Diameter: 410 nm 879 nm/RIU (209
Deposition angle:10°
Aspect ratio: 4
Nanostars Core size: 3660 nm 218 nm/RIU (110
Conical tips: 1660 nm
Nanocross and nanobar | Length: 380nm 710 nm/RIU 1,000| [111]
t] SZW 60 vu r A o nm/RIU
Double nanopillars Diameter: 425 nm 642 nm/RIU [112]
with nanogap 1,056 nm/RIU
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Height: 288 nm Nanogap: 3
nm
Planar metamaterials Length: 400 nm, 340 nm 725 nm/RIU (113
analogue of EIT Width: 80 nm, 90 nm
Gap: 45 nm
Plasmonic nanorod Length: 2700 nm 30,000 nm/RIU (114
metamaterials Diameter: 150 nm Pitch:
40t70 nm
Arrays of plasmonic Length: 120 nm Inner 250 nm/RIU (102
nanotubes diameter: 22 nm Outer
diameter: 44 nm Pitch: 55
nm
Nanopillar arrays Radius: 100 nm Height: 400| 675 nm/RIU [115
nm Pitch: 600 nm

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

achieved using TSNI98-10Q] or using gold nanocrogd11]. Further sensitivity

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

increase the sensitivity to 1190 nm/R@ or by coating a thin layer of gold film

reported by Cacet al. [116 to achieve he sensitivity of 2977 nm/RIZhou et al

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

by incorporating silver nanocubes into a photonic crystal fiore (PCF). The use of
metamaterial has been reported to be able ta@iaase the sensitivity by 2 to 3 order

of magnitude compared to normal gold nanopatrticles. €@l. reported in 2011 a
powerful tool to grow gold nanorods tightly on the glass substrate, create a layer of

metamaterial and achieve 30000 nm/RIElS‘. Although only a theoretical

calculation based on a short range of Rl change has been made, the exa#ytion
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 preventit fro

being commercialised and mapsoduced.
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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 nanopatrticles in

order to form a selective laye

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-dBropaison

between LSPR and SPR sensors has been made and reported and dgieakle|in

i

Table 32: Comparison between SPR and LSPR. Adapted froSpringer 2004

Feature/Characteristic SPR LSPR
Labelfree detection Yes Yes
Distance dependence ~1000nm ~30nm
Refractive Index Sensitivity 2x1¢ nm/RIU 2x1¢ nm/RIU
Angle shift, wavelength Extinction, scattering,
Modes e . . )
shift, imaging imaging
Temperature control Yes No
Chemical identification SPRRaman LSPRSERS
Field Portability No Yes
Commercially available Yes No
US $5000 (multiple
Cost US $150.00a 300.000 particles)
US $50.000 (single particlt
Spatial resolution ~10x10 pm 1 nanoparticle
Nonspecific binding Minimal Minimal
Reaitime detection Time scale = lm 10°s Time sc_ale = lbt_lo3 s
Planar diffusion Radical diffusion
Multiplexed capacity Yes Yes
Small molecule sensitivity Good Better
Microfluidic compatibility Yes Yes

Similar to SPR sensors, LSPR for biosensing iridlsing the LSPR technique, it
is possible to achieve single particle sensing, which can incredibly limit the amount

of analyte needed for analysis and tissusually 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 san$o bioanalyte is usually realised through various
selective interactions, such as enzyme, biaindin, antibodyantigen, aptamer
protein, DNA based technique, or Concanavalin A (Cdan#pnosaccharide, as
detailed below. The standard procedure for thebrication 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 elss of large proteins that is responsible for-bigstaining 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 2 EBES 7 E v E (Eq. 3.3)

where enzymeH) binds with substrateS) to create an intermediateS which has
lower activation energy than normal reaction condition. SubsequentlyEtSeould
be converted into a complexEard then decomposed to the precursor enzyme and

the product P). This process is illustrated clearlyFig.3.6.

Figure 3.6: "Lock and Key" mechanism of Enzyme catalyst. Reproduced fronilRef.

The simple mechanism behind the enzymatic betiaeffect for the reaction in Eq.

3.3 is described iRig.3.7. Without an enzyme acting as a catalyst, the reaction must
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undergo the transition state T,.$1 order to convert the substrate (S) into the product
(P) and this requires a higher standard feseergy of activationg,)g.J 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, TS and

T3, respectively. Although the total energyeeded for the reaction could not be
different ( g,)g’ L ¢) 195 E¢) 195 E¢) }/27), the required activation energy in case of
enzyme reaction is lower Q)bﬁ g,)éo), hence it is easier to make the reaction

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

pressure{12Q).

Figure 3.7: Enzyme catalyst mechanism. Yellow line is the course of reactidntiaét enzymatic catalyst and
the blue line is the reaction without catalyst. Reproduced from Rgf20)

Enzyme biocatalyst is specific and each enzymegmses only its specific target,

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

}( SZ ep eSE S X dZ]e SC% }( ® ve]vP u Z v]eu J* (E <n Vv
v | C_u Z v]euX

Based on this mechanism, a numhsrstudies have been undertaken to create a

number of biosensors, using different types of enzyr@ 105[121-125.
Lin et al. (2006) created a novel gold nanopartitdased 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 B¥isJV
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. Zhabreported the
creation of a competitive binding assay in order to detect methotrexate (MTX), an
anticancer drug via gold nanopatrticles coated with folic acidX&®Ps) and human
dihydrofdate 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 fluorescencpolarization immunoassay (FPIA) and liquid

chromatographyt mass spectroscopy (IMS/MS [125.

3.4.1.2. Biotin t Avidin interaction based technique

This interaction is a common binding technique used in LSPR biosensing because of
its strong conjuntion, specificity and commercial availability. Avidin is a class of large

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

known as tetrameric glycoproteifil27]. The affinity between biotint avidin is

exceptionally high, with a dissociation constanf)(K 134 M1 . This high affinity

enables the sensors createdtiva 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 biotiravidin interacton to be adapted, for example in a sandwich type

assay, to enhance the sensing capacity.

Even using the same interaction, differeb©Ds, ranging from few pM to micro
molar, havebeen reported. This huge difference is due to the variation in sensor
configurations, types of metals used, morphology and the experimental conditions.
In 2004, Hae<t al. reported less than pM in LOD, equal to lesarth100
streptavidin compound per nanoparticle with NBased silver nanotriangles. Aki

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 168pW

128. Barbillonet al. created ahighly sensitive biosensor of gold nanocylinder with

100nm diameter and 200nm intgrarticle distance in glass substrate fabricated by
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EBL. This sensor could lower the LOD to 1.25%10I for Streptavidin, equal to 75

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

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

129

. Marinakoset 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 (PB. Based on the advantage demonstrated by nanoshells over their

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

Streptavidin in blood sample in 2008, wighLOD of 3 pg/mL and a wide dynamic

range from 3 to 50 pg/mi130. In general, biotiravidin has become one of the

popular interaction techniques used for the design of LSPR biosensors.

3.4.1.3.

Antibody t antigen

Antibody t 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 laspepéd
%OGE}é ]V %OGE} V]

lik

§ E]

C Vv ]Juupv +CeS u S} ] vs8]J(C v v usE&E

j{G

13

| &Eqch tip of the Y shape has a specific binding site for a

certain antigen, allowing antibodgntigen interaction to be selective, similar to a

key-lock mechanism as illustrated kKig.3.6. The associatioconstant - 5 defined

below (Ab: antibody, Ag: antigen), varfesm 10°to 10'>Min the case of antibody

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

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

#>E#CZ #>8#C

RO
O

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 spea$ a result of the surrounding refractive

index change due to the binding. This change would be recorded and themeal

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

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 mtiehtion because
of its direct sensing mechanism. Several examples include the detection of
Salmonelld134 U Jju &I E (}E olZz ]].L’Bﬁ@{aptat]t'rs Beviru14Q or

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

occasionally been used to verify the sensing capacity of a s@mSZ 136. The
LOD of such a sensor system could be down to few CFﬁ

3.4.1.4. Aptamer interactions

Conpared to antibodyantigen interaction, aptamer interaction is a relatively new
]* YA EC «]v i60iU (}oo}A]JvP 8Z v % v Vv3 (E4F%}ES-
v N}e§ Mﬂ . It is a specific nucleic acid sequence that bindsmaeieic acid

targets with high affinity and specificity, and could be used to target a number of
molecules, ranging from metal ions, amino acids, short peptidesdieims and even
some pathogenic microorganisms. In general, an aptamer is immobilised onto the

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

ZC E}%Z}] v sv &t o[ (J&E U }A ovs HudgvP }E

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

change in LSPR spectra, similar toalieer interactions(Fig. 3.8)

Figure 38: lllustration of aptamer folding mechanism. Adapted from Rg§t46] ©ACS2007.
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Aptamerbased immunoassays have been developed in conjunction with the SPR

technique. Kim D&yunet al.in 2008[147] fabricated a chip with gold deposition

onto a porous anodic alumina (PAA) layer. An aptamer specified for thrombin
detection was tlen immobilised on the chip, creating an LSf2Red optical sensor

with a very low LOD at 1 nM for thrombin. Zhesigal. developed an irsolution

based method using AuNR and aptari@ding ability to detect thrombin14§.

Using this technique, the AuNR is coated with a specific aptamer for thrombin, and
then be mixed in a solution of tosgttivated magnetic beads. With the presm 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 spétte o

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 casegi¢ sianoparticle
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 theifgpgy and
reduce the norspecific binding, compared to other interactions such as enzyme

interaction or antibodyantigen 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 cell$131]. DNA mostly is made of doubd¢randed

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 d#éfg pairs, such as-G and A

T. This permits two complementary nucleic acids to form a destrénd association
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complex, called hybridization. Nucleic acid based biosensing applications typically
require immobilisation of a singlstranded sequence (ssB\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.

Researchersdve explored this application extensively and numerous studies have
been reported 149-157. However, due to the small molecular weight of

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

often less pactical. Huangt al. reported the fabrication of a gold nanorirgpated

chip for short sequence DNA application, with high sensitivity and seIedﬂ\Eﬁr.

The most commonly used approach based on DNA hybridization is colorimetric
method, where the gold nanopatrticles are capped with ssDNA in solution. Upon the
presence of the complementary DNgold 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 Spadavecché al., gold nanorods and nanostars are employed to

create a sandwich assay for DNA hybridization, which is illustratEayir8.9152.

Using thismethod, 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 Si@verlayer for later linking with the preelected
DNA sequence. Gold namal and gold nanostar solutions were prepared and the
metallic particles were conjugated with the complementary DNA. Simpl&/igV
spectra were recorded for measurement upon the binding of the conjugated
particles onto the glass substrate. The plasmon d¢ogp 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 peakhift in the absorbance spectrum of the probe (F@B3ard

Fig. 39C), compared to that without the gold nanoparticles (Fi@A3. 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) (©)

Figure 39: Sandwib assay for signal amplification.
A: Binding without gold nanoparticles. B: Binding with Gold nanorods, C: Binding with Gold nanostars.

Reproduced from Re © ACS Publications 2013

An alternative approach based on DNA interaction is a colorimetric solbtisad
technique. In this case, metal nanoparticles exhibit a strong coupling effect when
being aggregated, due to the int@article irnteractions. Based on this phenomenon,
plenty of sensory strategies have been proposed in literature for qualitative

purposes.

Bakthavathsalanet al. reported a method for detection of E. Coli by gold capped
DNA sequenc@'. The group used a solution of gold nanopatrticles functionalised
with single stranded DNA as a probe for the detection of E. Coli. Inréisemqce of E.

Coli complementary DNA, the solution remained red with the addition of HCI,
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 ngof the DNA and possibly being reduced to 11.4 ng withtpgatment.
Recently, Majdinasalet 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 tht of the traditional PCR technique (47.4 ng/mL) used in this
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test . Mycobacterial could also be directly detected by this method with a low
LOD of 18.75ng in 10 mL sample vqu. Using amore 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 abl¥ [150.

Further to the success demonstrated bioassay, a report by Wet al. in 2010
provided a route to create a colorimetric assay for the detection oésibn, which

is illustrated in Fig 3.1. This approach is based on the specific recognition
property of Ag+ ion with a Cytosif@ytosine mismatched base pair. Firstly, 8
AuNP (in diamker) were prepared and coated with specific nucleotides. With the
presence of Af 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 usinglght-scattering method such as surface enhanced
Raman scattering (SERS). The calculated LOD was 62 nM.

Figure 310: Colorimetric assay for Ag+ ion detection. Adapted from ©RSC Publising 2010

3.4.1.6. Concanavalin Asaccharide interaction

Concanavalin A (ConA), first isolated from jaelkn meal in 1936is a lectin
compound with molecular weight of 104 k. It has four binding sites with

specificity for branched polysaccharide withr-D-glucopyranosyl or r-D-

mannopyranosylnits, e.g. glucose or manno$&54]. The kinetics of the reaction

between ConA and-pitrophenyt r-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° M [155. Therefore, with the associate cdast in the range of 10M, ConA

is an excellent candidate for the quantitation of sudjke compounds.

Based on this interaction, there were several reports in literature using ConA as a

receptor for the determination of glucose based on LSPR e1156 157).

Yonzon et al fabricated LSPR chip for the study of the binding event between ConA
and monosaccarid . The techique involved was using a nanosphere lithography
technique to fabricate silver nanoislands on a glass substrate, and subsequently
coating this surface with mannoghiol compounds via the sulph#erminated

linker tri(ethylene glycol) disulfide. Upon tHe&nding of ConA in solution to the
mannose coated on the chip, the LSPR spectrum of the system was shown te be red
shifted and the peak shift was reported to be at 17.8 nm when 19.8 uM solution of
ConA was injected. Based on this result, the authors atspgsed 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 reactiorflS? . 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 viast&t@ linkageln
parallel, mannoseoated gold nanoparticles (MadPs) were prepared. Similar to
the other sensing techniques, the absorbance spectra of the probe washiétdd,
upon the binding event between ConA and MERs, and the quantification was

done by nonitoring the peak shift (Fig.11).

Bellapadronaet al. also proposed a similar approach, but using multiplayer gold

nanoparticles coated on glass in@. The prepared substrate was coatediwa

layer of Dglucose by digoating technique. The measurement was then taken in
ConA solutions of different concentration. LOD of this technique has been reported
to be at 20 ug/mL or 180 nM.
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Figure 3.1: lllustration of the fabrication and recognibn scheme of the sensor by Guiliaret al. Reprinted
from ref. [157] © 2011 ACS.

3.4.2. Chemical sensing

In addition to biosensing, LSPR has also been used for chemical semsrgmple,
for the detection of heavy metal ions or other small compounds like VOCE®
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. Lat al.[158 presented a LSPBased reflective optical

fiore sensor for detection of Rfiin high pressure condition. The sensor was
constructed by coating gold nanospheres onto an unclad portion of an optical fibre,
which was subsequently modifiedith 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.°N[159. In this test, the

constructed probe was used for detection ofNin a system using a laser diode with
635nm wavelength as a light source. Both MG and the forming complex of MG and
Ni?*are transparent at the detection wavelength at 635nm, therefore the ratio of the
intensity at 635m of incoming light and reflective light was used as an output as the
concentraton of N#* was varied from 0 to 9 x ¥OM. With this strategy, the
sensitivity and LOD reported for Nisensing was 35.9 land 1.72 x 16 M at

ambient conditions and at 308 K respectively.

-49-



Chapter 3

P?* detection has been demonstrated by lenal. by using a LSPR fibre optic
based sensor coated with monoclonal antibody. The binding event occurred between
a PB* EDTA complex and the monoclonal antibody coated on AuNPs which have
been immolilised on the surface of an optical fibre core. The LOD &freéported

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

(1) detecton [16Q], based on the immobilisation of phytochelatinsis{cCys)8Gly

onto the gold nanoparticlenodified optical fibre. The LOD could reach 0.16 ppb of
Cd* concentration and the sensor could also retain high stability over a long period

of time. However, the question of selectivity still remains unanswered.

Hg* has drawn a significant amount of attenti@and several strategies based on

LSPR have been devised. Huahgl. [16]] reported a method for HE detection
based on high affinity of Hgtoward AuNRs. The presence ofHg a NaPQ-AuNR

solution wouldcreate amalgamation between Flgand 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®™®LM of Hg* with a very good
selectivity. Bet aI. presented a similar approach by monitoring the etching effect
of Hg* onto silver nanoparticles of different shapes, including nanospheres,
nanorods and nanoplates. Atieer approach has been proposed recently by Xieing

al. based on aggregation of AuNPs. Basically, twortsisequences of
oligonucleotide Thymindhymine mismatch pair, oligb and olige2 were absorbed
onto AuNPs. With the presence of ¥{gdesorption occurred and triggered the
aggregation of AUNPs and increased light scattering intensity. The dynamicafange
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 scalmgr far

reusable applications.

3.4.2.2. Volatile Organic Compound€@C¥% gas and other small

chemical compourgkensing
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Applications for chemical vapour detection in gaseous form were also reported by

using the LSPR technique. Dharmalingdral. [162 created a goldyttria stabilised

zirconia (AudY SZ) filnbby physical vapour deposition technique (PVD) to deteetrid

CO. Ghodselalet al.|163 presented a Cu@CuO ceskell nanoparticle film for CO

gas sensing with a high sensitivity. Chetnal. [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 &don 1
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 Dalfovet 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, acetoney@tha

isopropanol and butanol. In another attempt, Mat 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 selectiwt 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 btected by using gold

nanorod film [167, uric acid estimation by using PVP coated Ag@ or
hydroxide sensinby using Ag nanoplat.

Another interesting application is the detection ofinitrotoluene (TNT) by gold
capped with ethylenediamine (ED@. EDAcould be strongly absorbed onto the
surface of AUNPs via its protonated amino group. On the other hand, EDA, which is
an electronrich ligand, could have a strong doracceptor interaction with TNT,
which has an electrodeficient aromatic ring. Thereforeéhe presence of the trace
amount of TNT in a solution of Ef2Apped 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 BITTwith an excellent
selectivity. The limit of detection could be lowered to 40 pM when combined with
U\-Vis spectroscopy, or even to 0.4 pM using the dynamic light scattering method.
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Figure 312: Sensing mechanism for TNT by methylethylene capped AuRRsroduced from Rg62] ©

Elsevier 2012

3.4.2.3. pH sensing

Plasmonic nanopaxtles can be used in designing a pH sensor with a required sensing

range by being incorporated with a pdénsitive material. Nuopponeet al.

169

created a pH sensor by the preparation AuNPs using bloglolgoner PMAAb-

PNIPAM, and the working range of the reported sensor was from pH 5 to 8. The co
polymer was prepared with dithiobenzoatdain 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 ge¢pendant. However, the probe was found

to be highly temperature dependent and the particlegbgmeration was irreversible.

Later, Macket al. [170 reported a pHsensor 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 sensiager. 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 &aiat) [171] by using a gold

nanocrescents system covered with péi¥EMA hydrogel. Within the sensing range
from pH 4.5 to 6.4, a high precision was agbtto 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 withther 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 absorbamspectra 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, Hedrad. [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 AUNRSs 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®fjaponicum and tuberculosis in human

serum specimefil23. In another study, Chest al.[172] built their own multiplexing

system for chemical vaposensing by combining the using of AuNP, AgNP and Au/Ag

core-shell nanopatrticles. Notably, a multispot gold capped nanoparticle array chip

was developed by Yoet al. [150], for detection of BIGH3 gene. These examples

demonstrate a strong advantage of multiplegithat 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 a@weint

of miniaturisation, especially in the field of gene chip, -taba-chip,

chromatography, chemical microreactors, eft73. Combined with microfluidic

device, LSPR technique shows the possibility of miniaturisation and decreases the

sample amount yet with highly sensitive, fast and reliable respows typical

example is the work done by Huameg 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 4RIU and tk LOD of antbiotin 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 redgd¢he quantity of the sample

and the reagent required. Guet al.[175 proposed a similar system with an effective

volume of 0.75 pL using gold nanorods to deteciniagatran. This sensor system

exhibited excellent enantioselectivity for R&lagatran and the LOD is90nM.

Recently, SadAbasit al.[176q 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 fibse

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 ths 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 employe to date, including decladded fibre, tapered fithSI 177,

U-bent fibre [28][178 and tapered ti as illustrated irFig.3.13.
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Figure 3.B: Common fibre configurations used in sensing. Reproduced from © Elsevier 2007
A) Decladded fibre B) Tapered fibre Ghent fibre D) Tapeed 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 senswg,cladding is

often removed uniformly on a portion of the fibre and the sensing layer.

To date, plasm&nhanced 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. Chemistige, i.e.
immobilisations via electrostatic force by LaymrLayer (LbL) technique or by strong
interaction of gold and amine or sulphide linker can provide a much simpler and
cheaper alternative. fie main drawback is that it is difficult to control the surface

density of deposition, inteparticle distance and the coating thickness.

Through the modification of the fibre structure, it is possible to increase the

sensitivity of the system. For examaplsidepolished fibre[180|181], tapered fibre

or sharp fibre ti 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 increasg¢il79. In a report, Mignanet 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 evanescentdid has also been reported to be 100 times higher than

that of normal polished fibr¢183. Using other configurations like-thént, sharp tip

or sidepolished fibres, the resulting éanced 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 summaed by Leeet al. [184]. It was predicted by Homolet al.

185, both by theoretical and experimental studies orsibaped single mode fibre

coated with a thin layer of gold film, that a high RI sensitivity up to 5000 nm/RIU
could be achieved. Guptat al. theoretically calculated the sensitivity of 3000
nm/RIU wsing AuAg nanoparticles film coated on a-deadded multimode fibre’%’

and 2700t 15000 nm/RIU with gold coated on effadding tapered fibr¢186|187).
Based on experiments, Zhaagal. reported a sensitivity of 1190 nm/RIU using

gold nanostar on a tapered sieginode optical fibre.

Various applications using LSPR based optical fibre sensors have been widely

reported. In 2006, Liet 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 senstos the detection of Ni* and

proposed the demonstration for biotin and antibody sensjib§g. The LOBor N#*,
biotin and antibody is 1.72 x M, 7.82 160°°M and 0.1 ng/mL, respectively. In 2008,

a sensor for PY detection using a similar strategy was also reported, with a LOD of
0.27 ppb. Saiet al. studied gold nanoparticles with a-hent fibre to
fabricate an intensitybased biosensor for antiboegntigen interaction and the
reported LOD was 0.8 nM. Huaegal. applied gold nanopatrticle coated optical
fibre in developing label E 1} ve}E (}E ' p-cydlc] monbpbasphate
(cGMP), which was an intracellular second messenger and the developed sensor had

a working ange over 0.1t 100 pmol/mL for cGMP with a high stability over 4 weeks.

Shacet al.[181] proposed a similar sesing strategy with different gold nanoparticle
sizes for detection of rabbit antibody with a LOD of 11.1 nmol/mL. @heh

devised a sensor for HF with a detectable range from 1% to 5% of HF in solution.
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Jeonget al. assembled gold nanoparticles on the efatte of an optical
fibre to create a highly sensitive sensor for Interfeigmmma (IFNveU A]3Z >K }(

12.6 pg/mL. Choosinge endface of an optical fibre as a sensing platform,dtial.
performed EBL to strictly control the fabrication of golidrisi on the tip of an

optical fibre to create a highly sensitive sensor and demonstrate the sensing

feasibility with biotinstreptavidin interaction. Recently, Riveret al. [188

successfully developed a silver nanopatrticles based optical filnsoséor humidity
measurement, combining LSPR and Laossege 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 fiel§RR coupled
with optical fibres is expanding rapidly. Benefited from the small size and
electromagnetic interferencéree 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
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Optimisation of goldnanoparticlebased optical
fibre localised surface plasmon resonance

(LSPRpased sensors

4 .1.Introduction

As discussed in Chapt8y 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 havéeen two major approaches consideredhoth chemical and physic@

tto prepare gold colloids solutions. The chemical approach includes the conventional
reduction process using different agents like citra@sor sodium bohydrat,

or the two-phase synthesis metho@ and other complex methods such as ligand
reduction by phosphines, amés or carboxylates or by using migmulsions,

reversed micelles, surfactants, membranes and polyelectrolﬁasThe physical

method, however, relies on creating the AuNPs through a physical chemistry process
such as photochemistry, sonochemistry, radiolysis or thﬂym'slﬂ. Recently,

U}YE 33 u%se Z A vV u §}JA E ¢ Ju%o u v8]vP ZPE v
bio-reducing agents in order to create Au!\@ . Table 4.1shows 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 41: Several approaches for AUNPs synthesis

Technique ReagentsSurfactant AuUNP size (in diameter, Ref.
Chemical reduction  Sodium citrate 14-24 nm 2]
LiBH/THF 4 nm 4
NaBH/Polymer PMPP 5.1t7.4nm 10{11]
Hydrazh/CTAB 10 t60 nm 12
Amino acids 1540 nm 13[14]
Sodium naghalenide 1.9t5.2nm [15]
Peptides 11-14 nm [16]
Sodium diphenylamine/PVP 10 t66 nm 17]
Thiotreduction Thiol derivatives 1t4nm 3]5{1
Sonochemistry 9 nm 19]20
Seedgrowth TX100/Sodium Citrate 20 t110 nm 2]
Physics method EBI technique with polymer 2 t3nm [22)
UV irradiation PMMA nanocomposites 50 t120 nm 23
Green chemistry Various* 7-9]24]

Among the different type®f metal nanoparticles, gold colloids have shown both a
unique stability andhighly desirable properties such as sieéated electronic,
magnetic and optical effects. One of the most important characteristics of the gold
colloids is their surfactant prapties 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 bierecognition actions as well as in catalysis and biosyntf‘@ﬁé&

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 cr&ion 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 redime monitoring. As a result, extensive research has

been undertaken and reported in this arediscussing methods to enhance the

sensitivity, reproducibility and robustness of sensors of this ﬁ 85-35].

Both the sizes and shapes of gold nanoparticles have long been considered as major
factors in characterising the optical properties of the coated suras different

sizes andshapes 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 heve different optical properties and

characteristic§36-39]. However, limited systematic discussions have been made so
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far to correlate these key contributin@ctors, such as goldanoparticle 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.

Buildingupon the previous reseah discussed in Chapter 3, this Chapter focused on
the establishment of a new systematic approach used for the performance
optimization of LSRPBased optical fibre sensors through the exploration of various
key parameters that are related closely to thenser 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 tiousptimise 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, atemieduction of
HAuUC by sodium citrat. 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 hasdergone two key stages: nucleation and growth. At
the very beginning of the reaction, sodium citrate reduced HAuU® very small
nucleic particles, called seeds, typically with diameter less than 5nm. As the reaction
went on with strong stirring, moreeeds 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 Idoprecursor and the reduction
agent, size of the particles could be controlled. Sodium citrate also acted as a
eHE( 3 v3 8} Z 03 83Z PE}IASZ % E]} 38} (Jv o] 3Z % ES]
controlling the amount of sodium citrate and the raticetiveen HAuGl and
NasGH;Os, 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 experiental procedures undertaken in the preparation and

evaluation of the performance of the AuUNPs are given below.
4.2.1. Chemical and Apparatus

The following were purchasedfrom SigmaAlrich: gold chloride hydrates
(HAuGI.3H0), sodium citrate tribasic dehydrate @TsHsO;), 3aminopropyl
trimethoxysilane 97%. In addition, §bH (Analytical Reagent Grade) an®& 95%
(Laboratory Reagent Grade) were purchased from Fisher Scientifi®. 37%

solution was purchased from ACROS.

The optical fibre was purchased frorndrlab: type BFH3800, the fibre coupletype
SPLIT400\-VIS from OceanOpticthe light source was a halogen light source, type
HL-2000FHSA obtained from Mikropack and the Spectrometer used was Maya type
2000PRO, obtained from Ocean Optics.

4.2.2. Synthesis bgold colloids

A common metho for the fabrication of AeNPs has been slightly modified and
used here for synthesising gahdnoparticles of 4 differensizes,.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 HAuGland sodium citrate (N#sHsO7), gold nanoparticles solutions with

different sizes have been made using the following procedure.

First of all, 5ng of HAuGlwas disolved 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 darkgreen after few secorsl 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 ftire sensor preparation discussed
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below. The remaining solution prepared was kept in a refrigerator9@j tb ensure

the sample being stable over the experimental period for one or two months.
4.2.3. Optical fibre sensor preparation

Figure 4.1illustrates in dagrammatic 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 um diameter) were carefully and sequentially polished with polishing papers
from Thorlabs with four di#frent grit sizes of 5 ym, 3 ym, 1 pm and 0.3 pm,

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 HSQ: HOy) for 30 minutes. Subsequently wias washed and sonicated with
distilled water before being placed in an oven for 1 hour at®@®fter 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 washedesal times with
methanol followed by water. After the above treatment, the fibre was then placed in
an oven (overnight at 10%C) to dry. The fibre was then ready for being coated with

AuNPs through a dip coating process, undertaken over a period ofeddirs.

After the coating process, the coatditire 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 fibsensor thus created to bef @ reflective

sensor design when connected to a light source, as showigid2, for ease of the

*% SE o E }E JvPX dZ } §]vP }( *]JoA E ulEE}E A « }\
d} % E % E d}oo v[e & P vS ¢}ousS]}ivU SZIe fré$ELOIMES %0 § |
solutions of AgN®0.1 M, sodium hydroxide NaOH 1 M and dextrose 0.25 M.
Ammoniac solution was then added dropwise to 2 mL gbrapared AgNg until

the colour of the solution was changed from transparent to yellowish brown and to
transpaent 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 inhe 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.
Fibre Fibre cleaning Thermal F_ungtio_r:r?l
- ised wi
d=600um > using = treatment m=3pi
i H2S04/H20, at 120°C APTMS
Silver mirror Dipped in Thermal Washed
coating € AUNPs |&— freatment | with
applied solution at 100°C solvents
Record
Spectra

Figure 4.1 Schematic procedre for the coating process

4.2.4. Optical fibre sensor system

Figure 4.2