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Abstract

The enhancement of fluorescence that can result from the proximity of fluo-
rophores to metallic nanoparticles (NP’s) is investigated. This plasmonic en-
hancement, which is a result of the localized surface plasmon resonance (LSPR)
at the metal surface, can be exploited in order to improve the signal obtained
from optical biochips and thereby lower the limits of detection. The scale of the
enhancement depends on many parameters such as NP size and shape, metal
type and NP-fluorophore separation. Throughout the work, theoretical calcu-
lations were carried out, and, where relevant, theoretical predictions were com-
pared with experimental measurements. Characterisation techniques used include
TEM, AFM as well as optical fluorescence and absorption. The first section
deals with the production of ordered arrays of nanostructures, of varying size
and composition, on glass substrates using a nanosphere lithography technique.
The ability to tune the peak wavelength of LSPR was demonstrated. Fluorescent
dyes were then pin-printed onto the NP layer and the fluorescence enhancement
was measured. The second body of work involved characterising the enhanced
fluorescence from dyes attached to free NPs in solution. NPs of sizes ranging
from 5to 50nm radius and with different gold/silver alloy compositions were pre-
pared by wet chemistry. The NPs were coated with silica shells to control the
dye-NP separation and to minimise quenching. The dependence of the enhance-
ment on NP size was found to agree well with theoretical calculations based on
the Mie theory. The final body of work focused on the development of strate-
gies applicable to polymer biochips. This included the development of techniques
for immobilising NPs on plastic substrates. A range of dyes and a range of NP
shapes were investigated. Dye-NP separation was controlled to nanometer preci-
sion by layer-by-layer deposition of polyelectrolytes. In this configuration, both
dye quenching and enhancement effects were observed and characterised. The
key result to emerge from this work was that it is possible to design an optical
biochip enhancement platform where the NP shape, size and composition are
optimised for the selected dye label and where the average dye-NP separation is
designed to achieve maximum enhancement.
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Chapter 1

Introduction

1.1 Nanotechnology

Over the last few decades nanotechnology has become one of the main areas of
focus in scientific research and development and it is believed that it will be a key
enabling technology of the 21st century. Nanotechnology is generally understood
as an area of science and technology involving the assembly, manipulation and
control of matter on a functional scale smaller than one tenth of a micrometer. It
is a highly multidisciplinary field, which cuts across many fields, such as colloidal
science, applied physics, material science, supramolecular chemistry and biology.
The impetus for the development of nanotechnology was a demand for the reduced
size of devices in microelectronics [1], construction of new analytical tools such
as the Atomic Force Microscopy and the Scanning Tunnelling Microscopy which
enable nanometer scale resolution, the concept of noncrystalline materials [2] and
development of electron beam lithography.

A unique aspect of nanotechnology is that the reduction of the size of ma-
terials to the nanometer scale leads to a change of material properties, which
differ markedly from those of the corresponding bulk material. The changes are
observed in a variety of electrical, optical, mechanical, and magnetic properties of
the structure. For example, nanometer-scale thin films of semiconductor exhibit
guantum size effects, where the density of the electronic states is altered [3]. If
the semiconductor material is restricted in three dimensions, quantum dots are
formed, which have a discrete energy spectrum depending on their size. These
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quantum dots can fluoresce and their emission spectra are dependent on the di-
ameter of the nanoparticle [4], Other examples of changing optical properties
by decreasing the size are metallic nanoparticles. Metallic nanoparticles exhibit
localised surface plasmon resonance, which causes strong absorption of the light
by the particles, a property which is not present in bulk material [5]. Also, by
decreasing the size of the object, the ratio of surface area to volume is vastly
increased. This causes changes in mechanical properties such as hardness and
toughness [6]. Additionally, there may be changes in the chemical properties of
the material. The large surface significantly increases the reactivity of the cat-
alytic reactions and the melting point of the material is lowered. These examples
represent only a small number of the many effects that can by achieved by reduc-
ing the size of the object, and demonstrating the variety of possible applications
of nanotechnology.

1.2 Metal nanoparticles, their properties and

applications

A significant area of nanotechnology is production, characterisation and applica-
tion of metal nanoparticles. A metal nanoparticle is defined as a particle with
at least one dimension less than I00nm. Due to their small dimensions, metal
nanoparticles acquire some special physical and chemical properties, which are
used in a variety of applications.

Probably the most intriguing property of metal nanoparticles is their strong
absorption in the visible spectrum giving them a specific colour depending on the
geometrical parameters of the nanoparticles. Such nanoparticles were first used
by the Romans in the 4/ century AD, who exploited the strong absorption of
gold nanoparticles by adding nanoparticles (in the form of powder) to glass to
produce a red stained-glass vase [7] (see Lycurgus cup in figure 1.1). Later in
the middle ages, gold and copper (red) or silver (yellow) nanoparticles were used
for staining windows in cathedrals (for example Freiburg Munster, Germany).
However, it was not until the beginning of the 20th century that the absorption
of metal nanoparticles was fully understood and described in the framework of
electrodynamics [8]. With increasing interest in nanoparticles, new properties
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Figure 1.1: The Lycurgus Cup from 4th century AD. The glass contains gold
nanopatrticles. In reflected light the cup seems green, in transmitted light the cup

appears red. Courtesy of the British Museum.

of nanoparticles have been discovered, which are being exploited in present day
technology. An ordered array of metal nanoparticles can be used as a polarisation
filter with excellent thermal and optical stability. This application exploits the
fact that the absorption of non-spherical nanoparticles depends on their orienta-
tion [9], Due to the high nanoparticles scattering they can enhance the efficiency
of thin semiconductor photo-detectors by improved coupling of the light into the
detection area [10].

Besides scattering, nanoparticles absorb incident light whose energy is then
changed into heat and transferred to the surrounding material. Optically-controlled
valves made from nanoparticle-hydrogel composites are based on this effect, in
which the nanoparticle by illumination heat the hydrogel, which swells and closes
the valve [11].

The particulate films of silver or gold films can be used for optical recording
or for photographic applications [12, 13]. Recording is carried out by irradiating
the particulate films by a laser. Due to the very low sintering temperature of the
particles, the optical properties of the particulate films is altered.

Because illuminated nanoparticles have a strong local electromagnetic field
which can interact with adjacent nanoparticles, they can be used in optics to
guide light below the diffraction limit [14, 15], such as optical waveguides, mirrors,
beam splitters or even logical switches of sizes smaller than the wavelength of



1.3. Applications of metal nanoparticles in biology O. Stranik

the used light. It has been discovered that nanoparticles, and especially their
aggregates, have strong non-linear optical properties [16], which can be used
instead of simple inorganic optical non-linear crystals, and offer better mechanical
properties and structural and physical tailorability. Further, the surface-enhanced
Raman scattering effect of metallic nanoparticles increases the Raman signal of
molecules attached to the nanoparticles [17].

Metal nanoparticles have also interesting electrical properties, which are inves-
tigated in order to decrease the size of electronic devices to the nanoscopic level. If
the particles are arranged within about Inm of each other, tunnel junctions with
very low capacitance are created, which allow single electron transport between
particles leading to staircase-shaped I-V curves, which is used for building nan-
otransistors [18]. This effect was also applied to build unusual humidity sensors
based on hybrid structures of microorganisms and nanoparticles. A bacterium,
which was sensitive to humidity by changing its size, was covered by nanoparti-
cles. The current passing through the nanoparticles depends on the size of the
bacteria and therefore the humidity [19]. Silver nanoparticles can also be used
for high-conductivity elements in circuit boards in printed electronics [20, 21, 22],
The nanoparticles in solution are simply printed on the electronic circuit and,
due to their small size, the annealing temperature at which nanoparticles form a
continuum conducting layer, is much lower than in the case of bulk silver, hence
fulfilling the low-temperature processing requirements in electronics.

This short list of examples of the application of nanoparticles is merely an
introduction to this interesting field, which, although still in its infancy, has many
areas under investigation and many more potential developments and discoveries
on the horizon.

1.3 Applications of metal nanoparticles in biol-

ogy

From the previous examples it is obvious that nanoparticles have a broad range of
application in many areas of science. In this section the focus is on the application
of nanoparticles in biology.

Interestingly, colloid silver nanoparticles exhibit antibacterial properties [23]
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and this effect was used in medicine as early as the late 19th century as an
anti-infection measure in the form of nose drops and common cold remedies.
However, this application of silver nanoparticles is now replaced by the use of
antibiotics, due to the side-effect called argyria, resulting in a metallic grey skin
of the patients taking the nanoparticles [24], However, the main application of
the nanoparticles in biology is in biodiagnostics, where they open new ways to
detect molecules [25, 26, 27, 28, 29, 30, 31], especially in screening for nucleic
acids, proteins and some biologically relevant small molecules. In the following
section, the current methods of detection of biological molecule are presented
followed by examples of using nanoparticles in bio-detection.

1.3.1 Overview of biosensors

In biodiagnostics either part of a nucleid acid, which is unique to viruses and
pathogens, or certain proteins can be used for identification of various diseases.
The device in which the detection is achieved by biological recognition elements
(due to the high sensitivity and specificity of biological molecules) is called a
biosensor [32], The biomolecules incorporated into the sensor are chosen for
their specificity with which they recognise a particular analyte. The biomolecules
employed in biosensors include antibodies, enzymes, receptors or DNA probes.
The biomolecule-analyte binding reaction results in physical or chemical changes
that may result in the production of ions, electrons, heat, mass or light [32].
Alternatively, the analyte can be labelled with tags ("biomarkers’) that are easily
detectable. Such tags are commonly fluorescent or colored dyes, radioisotopes, or
enzymes.

In the area of protein diagnostics, the current standard is the enzyme-linked
immunosorbent assay (ELISA), which is mainly used to detect the presence of
antigen or antibody in a sample. There are several formats of detection, and one
of the most common is the sandwich assay design presented in figure 1.2. The
principle is the following: (1) a known-quantity of the antibodies is attached to the
substrate, often a well of a microtiter plate. (2) sample containing the antigen is
applied into the wells. (3) The plate is washed and the enzyme-linked antibodies
which are also specific to the antigen are added. These antibodies attach to
the bound antigen. (4) A chemical substrate is applied which is converted by
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Figure 1.2: The steps in ELISA method. (1) recognition element (antibody) is
attached to the substrate. (2) the present antigen (molecule of interest) binds
to the capture antibody. (3) labelled antibody binds to antigen. (4) the enzyme

change the optical properties of a substance (absorption)

the enzyme into a color change (an absorption signal) which is then optically
detected. The standard detection limit can be in ~pM range [25]. There are
many companies on the market selling ELISA Kkits and efforts are being made to
incorporate microfluidics into the ELISA systems, which decreases the detection
time [33].

Another biosensor already commercially available is based on surface plas-
mon based detection (for example the BIAcore™ system from Biacore). The
basic principle of the technique is presented in figure 1.3. The system consists
of a metal layer on a glass substrate with attached antibodies. Polarised light is
shone on the metal layer through the substrate at various angles and the reflected
beam is measured. At particular angle the light is coupled into the metal layer,
thereby decreasing the intensity of the reflected beam [34], Upon binding of the
analyte to the antibody, the local refractive index is changed leading to the shift
of a angle which indicate the presence of the analyte. New detection concepts of
this method based on phase measurement using a grating coupler or incorpora-
tion of integrated optics to increase the sensitivity, are being developed [35, 36].
The main advantages of these systems are suitability for real-time and kinetics
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Figure 1.3: BIACore system based on Surface Plasmon Resonance. Upon the

binding of an analyte to the attached antibodies, the dip in reflection at which SPR

occurs shifts to higher angles.

measurement (label-free) and their high sensitivity. The limitations are the high
sensitivity to temperature and bulk refractive index shift. Additionally, there are
not so selective due to the non-specific adsorption of molecules to the substrate.

Figure 1.4: The steps in fluorescence-based bio-sensor. (1) recognition element
(antibody) is attached to the substrate. (2) the present antigen (molecule of inter-
est) binds to the capture antibody. (3) fluorescent dye-labelled antibody binds to

antigen, which presence is detected by a fluorescence signal from the dye.

The third commonly used type of biosensor, which is of interest for this the-
sis, is the fluorescence-based biosensor. The format of the antigen detection is
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similar to the case of ELISA, but the secondary antibody is not labelled with an
enzyme but with a fluorophore (see figure 1.4). The presence of the antigen is
then detected by illuminating the sample and measuring the intensity of a flu-
orescence signal from the fluorophore. The biggest advantages with regards to
the ELISA system are spatial resolution, multianalyte detection, sensitivity and
rapid detection [37].

The demand for detection of a very low concentration of antigens has lead to
the need for improvement in the sensitivity of the fluorescence-based sensors. This
was the main drive for starting the research described in this thesis. There are a
variety of possible ways of enhancing the performance of the sensors. The most
obvious solution is the use of quality optics and a highly sensitive detection sys-
tem. Currently, detection of single fluorescent molecules and even measurement
of their orientation is possible [38, 39]. Therefore, even a single biomolecule could
be detected leading to infinitesimally low limit of detection and the limitation of
such a sensor would be given by the diffusion rates of reagent (it would take too
long for reagents to reach the biorecognition elements for very low concentration)
and the affinity of the reagent-biorecognition element interaction (there is an equi-
librium between the reagents attached to the substrate and the reagents in the
solution). However, these single fluorescence detection systems are very expen-
sive bench-top devices (for example systems from PicoQuant GmbH, Germany)
used only in laboratories requiring skilled personnel and can not be implemented
in low-cost portable bio-sensors. For this reason, alternative simple, compact and
cheap methods for enhancement of detection of the fluorescent signal are sought.

One of the strategies is the employment of an interference layer, which is de-
posited between the substrate and the antibodies. Due to the presence of this
interference layer two effects occurs: the excitation is enhanced by constructive
interference of the illumination light and reciprocally the fluorescence emission
rate can be enhanced by interference of the emission light. This method leads
to several fold enhancement of the signal [40]. Alternatively, special geometry
of the optics can be employed for excitation of the fluorophore and collection of
the emitted fluorescence in order to suppress the signal from unbound labelled
molecules from solution. For the excitation a method called total internal reflec-
tion fluorescence is used [41] exploiting the advantages of total internal reflection.
The excitation beam passing through the substrate illuminates the interface at
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the angle larger than critical angle causing no propagation of light into the sensing
area. The excitation field is evanescent at the interface and extends only a few
hundred nanometers into the solution. Therefore, only the bound fluorophore la-
belled molecules are excited and subsequently detected. A complementary effect
to this is used in supercritical angle fluorescence method (SAF) [42, 43]. Due to
total internal reflection, fluorescence from unbound labelled molecules in solution
can not be emitted into the substrate (the refractive index of substrate is higher
than of solution) at angles larger than the critical angle (water-glass interface
=61°). However, a fluorophore in the proximity (less than emission wavelength)
of an interface emits light into angles larger than critical angle [44], There-
fore, the fluorescence from bound analytes can be distinguished from fluorescence
from unbound analyte by collecting the fluorescence light from angles above crit-
ical angle. A similar technique using the anisotropic emission of a fluorophore
is called surface plasmon-coupled emission (SPCE), here a thin metallic layer is
located between the substrate and biorecognition layer [45, 46]. The additional
layer causes molecules close to the interface to have a distinct angle-dependant
emission with the majority of the fluorescence emitted into a very narrow an-
gle range. Because the emitted angle depends on the emission wavelengths, this
gives the possibility of multianalyte detection. Fluorescence from the unbound
molecules in solution is not transmitted through the metallic layer, therefore only
fluorescence from the bound analyte is detected. Lastly the development of new
ultra bright labels is considered. This involves the chemical engineering of new
molecules with desirable emission and excitation wavelengths to form a new class
of labels, which consist of silica nanoparticles doped with large amount of stan-
dard fluorophore [47, 48]. Their advantages compared to a single fluorophore are
higher brightness, better photostability, insensitive to the solution effects, and
possible shift of the emission wavelength using two dyes incorporated into the
particle [49].

1.3.2 The use of metal nanoparticles in biosensors

The use of metallic nanoparticles is another way to improve performance of bio-
sensors or even to develop a new way of detecting biomolecule-analyte binding
reactions. In the following, a short account of possible applications of nanoparti-
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cles in biosensors is mentioned, concluding with an introduction to the plasmonic
enhancement of fluorescence.

Metal nanoparticles were first applied in bioanalysis as probes in transmis-
sion electron microscopy [50]. Due to their high density, they are very easily
detectable, enhancing the contrast of the images.

Due to the extraordinary light absorption and scattering of nanoparticles they
can be used as tags in biological assays in optical detection systems. The system
of biorecognition can be the same as in the case of a fluorescence-based sensor,
but instead of fluorescent tags, a gold nanoparticle is used. The detection is
then carried out via an absorption-based measurement. Due to the distinct red
color of the nanoparticles the detection can be even done in some cases by the
naked eye. Currently pregnancy tests using gold nanoparticles combined with
such visual detection are commercially available on the market (for example, first
response Easy-Read Ovulation Test). This concept is being further developed to
produce low cost immunoassays with detection limits comparable with the ELISA
method [51, 52]

Figure 1.5: Schematic of detection NPs using dark field microscopy. A substrate
with NPs is illuminated with beam of light in the form of ring which strikes the
surface under high angles. It is achieved via an objective with high numerical
aperture and an O-ring aperture. Only the light scattered by nanoparticle in low

angles is collected via objective with low numerical aperture.

In a similar way, metal nanoparticles can be used as tags, but instead of the
absorbed light, the scattered light is detected [53]. Slightly larger nanoparticles
have to be used than in the case of absorption, but, when optimised, the intensity
of the scattered light of one nanoparticle is equal to the fluorescence intensity

10
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of approximately one million of fluorescent dyes [54], Moreover, by using dark
field microscopy even a single nanoparticle can be detected, hence significantly
increasing the sensitivity of sensors [55]. A schematic of dark field microscopy is
shown in figure 1.5. Basically, a substrate is illuminated at high angles so that the
incident light is not transmitted by the collection optics. But in the presence of a
nanoparticle the incident light is scattered at lower angles resulting in detection of
this light. The nanoparticles on an image then appear as bright spots on a black
background. The next development in this technique is the use of striped metal
nanoparticles allowing multiplexing [56]. These special nanoparticles consist of
gold and silver stripes. Due to the different optical properties of the metal, the
silver regions appear brighter than the gold regions, thus the nanoparticle acts as
a bar-code when viewed in dark field microscopy. By tagging each antibody type
with specific bar-code NP, the multiplexing is achieved.

Besides the detection of nanoparticles attached to a substrate by optical meth-
ods they can be also detected electrically, electrochemically, topologically or by
mass spectrometry. In the electrical approach, two electrodes are present close to
the detection spot and by capturing the antibodies tagged with nanoparticles the
change of resistance or electrical current is detected [57]. In the electrochemical
approach, after the capturing of NP-tagged antibodies, the metallic nanoparticles
are dissolved and the metal is detected by the use of stripping potentiometry [58].
In another approach the attached antibodies labelled with nanoparticles form a
rough surface, which can be detected by atomic force microscopy [57]. However,
this approach is not yet practical for use in miniaturised sensors.

Another way of using nanoparticles as a transducer of binding events is ex-
ploiting the high sensitivity of their optical properties to change of refractive
index of the surrounding medium [59, 28, 60]. A schematic of this sensor type is
shown in figure 1.6. The sensor consists of a layer of attached nanoparticles which
are covered with biorecognition elements and the absorption of the nanoparticles
is monitored. Upon binding the reagents to the biorecognition elements, the lo-
cal refractive index around the nanoparticles is changed causing the change of
absorption spectra of the nanoparticles. This principle is similar to the standard
surface plasmon resonance system described earlier, but the approaches differ in
aspects of spatial resolution, distance dependence, sensitivity and cost [61].

Further, metal NPs can be also used in solution phase sensors exploiting the

1n
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Figure 1.6: Schematic representation of biosensors based on change of NPs absorp-
tion caused by adsorption antigens to the antibodies attached to the nanoparticles.
Upon binding of the antigen to the antibodies (left) the local refractive index around
NPs is changed resulting in increase and shift of NPs absorption, which is detected

by measuring the absorption (right).

Figure 1.7: Schematic representation of biosensors based on aggregation of NPs.
Without presence of reagent the nanoparticles are dispersed in solution giving it a

red color. After adding the reagent the nanoparticles aggregate causing the solution

to be transparent.

color change of the solution upon aggregation of the nanoparticles. A schematic
of this sensor type is in figure 1.7. The principle is based on the earliest type
of biosensors using latex microspheres covered with antibodies. When antigen
is added to the solution, microspheres aggregate and the turbid solution become

12
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transparent [32], The metal nanoparticles have an advantage in much higher light
absorption resulting in higher sensitivity of such sensors. Additionally, by using
metal nanoshells instead of metal nanoparticles the absorption is shifted to longer
wavelengths, where blood is already transparent, and the presence of an antigen
in whole blood can be detected [62],

Instead of using a fluorescent label as a tag, a Raman active dye together
with a metal nanoparticle can be attached to the molecule of interest and the
surface enhanced Raman signal can be detected [63]. Because the Raman signal
is highly specific for each molecule, multiplexing can be easily achieved. Earlier
the application of a Raman active molecule as a tag hindered the fact that the
Raman signal from a molecule is several orders of magnitude weaker than fluo-
rescence signal, and therefore fluorescence tags were preferably used. But it was
discovered that the Raman signal from a molecule can be significantly enhanced
by the presence of a metal nanoparticle [17, 64, 65, 66] enabling its detection. In
another configuration, the metal nanoparticles are deposited on a substrate and
the biorecognition elements are deposited over the nanoparticles. After binding
of the tagged molecules, the surface enhanced Raman signal is detected [67], or
even in some cases the molecule can act as a Raman active label [68, 69] avoiding
the need for labelling the molecule.

Many other applications of metal nanoparticles in bio-sensors, which can im-
prove the sensitivity have been reported such as a combination of nanoparticles
with SPR-sensors [70], combination with mass spectrometric measurements or
incorporating nanoparticles with molecular beacons [71]. But now we focus on
the principal applications of the research within this thesis.

1.3.3 Application of metal nanoparticles in fluorescence-

based biosensors

The main topic of this thesis is the interaction of metallic nanostructures with
fluorescent dyes. It was theoretically formulated [72, 73, 74] and experimentally
discovered [75, 76] that metal nanoparticles not only enhance the Raman signal
but also the fluorescence signal from molecules near the nanoparticles. The effect
of the enhanced fluorescence via nanoparticles can be pictured by analogy to radio
techniques, where a fluorescent dye acts as a walkie-talkie and a nanoparticle acts

13
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as an antenna, which amplifies the received and emitted signal. There are some
similar processes in enhanced Raman spectroscopy and in fluorescence enhanced
spectroscopy, where the enhancement is caused by the increased electromagnetic
field around the nanoparticles. However, these effects have different intensities
which depends on various parameters. Since the discovery of the enhanced fluo-
rescence in the 80’s several authors published the measurement of the effects and
they tried to optimise it by varying several parameters [77, 78, 79, 80, 81, 82],
With the advance of the technique, even measurements of the effect on a single
fluorescent dye and nanoparticle were carried out [83, 84]. Despite this effort,
there is no definite answer to the optimal nanostructures for enhancement of the
fluorescence. This involves an understanding of the very complex behaviour of
the electromagnetic field interacting with the metal structures and, at the exper-
imental level, the manipulation and controll of the position of the molecules and

nanostructures on a nanometer scale.

V

»V jm tt

Figure 1.8: Schematic representation of fluorescence based biosensors enhanced
via plasmonic. The substrate is covered with metal nanoparticles, which enhance

the fluorescence signal from dye labelled antibodies binding to the bound analyte.

Recently, some authors have applied this fluorescence enhancement effect to
the detection of fluorescently labelled biomolecules in order to decrease the limit
of detection and increase the sensitivity of the measurement [85, 86, 87, 88].
The schematic of the idea is shown in figure 1.8. The presence of the nanos-
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tructures close to the biorecognition elements increases the fluorescence from the
dye-labelled analyte and, therefore increasing the performance of the biosensor.

Inspired by these results, the enhancement of fluorescence-based biosensors
via metallic nanostructures is the main scope of the work of this thesis. Its
purpose is to analyse the possibility of the application of nanostructured sur-
faces onto fluorescence-based biosensors in order to increase their performance.
Furthermore, the challenge is to develop a technique for the deposition of nanos-
tructured surfaces onto biochips. In order to apply this enhancement strategy
to the biochips the fabrication technique must fulfill several criteria such as low-
cost, flexibility, reproducibility of the nanostructures, and the deposition of these
structures on different substrate materials. Finally, these substrates will be then
tested for their ability to enhance the fluorescence signal and parameters will be
varied in order to optimise the performance of the biosensors.

1.4 Thesis structure

Chapter 1 provides an introduction to this work and describes the application of
nanoparticles in general and then focuses on biosensors.

Chapter 2 introduces the principles of fluorescence and describes the optical
properties of metal nanoparticles, especially the effect of localised surface plasmon
resonance. Further, theoretical consideration is given to plasmonic enhancement
of fluorescence.

Chapter 3 deals primarily with the formation of nanostructures via Nanosphere
lithography techniques and thermal evaporation techniques. It is followed by a
study of the enhancing effect of nanoparticles prepared by nanosphere lithography
on fluorescent dyes. In particular, the dependence of the fluorescence enhance-
ment on the optical properties of the nanoparticles is treated.

Chapter 4 deals with the plasmonic enhancement of fluorescence from molecules
attached to the colloidal nanoparticles. The dependence of the fluorescence en-
hancement on the nanoparticle size and composition is studied (both, experimen-
tally and theoretically)

Chapter 5 describes the development techniques for the production of nanos-
tructured substrates which can be incorporated in biosensors. Firstly, methods of
formation of nanoparticles with different optical properties are presented, espe-
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cially photoconversion of spherical nanoparticles into triangular shaped particles.
Next, the deposition of such nanoparticles on plastic and glass substrates is dis-
cussed. In the last section of Chapter 5, experiments dealing the measurement of
the plasmonic enhancement of fluorescence from such substrates are described.
Several parameters are varied to optimise the effect in order to produce fluores-
cence based sensors with enhanced sensitivity.

Finally, chapter 6 concludes the results achieved during the research and de-
scribes possible future methodologies for enhancing the performance of fluorescence-
based biosenors incorporating metallic nanoparticles.

1.5 Thesis objectives

» To theoretically analyse the effects of Localised Surface Plasmon Resonance
and consider its use in the enhancement of fluorescence. Further, to deter-
mine key parameters that influence the enhancement of fluorescence signal
from fluorescent dyes (such as nanoparticle-dye distance, nanoparticle size
and composition, optical wavelengths employed).

» To develop simple non-expensive techniques for the deposition of nanos-
tructures on a range of surfaces.

* To experimentally observe the effect of plasmonic enhancement of fluores-
cence for dye molecules and to quantify its dependence on several parame-
ters that can be adjusted to effect an optimisation of the fluorescence signal.
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Chapter 2
Theoretical Background

In this chapter a theoretical review of the principles of plasmonic enhancement
of fluorescence are presented. At first, molecular photoluminescence is explained
in terms of an electron energy level model in molecules. In the next part, elec-
tromagnetic wave theory is reviewed. The localised plasmon resonance in metal
nanoparticles is defined and its properties are described using electromagnetic
theory. In the last section of this chapter, the influence of metal nanoparticles on
the photoluminescence of molecules is explained.

2.1 Basic principles of molecular photolumines-
cence

Photoluminescence is a process whereby light is produced from the illumination
of a molecule with radiation of a certain energy and the subsequent emitted light
is of a lower energy. Photoluminescence can be of two types: fluorescence and
phosphorescence. In all cases, it is necessary that an electron of the molecule
is raised into the excited state before the molecule can emit radiation, but the
processes whereby the molecule emits the light differ. For fluorescence, the excited
electron returns to the ground state rapidly after the excitation, the time spent
in the excited state being typically in order 10-8s, whereas the typical time for
phosphorescence is about 10-3s.

Before describing the process of photoluminescence, the energy levels in a
molecule have to be defined. A molecule can absorb energy by promoting an
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electron to a higher excited state or by inducing rotation and vibration of the
molecule. Quantum theory states that molecules have discrete energy levels that
depends on the structure of a molecule. A schematic representation of the energy
levels in a molecule is shown in figure 2.1. The energy for excitation of an electron
from the ground electronic state to higher energy states occurs in the UV-VIS
range (~ leV). Vibrational energies and rotational energies occur in the infrared
(~0.1eV) and microwave region (~ImeV) respectively.

Rotational
levels
E*
cn
D
C . .
HI - -> Vibrational
/-1 levels
E

Figure 2.1: Energy levels in a model molecule. The E, E* level corresponds to
the electronic states in the molecule, the next energetic levels are vibrational and

rotational.

2.1.1 Absorption process

In photoluminescence the first step is absorption of a photon by a molecule. When
a photon is absorbed by a molecule the energy is transferred to the valence elec-
tron which is promoted to a higher electronic orbital with additional vibrational
and rotational energy. Prior to the excitation the molecular vibrational states
are not excited at room temperature due to the low thermal energy. The process
of the transition between electronic states is very quick, in order of 10-15s. The
energetic processes in a molecule can be visualied using the Jablonski diagram [1]
(figure 2.2). In this diagram the absorption is represented by step (a). In or-
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ganic molecules the valence electrons are in different orbital states called n,TY, a
depending on the bonds between atoms in the molecule; and upon excitation,
they undergo transfer to higher non-bonding energetic states called ir*,a*. Most
absorption by organic compounds in the UV-VIS range is based on the transition
of n or o electrons to the ir* excited state. In addition, electrons also have a spin,
which does not change with absorption of a photon (the change is theoretically
forbidden). Energetic levels with the same spin as the ground state are called
singlet states and are indicated by the letter S. A more detailed description of
energetic levels in organic molecules is given by Senk [2].

The probability of absorption of a photon depends on the initial and final
states of the valence electron and on the final state of the molecule after absorp-
tion. The probability of the absorption is related to the molar absorptivity of the
molecule e(A), which is a function of the photon’s energy. The molar absorptiv-
ity reaches 105M ~1cm~1 for transitions which are very likely to occur, whereas
the absorptivity drops to 10-4M-1cm-1 for transitions which are theoretically
forbidden [2]. The molar absorptivity can be determined from an experimental
measurement of the absorbance of a dye using a UV-vis spectrophotometer and
applying the Beer-Lambert law, which states that absorbance is proportional
to concentration [3]. For a solution with molecules of concentration c, over a
pathlength in a cuvette of length I, the absorbance is defined as A = -log(T),
where T is the transmission of the incident beam through the cuvette at steady
illumination. From the Beer-Lambert law it follows that molar absorptivity is

e(A) = N (21)

2.1.2 Emission processes in molecules

Immediately after absorption, the excess vibrational energy of the molecule is
transferred to surrounding molecules (figure 2.2 step (b)). This relaxation process
is very rapid, in the range of 10_12s, which is the average time between collisions
for molecules in the liquid phase at room temperature.

In a solution of dye molecules the solvent molecules distribute themselves
around the dye in a way which leads to the greatest stability for the system.
When the molecule undergoes electronic excitation, there is a significant change
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in its polarity. Because the molecule stays in the excited state much longer than
the relaxation processes in the solution, the solvent molecules reorganise within
10-10s, which leads to reduction in the energy of the molecule. This is depicted
in process c, figure 2.2.

In the case of fluorescence, the electron stays in the excited state Si typically
for 1(T8 and then returns to its ground state releasing energy, either in the
form of a photon or in the form of heat (step (d) figure 2.2). The radiation
process is very fast, typically 10 _15s. The molecule can still have energy from
vibrational and rotational states and gain further energy due to the solution
effect. The excitation of rotation and vibration modes of the molecule together
with the solution effect from the absorption and emission process leads to an
energy difference (or A difference) between absorbed and emitted photon. This
A shift is called the Stokes shift and depends on the structure of the molecule,
and the solution [3]. The molecule can also lose excess energy via a radiationless
pathway. This can be done either by intra-molecular redistribution of the energy
between the available electronic and vibrational states or by energy transfer to
other molecules by collision and other mechanisms, called external quenching.
The fluorescence quantum yield is defined as the ratio of the number of photons
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emitted to the number of photons absorbed and is defined as

~ T T TKG <2
where kr and knr are the rates of radiation and radiationless de-excitation of the
electron. The 4>varies between 1 and 0 for highly fluorescent and non fluorescing
molecules respectively.

When the source of the illumination is switched off, the fluorescence intensity
starts to decrease. This decrease depends on the rate of the electron de-excitation
and in many cases it can described as [1]

I,(t) = /,(0)e-f (2.3)
1 —W-“+ knr

where r is called the fluorescence lifetime and is in range of 10-8s.

In phosphorescence, the molecule can undergo a process called inter-system
crossing, where the electron in the excited state changes its spin (see figure 2.2,
step (e)) and therefore its energy level. These electron energy levels, called triplet
states 7i, are generally lower in energy than singlet states. The energy difference
between these two states is transferred into the rotational and vibrational states of
the molecule prior to relaxation. Prom this triplet state the electron can de-excite
to the ground state by either emission of the photon or thermal de-excitation (as
in the case of a singlet state). On returning to the groundstate the electron
has to change its spin, which is a forbidden processunder therules of quantum
mechanics, and therefore the de-excitation rates kTand knT are much lower than in
the case for fluorescence. From equation (2.3) it follows that the phosphorescence
lifetime is longer that fluorescence lifetime. A typical lifetime is on the order of
10-3s.

2.2 Electromagnetic waves

An electromagnetic field in a vacuum can be described using an electric field £
and a magnetic field 7i. These field vectors, which are functions of space and
time, have to satisfy Maxwell’s equations. Only the sinusoidal time-harmonic
electromagnetic waves with angular frequency o will be considered here. This is
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still a generalisation because any time-varying function can be described as a su-
perposition of sinusoidal time-harmonic functions via Fourier transformation [4].
These fields can be represented in complex notation as

Ec(r, t) = E{r)e~™\ He(f,t) = H(r)e-" (2.4)

where E and H are complex vectors independent of time and Ec,Hc vectors are
related to the real fields by

£(r,t) = Re{Ec(f, 1)}, H(r,t) = Re{Hc(r, £)} (2.5)

Because Maxwell’s equations are a linear system of paﬂal_gifferential equations,
Maxwell’s equations are solved for complex vectors Ec,Hc and then the equa-
tions (2.5) are used to obtain £_Aand Hf.

If the electromagnetic field propagates in a material, the interaction ofthe elec-
tromagnetic wave with matter has to be included. Herein it is assumed the ma-
terial is isotropic, homogenous, linear and non-magnetic without any free charges

and free currents. In Sl units Maxwell’s equations in differential form may be

written
Ve(eE) =0 (2.6)
V xB = iuifiH (2.7)
VeH) =0 (2.8)
V x H = -iojeE (2.9)

where fi = HHN) is the permeability (for non-magnetic materials fJr = 1) and
e = ereQis the permittivity. The relative permittivity er represents the response
of bound (polarisation) and free charges (conductivity) in a material to the elec-
tromagnetic field. Generally, £r is a function of u>and has the complex value
£r(no) = £[(cj) +i£2(uj). Relative permittivity is discussed further in section 2.3.1.

From Maxwell’s equations it is possible to derive the vector wave equation
for both the electric and magnetic fields. The curl operator is applied to equa-
tions (2.7) and (2.9), and a vector identity is used for double curl. The resulting
equations, also called Hemholtz equations, are written in the form

V 2E + o2£(,E = 0, V2H + w2£fiH = 0 (2.10)
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An electromagnetic field has an energy which can travel through space. For

a harmonic oscillating field with (E, H), the time-averaged Poynting vector can
be defined as

= -ZR e{E x H*} (2.11)

which specifies the magnitude and direction of the rate of transfer of electromag-
netic energy at all points of space.

In the next section, two electromagnetic waves solutions necessary for further
discussions, are presented.

2.2.1 Plane wave

The first solution is a homogeneous plane wave which can be written in the form
Ec(r,t) = Eoe**-™  Hc{f,t) = (2.12)

where  Kis the complex wave vector defined as k = (k1+ ik")k,where k* and k”
are realnumbers and k is a normal real vector. The equation k mr =constant
defines the plane of constant phase and amplitude. The plane of constant phase
propagates with a phase velocity v = uj/k' and its wavelength is A = 2ujk!.
There is a restriction on the wave vector k. Substituting eq. (2.12) in Hemholtz
eg. (2.10), a dispersion relation is obtained

k mk = LLOEji (2.13)
K+ ik = = KON

where kO = wv/e”o is defined as the size of wave vector in vacuum and N =
= n'+ in" is the complex refractive index.
Another restriction on vectors k, Eq, Hqg follows substituting plane wave 2.12
in Maxwell’s equations (2.6) and (2.8)

k- EO= k- HO= HO-E0=0 (2.14)

These equations indicate that vectors k, E0,HO have to be perpendicular to each

other.
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2.2.2 Vector spherical harmonics

Solution of Maxwell’s equations in spherical co-ordinates {r, which are
needed in further analysis in section 2.3.2, are known as vector spherical harmon-
ics. They can be constructed from the solution of the scalar Hemholtz equation

V2ij+ k2ip=0 (2.15)
where k = uj2efi. It can be is expressed as [9]

itlh =r W)P,,"*(cos«)"(fcr) (2.16)

where P™(cos0) is the associated Legendre function of the first kind (n=0,1,...;
m=0,,n) and index (i) is associated with the choice of zn functions, which are
spherical Bessel functions (i=1,4; jn,yn,hn\ h$)-

Next, vector spherical functions M*)nn, N”~nn are defined as

v/ x ywivi
M il =V x nSL = (2.17)
These functions expressed in term of elementary functions are given in Ap-
pendix A. These functions are divergence free

VeMil=0  VaN®n=0 (2.18)

and as it follows from[6], they are solutions of the vector Hemholtz equation 2.10.
By applying the curl operator on N ” n and knowing that Memnis divergence free,
the solution of the vector Hemholtz equation, M g1 can be expressed as
Vi'y
= °mn (2.19)

Since the vector spherical harmonics which satisfy the vector wave equations are
divergence free and since the curl of one spherical function is proportional to the
other spherical function, the vector spherical harmonics are solutions of Maxwell’s
equations (2.6) - (2.9).

Moreover, the set of vector spherical functions is complete [7/] (for each set
i=1,2 or i=3,4 of bessel functions). This means that any solution of electromag-
netic waves can be expanded into these functions

00 n 2,4

E =V Vo VVIG AW + GSmn0Whn + Ao O, + Ak NG (2.20)

n=0m=02=1,3
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Because all vector spherical harmonics are orthogonal [ the coefficients in the
expansion are of the form

() = in2Wo* E mA4tnsin0dOd<P
em  j27jir]| |2 sin Odddcf)

with similar expressions for Boning (hnmAonm- A magnetic field, is obtained by
substituting the electric field in equation 2.7 and using the relationship between
IvIif"mni r])lljg;;?nn

00 n 2,4

-'_lj =~ $ IJS/I§ ;(\B\’\®m n Né% nt 5c®n'Vcﬂ)\ n+Ae(-|)mMe(if)1 n"M ((DmMo@n) (222)

n=om=0i=13
2.3 Metal nanoparticles

2.3.1 Optical properties of metals

In this section the optical properties of metals are reviewed. At first, the di-
electric constant of metals is defined and, following this, a model describing the
microscopic interaction of light with the metal is presented.

When an electromagnetic field is present in matter the electric and magnetic
components of that field act on the atoms in the matter. Matter consists of
electrically charged particles; the electric field acts on them with a force equal to
F = g- E and will induce polarisation P in the matter. The matter is considered
linear and homogenously isotropic if the relationship between polarisation P_ and
electric vector E4 is

P(lu) = eo(er(w) - 1)E(u) (2.23)

where enis the permittivity of free space and eTis the relative permittivity of the
medium. If the electric field does not affect the polarisation then er = 1, as is the
case for a vacuum. The electromagnetic field in matter is changed by the induced
dipole in that it acts as a distribution of charge of density A/-;and an equivalent
distribution of current density ~ ( [6] page 12), which are implemented in the
Maxwell’s equations (2.6) - (2.9). Noble metals do not exhibit any magnetic
effects (the magnetic field does not induce any magnetisation in the matter) so
the relative permeability is the same as in a vacuum (jir = 1).
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The dielectric constant of metals can be measured experimentally. The com-
mon methods are reflectometry [8] and ellipsometry [9]. Both methods analyse
the reflected beams from the material. As an example, the dielectric contants of
silver and gold are presented in Figure 2.3 (data taken from ref. [10]).

Wavelength [nm]

Figure 2.3: Real (ei) and imaginary (e2) part of dielectric constant for gold and

silver. The horizontal line represents (ei = —2ewater).

The dielectric constant can not be completely arbitrary. Because of the linear
dependence of P on E and due to the principle of causality, the real and imag-
inary part of dielectric constant have to obey the Kramers-Kronig relationship
( [B], page 69). These equations state that if the imaginary part of the dielectric
constant is known for the whole spectral range then the real part is already given
and vice versa.

Metals are sometimes defined in terms of their conductivity a rather than
their dielectric constant. Conductivity is a quantity which appears in Ohm’s law
describing the dependence between the conduction current J and the electric field.
In most metals J(u) = a(u>)E(uj). The conductivity and the dielectric constant
are not independent and their relationship can be expressed as ( [4], page 69)

srco)=1+i" - (2.24)
we0
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Dielectric constants of metals

To explain the profile of the dielectric constants of metals,a detailed look at the
structure of matter is needed. Most metallic materials consist of atoms ordered
in a periodic structure (close packed), where the core electrons are bound to
the atom’s cores and the outer electrons are shared by all atoms. These outer
electronscan beconsidered as a free electron gas and can bedescribed by the
Drude model ( [5],page253). In this model anelectromagneticfieldacts on
the electron with a force eEe~iut (the magnetic force can be neglected) and the
electron is damped by collisions with a force linear to its speed. Therefore, the
motion of the electron can be described with the equation

+7$ = — Ee~iut (2.25)
m*

where m* is an effective mass of the electron and 7 is damping constant. This
motion will cause a polarisation of the material {P = pRex, where pe is the density
of free electrons) Solving the differential equation above and using equation (2.23)
will give the dielectric constant of a metal due to the free electrons, e? = £1 + ie2

as
ei=1- 4 (2-26)
2
A -
e2 ur (u» 7) (2-27)
where tup is calledplasma frequency and is given byap2 =pee2/m*e0 . The

dependence ofthe dielectric constant on ui agrees withexperimentalvalues for
metals for lower energy.

For an electromagnetic field with higher energy (shorter wavelength) electrons
from the deeper electron bands can be excited (called inter-band absorption) and
the excitation will modify the dielectric constant to give an additional term, Se
where

er = ef + SEb (2.28)

This response of the bound electron to the electromagnetic field can be described
with the Lorenz model. In this model, the bound electron is regarded as an
harmonic oscillator in the presence of the electric field, with spring constant K.
The equation of motion of the electron can be written as

X"+ jx' +Jix = — Ee~itit (2.29)
m
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where afi = K/m* and to@h is approximately the energy of bound electrons when
they start to be excited. As for free electrons, the motion will give rise to a
polarisation of the matter. Therefore, on solving this differential equation the

additional term in the dielectric constant can be written (in complex form) as

Se= 2 - (2-30)

wg —ur — I'yu

Contributions of these different electrons to the dielectric constant are easy to
see in a material such as silver. The decomposition of its dielectric constant due
to contribution from free and bound electrons is described with equations 2.26
and 2.30 and it is demonstrated in figure 2.4.

§§§3 b &P Wavelength [nm]

Figure 2.4: Decomposition of dielectric constant of silver (curve a) on contribution
from free (curve c) and bound (curve b) electrons, top - real part, bottom -

imaginary part. The horizontal line represents (ei = _2ewateT)

The experimentally obtained dielectric constant is generally measured on
macroscopic objects and is therefore not exactly valid for nanosized objects. With
the decreasing size of the object the surface will start to influence the dielectric
constant. One of the reasons for this is due to the limited electron mean-free-
path. The damping of the electrons in the Drude model is given by the constant 7
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in equation (2.26). This damping is introduced by collisions with other electrons,
phonons, etc. If dissipation of energy is mostly by electrons close to the Fermi
level (electrons with the highest energy), the damping constant can be written
as 7 = vp/bnf, where vp is the fermi velocity of the electrons (vp ~ 106m/s)
and Znf is mean free path between two electron collisions. For example, silver
has lint = 52nm at room temperature (from [11], page 22). If the object of size
R is smaller than the mean free path, an additional scattering of the electrons
with the surface of the object is added. This can be expressed in the damping
constant as ( [11])

7= Tof+ AT(fl) = A+ - (2-31)

inf Jn

Using this modified damping constant and equation (2.26) will give the expression

for the size dependent imaginary part of dielectric function
4

e2(w, i?) = £2pifw) + (2 . 3 2 )

2.3.2 Localised Surface Plasmon Resonance

In this section, Localised Surface Plasmon Resonance (LSPR) of a metal nanopar-
ticle is defined. At first, an approximate solution of scattering of light by a sphere
is presented and the resonance effects are then related to the LSPR. This is fol-
lowed by an exact electrodynamic solution of the problem for spherical nanopar-
ticles and for spherical nanoparticles with shells. At the end of this section, the
results are applied to non-spherical nanoparticles.

Scattering of light by spheres

Let us consider a particle with relative dielectric constant el located at an origin in
a coordinative system and embedded in a non-absorbing medium with dielectric
constant em. The particle is illuminated with an incident beam described by
electric and magnetic vectors (Ei,Hi). Next, the electromagnetic fields inside
and outside the pAarticIe are defined. The field generated inside the particle is
denoted by (EJIy Hi). The electromagnetic field outside the particI;(E—E, H2) is a
superposition of the incident field and the scattered field (Es, Hs) induced by the
incident beam (see figure 2.5).

E2=Ei+Es H2=Hi+ Hs (2-33)
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Figure 2.5: A particle at the origin is illuminated with the incident field
The field inside the sphere is E\,Hi and the field outside the particle consists of
scattered field ES,HS and the incident field. Surface A represents the surface of an

imaginary sphere with r — 00 and D is a detector.

The electromagnetic fields have to be a solution of the wave equation (2.10)
and have to fulfill the boundary conditions. The derivation of the electromagnetic
field inside and outside for a specific particle is content of the following sections,
but before this, the relationship between the scattered field and absorption spectra
will be highlighted.

Extinction cross section

Let us construct an imaginary sphere of radius r around the particle (see fig-

ure 2.5).While the electromagnetic field at the surface A is given (B, HI)-, the

electromagnetic energy crossing the surface A of this sphere can be written as
Wa= - f S2-fdA (2.34)

Ja

and is the energy rate absorbed in the particle (Wa > 0). Using equations

(2.11,2.33), the absorbed energy rate is written as the sum of three terms: Wa =

Wi-W s+ WoxU where

- [ I're{Ei x H*} mfdA = —f S «fdA

Ja 2 Ja
Ws = [ e{Es x Hs} mfdA = [ SswdA (2.35)

Ja * Ja

W.
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wext = - / Jre{EixH*s+EsxH*}-rdA = - |Sext-rdA
Ja | Ja

The term W is equal to zero, when the embedding medium is not absorbing. The
term Ws is the rate at which energy is scattered by the particle. Therefore, Wext
is the sum of the energy absorption rate and the energy scattering rate

Wext = Wa+ W, (2.36)

Suppose a detector is placed behind the particle (see figure 2.5). The term Wext
represents the difference of energy rate in the cases where the particle is and is
not present. These energy rates can be divided by the irradiance of the incident
wave li= |G to define the extinction cross section Cext = Wext/h, the absorption
cross section Cas = Wa/li and the scattering cross section Csca = Ws/li- From
the equation above it follows that

Cext = Cabs + Csca (2.37)

These cross sections have dimensions of area, and in terms of geometrical optics,
they can be interpreted as an area of shadow, which is cast on the detector. The
cross section is connected with the experimentally measured absorption spectra
of the particles. If a solution of nanoparticles with density p ( where the density
is low enough that multiple scattering is avoided) within a cuvette with path-
length h is illuminated with incident irradiance li then the detected irradiance is
attenuated ( [5] page 79) as

It=1n por (2.38)

In spectroscopic measurements, it is common to measure absorbance A, which is
defined as A = log1Q(it/i*). Therefore, the absorbance is related to the extinction
cross section as

A = 0AUpCexth (2.39)

Cross sections of small spheres

To get the exact solution of the problem formulated above, the wave equa-
tion (2.10) together with boundary conditions must be solved. In this part some
approximations will be used to tackle the problem. The first restriction is on the
size (a) of the nanoparticle. If a « A then the incident electromagnetic wave
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Figure 2.6: Graphical explanation of quasi-static approximation used for scattering

of light by a small sphere

can be substituted by a uniform electric field Eq= EOx (see figure 2.6). Next, the
problem will be solved for a static field and then the solution will be generalised
for a time-varying field. The Laplace equation for a scalar potential with corre-
sponding boundary conditions, describing an electrostatic field, is solved and it
leads to the expression for electric field ( [12], page 72) inside the sphere Eint and

outside the sphere Eext.

NMint = el+ 2em (2'40)

Eext = EO+ " [3(pm)r - prZ] (2.41)
pi _ p.m

V = -42)

From these equations it follows that the electricfield inside the sphere is
uniform and in the direction of the external field Eq. The equation for the electric
field outside the sphere is a composition of two terms. The first one is the external
field Eq and the second is identical with the electric field of a dipole (see [12] page
41) with the dipole p induced by the external field vecEO . This means that the
dielectric sphere can be substituted with an electric dipole p placed in the center
of the sphere.

Now, the solution will be generalised for a time varying field. If the particle is
illuminated with an x-plane wave (EOexp(ikz —iut)x) then the particle behaves

as a dipole with
p = ArTEma3g(Lo)EQe - iuk (2.43)
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u), = om 2.44
9&2 )J el(a) + 2em (2.44)
Therefore the dipole radiates an electromagnetic field (ES,HS) ( [6], page 435)
and using the equation for the extinction cross section leads to the expression

Cext = Tra2AakIm{g} (2.45)

Because of the use of the nanoparticles in connection with fluorescence, another
useful quantity is the square of the absolute value of the electric field outside
the nanoparticle. The expression for Es is quite complex, but for small distances
(r << A) from the nanoparticle it is identical to the static field of a dipole ( [12],
page 241). Therefore, Eext in equation (2.41) can be used to compute the quantity.
If a is defined as the angle between the position vector f and x, then after some
manipulation, the following expression is obtained:

a3
E2(r a)2= El (3cos2a(\g|2+ 2Re{g}) 1-3 (2.46)

Surface resonance modes in the nanoparticle

The electric field inside and outside the nanoparticle (equation (2.41)), as well as
the extinction cross section of the nanoparticle (equation (2.45)), show resonance
behavior whenever the denominator in g{uj) (equation (2.44)) goes to a minimum:

(e + 2em)2+ (el)2= Minimum (2.47)

If the imaginary part of dielectric constant of the particle is small or slowly varying
with the frequency of light then the resonance condition can be rewritten as

= —2em (2.48)

In section 2.3.1, dealing with the dielectric constant of metals, it was shown that
the real part of the dielectric constant is negative and therefore the resonance
condition (2.48) can be fulfilled. Moreover, for noble metals the resonance occurs
at frequencies which correspond to visible light. As an example, the extinction
cross section of gold and silver nanoparticles of the same radius of 5nm in water
are presented in figure 2.7. The resonance peaks for metal nanoparticles are
clearly visible. For comparison, the absorbance of a silver slab with thickness of
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10nm is presented in figure 2.7 as well. It is clear that the absorbance does not
show any resonance peak (the increase at short wavelength is due to absorption

by bound electrons).
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Figure 2.7: Normalised extinction cross section of (a) silver and (b) gold nanopar-
ticles of 5nm radius in water. The plasmon resonance peaks are clearly visible. For
a comparison, absorption spectra of a silver slab .perpendicularly illuminated, of
IOnm thickness is presented as well (curve (c)). This curve does not exhibit any

peak associated with the plasmon resonance.

Relationship between the resonance and the plasmon modes

The condition for the resonance behavior of the cross sections follows from elec-
tromagnetic theory. Any small particle made from a material with dielectric
constant equal =-2 at wavelength A will exhibit the resonance behavior at wave-
length Ain vacuum (equation 2.48). However, the origin of the resonance is quite
different for a silver nanoparticle illuminated with 390nm compared with that of
a magnesium oxide particle with illumination at 17fim.

To explain the origin of the resonance in a metal nanoparticle, one has a to
have closer look at the dielectric constant. The dielectric constant of a metal
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is governed mainly by the free electrons, as was explained in section 2.3.1. If
we restrict the expression for the dielectric constant of metals only to the Drude
term (2.26) (as it is case of alkali metals), the resonance condition (2.48) occurs

at angular frequency

w (2.49)
s/l + 2em

It was shown that the electric field inside the particle is uniform (eq. 2.40) and
that it changes periodically with the angular frequency u= The electric field
accelerates all the electrons in the particle simultaneously and therefore excites
collective oscillations of conduction electrons. This motion has an analogy with a
simple oscillator driven by a periodic force. The force is the electric field acting on
the electrons and the restoring force of the harmonic oscillator are the polarization
charges on the surface of the sphere (see figure 2.8).

Figure 2.8: The motion of electrons in metal nanoparticle has an analogy with a
harmonic oscillator driven by a periodic force. The electric field (E ) accelerates the
electron and the restoring force (F) is given by the polarization charges induced by

the motion of the electrons

Collective excitation of the conduction electrons can be observed in bulk metal
material. At the frequency to = Ip the electrons form longitudinal waves in the
material ( [13], page 278) and the energy quantum of this oscillation is called a
plasmon. This plasma oscillation can not be excited by optical excitation, as the
electromagnetic field is transverse and therefore high energy electrons are used
to excite and study these oscillations (called Electron energy loss spectroscopy).
Similarly, a plasmon can be excited at a planar metal surface (g = ap/ -y/2) or
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thin metal film. These surface plasmon modes can be excited by the light [14]
under special conditions (angle of incidence and the embedded medium) or by
electrons [15]. In analogy to this, the resonance behavior in the metal nanopar-
ticle, in which electrons collectively oscillate, is called localised surface plasmon
resonance (LSPR).

Properties of the LSPR

The description of LSPR will be restricted to gold and silver nanoparticles as
such nanoparticles were the main focus of the research reported here. As can
be seen from figure 2.7, the position of the resonances for 5nm gold and silver
nanoparticles are A= 520nm and A = 390nm, respectively. As was described
earlier, the position is given by equation (2.48) and by the dielectric constant (see
figure 2.3, the horizontal line represents the resonance condition (equation 2.48)).
These positions are shifted to a longer wavelength compared to the resonance
condition for free electrons (equation 2.49). This discrepancy is caused by the
influence of bound electrons on the dielectric constant. For example, for silver
nanoparticles the bound electrons shift the resonance condition more than 100nm
to the longer wavelength (see figure 2.4). The same effect is observed in gold as
well. Therefore, plasmon resonance in gold and silver nanoparticles is given by
collective oscillation of free and bound electrons.

Further, the silver nanoparticle has a bigger value of the extinction cross
section than a gold nanoparticle. The height of the resonance peak is given by
the imaginary part of the dielectric constant of the metal. The smaller it is, the
smaller the value of the denominator in g(u) (equation 2.44) and therefore the
nanoparticle exhibits stronger resonance. Indeed, e*'1lat resonance has a higher
value than e”9 at resonance as can be seen from the figure 2.3. The reason for
this is that, in the case of the silver, the absorption of the bound electrons (see
section 2.3.1) starts at a shorter wavelength (A = 300nm) than the wavelength of
the resonance, whereas in the case of gold the absorption of the bound electrons
starts at a wavelength (A = 600nm) longer than the resonance wavelength (see
figure 2.3).

As was shown in section 2.3.1, the dielectric constant changes with the size of
the nanoparticles. Ifit is smaller than the electron free mean path then the dielec-
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trie constant increases with decreasing size of the nanoparticle (see eq. (2.32)).
Therefore, the plasmon resonance is difficult to observe in nanoparticles smaller
than few nanometers. Note, this effect does not follow from the electromagnetic
theory and therefore it is called intrinsic.

The position of the resonance depends on the embedded medium as follows
from the equation 2.48. Because the real part of the dielectric constant of gold
and silver decrease as a function of wavelength for ei > 2 (see figure 2.3), the
resonance shifts to a longer wavelength for the embedded medium with higher
dielectric constant.

Another important aspect is the local field around the nanoparticle. Using
equation (2.46), the absolute value of the local field (\E2/E 0\2) around a 5nm
radius silver nanoparticle illuminated with light of A = 400nm is presented in
figure 2.9. From the figure it follows that a high electric field is formed around
the nanoparticle with its maximal value at the surface of the sphere along the
polarisation axis (a = 0,7r). In the case of resonance, the value of |e/(w)| is bigger
than 1, and therefore a simplification of equation (2.46) leads to \E2/E " =
4\g\2 and which quickly drops with increasing distance from the nanoparticle as
\E2Z/EQ2cc 1/r3.

LSPR in a sphere of arbitrary size

In the preceding section, the concept of the localised surface plasmon resonance
was explained by scattering of the light by small particles in the quasi-static limit.
The general solution for an arbitrary size particle can be found as well and it was
first given by Mie [16]. This section will briefly describe the ideas behind the
theory and will show the results important to plasmon resonance.

As in the preceding section, a particle is placed at the origin and illuminated
with a x-polarised plane wave (equation (2.12)) propagating in the z-direction
(Ei, Hi) (see figure 2.5). The incident field induces afield inside theparticle
(Ei, Hi) and a field outside the particle (E2tH2), which is a composition of the
incident and scattered field (eq. (2.33)).

This plane wave can be expressed as (eq. (2.12))

Ei = EOQeirkcosdx (2.50)

Because of the spherical symmetry of the problem, it is more convenient to use
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propagation axis [nm]

Figure 2.9: Square of the absolute value of electric field around silver nanoparticle
radius 5nm calculated by the equation 2.41 for illumination wavelength A = 400nm.
[E2/E0|Lz M s 2= 250

vector spherical harmonics. Using the equation for expansion of any field in vector
spherical harmonics and for their coefficients (equations (2.20,2.21)), the plane

wave can be expanded as [9]

Ei = EOjr,in - iNSL) (2-51)
n=1

nin H 1
The magnetic component of the field is obtained by equation (2.7). As well
as the incident field, the scattered field (Es) outside the nanoparticle and the
inner field (Ei) inside the nanoparticle will be expanded into the vector spherical
harmonics with unknown coefficients of the expansion as in equations (2.20,2.21).
These fields are not independent and have to fulfill the boundary condition on
the surface of the sphere [9]

(E. +es- E{) xf = (Hi+ Hs~Hi) xf=0 (2.52)

The boundary condition is four linear equations for unknown expansion coeffi-
cients of the inner and scattered field. Now, because of the spherical symmetry of
the nanoparticle, the equations (2.52) can be integrated over the angles 9, & From
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the orthogonality of the vector spherical harmonics and expansion of the incident
field it follows that unknown expansion coefficients of the inner and scattered
field are non-zero only for m = 1. The boundary condition in equation (2.52)
then leads to the four linear equations for two unknown expansion coefficients of
the inner field and two unknown expansion coefficients of the scattered field for
a given n. Solving these linear equation leads to the expression for the scattered

field © foo1

E, = BOY ji" % piliaive> - KM 2) (2.63)

with the scattering coefficients of the spherical harmonics an and bn equal to

= mipn(m,x)ip'n(x) - i/jn(x)i/)'n(mx) AA
an mijjn(m x)*n(x)
= lIpn(m x)*n(x) - m/jn(x)jj'n(mx) g5

n ijin{mx)i'n{x) - mEn{x)Vjmx)
where and ( are Riccati-Bessel functions (see Appendix B, equation B.5) , x is

the size parameter and m is the relative refractive index

3 3 2nNma B iVi 3 [e;\" "
x=ka=p  m=]T = \70 (2.56)

Because the distribution of the electric field outside the nanoparticle was
obtained, the cross section can be obtained using the expression in equation (2.35)

9
C, = |™1>n + D(la,|2+ |(..]2 (2.57)
n=1
o @
Cext = 82/An ™ I)Me{an+ bn} (2.58)
n=1

As an example, extinction, absorption and scattering cross sections of a silver
nanoparticle with a different radius immersed in water is presented in figure 2.10.
The extinction cross section of a 5nm particle is entirely caused by absorption,
so the particle scatters very little. The peak in the spectrum is given by the
increase of the ai expansion coefficient of the scattered field; all other expansion
coefficients have very low values. For small particles (a  A), the coefficient can
be approximated to ai ~ ig(uj), which leads to the same resonance condition
of equation (2.48) and the same expression for extinction cross section given in
the equation (2.45) presented in the electrostatic approximation [5]. The corre-
sponding vector spherical harmonic is N~n and this is the field radiated by an
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oscillating electric dipole, which agrees with the electrostatic approximation as
well. Therefore, the local field around the particle is similar to the one presented
in figure 2.9. With increasing radius of nanoparticle (20nm radius particle), the
dipole peak moves to the longer wavelength and the scattering of the particle
starts to be significant. For a 50nm radius particle, extinction is already dom-
inated by the scattering. The dipole peak moves to 500nm and a quadrupole
resonance given by the expansion coefficient a2 appears at 400nm. The distri-
bution of the field around the particle in the dipole and quadrupole resonance
is shown in figure 2.11. By increasing the size of the particle, higher order res-
onances an,bn are induced. The resonances associated with coefficient bn are
magnetic modes, and are due to the fact that their relative permeability equals
to 1. Hence they have a smaller value than the corresponding an coefficients.

Wavelength [nm]

Figure 2.10: Extinction, absorption and scattering cross section (normalised to the

profile of the sphere) of silver nanoparticles with different radius (5,20,50nm).

LSPR in a sphere with a shell

An alternative nanoparticle configuration to the solid particle discussed previ-
ously is that of a nanoparticle with an outer shell of different dielectric material.
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(a) (b)
Figure 2.11: A density graph of electric field around a 50nm radius silver NP by

illumination with polarisated light (a)A = 400nm. The NP is in the quadrupole

resonance.(b)A = 500nm. The NP is in the dipole resonance.

The introduction of the outer shell offers a protective layer, which prevents any
objects (such as fluorescent molecules) to be in contact with the nanoparticle. As
mentioned in the earlier section, an embedded medium influences the plasmon
resonance in metal particles. In the case of a metal nanoparticle the higher di-
electric constant shifts the plasmon resonance towards longer wavelengths. The
field outside the particle with a shell and its cross section can be obtained with
a similar method to that used in the previous section. In this case, an additional
field inside the shell has to be taken into account and the boundary conditions
in equation (2.52) have to be applied on the particle-shell and shell-embedded
medium interface. This again leads to a set of linear equations for the expan-
sion coefficients of the fields. The external field Es is of the same form as in
equation 2.53, whereas the analytical expression of the coefficient an, bn is more
complicated. The analytical expression is given in appendix B.

As an example, the extinction cross section of a 20 nm radius silver particle
with different silica shell thickness (0,3,6,9,12nm) placed in water are presented
in figure 2.12. Because the silica shell has a higher dielectric constant than water,
the plasmon resonance shifts to longer wavelengths. This shift is non-linear with
the shell thickness, where the shift per Inm thickness of the shell is biggest for
the thinnest shells because the field is the strongest at the surface of the particle.
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Figure 2.12: Extinction scattering cross section (normalised to the profile of
the sphere) of 20nm silver nanoparticles with silica shell of different thickness

(0,3,6,9,12nm) in water. The arrow indicates increasing thickness of the shell.

LSPR in non-spherical nanoparticles

For shapes differing from spheres, electrodynamic calculations are much more
difficult and often only numerical methods have to be used. To illustrate the
effect of non-sphericity on the localised surface plasmon resonance, the problem
can also be solved in quasi-static approximation as it was solved for spheres in a
previous section.

Let us consider a prolate spheroid with main axes equal a,b = ¢ < a. The
Laplace equation for a spheroid in a homogenous electric field oriented along one
of the main axe is again solved. The solution of the field outside the particle at
r >> ais a field of a dipole [5], as in the case of a sphere, whereas the dipole has a
different expression and is dependent upon which axis the field is applied. By the
same reasoning as in the case of a sphere, the illuminated ellipsoid is substituted
for an oscillating dipole (equation (2.43), a3 -> ab2), whereas the function g(u)
(equation (2.44)) is changed to

: e1(@) —£m o
%Mu)  3em(oj) + 3Li(el(tu)-em) | C (2.59)
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L lre (2.60)
L2 = (I-Li)/2 (2.61)
where index i=1 corresponds to the polarisation axis parallel to the main axis

and and i=2 corresponds to the polarisation axis parallel to the minor axis of the
spheroid. The parameters LIt L2 are given only by the geometry of the spheroid
and can have values from 0 to 1. The following cross sections are computed in
the same way as the cross section for a sphere (equation (2.45), a3 —mab2). From
the equation above, it follows that there are two resonance conditions of LSPR
as shown in equation (2.48) (for each orientation of the spheroid)

em+ Liel-em)=0 i=12 (2.62)

As an example, the extinction cross section of a silver nanoparticle with the
mam axiis equal to 12nm and different aspect radius values (1:1, 2:1, 3:1, 4:1) for
each orientation of the particle are presented in figure 2.13. When the particle
becomes more prolate, the plasmon resonance in the direction of the main axis
shifts to longer wavelengths and the plasmon resonance in the direction of minor
axis moves to shorter wavelengths. Therefore, by changing the aspect ratio it
is possible to move the plasmon resonance of the particle and also the plasmon
resonance depends on the orientation of the particle.

Demonstration of the plasmon resonance in ellipsoidal nanoparticles can be
found in [17, 18]. When the size of the nanoparticle is increased, the quasi-static
approximation is no longer valid and additional higher order resonances are seen
in the extinction spectra as in the case of large spheres. An observation of the
higher order resonances in spheroids is described in [19].

For even more complicated shapes of nanoparticles only numerical methods
can be used. Two techniques are now presented, which were considered for the cal-
culation of plasmon resonance in non-spherical nanoparticles. One of the methods
is the point matching method [20]. This method is based on Mie theory; the field
inside and the scattered field are expanded into the vector spherical harmonics and
the boundary conditions are solved. Because of non-spherical objects, the expan-
sion coefficients can not be solved separately for each order n, but the boundary
condition is written for k-points at the surface of the particle (k is bigger than
the number of unknown coefficients of the expanded fields) and afterwards this
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Wavelength [nm]

Figure 2.13: Calculated extinction cross section (normalised to the profile of the
ellipse) of silver prolate spheroidal nanoparticles with different aspect radius (a-d
== 11, 2:1, 3:1, 4:1). The length of the main semi-axis was 12nm. Peaks on
the right correspond to the polarisation axis in the direction of the main semi-axis;
peaks on the left correspond to the polarisation axis in the direction of the minor

semi-axis.

system of linear equations is solved. This technique can be improved by expan-
sion of the field into spherical harmonics with multiple origin [21]. Nevertheless,
these techniques work well only for a particle with azimuthal symmetry.
Another technique is discrete dipole approximation [22], [23] (DDA). In this
method the particle is represented by a three-dimensional array of point dipoles,
where the spacing between the dipole is smaller then the wavelength of the inci-
dent field. Afterwards, the interaction of each dipole with the incident field and
the field generated from other dipoles is calculated. This set of equations leads
to the self-consistent solution for the dipole polarizations. A software package
based on this method for calculating the extinction spectra of arbitrary spheres
is freely available [24] and was used in the calculation of extinction spectra of
non-spherical nanoparticles. As an example, the extinction cross section of a
silver nanoprism with a side of 60nm and a depth of 26nm illuminated perpen-
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Wavelength [nm]

Figure 2.14: Extinction cross section of a silver nanoprism with side 60nm and
width of 26nm in water calculated using DDA method. The peak at 590nm cor-
responds to the dipole resonance and the peak at the 410nm corresponds to the

quadrupole resonance in the plane of the prism.

dicularly to the main side in water is presented in figure 2.14. The peak at 590nm
can be associated with the dipole resonance and the peak at the 410nm with the
guadrupole resonance in the plane of the prism, as it shown in [25]. As in the case
of the ellipsoidal nanoparticles, increasing the ratio of length to width of the tri-
angle, the in-plane plasmon resonance shifts to longer wavelengths. The discrete
dipole approximation predicts the extinction spectra quite well, but the values of
the near field around the particles are dependent on the size of dipole spacing [26].
A detailed list of other methods used to tackle the problem of scattering of light
by non-spherical particles can be found in [27].
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2.4 A dye molecule in the proximity of a nanopar-

ticle

The focus of this work is on the interactions between LSPR and fluorescent dye.
The optical properties of a fluorescent dye can be dramatically changed by the
presence of a metal nanoparticle. As explained earlier in this chapter, the flu-
orescence process consists of the absorption of a photon and subsequently the
emission of a photon at lower energy. The presence of a metal nanoparticle in
LSPR locally concentrates electromagnetic waves of the incident field and can in-
crease the absorption process of a molecule. This process is analogous to adding
an antenna to a receiver. Further, the nanoparticle can also change the electro-
magnetic field emitted by the fluorescent dye, and therefore influence the emission
properties of the dye. If the properties of the nanoparticle and the dye are ap-
propriately chosen, the nanoparticle acts as an antenna increasing the emission
rate of the dye. These two effects will be now described in more detail in the

following sections.

2.4.1 Enhanced excitation

In terms of electromagnetic theory, a fluorescent dye can be modelled as an oscil-
lating electric dipole pex. If the illumination light (£*, Hi) is not too strong, the
molecule is not in saturation and the absorption rate is proportional both to the
intensity of the light (oc \Ei\2) and to the macroscopically measured molar ab-
sorptivity e of the molecule. Additionally, the absorption rate also depends upon
the orientation of the molecule to the excitation electric field. Molecules with
their dipole moment perpendicular to the vector of electric field are not excited.
Therefore, the average excitation rate kex of the molecule can be written as [28]

kIx e(\)\pex mEi\2 (2.63)

When a nanoparticle is placed close to the dye, the electric field Ei in the above
expression has to be changed to the electric field E1generated by the nanoparticle.
As mentioned in the previous section, the local field around the nanoparticle can
be much bigger than the incident field and therefore the excitation enhancement
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factor can be defined as A
ft - \Vex-E"_ (2.64)
\Pcx-Eil\2
While the magnitude and the orientation of the electromagnetic field caused by

the nanoparticle varies strongly with the position and the illumination wave-
length, the excitation enhancement factor will also depend on the position and
the orientation of the dipole. In the following section, the excitation enhancement
factor for a fluorescent dye in the proximity of a spherical nanoparticle will be
presented and then generalised to non-spherical nanoparticles.

Let us consider a fluorescent dye at position (d, 9,4 with the dipole pex in
medium with dielectric constant em illuminated with a plane wave polarised along
the x-axis and propagating in the z-direction. Next, consider a nanoparticle of
radius a (a < d) with dielectric constant e1 placed at the origin. While the
distribution of the electric field around a nanoparticle was already presented in
section 2.3.2, the excitation enhancement can be expressed as

RUI,9,&1U = Ife*x' (E‘t T )2 (2.65)
[Pex ' M\
where electric field  and es are described by equations (2.50, 2.53).
In our experiments, fluorescence was not measured from a single molecule, but
rather from an ensemble of molecules isotropically distributed over the angles 9,
Therefore, we define an averaged excitation enhancement as

777 fr=d\Pex-(Ei + EsS)\>dS
Rex(d’,Pex) = ——
JT=d |Pex mEi\2dS

Next, the orientation of the dipole has to be specified. At the beginning, the
dipole will be oriented perpendicularly to the surface of the nanoparticle (pex r
which allows us to evaluate integrals in the averaged excitation enhancement.
Using equations (2.51, 2.53) for the fields expressed in spherical harmonics and the
orthogonality of the spherical harmonics, the averaged excitation enhancement

can be simplified to

[¢] 1 00

AN=§P)5E (2«+ 1™+ 1K
\ n=1

7

[IMfcd)[2jan2- 2jn{kd)(jn(kd)Re{an} + yn(kd)Im{an})]  (2.67)
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where k = 2iry/E™/\ and the expansion coefficients an are from computed from
equation (2.54).

Wavelength [nm]

Figure 2.15: Dependence of the maxima of the extinction cross section Cext (cross)
and excitation enhancement Rex (circle) on the wavelength and the radius of silver
nanoparticles immersed in water. Inset: Profile of the extinction cross section (black
line) and excitation enhancement (pex||f - red line, pex isotropically oriented - green

dots) for 5nm silver nanoparticles.

As an example, the enhancement factor for a silver nanoparticle of 5nm radius
immersed in water and with the dipole placed at the surface of the sphere is
presented in the inset of figure 2.15. The enhancement factor has a sharp peak
around at 400nm, which corresponds with the peak in the extinction cross section
of the nanoparticle. The positions of the peak of the extinction cross section and
the enhancement factor were than calculated for different nanoparticle radius
values and the results are plotted in figure 2.15. It can be seen that the maxima
are very close to each other up to the radius of 45nm and then slightly shift
to longer wavelength. For a bigger radius, the higher order excitation field (see
figure 2.11 (a)) becomes more intense, giving broader peaks and the maxima of
extinction and enhancement no longer coincide.

The absolute value of the excitation enhancement as a function of wavelength
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and the nanoparticle radius is plotted in figure 2.16. We can see that the en-
hancement factor is largest for very small particles (optimal around 10nm) and
with increasing size the enhancement decreases. For larger nanoparticles, the
peak from the quadrupole excitation of around 400nm is visible.

300 350 400 450 500 550 600 650 700
wavelength [nm]

Figure 2.16: Density graph of the excitation enhancement Rex(d = r) on wave-

length and radius of silver nanoparticle immersed in water.

Another aspect of the excitation enhancement is the dependence on the dis-
tance of the dipole from the nanoparticle. As was shown in figure 2.9, the electric
field is localised in the vicinity of the nanoparticle and therefore, the excita-
tion enhancement will decrease with the increasing distance of the dye from the
nanoparticle. The distance dependence of the excitation enhancement on the dye-
nanoparticle separation for different nanoparticle radii is plotted in figure 2.17.
We can see that for small nanoparticles the enhancement is the largest (as was
shown from the figure 2.16) for zero distance, but very quickly decreases with
increasing distance. In contrast, a larger nanoparticle will generate smaller en-
hancement at zero distance but the enhancement does not drop so quickly with
increasing dye-nanoparticle separation.

For the case of a gold nanoparticle, the excitation enhancement again cor-
relates with the extinction cross section (for small nanoparticles A 520nm, see
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Figure 2.17: Graph of the excitation enhancement Rex as a function of the distance
of the dye from the nanoparticle for different NP’s radius (a)-5nm; (b)-10nm; (c)-

15nm; (d)-30nm; (e)-40nm; (f)-50nm.

figure 2.7 (b)). Nevertheless, the maxima of the enhancement reaches only one
tenth of the enhancement for the silver nanoparticles. This is caused by the core
electrons in the gold, as was explained in a previous section.

In the case where the orientation of the dipole is not fixed, the excitation
enhancement should be averaged over all possible orientations of the dipole. For
a particular space with electric field E the expression \p mE\ averaged over all
orientations of the dipole is equal to 1/3]2?|. Therefore, using equation (2.66),
the averaged excitation enhancement factor for isotropic orientation of the dipole
can be defined as

(2.68)

This expression can not be simplified and a numerical integration has to be used
to evaluate it. As an example, the enhancement factor for 5nm radius silver
nanoparticles in water with the dipole isotropically distributed at the surface of
the nanoparticle is presented in the inset of figure 2.15. We can see that the profile
for radial and isotropic enhancement is similar, whereas the value for isotropic
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orientation of the dipole is much smaller. This is caused by the fact that the
radial component of the electric field close to the nanoparticle is the largest.

2.4.2 Enhanced emission

The presence of a nanoparticle can influence the emission properties of a fluo-
rescent dye, such as the quantum yield 4>and the fluorescence life time r. This
can be explained by adding de-excitation rates caused by the presence of the
nanoparticle into the equation for the quantum yield. Therefore, the quantum
yield of a free dye expressed by equation (2.2) changes to

s = [+ [ommmmme- (2.69)
Y KT+ krmn + k? +

where kr and knr are radiative and non-radiative de-excitation rates of a free dye
and k™ and k™ are the new radiative and non-radiative de-excitation rates due
to the nanoparticle. The corresponding fluorescence life time r (equation (2.3))
changes to

[/rm= kT+ knr 4-k™ + fc™ (2.70)

From this equation it follows that in the presence of a nanoparticle the fluores-
cence life time is shorter (rm< r).

An enhanced fluorescence can be achieved if the modified quantum efficiency
4m is larger than the initial quantum efficiency of a dye. The emission enhance-
ment Rem can be defined as

Rm = A (2-71)

To evaluate the emission enhancement one must calculate the de-excitation rates
k™ and fc™. This is in general very complicated and some special cases are given,
for example in references [29, 30, 31].

A simpler theory describing the radiative and non-radiative decay rates in
the small particle limit wasdescribed in [32], The fluorescentmolecule is de-
scribed as anoscillating dipole atwavelength XemWhen the dye is placed close
to a nanoparticle, energy from the dye is coupled to the surface modes of the
nanoparticle which then re-radiate the energy into the space. From the theory
it follows that the radiative rate of the dye-nanoparticle system is proportional
to the enhancement of the local field at the fluorescence wavelength and can be
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approximately expressed as
(2.72)

where Rex is evaluated at the emission wavelength. From the results of the
excitation enhancement we can conclude that the biggest enhancement of the
radiative rate is achieved if the plasmon resonance wavelength of the nanoparticle
coincides with the emission wavelength of the dye and also if the dye is very close
to the nanoparticle.

The main quenching mechanism in the nanoparticle-dye system is excitation of
lossy surface waves that dissipate energy through coupling to the bulk scattering
processes. It is especially important for a very small nanoparticle-dye separation.
In the approximation of small distance limit, the non-radiative rate can written
as [33]

(2.73)

where A is constant and 1lis the nanoparticle-dye separation. Therefore, for very
small distances (a few nanometers) the non-radiative de-excitation rates reach
very large values and the quantum efficiency (£m) drops to zero (see equation 2.69)
The same effect occurs also by placing a dye molecule close to a metal surface
(known as metal-fluorophore quenching [34]).

The emission enhancement strongly depends on the quantum efficiency of the
dye (0 A dye with a low quantum efficiency has a non-radiative rate much larger
than the radiative rate (knT »  kr). When a nanoparticle is at a distance such
that the non-radiative rate is not increased (c™ << knT) the emission enhance-
ment from this dye can be approximately expressed as

(2.74)

Nevertheless, this enhancement can not be larger than the value 1/0, as it follows
from its definition and the definition of the quantum efficiency (quantum efficiency
can not be bigger than 1). From this it also follows that the fluorescence emission
can not be increased significantly for a dye with high quantum efficiency and the
only effect will be in shortening of the fluorescence lifetime r time, which can
lead to increased photostability of the dye [35].

To summarise, the emission from a dye can be increased by the presence of a
nanoparticle. If the plasmon resonance of the nanoparticle matches the emission
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wavelength of the dye, the emission rate of the dye can be increased leading to an
increase of quantum efficiency. Nevertheless, the proximity of a nanoparticle to
the dye with a high quantum efficiency can not lead to the significant enhance-
ment, while the quantum efficiency can not be bigger than one. Moreover, a
nanoparticle too close to the dye molecule can lead to a decrease of the quantum
efficiency of the dye and therefore to a decrease of the fluorescent signal.

2.4.3 Optimisation of the enhanced fluorescence

From the preceding section it is obvious that the plasmonic enhancement of fluo-
rescence strongly depends on the properties of the nanoparticle, properties of the
dye, and their relative positions. Therefore, nanoparticles will need to be tailored
to match dye spectral properties in order to increase fluorescence. From the re-
sults of the previous section we can conclude some general rules for designing of
such nanoparticles.

Generally, the properties of the dye, such as excitation and emission wave-
length, molar absorptivity and the quantum efficiency of the dye are given and
can not be changed. Therefore, the parameters which can be varied are nanopar-
ticle shape, size, material, and the nanoparticle-dye separation. It was pointed
out earlier that there are two effects of enhancement: an increase in excitation
and an increased in quantum efficiency. These enhancements are functions of the
plasmon resonance of the nanoparticle. The excitation enhancement is maximum
if the plasmon resonance coincides with the peak excitation wavelength of the dye
and the emission enhancement is maximum if the plasmon resonance coincides
with the peak emission wavelength. Therefore, the plasmon resonance should
be tuned to one of these wavelengths. The plasmon resonance can be varied by
the material, size and shape of the nanoparticle. As the maximum emission en-
hancement is always smaller than the excitation enhancement (and in the case of
high quantum efficiency is insufficient), the plasmon resonance is preferably set
to the excitation wavelength. Another important parameter is the nanoparticle-
dye distance. For very small distances the non-radiative decay rate is very large
and all the fluorescence is quenched. On the other hand, if the distance is too
large, the excitation increase and the increase of the radiative de-excitation rate
(k™) are minimal. The optimum distance differs for each system, but generally
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it is between I-10nm. The next parameter that can be varied is the size of the
nanoparticle. As well as changing the plasmon resonance of the nanoparticle,
it influences the decrease of the excitation enhancement and the radiative de-
excitation rate with nanoparticle-dye distance. The largest enhancement is for
small nanoparticles (< 10nm) at the surface , but the enhancement is too con-
fined around the nanoparticle and is insignificant at the distance which overcomes
dye-quenching, whereas very large (> 100nm) nanoparticles do not exhibit any

significant enhancement.

2.5 Conclusion

This chapter describes the theory underlying the plasmonic enhancement of flu-
orescence. In the first part, a brief explanation of the phosphorescence effect in
molecules was explained. In the next part, the interaction of electromagnetic
waves with a metal nanoparticle was described in the framework of electromag-
netic theory. The resonance modes in the absorption spectra of the nanoparti-
cles were then associated with the localised plasmon resonance and their prop-
erties were elucidated in detail for the case of spherical nanoparticles. Further,
some conclusions were made for the localised surface plasmon resonances in non-
spherical nanoparticles. In the last section, the effect of the presence of a metal
nanoparticle on the fluorescence from a dye was described. Two types of enhance-
ment (excitation enhancement and emission enhancement) were defined and their
dependence on nanoparticle and dye parameters were studied. From these results,
some general rules for optimising the plasmonic enhancement of fluorescence could
be concluded.
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Chapter 3

Fluorescence enhancement using
metalnanoislands

This chapter describes two methods for the preparation and characterisation of
nano-structured surfaces and also describes the associated dye fluorescence en-
hancement effects. In both techniques, metal layers were deposited onto surfaces
via vacuum deposition techniques and their nano-structuring was carried out ei-
ther by thermal annealing or by a novel lithographic technique called nanosphere
lithography. The aim was to look at the versatility of these techniques and to
investigate the incorporation of nano-structures prepared by these techniques in

fluorescence-based bio-sensors.

3.1 Thermally evaporated metal on glass sub-
strates

Vacuum thermal evaporation of metal onto glass substrates [1, 2, 3, 4] is a very
simple method for the preparation of metal nanostructures that exhibit localised
surface plasmon resonance. Because of the high mobility of metal atoms on the
glass substrates during the evaporation, for metal films less than 15nm thick, the
materials are deposited at nucleation points thereby producing isolated metal is-
lands. This type of layer formation is known as island growth and is common for
deposition of a metal on dielectric substrates. In order to achieve better plasmon
resonance effects, these isolated films can be transformed into more ellipsoidal
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shaped structures by annealing the substrates at high temperatures. This phe-
nomenon is caused by the high metal-glass surface tension. The schematics of
the method are shown in figure 3.1.

(@) (b)

Figure 3.1: Schematic illustrating the principle of the formation of metal nanois-
lands on glass substrates. In the first step (a) metal is deposited in a vacuum
chamber. Isolated metal films are created due to the mobility of the metal atoms
on the substrate. In the next step (b) the substrate is annealed to form ellipsoidal-

shaped nanoislands. The growth is due to the high metal-glass surface tension.

In chapter 2 it was explained that the spectral position of the localised plasmon
resonance is an important factor in the plasmonic enhancement of fluorescence.
Therefore, this technique was examined from the point of view of the versatility

of the plasmon resonance.

3.1.1 Experimental
Deposition technique

Glass microscope slides were employed as substrates for the thermal evaporation
of metals. The slides were cleaned using a 10 M solution of NaOH in deionised
water. After drying in a flow of nitrogen, the samples were placed in a deposition
chamber (Edwards Coating System E306A). After reducing the pressure to at
least 10-5 mbar, a layer of metal was evaporated. Evaporation rates were varied
from 0.02nms_1 to 0.2nms*’, resulting in thicknesses of evaporated material in
the range of 3nm to snm. After evaporation, the samples were annealed in an
oven at 200 °C. Two metals, silver and gold, were used to form the nanoislands.

Optical characterisation

The UV-VIS extinction spectra were measured in transmission mode. A beam
from a halogen lamp (LSI Ocean Optics, Inc) was focused on the sample into
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an area of approximately 3 mmz2. Unpolarised light was used. Transmitted light
was collected with a fibre, which was coupled to a spectrometer (S2000 Ocean
Optics, Inc). The slide was mounted in a holder that allowed motion in the plane

perpendicular to the beam.

Wavelength [nm]

Figure 3.2: Normalised absorption spectra of NPs prepared using thermal evapo-
ration. Xres varies with changing layer thickness, annealing temperature, annealing

time and evaporated material.

3.1.2 Results

These glass substrates were visually inspected and the deposited metal films were
observed to be uniform over a large area, with all samples exhibiting LSPR ab-
sorption. Typical normalised absorption spectra are shown in figure 3.2. The
gold NPs exhibited weaker LSPR than the silver NPs. This is due to the higher
imaginary dielectric constant of gold in the visible region and probably poor NP
formation caused by a higher melting temperature than silver. The wavelength
of LSPR for the silver NPs was approximately A=450nm and for the gold NPs
it was approximately A=550nm. The silver formed ellipsoidally-shaped NPs on
the substrate, as had been observed by Royer at al [5]. Due to the ellipsoidal
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shape, the NPs showed a shift in the LSPR to longer wavelengths in comparison
to spherical NPs.

In order to form metal nanoislands of different shapes, and consequently tune
the plasmon resonance, the speed of deposition of the metal, the total amount of
the deposited metal and the annealing time were all varied. Particular success
was achieved for silver NPs, where variation of the annealing time and amount of
deposited material caused the LSPR wavelength to vary from 430nm to 480nm.
However, the technique was not very reproducible and the plasmon resonance
changed from sample to sample. Despite using either gold or silver, the plasmon
resonance ranged only from 430nm to 550nm and therefore the plasmonic effect
would be minimal for dye that absorbs in the red region, which is a region of par-
ticular interest in bio-sensing. Therefore, it was decided to pursue an alternative
deposition technique.

3.2 Nanosphere lithography technique

Nanosphere lithography is a process employed for fabricating 2D arrays of iden-
tical metal nanoparticles on a flat substrate. This technique was first used by
Decker [6] and its main advantage is the low-cost production of well defined peri-
odic nanostructures with resolutions similar to very expensive technigues such as
e-beam lithography [7]. As a result, this technique, or variations of it, has been
employed in numerous applications [8, 9, 10, 11, 12, 13, 14],

The technique involves three steps (see figure 3.3). Firstly, a layer of polystyrene
beads is deposited on a substrate. Due to the self-assembly mechanism, the beads
order on the surface in close-packed formation. In the second step, a metal layer of
a controlled thickness is thermally evaporated over the sample. The ordered layer
of the beads acts as a mask, which consists of triangular shaped holes between
the beads. After the deposition, the polystyrene beads are removed, leaving an
ordered array of metal nanoparticles on the surface.

The most difficult step in this procedure is the formation of an ordered closed-
packed layer of polystyrene beads. This is dependent on the self-assembly ability
of the beads. Initially, a suspension of beads is spread over the substrate. This
can be achieved via various coating techniques (spin-coating, dip-coating, drop-
coating). In the work presented here, dip-coating was employed. In this technique
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Figure 3.3: Schematic diagram of the steps involved in the nanosphere lithography
technigue. In step A a single layer of close-packed polystyrene spheres is formed.
In step B a layer of metal is vacuum deposited over. In the last step Cthe layer of

polystyrene beads is removed leaving triangular structures on the substrate.

the substrate is immersed in a suspension of beads and slowly withdrawn from
the solution (figure 3.4 (a)). This results in the formation of a layer of beads on
the substrate. Due to the capillary forces, which causes an aggregation of the
beads (figure 3.4 (b)), the beads start to order. This ordered area grows further
through convective particle flux caused by the water evaporation from ordered
arrays that have already formed [15].

Using this technique it was possible produce nanoparticles of varying sizes by
controlling the bead size and the quantity of deposited metal. Investigation were
also carried out to determine the feasibility of using this technique to produce
nanoparticles suitable for use in the plasmonic enhancement of fluorescence.

3.2.1 Experimental
Deposition procedure

Prior to depositing the polystyrene beads (PB), glass slides were cut into rect-
angles with approximate dimensions of 15x26 mm2. The slides were cleaned by
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(a) (b)
Figure 3.4: (A) Schematic image of processes by a withdrawal of a substrate from

colloidal solution. (B) Schematic image of the forces acting on beads resulting in a

self assembly process.

immersion in Piranha solution (3 : 1 H2S04 : 27%H202), which was heated at
60°C for 1 hour. Afterwards, the slides were rinsed with deionised water and
sonicated for 1 hour in a solution of H20 : NH40H : 27%H20 2 (5:1:1) to en-
hance the hydrophilic nature of the surface. The cleaned slides were stored in a
beaker of deionised water. A custom-made dip-coating system, with a dipping
speed resolution of 1 mms-1, was used for the deposition of the PBs. The cleaned
glass slides were mounted in a holder, immersed in a suspension of PBs and sub-
sequently withdrawn at low speed. The speed of withdrawal required to form a
monolayer of PBs was found to be dependent on the diameter of the PBs and the
temperature of the suspension. The optimum withdrawal speeds for forming an
ordered monolayer of PBs at room temperature were determined to be 3—4 //ms-1
for 500nm PBs and 6 - 7 nms-1 for 350nm PBs. After dip-coating, the samples
were placed in a deposition chamber (Edwards Coating System E306A). A silver
or gold layer with graduated thickness was deposited using an in-built shutter.
Immediately after deposition, the samples were sonicated for approximately 5
minutes in pure ethanol to remove the PBs and were than dried in nitrogen (N2).
For the preparation of an enhancement chip, the sample was placed in the depo-
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sition chamber again and a thin layer of SiOx (thickness 6nm) was evaporated.
This layer increased the adhesion of the NPs and produced a spacer layer on
which the fluorescent dye was later deposited. As expected, the nanoparticles
produced had a triangular cross sections due to the triangular spaces present in
the PB layer.

Characterisation techniques

SEM images were taken using an S-3000N Hitachi (Hitachi Science Systems, Ltd)
instrument. The applied voltage on the cathode was 25kV. Prior to taking images
from samples with dielectric surfaces, a thin layer of silver (5nm) was deposited
on the sample using a deposition chamber (Edwards Coating System E306A).

AFM images were collected using a Nano-R AFM (Pacific Nanotechnology).
Si-tips in contact mode were used for the acquisition. The images were processed
using WSxM 4.0 (Nanotec Electronica S.L.) software. Samples were scanned
under ambient conditions.

The optical characterisation was carried out as described in section 3.1.1.

3.2.2 Results
Morphology of the layers

Using this technique, the most difficult element in the production of the nanopar-
ticles was the formation of a monolayer of PBs on the glass substrate. After
optimising this process, it was possible to obtain uniform monolayers over areas
of 0.5cm2. Due to the effect of optical interference, it was possible with the naked
eye to distinguish between different numbers of PB layers. After the thermal
deposition of the metal, the formation of the PB layer was examined using SEM.
A representative image is shown in figure 3.5, with the hexagonal packing of the
PBs clearly visible (a). Displacements in the 2D ordered structure is observable
at lower magnifications (b). Images of the NPs were obtained using the AFM.
The triangular shape of the NPs is shown in figure 3.6. In figure 3.6 (b) some
defects due to non-ideal ordering of the PBs are obvious.
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@ ©

Figure 3.5: (a) SEM image of the polystyrene bead layer (diameter of PB 300nm)
formed on a glass slide. The beads form a hexagonal packaging, (b) lower magni-

fication.

Figure 3.6: Images from Atomic Force Microscope. In image (a), the triangular
shape of the nanoparticles (NPs) is visible. In image (b), a larger area of NPs is

presented. The lines observed are due to displacements in the PB'’s layer.

Optical properties of the nanoparticle layers

The optical properties of NPs of different dimensions were examined. As ex-
plained in section 2.3.2, localised plasmon resonance is affected by the geometry
of the nanoparticle. The less spherical a particle becomes the more the localised
plasmon resonance is shifted to longer wavelengths. The absorption spectra of
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Figure 3.7: Normalised absorption spectra of NPs of different shapes. The hori-
zontal size was varied by employing PBs of different diameters. The numbers shown

above the peaks give the actual height of the NPs. The Xres was varied over the

entire visible spectrum.

Figure 3.8: Dependence of AeS on the thickness and diameter of the NPs. A linear

fit was applied to the data.
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the silver nanoparticles produced via the nanosphere lithography technique are
shown in figure 3.7, with only the dipole peak presented. The position of the
absorption peak was tuned by varying the diameter of the PBs. It was possible
to shift the \ Testo the red region by increasing the diameter of the PBs. Moreover
\ res could also be tailored by varying the height of the NPs. Because the thermal
evaporation of metal enables precise control of the height of NPs, it was possible
to tailor \ res with nanometer precision. Figure 3.8 shows the variation of \ res as
a function of PB size and metal layer thickness.

Wavelenght [nm]

Figure 3.9: Normalized absorption spectra of NPs made from different materials.

The effect of the material on the plasmon resonance was also examined. Layers
of triangular nanoparticles of the same shape but made from silver and gold were
prepared and their optical properties were measured. The absorption spectra are
presented in figure 3.9. The plasmon resonance of gold nanoparticles was shifted
to longer wavelengths and it was much weaker than in the case of silver, which is
in agreement with the theory. Therefore, only the silver nanoparticles were used
in the subsequent experiments.

It was found that there was weak adhesion of the prepared NP layers to the
glass substrate. Differences were observed in the absorption spectra of samples
that were scanned before and after immersion in water (then dried in a flow of
N2). There was a shift in Ares of about 150 nm towards shorter wavelengths and
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a spreading of the peak, ft was deduced that this was due to removal of the outer
tips of the nanoparticles and this is in agreement with theoretical calculations [16].

Generally, the adhesion of silver to the glass substrate is poor. This can be
improved by depositing a chromium layer between the glass and silver, which
has better adhesion to the glass. However, NPs consisting of two metals display
reduced SPR. To avoid this, a different method was used, whereby a thin layer
of SiOx was deposited over the substrate containing the NPs. This additive
dielectric layer influenced the SPR wavelength but, in this case, there was a red
shift of only approximately 20 nm in Ares (which is in agreement with previously
reported results [17]). These samples did not exhibit any shifts and spreading
of the plasmon resonance peak after immersion in water and subsequent drying
with N2. In addition, the SiO” layer later functioned as a spacer layer between
the NPs and the fluorescent dye.

By using the dip-coating method for the formation of the monolayer of PB and
by using the SiOx protecting layer, it has been possible to optimise the technique
further in order to produce well-defined NP structures over a large area, in which
the NP size can be accurately tailored to any dye spectral properties.
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3.3 Fluorescence enhancement experiments

The main motivation for the investigation of the plasmonic effect is to utilise
the NP-enhanced dye fluorescence to produce more efficient optical biochips. For
this purpose, experiments were focused initially on the Cy5 dye, which is one of
the most widely used fluorescent dyes for the labelling of biological molecules in
immunoassays and biochip arrays. The absorption and the emission wavelengths
are in the red spectral region(A,,s = 649nm, Xem = 670nm), which is sufficiently
removed from the intrinsic fluorescence of most biological materials, thereby sup-
pressing the background noise. The nanosphere lithographic method was chosen
as an appropriate method for the production of nanostructured substrates and
the dependence of the enhanced fluorescence on the nanoparticles’ plasmon reso-
nance wavelength was studied. Two methods for the deposition of the fluorescent
dye were used. The first was based on pin-printing fluorescent dots onto the sub-
strate and the second was based on the non-specific adsorption of dye labelled
antibodies onto the substrate.

3.3.1 Experimental
Fluorescence detection

The fluorescence signal from the enhancement chips was recorded at the emission
wavelength of Cy5 (Aem = 670nm) via a fluorescence laser scanner (GMS 418
Array Scanner, Genetic MicroSystems). The intensity of the fluorescence signal

was represented using gray-scale mapping.

Pin-printing method

1 fig of Cy5 was diluted in 16ml of deionised water and was stored in a fridge at
4°C. Small dots of the Cy5 solution were printed onto the nanoparticle-coated
glass slides using a MicroSys 5100 pin-printer (Cartesian Technologies) . The
dots were printed in an array with a spacing of 0.5mm x 0.5mm. The diameter
of the dots was approximately o.1mm.
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Labelled antibodies

Upon deposition of a NP layer onto a glass slide, as described above, the slide
was silanised using a 10% v/v solution of glycidoxypropyltrimethoxysilane mixed
with a 50:50 solution of methoxyethyl ether in pH lwater. Cys-labelled antiBSA
antibodies were attached using a polydimethylsiloxane (PDMS) flow-cell. The
antibody solution was left for 1 hour to attach and the cell was than flushed with
deionised water. The slide was then dried with N2. For this experiment, a portion
of the slide was not coated with NPs in order to act as a reference.

3.3.2 Results

Dependence of the enhancement on plasmon resonance wavelength

Figure 3.10: A scan of pin-printed Cy5 dots on a slide covered with NPs

(Ares”eSGnm). The last 3 columns are printed on the plain substrate.

In the first experiment, the fluorescence enhancement due to the NPs was
confirmed. Nanoparticles with A,,;, =686 nm were deposited on a glass slide via
nanosphere lithography. Subsequently,several dots of the aqueous solution of Cy5
were pin-printed onto both the NP-coated and reference area of the slide. The
fluorescence scan of such a sample is shown in figure 3.10. In the figure, the first 9
columns are printed onto the NP-coated substrate and last 3 columns are printed
on the plain the substrate. The difference between the fluorescence intensity from
the dye with and without nanoparticles was clearly visible.

In the next step, several chips with NP-layers were prepared, where Xres was
varied by adjusting the nanoparticle size. Nanoparticles with Ares spanning the
absorption and emission regions of the Cy5 dye, were generated using PBs with
a diameter of 500 nm and varying the thickness of the deposited silver layer (see
figures 3.7 and 3.8). Columns of Cy5 dots were printed onto chips, which were
covered with NPs of gradually increasing XTes. In addition, a few columns of Cy5
dots were printed onto the part of the chips which was not covered with NPs, for
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use as a reference. The fluorescence from the dots was then recorded using fluo-
rescence scanner. The fluorescence was integrated over a 1 mm2 area around each
dot (dot diameter 0.1 mm2). After background subtraction, the fluorescence was
compared with an average fluorescence signal from the reference dots. The data
from different samples were averaged and the resulting experimental dependence
of the enhancement factor on the position of the plasmon resonance is shown in
Figure 3.11. A maximum enhancement factor of approximately 8 was achieved
for values of Xres ranging from 645 nm to 695 nm. This corresponds to the max-
imum overlap with the emission and absorption wavelengths of Cy5. There is a
steady decrease in the enhancement factor for values of Xre3 greater than 695 nm
and there is no significant enhancement above 760 nm.

Maximum of LSPR [nm]

Figure 3.11: The dependence of the enhancement factor on Xres.

Enhancement of fluorescence from dye labelled antibodies

Alternatively to the pin printing dyes on the substrates and measuring the plas-
monic enhancement effect, the dyes were conjugated to the antibodies, which
were than adsorbed to the substrate. This approach more closely corresponds to
the detection process in biosensors. Figure 3.12 shows an image of the fluores-
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cence from a slide coated with Cy5-labelled antibodies. In this image, part A
corresponds to a reference area of labelled antibodies on glass without NP, while
part B shows the fluorescence from antibodies immobilised on the metal NP layer.
Clearly, the fluorescence from part B is considerably enhanced compared to part
A.

Figure 3.12: Image of fluorescence from labelled antibodies on the chip. Part A:
antibodies on the plain region of the substrate (reference) Part B: antibodies on

the NP-coated region of the substrate (Ares =674nm).

3.4 Conclusion

In this chapter, two methods of production of metal nanoparticles were intro-
duced. The ability to produce nanoparticles supporting localised surface plasmon
resonance at a range of wavelengths was examined, as well as the impact of the
Xres on the effectiveness of the fluorescence enhancement effect. Using the thermal
evaporation method, large areas of silver and gold nanoparticles exhibiting plas-
mon resonance were prepared. However, nanoparticles prepared with this method
exhibited plasmon resonance over only a narrow range of the visible spectrum and
the method did not facilitate a high degree of variation of the nanoparticle size.
In contrast, nanostructured films supporting localised plasmon resonance over a
broad range of wavelengths were prepared using nanosphere lithography. In or-
der to use this technique, a dip-coating apparatus was built and the process of
layer self-assembly was optimised. The experimental dependence of the plasmon
resonance on the geometrical size of the nanoparticle was measured. The dis-
advantages of this technique are its long duration and the restriction that only
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very Hat substrates can be used due to the self-assembly process. Subsequently,
the ability of such layers to enhance fluorescence from dyes emitting in the red
region of the visible spectrum was examined. The results obtained confirmed
the enhancement of fluorescence from Cy5 dye that was placed in the proxim-
ity of NP layers that were correctly tuned to the optical properties of the dye.
Additionally, an enhanced fluorescent signal from dye labelled antibodies was ob-
served, which indicated the possibility of using the nanostructured platforms in
bio-sensing applications.
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Chapter 4

Plasmonic enhancement effects of
colloidal metal nanoparticles in
solution

This chapter describes the preparation and characterisation of colloidal nanopar-
ticles (NPs) as well as the influence of the NPs on the emission properties of an
adjacent dye molecule. Preparation of the colloidal nanoparticles was performed
using a wet chemistry approach. The main advantages of this method are in-
expensive production of nanoparticles in large quantities. A variety of chemical
procedures was used to produce spherical nanoparticles of different sizes and com-
positions. Therefore, this method was examined for possible application in the
enhancement of biosensors. At first, spherical nanoparticles of different compo-
sition and radius were synthesised, characterised and the optical properties were
compared with theoretical predictions. Next, their plasmonic effects on a model
dye, which was attached to a nanoparticle, were experimentally and theoretically
studied.

4.1 Nanoparticle preparation and characterisa-
tion

The aim was to prepare nanoparticles with different characteristics and then to
measure their plasmonic effects on a model dye. The model dye in our experi-
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ment was the Ruthenium (II) tris (4,7 diphenyl-1,10 phenanthroline dichloride)
complex (abbreviated to Ru-dpp3), which has advantages of absorption at short
wavelengths and a large Stokes shift. These features allowed us to use spherical
gold/silver nanoparticles and, in particular, the large Stokes shift allowed us to
focus only on the excitation enhancement effect. Gold/silver alloy nanoparticles
with a plasmon resonance wavelength which coincides with the absorption spec-
trum of the Ru-complex dye were prepared by tuning the metal composition.
Next, different sizes of the alloyed nanoparticles of the given composition were
prepared.

4.1.1 Tuning of the plasmon resonance - theory

The extinction spectra of the spherical nanoparticles can be theoretically pre-
dicted using equations (2.58)-(2.39). If the nanoparticle is without a shell then
the expansion coefficients an,bn are calculated using equations (2.54)-(2.55). If
the nanoparticle has a shell then expressions for the coefficients (B.1)-(B.2) (as
given in appendix B) are used. Therefore, if the dimensions of the nanoparticle
and its dielectric constant are known, the position of the plasmon resonance can
be predicted. The plasmon resonance shifts to longer wavelength with increasing
nanoparticle size and increasing thickness of the silica shell as was explained in
the theory chapter (section 2.3.2).

Change of nanoparticle composition

A plasmon resonance occurs in small spherical nanoparticles if the dielectric con-
stant of the nanoparticle is equal to minus twice the dielectric constant of the
surrounding medium (see equation (2.48)). By changing the composition of the
nanoparticle the dielectric constant is changed, and therefore the position of the
plasmon resonance is shifted.

To calculate the extinction cross section of nanoparticles of different gold/silver
ratios, the dielectric constant has to be known. For pure silver and gold the exper-
imental values of the dielectric constants are to be found in reference [1]. But in
the case of the alloy, the dielectric constant was experimentally measured only for
some concentrations and wavelengths [2]. Some authors [3] use a simple model,
where the dielectric constant of the alloy edl is expressed as a linear combination
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of the dielectric constant of gold and silver
eall(x,co) = xeAu(u) + (1 - x)eA9{u)) 4.2)

where x = MAu/(M Au+ MAQ) is the gold molar ratio in the alloy. This model
predicts successfully the shift of the plasmon resonance, but the profile of the
peak is distorted. This is due to the fact that, using such an expression, two
d-electron bands in the alloy are introduced (d-electron bands are explained in
theory chapter, part 2.3.1). Therefore, we used a modified model for the dielectric
constant [4] which deals separately with the contribution of d-electrons to the

dielectric constant.

Figure 4.1: Dielectric constant of gold/silver alloy of different molar concentration
based on the model described in the text. The arrow indicates the change of gold
molar concentration (& = 1,0.75, 0,5,0.25,0). The horizontal line represents LSPR

condition

In this model, confirmed by experimental values, the edge of the d-band elec-
tron absorption of the alloy u)f depends linearly on the gold molar ratio:

uf = XU+ (! - x)ud9 (4-2)
where 16A9,I6*u are the absorption edges of d-electrons in Ag and Au. The ab-
sorption edges in Ag and Au are 3.9 eV and 1.9 eV respectively. The d-band
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absorption profile of the alloy for au > uy%Jis described as:
Ef(x,u) =kJ'W ”-< +w+ (1- -df +u) (4.3)

For lower energy, only the s-electrons, described by the Drude model of free
electrons, contribute to the dielectric constant, and so the previous model of
linear combination of the dielectric functions of gold and silver is used as in
equation 4.1. The real part of the dielectric constant of the alloy is calculated
using the linear model.

Examples of dielectric constants of different gold/silver molar concentrations
x using this model are shown in figure 4.1. The real part of the dielectric constant
is in the upper graph and the imaginary part of the dielectric constant is in the
lower graph. The plasmon resonance condition in equation (2.48) is represented
by the dashed line in the upper section. In the graph it is clearly seen that the
plasmon resonance shifts from 390nm to 520nm as a function of x. The shift of

the absorption edge of d-band electrons is seen in the lower graph.

4.1.2 Experimental
Synthesis of gold/silver nanoparticles

Gold silver alloy nanoparticles with varying plasmon absorption wavelengths were
prepared using the procedures reported in the literature [5 3]. To prepare pure
gold colloids, 2 ml of 1 wt % sodium citrate solution was added dropwise to a
boiling solution of 5 mg of HAuCI4 dissolved in 95 ml of deionised water with
rapid stirring. The solution was stirred for a further 30 minutes in which time
the solution changed from a light blue to a deep red colour. Gold silver alloys
were prepared in the same way by substituting a predetermined number of moles
of gold atoms with the equivalent number of moles of silver atoms in the form of
silver nitrate AgNO3. Pure silver nanoparticles could not be prepared this way

Next, gold/silver alloy NPs with a molar ratio of 4 silver atoms to every
gold and with 4 different radii were synthesized. In this case 2 ml of 1 wt %
sodium citrate was added dropwise with rapid stirring to a boiling solution of
silver nitrate (20.3 mmol) and chloroauric acid (5.08 mmol) dissolved in 95 ml of
deionised water. The solution was stirred for a further 30 minutes in which time
the solution changed from a light blue to a light red to a dark yellow colour. The
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final concentration of colloid was 3.2 <1010 particles per ml. The calculation was
done by dividing total amount of metal used in the synthesis and the amount of
metal per one nanoparticle.

The three larger diameter NPs were synthesized using a seeded growth method
whereby a seed solution containing the NP synthesized above was added with
sodium citrate to an aqueous solution of chloroauric acid and silver nitrate [6].
The reduced gold and silver atoms precipitate onto the NPs in preference to the
formation of new nucleating sites, thereby increasing the size of the NP seeds.
For this procedure, 75 ml of boiling silver/gold seed NPs from the above proce-
dure and 2.5 ml of 1 wt % sodium citrate was added simultaneously and with
rapid stirring to a boiling solution of 23.5 mmol silver nitrate and 5.88 mmol
chloroauric acid dissolved in 75 ml of deionised water. The solution was stirred
for a further 30 minutes during which the solution darkens slightly in colour. The
final concentration of colloid was 1.6 m1010 particles per ml with a molar ratio
of 4 silver atoms to every gold and a particle radius of 27 nm. This procedure
was repeated a further two times using the NP’s from the previous synthesis to
generate gold/silver alloy NP’s with average radii of 36 nm and 40 nm.

Synthesis of the silica shell around the NP’s

The formation of a silica shell upon a NPs provides a protective layer, which
prevents molecules from directly attaching to the NPs and will be used in sec-
tion 4.2 to tune NP-dye separation. Nanoparticles were coated with a silica shell
by precipitation from a sodium silicate solution [7]. An aqueous solution of 0.5
ml of 1 mM (3-amino propyl)trimethoxysilane (APTS) was added to 100 ml of
each nanoparticle sol under vigorous stirring and allowed to stand for a further
thirty minutes to ensure attachment of the APTS ligand to the surface of the
nanoparticles. Separately a solution of activated silica was prepared by lowering
the pH of a 0.54 wt % sodium silicate solution to 10.5 with progressive additions
of the cationic exchange resin. Finally, 4 ml of the activated silica solution was
added to the nanoparticle solution with vigorous stirring and allowed to stand for
a further 24 hours. Shell thicknesses of 5 nm were achieved using this method.
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Characterisation techniques

The UV-VIS extinction spectra of the nanoparticles in water solution were mea-
sured with a Cary 50 Scan UV-Visible Spectrophotometer (Varian Ltd) in trans-
mission mode.

TEM micrographs were obtained using a Hitachi 7000 transmission electron
microscope operated at 100 kV. Images were captured digitally using a Megaview
2 CCD camera. Specimens were prepared by dropping aqueous solutions onto

formvar carbon coated copper grids.

4.1.3 Nanoparticle characterisation

300 350 400 450 500 550 600 650

W!avelength[nm]

Figure 4.2: Absorption spectra of prepared silver/gold nanoparticles (radius 13nm).
The peaks are around 435nm (b) and 480nm (c) correspond to 90% and 30% silver
respectively. In the graph are also absorption spectra of pure silver (395nm) (radius
4nm) (a) and pure gold (530nm) (radius 13nm) (d) nanoparticles together with

excitation spectra of Ru-complex dye (e).

At first the dielectric constant was tuned via different gold/silver composition
in order to produce NPs with varying plasmon resonance wavelengths. Sam-
ples of gold/silver alloy and gold nanoparticles were successfully prepared (radius
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13nm). Absorption spectra of the nanoparticles were measured and a selection
of these spectra are presented in figure 4.2. The shift from 520nm for pure gold
nanoparticles to the shorter wavelength with decreasing gold molar ratio x is
clearly seen. For clarity, absorption spectra of pure silver nanoparticles (radius
4mm) (synthesis described in section 5.1) are presented in the graph as well. Fig-
ure 4.2 also includes the absorption spectrum of the Ru-complex used in later
experiments to show enhanced fluorescence. A gold molar ratio of about 20%
corresponded to an absorption maximum of the nanoparticles at 435nm, which
most closely matched the absorption peak of the Ru-complex. As this condition
of overlapping the plasmon resonance with absorption is needed for one mode of
fluorescence enhancement, nanoparticles with this gold molar ratio (x=0.2) were

used in further experiments.

fc N N I el vt T
0 350 400 450 500 550 600 650

Wavelenth fnml

Figure 4.3: Absorption spectra of the gold/silver nanoparticles (a-13nm, b-27nm,
c-36nm, d-40nm).

Next, gold/silver alloy NPs, with x of 0.2, with increasing sizes ranging from
13nm to 40 nm radius, were synthesized. The absorption spectra of all NPs were
measured and the data is shown in figure 4.3. ft can be seen that there is a clear
LSPR peak for each size of NP and that the peak wavelength shifts to longer
wavelengths with increasing size. When the 5 nm silica shell was added to the
NPs, a small red shift was observed, as predicted. The presence of this shift helped
to confirm the presence of the shell on the NPs. Evidence of this shift can be seen
in figure 4.5. TEM microscopy was also carried out to determine exact particle
size and also shell thickness. A selection of TEM images is shown in figure 4.6.
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\Afavelength [nm]

Figure 4.4: Experimental (solid line) and theoretical (dashed line) absorption spec-
tra of the nanoparticle with radius 27nm with (thick black line)/without (thin blue

line) 5nm silica shell.

Samplel Sample2 Sample3 Sampled
NP radius 13+ 2nm 27+ 3nm 36+ 6nm 40 £ 4nm
SiO=2 thickness 4+ OAnm 4.8+ 0.7nm 57+ 09nm 7.8+ 1.3nm

Table 4.1: Sizes of the nanoparticles and thickness of their S102 shells

These data confirm that the particles are mainly spherical and that they have
a small variation in size. Average particle size and shell thickness values were
measured from those data. Table 4.1 documents average NP radius and average
shell thickness. Figure 4.4 shows a comparison of the theoretically computed
absorption spectrum (also shown in figure 4.3) with the experimental absorption
data for a NP with radius of 27 nm where the NP dimensions were measured from
the TEM data. The experimental spectra are broader due to the small amount
of polydispersity present. Computed and experimental data (position of LSPR
peak) for all NP sizes are shown in figure 4.5. Here an average shell thickness
of 5 nm was assumed for all NPs. Clearly there is close quantitative agreement
between theory and experiment.

To summarise this section, nanoparticles of different gold/silver composition
and sizes were prepared. Additionally, thin silica shells around the nanoparticles
was synthesised. By choosing the gold molar ratio x=0.2, the plasmon resonances
of nanoparticles of different sizes were positioned in the absorption spectrum of
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Figure 4.5: Experimental measured and theoretical predicted maxima of the ab-

sorption peaks of nanoparticle with/without silica shell (Xres).

Figure 4.6: TEM images of gold/silver nanoparticles (A-Samplel, B-Sample2, C-
Sample3, D-Sample4).

Ru-complex. The experimentally measured absorption spectra of the nanoparti-
cles closely corresponded with the theoretically computed and therefore the model
calculating distribution of the electric field could be applied to the computation
of the excitation enhancement effect of these nanoparticles in the next section.
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4.2 Fluorescence enhancement experiments

In this section, data from experiments measuring the influence of metal nanopar-
ticles on fluorescence from a dye attached to the nanoparticles are presented. The
experiments were carried out on gold/silver nanoparticles of different sizes sur-
rounded by a silica shell (as characterised in previous section). First, fluorescence
from a prepared solution of a known quantity of Ru complex was measured. Then
the same measured concentration of the dye was attached to the nanoparticles
and the fluorescence was again measured. The ratio of these two values repre-
sented the enhancement effect of the nanoparticle on the dye fluorescence. The
maximum achievable enhancement for this system was theoretically predicted
and compared with the experimentally measured values. Additionally, the exper-
iments were repeated with silica nanoparticles in order to determine the influence
of dye attachment on the emission.

4.2.1 Model description

Figure 4.7: Schematic of the nanoparticle-dye system. The nanoparticle core is
a gold/silver alloy (20% gold) of different radii (r=13-40nm); the shell is silica of
thickness d=5nm; Ru dye molecule are attached uniformly to the silica shell with

isotropic orientation of the dipole.

Based on our experimental protocol, we consider Ru complex molecule at-
tached to the nanoparticle with a silica shell. The nanoparticle is composed of a
gold/silver alloy with a gold molar ratio x=0.2 and the radius varies from 13nm
to 40nm. The thickness of the silica shell is set to 5nm. Further, the orientation
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of the dipole of the fluorescent dye is considered to be isotropically distributed.
A schematic of the nanoparticle-dye system is shown in figure 4.7. The excita-
tion spectra of the dye complex is quite flat from around 410 to 490nm and the
maximum of emission is at 620nm (see figure 4.10, dashed line). The quantum
efficiency of the dye is around 0.5.

As explained in section 2.4 of chapter 2, there are two major plasmonic en-
hancement effects: excitation enhancement and emission enhancement. The ex-
citation enhancement is caused by the increase of the electric field of the incident
field. Due to the geometry of the system (figure 4.7), the average excitation en-
hancement is the ratio of fluorescence excitation of dyes isotropically distributed
over the nanoparticle with isotropic distribution of the dipole orientation and the
fluorescence excitation of free dyes. This enhancement, Rex, is calculated using
equations (2.68),(2.53), (B.I), (B.2).

The emission of the dye is altered also. The fluorescence does not increase if
the quantum efficiency of the dye is too high and if the plasmon resonance does
not coincide with the emission wavelength. However, the quantum efficiency of
the dye can decrease due to the non-radiative de-excitation resulting from dye-
NP proximity [8]. For this reason, the dyes were not attached directly onto the
nanoparticle but a silica shell of 5nm thickness was added. At such distances the
excitation enhancement is still significant and should overcome the negative effect
of the quenching, which is much less than at zero distance [9, 10, 11]. Therefore,
the numerically calculated excitation enhancement Rex is the maximum enhance-
ment of the fluorescence for this system and, depending on the strength of the
guenching, the experimentally measured enhancement will be less than this.

4.2.2 Experimental
Protocol for normalized fluorescence measurement

The fluorescence enhancement is measured by comparing the signal from the NP-
dye system to that of the equivalent dye concentration without the NPs. Firstly,
the optimum concentration of NPs in solution must be chosen in order to take
account of inner filter effects [12] which are caused by the strong absorption of the
NP’s. If the NP concentration is too high, the intensity of illumination rapidly
decreases throughout the sample which makes it impossible to compare it to
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the solution without NP’. On the other hand, too low a concentration of the
nanoparticles would mean too low a concentration of the dye which would be un-
detectable. Hence, an optimum NP dilution was established empirically based on
the two limiting situations discussed above. This optimum dilution corresponds
to an absorbance of the NP solution in a 1 cm cuvette of approximately 0.3. The
resulting concentration of nanoparticles in solution was about 3 w09 particles per
ml Next, the dye concentration required to form a monolayer on the NP surface
was estimated from the concentration of colloids and from the geometrical size
of the dye and found to be 10-7 M. The reference solution used was a 10-5 M
solution of the dye in ethanol since the dye is not very soluble in water at high
concentration. Self-quenching of the dye was not expected because of the large
Stokes shift. The details of the fluorescence measurement are as follows for each
NP diameter: 1 ml of the NP solution and 1ml of deionised water were stored
in Eppendorf tubes. 10 ml of 10-5 M ruthenium dye standard was added to the
tubes. Aliquots of 100 ml were placed in black microplate wells and the fluo-
rescence was measured with a Safire (Tecan) microplate reader. For the NP-dye
and pure dye solutions, the excitation wavelength matched both the LSPR of the
NPs and the absorption band of the dye.

Synthesis of the silica nanoparticles

Monodispersed samples of silica nanoparticles were prepared using a micro emul-
sion method [13]. The radius of the silica nanoparticles was 30nm. Nanoparticles
were redispersed in deonised water to a concentration matching that of gold-silver

alloys.

4.2.3 Enhancement results
Calculated enhancement

Figure 4.8 shows the dependence of the calculated enhancement factor on exci-
tation wavelength for different NP sizes, each surrounded by a silica shell of 5nm
thickness. From data, it can be seen that for each NP size, there is a maximum
wavelength of the enhancement. From the data in figure 4.8, the dependence
of enhancement at maximum enhancement wavelength with NP radius can be
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Wavelenth [nm]

Figure 4.8: Calculated dependence of the enhancement factor R ex on the excitation
wavelength for different nanopatrticle sizes. Parameters: gold/silver molar extinction
x=0.2, thickness of the silica shell d=5nm. Radius of the nanoparticles a-5nm, b-

[Onm, c-15nm, d-20nm, e-30nm, f-40nm.

plotted. This is shown in figure 4.9 and indicates that maximum fluorescence en-
hancement should occur for a radius in the region of 20-25 nm. This dependence
on NP size is explained as follows: if the NP is much smaller than the illumina-
tion wavelength, the E-field amplitude on the surface does not depend on the NP
size and is inversely proportional to the ratio of NP-dye distance and NP radius.
This corresponds to the electrostatic approximation. Therefore, for a constant
NP-dye distance, the E-field amplitude increases with NP radius up to a point
where the electrostatic approximation no longer holds. This is the case for larger
NP sizes (radius ~ 0.1 times the wavelength) where the LSPR effect is weaker
and the amplitude of the field decreases (see section 2.4.1 in theory chapter).
This excitation enhancement will be decreased by the decrease of the quantum
efficiency of the dye. In the approximation of a small distance limit (section 2.4.2
in theory chapter) the decrease should not depend on the size of the nanoparticle
and, therefore, the dependence of the total enhancement on the nanoparticle size
should be similar to the dependence of the excitation enhancement on the size as
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NP radius [nm]

Figure 4.9: Calculated dependence of the maximum enhancement on the nanopar-
ticle size. Parameters: gold/silver molar extinction x=0.2, thickness of the silica

shell d=5nm.

in figure 4.9.

Estimation of fluorescence enhancement factor

The protocol for measurement of the fluorescence enhancement factor was de-
scribed in the previous subsection. Both emission and excitation spectra were
measured for (i) the NP-dye combination in solution and (ii) the same concen-
tration of dye in solution without the NPs. In these experiments, the excitation
spectra were measured at an emission wavelength of 620 nm and the emission
was measured for excitation wavelengths corresponding to the maximum in ex-
citation spectra. Figure 4.10 shows the data for a NP of radius 27 nm . It can
be seen from the data that there is an enhancement factor of 4 in both excita-
tion and emission. The fluorescence enhancement, defined as the ratio between
the emission intensity of NP-dye and that of dye alone, has been measured for
all NPs and is plotted in figure 4.11 as a function of NP radius. From this, it
can be seen that the maximum enhancement factor is 4 for NP of radius 27nm,
while no enhancement was measured for the smallest NP (radius = 13nm). The
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enhancement also drops off after a radius of 27 nm.

Wavelength [nm]

Figure 4.10: Excitation and emission spectra of the Ru-dye in a water solution
(dashed line) and in the solution with 27nm radius nanoparticles (solid line) Sam-

ple2.

In a separate experiment it was confirmed that the enhancement of the fluores-
cence was due to the LSPR and that the enhancement factor was not influenced
by the attachment of the fluorescent dye to the surface of the silica shell coating
the NPs. Prior to the experiment, silica nanoparticles were prepared as described
in section 4.1.2. The size of the silica nanoparticles was chosen to be approxi-
mately the same as the size of metal nanoparticles giving the biggest enhancement
(radius 27nm). The silica nanoparticles were analysed by TEM (see figure 4.12)
and the diameter of the nanoparticles was determined to be 60nm. In the next
step, the protocol for measurement of the fluorescence enhancement factor was re-
peated where, instead of metal nanoparticles (radius 27nm), silica nanoparticles
(radius 30nm) of the same concentration were used. The recorded fluorescence
spectra from the dye attached to the silica NPs and from free dye in solution
were almost identical. This indicated that the attachment of the dye to the silica
does not influence the emission properties of the dye (quantum efficiency) and
therefore the observed enhancement of the fluorescence from the dye attached to
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NP radius [nm]

Figure 4.11: Experimentally measured dependence of the fluorescence enhance-

ment on the size of the nanopatrticles.

Figure 4.12: TEM image of silica nanoparticles. Average radius of the nanoparti-

cles is 30nm.

gold silver NPs coated with a silica shell is only due to the LSPR.

Next, the experimental data in figure 4.11 were compared with the maxi-
mum achievable enhancement values in figure 4.9. There is qualitative agreement
with respect to the dependence on NP size and the measured enhancement fac-
tor is about 9 times less than that predicted. This indicated that the induced
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non-radiative de-excitation rates are still quite significant at the nanoparticle-dye
distance 5nm leading to the decrease of the quantum efficiency of the dye. Fur-
ther, from the similar dependence of the enhancement on the nanoparticles’ size
it follows that the quenching does not significantly vary with the nanoparticles’
size in the range between 13nm to 40nm. This estimation of the quenching could
also depend on effects such as the presence of some unbound dye. In this case,
the unbound dye will not contribute to the enhancement due to the increased
separation.
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4.3 Conclusion

In this section, experiments studying the plasmonic effect of colloidal nanopar-
ticles on fluorescent dyes in solution were carried out. First, colloidal spherical
nanoparticles with different optical properties were synthesised. The focus was
on gold/silver alloy nanoparticles, where by changing the gold molar ratio, the
plasmon resonance was tuned over 1I0Onm. Next, gold/silver alloy nanoparti-
cles with gold molar ratio x=0.2 of four different radii were synthesised and a
silica shell of desired thickness was produced. All these nanoparticles were char-
acterised by absorption spectroscopy and transmission electron microscopy. The
absorption spectra compared well with those computed theoretically. Second, the
enhancement of fluorescence due to the presence of the nanoparticles in solution
was experimentally observed, and the dependence of the fluorescence enhance-
ment on the size of the nanoparticles was measured. The biggest enhancement
was achieved for nanoparticles with 27nm radius, which coincides with the cal-
culated optimum radius. The experimental values of the enhancement were on
average 9 times lower than the theoretically predicted value. This is most likely
an indication of the presence of a quenching effect due to dye-NP proximity.
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Chapter 5

Plasmonic enhancement of NPs
on planar substrates

This chapter describes the preparation and characterisation of substrates coated
with NPs as well as the influence of the NPs on the emission properties of an
adjacent dye molecule. Techniques for synthesis of large silver spherical NPs and
silver triangular-shaped NPs of different sizes are presented. In addition, layer-
by-layer deposition techniques for the deposition of nanometer thick polymer
films upon substrates is introduced and characterisation of these deposited layers
is undertaken. Subsequently, these polymer layers are used for immaobilisation
of NPs on the substrates. The topography of these NP-modified films and the
dependence of the localised surface plasmon resonance upon various parameters
are studied. In the last part of the chapter, experiments dealing with enhanced
fluorescence from dyes conjugated in polymers films and deposited on the NP-
structured substrates are described. The dependence of the fluorescence intensity
on various parameters such as type of NP, the NP-dye separation, and the specific
type of dye used was investigated.

5.1 Colloidal silver nanoparticles

In chapter 4 the preparation of gold/silver alloy NPs in a solution was presented.
In this section another procedure for synthesis of pure silver spherical NPs, as
well as production of triangular shaped NPs of different sizes is introduced. After
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the synthesis of these NPs, they were characterised by absorption spectroscopy
and by transmission electron microscopy techniques.

5.1.1 Spherical nanoparticles

This section describes the preparation and characterisation of large silver NPs,
where a diameter of around 60nm was chosen according to the results of the
preceding chapter. An advantage of this method is that this synthesis requires
fewer steps than the formation of gold/silver NPs of the same size.

Synthesis

Silver NPs, 60 nm £11 nm in diameter were prepared by reducing silver nitrate
with sodium citrate in the presence of aniline [1]. Briefly, 4 ml of AgN 03 (0.02
M) and 4 mL of aniline (0.02 M) were dissolved in 104 mL of deionised water
and purged with nitrogen. The solution was heated to boiling and 8 mL of 1 wt
% sodium citrate added with rapid stirring. The solution was refluxed for thirty
minutes during which time the solution changed colour from clear to dark brown.
The solution was centrifuged at 4500 rpm for 2 hours and doubly concentrated
in deionised water. The colloid was stored in a polystyrene bottle at 4 °C. The
final concentration of colloid was estimated to be 1.6x1013 particles per mL and
the sample had an absorption band at 440 £ 60 nm.

Characterisation of the NPs

After synthesis these NPs were characterised via transmission electron microscopy.
An image of the NPs is shown in figure 5.1, section (b). The average diameter of
60+11 nm was obtained by measuring the size of the NPs from micrographs. Ab-
sorption spectra of the NPs exhibited a clear plasmon resonance peak at 440nm
(figure 5.1, section (a), black solid line) and this agreed closely with the theo-
retically computed absorption spectra of 60nm silver NPs (red dotted line). The
small shift of about 10nm and the broader peak in the LSPR was probably caused
by the polydispersity of the sample.
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Wavelength [nm]
a

Figure 5.1: (a) Experimentally measured (black solid line) and theoretically pre-
dicted (red dashed line) absorption spectra of silver NPs (60+linm). (b) Trans-

mission electron micrographs of the silver NPs.

5.1.2 Triangular-shaped nanoparticles

The disadvantage of these spherical NPs is that the spectral position of the plas-
mon resonance can not be significantly shifted and is restricted to the short wave-
length region of the visible spectrum (section 2.3.2). Therefore, non-spherical
NPs have to be used if the spectral position of the localised plasmon resonance
is required to be in red part of the visible spectrum (section 2.3.2). There are
several publications describing the synthesis of colloidal non-spherical NPs and
an overview of different methods for production of nanotriangles, nanorods or
nanocubes is given, for example,in reference [2], In these experiments it was de-
cided to use a photo-conversion method for production of triangular NPs [3, 4].
This method is based on a wet chemistry approach, where, in the first step, small
silver spherical NPs are synthesised and, afterwards, the solution is illuminated
by monochromatic light, which causes the transformation of the spherical NPs

into triangular shaped NPs.
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Figure 5.2: Process of formation of triangular shaped NPs. First, spherical NPs
are split into nanometer size clusters after illumination. Second, triangular shaped

NPs are formed from these clusters by illumination.

Photoconversion process

The production of triangular shaped NPs can be described in two steps. First,
tiny colloidal silver NPs (diameters ~ 8nm) are synthesised. Next, the solution
is illuminated with a 'monochromatic’ light source for several hours. Depending
on the illumination wavelength, triangular shaped NPs of different sizes are pro-
duced. The exact principle of the growth of tringular shaped NP from spherical
NP is still a matter of debate, but the process of the formation of the nanoprisms
follows the scheme depicted in figure 5.2 [3]. First, spherical NPs are split into
nanometer size clusters (~2nm) at the beginning of the illumination. Second,
triangular shaped NPs are formed from these clusters by the aggregation of the
clusters, where the size of the nanoprism formed, and therefore their localised
plasmon resonance depends on the illumination wavelength. The longer the illu-
mination wavelength the larger the size of the NPs. The influence of the light on
the formation of NPs is observed not only in the solution by the wet chemistry
approach, but also by formation of NPs by vacuum deposition [5].

We postulate that the photoconversion process is due to the plasmon reso-
nance in the nanoprisms. The evidence for this is that the illumination wavelength
coincides closely with plasmon resonance of the formed nanoprism. Therefore,
the NPs can maximise the dissipation of the light energy, which is a process that
is energetically preferable in physical systems.

An effect occurring during the photoconversion is the aggregation of the
nanoprisms, which influences the size distribution of the NPs. Some nanoprisms
in the solution aggregate and form triangles of a double size consisting of four
initial triangles. This larger triangle exhibits LSPR at longer wavelengths, which
is then observable in the absorption spectrum. This kind of aggregation can
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be avoided by simultaneous illumination of the solution by UV-light during the
photoconversion process as reported in reference [3]. The authors state that the
prevention of the aggregation is caused by inducing quadrupole LSPR in the
nanoprisms, which is in the UV-region of the spectrum. However, we discovered
experimentally that if the sample is illuminated with the UV-light prior to the
photoconversion process then the aggregation is also minimised. From this obser-
vation we suggest that the UV-light promotes the splitting of the spherical NPs
into small clusters (see figure 5.2), which in turn speeds up the self photoconver-
sion process and therefore avoids the aggregation.

Experimental procedure

Small silver NPs were synthesised using a similar procedure to that used in ref-
erence [3]. Initially, all glassware was siliconised using chloroform prior to the
wet chemistry fabrication, so that the glassware would be hydrophobic. 2ml of
5mM silver nitrate (AgN 03) was combined with 1ml of 30mM trisodium citrate
(a weak reducing agent) in 95ml of H20 under a nitrogen atmosphere. In par-
allel, a 50mM sodium borohydride solution (NaBH4) (strong reducing agent)
was prepared separately in ice-cold water. ImL of this NaBH 4 solution was than
quickly added via syringe to the silver-citrate solution in the round-bottomed flask
under vigorous stirring. Following 15-30 seconds of stirring, ImL of 5mM bis(p-
sulfonatophenyl)phenyl phosphine dipotassium dihydrate (BSPP) was added to
the colloid. The BSPP provides the protecting groups avoiding segregation. The
colloid was then stirred for another 15 minutes.

Next, the solution of the NPs was transferred into plastic cuvettes illumi-
nated with an array of ultra bright UV-LEDs (illumination wavelength 376nm)
for around 6 hours. In the following step the cuvettes were placed in one of the
illumination chambers consisting of arrays of ultra-bright LEDs. Three chambers
with illumination wavelengths of 460nm, 550nm and 600nm were constructed.
The chambers consisted of LEDs, which had an illumination intensity from 5 to
10 cd depending on the illumination wavelength. An example of such a chamber
is shown in figure 5.3. The NP solution remained in the chamber until there was
no change in the absorption of the solution. This indicated the termination of
the photoconversion process. The total time varied with the intensity of the illu-
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Figure 5.3: LED chamber with 2 x 20 ultra bright LEDs with wavelength 550nm

powered by a current source.

mination, the illumination wavelength, and the quality of the spherical colloidal
solution. On average, the termination time was 10 hours, 24hours and 50 hours
for illumination wavelength 460nm, 550nm and 600nm respectively.

Results of the photoconversion process

Small silver spherical NPs were synthesised and their absorption spectrum is
shown in figure 5.4 (curve a). The NP solution exhibits LSPR at 395nm. By
comparing the absorption spectra with theoretically computed spectra, the aver-
age NP diameter was determined to be 10nm. Following the protocol described in
the previous section, three different types of triangular NPs were produced. Their
absorption spectra are shown in figure 5.4 (curves B,C,D). The absorption spec-
tra of the triangles exhibit three peaks corresponding to the dipole resonance in
plane, quadrupole resonance in plane and, quadrupole resonance out of the plane
(for example curve ¢ 548,420,338nm respectively) as identified in reference [6]
(see also section 2.3.2). The positions of the dipole LSPR in these three solutions
were 480nm, 548nm and 705nm respectively. The nanoprisms were also analysed
by transmission electron microscopy. The micrographs are shown in figure 5.5.
The triangular shape of the NPs is clearly visible, and the change of the size with
the illumination wavelength was also confirmed. The NPs are not completely
monodisperse. In the solutions there were present some small triangles, whose
growth was terminated by the lack of small spherical NPs in the solution, and
large triangles (especially using 600nm illumination) which were caused by the
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aggregation process described earlier. Excluding these triangles from the analy-
sis, the average size of the triangles was estimated to be 20nm, 99nm and 163nm
for illumination wavelength 460nm, 550nm and 600nm, respectively.

300 400 500 600 700 800 900 1000

wavelength [nm]

Figure 5.4: Absorption spectra of spherical silver NPs (A) and triangular NPs.

lllumination wavelengths were (B) 460nm, (C) 550nm, (D) 600nm.

Figure 5.5: Transmission electron micrographs of triangular silver NPs prepared by

photoconversion. lllumination wavelengths: a 460 nm, b 550 nm, ¢ 600 nm.
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5.2 Layer-by-layer deposition technique

In the preceding experiments in chapters 3 and 4 inorganic silicon oxide layers
were used to control the distance between NPs and dye. The vacuum deposition
of silicon monoxide or the precipitation of sodium silicate in aqueous solution
was used, but these techniques have been found to have certain restrictions. The
vacuum deposition technique was too cumbersome and the adhesion of the layers
was not optimal. The precipitation method lacked the possibility of the thickness
control over a wider range. In recent years, a new technique called Layer-by-Layer
deposition (LbL) has been reported and this enables the formation of ultra thin
layers on substrates, where the thickness is controlled with nanometer precision.
A review of this technique is given in references [7, 8, 9, 10, 11]. Moreover,
this technique allows the modification of substrates such that the NPs, dyes or
bio-molecules can be attached to them [12, 13, 14, 15].

In order to deposit these layers reproducibly (and with the desired thickness
range and roughness of the layers) several parameters in the experimental proce-
dure were optimised and the layers were characterised via ellipsometry and atomic
force microscopy. Furthermore, polyelectrolytes with conjugated dyes were syn-
thesised and their deposition was confirmed via absorption spectroscopy.

5.2.1 Principles of the LbL technique

« CH

PEI PAH PLL PAC PSS
Poly(Kthylenelmine) Poly(Allylamine) Poly-L-Lysine Poly(Acrylic Acid) Poly(Slyrene Sulfonate)

Figure 5.6: Chemical structure of different types of poly-electrolytes. PEI,PAH,
PLL are positively charged; PSS, PAC are negatively charged at pH=7.

The principle of this technique is based on the properties of polyelectrolytes
(PEL), which are water soluble charged polymers. Examples of the chemical
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structures of some polyelectrolytes used in the LbL technique are shown in fig-
ure 5.6. Depending on their chemical structure, the polyelectrolytes can be either
positively or negatively charged at a given pH. The essential technique is based
on self-assembly processes of polymers involving electrostatic interactions. The
schematic depicting the steps in the LbL technique is shown in figure 5.7. Prior
to deposition, a substrate is charged followed by immersion of the substrate in
a suitable solution of poly-electrolyte with an opposite charge to the charge on
the substrate (a). The strong electrostatic interaction between the substrate and
the polymer causes the deposition of the polymer layer of nm thickness on the
substrate . This process leads to change of the charge on the surface avoiding fur-
ther deposition of the polymer (b). Next, the substrate is repeatedly rinsed with
deionised water and immersed in a polymer solution of an opposite charge (c).
This again leads to the deposition of a polymer layer of given thickness and the
change of the charge on the substrate (d). These steps can be repeated to build
poly-electrolyte layers of desired thickness. Several parameters, such as the pH
of the solution, salt concentration in the solution and type of PEL significantly
influence the properties of the layers, such as the thickness of the layers [16, 17]
and porosity [18].

3 B 0 d

Figure 5.7: Schematics of deposition PEL layers (explanation in text).

Apart from using the LbL technique for deposition of a layer with a well
defined thickness, the LbL technique can also be used for immobilisation of flu-
orescent dyes onto surfaces [12]. In this method, the desired dye is conjugated
with one of the PEL and the above process for the deposition of PEL layers is ap-
plied. In our experiments, Ru dye complexes were conjugated with the positively
charged polymer Poly(Alylamine)(colloquially known as PAH).
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5.2.2 Experimental procedures
LbL procedure

Glass substrates were cleaned by immersion in Piranha solution (3 : 1 H2S04 :
27%H20 2). The solution was heated at 60 °C for 1 hour. Afterwards slides were
rinsed with deionised water. Solutions of PEI, PSS and PAH were prepared at
2mg mL-1 in 0.5 M NaCl aqueous solution and dissolved by sonication at room
temperature for 25 minutes. The cleaned glass substrates were then immersed
in the solutions of polyelectrolytes with an incubation time of 15 minutes using
the following sequence PEI/[PSS/PAII],C where x is the number of bilayers. The
substrates were then rinsed with deionised water between immersions into the
PEL solution.

Synthesis of dye conjugated PEL

The ruthenium dye and PEL were conjugated via the facile formation of a thiourea
bond between the amine group of the polyelectrolyte, poly(allyamine) hydrochlo-
ride and the isothiocyanate group of the ruthenium complex needs reference .
Briefly, 4.7 mg of PAH (5x10~5 mols of monomer) and 2.1 mg of sodium hydro-
gen carbonate (25x10 5 mols) were dissolved in 0.25 mL of water. Separately 4.9
mg of Ru-ITC ( 5x10 -6 mols) was dissolved in 1 mL of DMF. The two solutions
were mixed at 4 °C under rapid stirring and aged in the dark for a further 2
hours. Ru-PEL precipitated on the addition of acetone and was separated by
filtration. The final concentration of polyelectrolyte was assumed to contain 1
ruthenium complex per ten monomer units. The quantum efficiency of the dye
determined against pure tris(2,2-bipyridyl)dichlororuthenium (IlI) hexahydrate
was calculated at 0.031 and the extinction coefficient determined using absorp-
tion spectroscopy was 12335 M- 1cm-1. The excitation and emission maxima for
the Ru-PEL were 464 and 606 nm,respectively, with a Stokes shift of 142nm.

Ellipsometry

The ellipsometric measurements were carried out on a white light ellipsometer
(DeltaPsi 2, Jobin Yvon, group Horiba). The data were acquired in reflection
mode with angle of incidence of 60°. The measurements were carried out for
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wavelengths in the range from 300nm to 800nm with a 5nm step. The acquisition
time for each wavelength was Is and the data ware averaged over 5 measurements.
A program supplied with the ellipsometer was used to fit parameters of the lay-
ers (thickness, refractive index) so that the theoretically predicted ellipsometric
coefficients A, $ correspond to the measured coefficients A, wp.

Absorption spectroscopy

Samples were prepared in the following way: first, on a glass substrate seven
preliminary PEI/[PSS/PAH]3 layers were deposited, which generated a uniform
positive charge on the substrate. Next, four [PSS/Ru-PAH] bilayers were de-
posited, and after each bi-layer deposition the absorption spectrum of the sample
was taken. Because the sample was immersed in the solution, PEL layers were
formed on both sides of the glass substrate, and therefore the absorption spectra
were recorded for 2,4,6 and 8 bilayers. Absorption spectra were measured using
a UV-VIS spectrometer (Tecan, Inc).

5.2.3 Layer characterisation
PEL layers

Different numbers of polyelectrolyte layers were deposited on glass substrates.
The number of the PEL layers was 0,5,10,16. The samples were then placed
in the ellipsometer and the ellipsometric parameters A ,1' of each sample were
obtained. The acquired data are shown in figure 5.8. The refractive index and the
thickness of the layers can be then obtained, if an appropriate model of the layers
on the substrate is applied and the theoretical parameters A,  are fitted to the
data in figure 5.8 [19]. The fitting procedure was as follows: first, from the data
for a bare glass slide the refractive index of the glass was obtained. Next, data
from the sample with 16 PEL layers were analysed, where the assumed model
consisted of (1) a glass substrate (with refractive index obtained from previous
measurement) at the base, (2) a PEL layer (of unknown refractive index and
thickness), (3) a PEL/void layer (of unknown refractive index and thickness).
This third layer represents the roughness of the PEL layers. The dispersion
relation for the refractive index of PEL was modelled by an absorbing Cauchy
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Figure 5.8: Experimental data of  (filled symbols) and A (open symbols) for sam-

ples: substrate (0O), substrate/S5PEL (0), substrate/lOPEL (A), substrate/16PEL

(0)

function [19]. By fitting the parameters obtained via this model, the refractive
index, the thickness and the roughness of PEL layers were obtained. Finally, the
same model was applied to the remaining samples (5,10 PEL layers) to obtain
the thickness and roughness, where the refractive index of PEL obtained from
previous measurements was used. The data are summarised in figure 59. The
thickness of the layers increase with the number of the deposited PEL layers.
Interpolating the data leads to the averaged thickness of one PEL layer equal
to 1.5nm. The surface roughness of the samples was around 2nm and slightly
increased with increasing number of PEL layers (the roughness is represented
by the vertical error bars in figure 5.9). This roughness of the layers was also
independently confirmed by AFM measurements. In figure 5.9 (a) the averaged
refractive index of the PEL layers is shown.
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Number of layers

a b

Figure 5.9: (a)Refractive index (n,k) of PEL layers as a function of wavelength
obtained from ellipsometer data, (b) Variation in the PEL thickness with number
of layers of polyelectrolyte determined from the ellipsometer fit parameters. The
error bars relate to the surface roughness used in the ellipsometer model and are

not determined from multiple experiments.
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Figure 5.10: Absorption spectra of PEL-dye conjugated layers (glass/PEL7/[ Ru-
PAH/PSSJe). x increases in the direction of the arrow (x=2,4,6,8)
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Dye conjugated PEL

In order to verify the growth of polymer layers with the dye-conjugated PEL,
Ru-dye conjugated PEL (Ru-PAH) layers were deposited onto a substrate and
the absorbance of the layers was measured. The absorption spectra of Ru-dyes
from the samples with different numbers of the [Ru-PAH/PSS] bilayers are given
in figure 5.10 (the background signal is substracted). The peaks from 400nm
to 500nm wavelengths correspond to the absorption of Ru-complex dye (see fig-
ure 4.10) and the data confirms that the absorbance is also increasing with the
increasing number of the bilayers. Since the absorbance is linearly increasing with
the number of the bilayers, this indicates the successive deposition of identical
Ru-dye conjugated PEL layers. From the Beer-lambert law in equation (2.1) the
average density of the dye in the Ru-PAH films was estimated to be 50 molecules

per 10nm x 10Onm surface area.
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5.3 Nanoparticle attachment

Several methods have been developed for deposition of metal NPs onto substrates.
The most common methods are physisorption of NPs, which are spin-coated [20,
21] or ink-printed [22] onto substrates or the immobilisation of the NPs by
applying functional coupling agents (thiol or amine groups) between NPs and a
surface [23, 24], However, PEL layers can also be used for immobilisation of metal
NPs onto substrates [25, 15, 26]. The method is based on electrostatic attraction
of mostly negatively charged NPs in solution to the oppositely charged PEL layers
assembled onto the substrates. The main advantage of this method is that the
NPs can be attached to any substrate, where PEL layer deposition is possible.
Therefore, this technique allows the deposition of NPs on glass substrates as well
as on plastic substrates.

This section describes a series of experiments investigating the attachment of
different NPs onto substrates followed by their characterisation with absorption
spectroscopy and atomic force microscopy.

5.3.1 Experimental

On a glass substrate five preliminary layers of PEI/[PSS/PAH]2, which generated
a uniform positive charge on the surface, were deposited following the procedure
described in section 5.2.2. These substrates were than immersed in a colloidal NP
solution for 12 hours. The colloidal solutions consisted of either 60nm silver spher-
ical NPs or triangular shaped NPs with average size of 99nm (see section 5.2.2
for the NP description). Prior to the immersion of the slides, the colloids were
centrifuged and re-dispersed in deionised water in order to remove unattached
protective groups from the solution, which would otherwise decrease the NP at-
tachment due to their charge. This additional process also allowed the increase
of the concentration of the NPs. After incubation with the colloids, the slides
were rinsed with deionised water and dried with N2.
Absorption measurements were carried out with a UV-VIS spectrometer (Tecan,

Inc). AFM images were collected on a Dimensions 3100 AFM (Digital instruments
Ltd) in tapping mode using silicon tips purchased from Veeco Instruments. Sam-

ples were scanned under ambient conditions. The images were processed using
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the WSxM 4.0 (Nanotec Electronica S.L.) software.

5.3.2 Characterisation of the NP attachment

Metal NPs were successfully attached onto the glass substrates, where the colloid
solution was either 60nm silver spherical NPs or silver triangular shaped NPs with
a size of 99nm. These NPs were characterised as reported in the previous section
and their absorption spectra are shown in figure 5.1 and figure 5.4 for spherical
and triangular NPs, respectively. The change in the color of the samples due to
the LSPR of the NP was visible by the naked eye and was uniform over all of the
samples.

wavelenght [nm]

Figure 5.11: Absorption spectra of glass slides with poly-electrolyte layers and

silver spherical (curve a) or silver triangular (illumination 550nm) (curve b).

These samples were further characterised by absorption spectroscopy. The
absorption spectra of the glass slides with the NPs are shown in figure 5.11. The
spectra exhibit distinct peaks corresponding to the localised surface plasmon
resonance of metal NPs, but the peaks differ from that obtained in solution
(figures 5.1 and 5.4).

In the case of 60nm spherical NPs, the plasmon peak shifted from 442nm to
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415nm and the absorption spectra exhibits another peak at 374nm. The shift can
be explained by the change of the refractive index of the medium surrounding
the NPs. |If the NPs are in a solution, the refractive index of the embedded
medium is equal to the refractive index of the solution (in the case of water
n=1.33). If the NPs are attached to a substrate with refractive index nsubstrate
and the substrate is in a medium with refractive index nmedium then it can be
approximated that the NPs are in a medium with the effective refractive index
neff, which is a combination of nsubstrate and nmedium [27, 28, 29]. Using a simple
model the effective refractive index can be described as [30]

T'eff = QA substrate (1 OMMmedium (~-1)

where a is the appropriate weighting factor, lying in the range from 0to 1. In our
case, the neff was obtained by fitting theoretically computed absorption spectra
to measured absorption spectra of the NPs. The effective refractive index of
the 60nm silver NPs attached to the glass substrate was estimated to be neff=
1.27. The origin of the second peak at 374nm is less obvious. It is thought
that the second peak is due to the quadrupole resonance in the metal NPs. The
position of this peak corresponds well with the model for a 60nm silver spherical
when the effective refractive index equal 1.27 is used. The discrepancy lies in the
intensity of the peak. In the theoretical model the peak is barely visible, whereas
in the experiment the peak is larger than the dipole peak. This increase of the
quadrupole resonance could be attributed to the coherent interaction between
large NPs in two-dimensional array [31].

In the case of triangular NPs, the dipole plasmon peak in the absorption spec-
trum in figure 5.11 (curve b) is shifted from 548nm to 517nm. This can be again
explained by the change of the effective refractive index neff. A second small
broad absorption peak around 761nm probably originates from small amount of
the larger triangles attached onto the substrate.

The topology of the samples was assessed by atomic force microscopy. The
images of the sample with 60nm silver spherical NPs are shown in figure 5.12
(a,b). The AFM images confirmed the homogenous distribution of the NPs on
the substrates. The vertical resolution of the AFM images was quite accurate
giving the height of the NPs to be around the expected value of 60nm, whereas
the horizontal resolution of the NPs in the AFM images was influenced by the
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a b c

Figure 5.12: AFM images of glass slides with NPs. (a) A glass slide covered with
60nm silver spherical NPs. (b) 3D view on a smaller section of the image (a), (c)

A glass slide covered with silver triangular shaped NPs with the size of 99nm.

finite width of the AFM tip. Therefore, the NPs seemed larger and longer in the
dragging direction of the AFM tip than they really were. The average surface
density of the NPs was estimated to be 65 particles per 1 *m2. The average
surface coverage of 12% was estimated by assuming the average NP radius to be
30nm. This gave the average space between two particles of about the size of the
particles themselves. This coverage is close to the maximal achievable via this
technique. The NPs can not be packed more closely due to the negative charge
on the NPs causing repulsion of the NPs on the substrate. The image of a sample
with attached silver triangular NPs with a 99nm size is shown in figure 5.12 (c).
The height of the triangular NPs was around 12nm. From the AFM images the
surface density of the triangular NPs was estimated to be 30 particles per 1fim2.
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54 LSPR from nanostructured substrates

In this section, the experiments were focused on reproducible deposition of differ-
ent NPs onto plastic substrates, and reproducible deposition of polyelectrolytes
over the attached NPs. Plastic microtiter plates made from polystyrene were cho-
sen as a suitable substrate for these experiments investigating NP attachment,
since multiple experiments could be carried out only small volumes of solution
were required. The reproducibility of the deposited layers was determined by
measuring the localised surface plasmon resonance over large number of samples.
While the LSPR is very sensitive to the refractive index surrounding the NPs
(see section 2.3.2), the dependence of the LSPR on the number of deposited PEL
layers over the NPs was also measured. A schematic illustrating the different
structures prepared in the microtiter plate is shown in figure 5.13.

n bilayer

Figure 5.13: Schematic of NPs structured layers in microtiter plate.

5.4.1 Experimental
Nanoparticles synthesis

Spherical gold and gold/silver NPs were prepared using the method described in
section 4.1.2. The silver spherical NPs were prepared using the method described
in section 5.1.1.

Microtiter plates preparation

Microtiter plates (obtained from Greiner bio-one International) had a polystyrene
coated surface. To activate each well for deposition of polyelectrolyte the plate
was plasma-treated for five minutes under vacuum using a Harrick, model PDC-
200, plasma chamber. In the first instance, five preliminary layers of polyelec-
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trolyte were deposited onto each, well to generate a uniform surface of amine
groups for attachment of NPs. Five layers is the minimum amount of preliminary
layers required; any less leads to a surface with incomplete polyelectrolyte cov-
erage and ambiguous charge. Solutions of PEI, PSS and PAH were prepared at
2mg mL" 1 in 0.5 M NaCl aqueous solution and dissolved by sonication at room
temperature for 25 minutes. Polyelectrolyte solutions were deposited into each
well at volumes of 150 /iL with incubation times of 15 minutes using the following
sequence PEI/PSS/PAH/PSS/PAH. The wells were rinsed with deionised water
between the addition of each PEL layer.

Each NP solution was deposited into 16 wells of the microtiter plate at well
volumes of 150 nL. The plate was sealed with parafilm to stop evaporation and
incubated for 12 hours. The top two rows of wells were coated with gold / silver
alloy NPs, the middle two rows with pure gold NPs and the bottom two rows
with silver NPs. After rinsing, absorbance measurements were performed under
dry conditions and with 150 /aL of water added. Each set of 16 wells was further
divided into sets of 4 wells and a series of (PAH/PSS)x spacer bilayers deposited
using the same procedure as that for the deposition of the preliminary layer,
where x = 0, 1, 4 and 8 bilayers.

Absorbance measurements

The absorption spectra of the microtiter plate were taken using microtiter plate
reader Cary 50 scan UV-Visible spectrophotometer (Varian Ltd) in transmission

mode.

5.4.2 Results

100 nm

Figure 5.14: Transmission electron micrographs of gold (A, 15 nm +/- 1),

gold/silver alloy (B, 47 nm +/- 5) and silver (C, 60 nm +/- 11) nanoparticles.
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Gold, gold/silver and silver NPs were successfully prepared. The samples
were analysed by transmission electron microscopy and the average size of gold,
gold/silver and silver NPs was 15+ Inm, 47+ 5nm, 60+ lInm, respectively. The
SEM images are shown in figure 5.14.
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Figure 5.15: UV-Vis absorbance of pure silver NPs, (0), gold/ silver alloy NPs,
(dashes) and pure gold NPs (solid line) coated onto polyelectrolyte activated mi-
croplate wells analysed at room temperature in air. Forty eight wells were examined

in total, sixteen for each NP type.

These particles were then attached onto the microtiter plate, where each set
of NPs was attached onto 16 wells. Each set of 16 wells coated with one type of
NPs exhibited a specific color, which was uniform over the wells. The absorption
spectra of the dried plate were recorded and the results are shown in figure 5.15.
The three spectra represent the average absorption from 16 wells for each type of
NP and the error bars indicates the standard deviation at the peak’s maximum.
The silver NPs exhibit a double peak at 375 and 415 nm, where the peak at 415nm
(Ass = 0.351) is due to the LSPR of single NPs and the peak at 375nm is thought
to be due to the coherent interaction between large NPs in two-dimensional array
as discussed in the previous section 5.3.2. The attached gold/silver NPs and gold
NPs exhibit a single absorption at 430nm (A430 = 0.228) and 520nm {A”0 =
0.067), respectively. In all three cases the reproducibility from well to well was
very good and the variation of the absorption spectra was less than 3%. The
difference in the maxima of the absorption peaks is given by the NPs’ surface
coverage and by the value of the normalised extinction cross section (Cext/nr2),
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which was biggest for the 60nm silver NP, lower for the 47nm gold/silver NPs
and smallest for the 15nm gold NPs.

Figure 5.16: Photograph of an upturned microplate coated with three different NP
overlayed with PEL layer. The polyelectrolyte layer thickness increases from right

to left with two columns per a given PEL thickness(0, 3, 12 and 24 nm).

Next, layers of PEL were attached over the NPs in the microtiter plate. Two,
four and eight bilayers of PEL were deposited in four wells for each set of NPs.
The image of such a dried plate is shown in figure 5.16. The top two rows of wells
are coated with gold / silver alloy NPs, the middle two rows with pure gold NPs
and the bottom two rows with silver NPs. It is clearly seen that the absorption
of the NPs in the wells changes, which confirmed the PEL layers attachment onto
the NPs. The color was again quite homogenous over the whole surface of the
wells. The absorption spectra of these wells were measured. The evolution of the
absorption spectra of the 60nm silver NPs with the number of the PEL layers is
shown in figure 5.17. The average absorption spectra for each set of PEL layer
is plotted and the bars represents the standard deviation at the maximum of
the LSPR peak. Prom the graphs it follows that the LSPR peak shifts to longer
wavelength and the absorbance increases. This is due to the high sensitivity of the
LSPR peak to the change of the refractive index of the embedded medium (see
section 2.3.2 in theory chapter). The absorption spectra of LSPR of gold/silver
and gold NPs due to the presence of the PEL layers are shown in figure 5.18.
Similarly, the LSPR peaks in the absorption spectra shift to longer wavelengths
and the absorbance increases.

Next, the absorption spectra of the wells with different NPs and numbers
of PEL layers were again measured, but in this case the wells were filled with
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Figure 5.17: UV-Vis absorbance of pure silver NPs coated with additional
[PAH/PSS] bilayers analysed at room temperature in air. As the number of bi-
layers increased (0, solid; 1, dash; 4, o; 8, A) the LSPR band shifted to a longer

wavelength and increased in intensity.

Figure 5.18: UV-vis absorbance of gold silver (a) and gold (b) NPs coated with
additional [PAH/PSS] bilayers analysed at room temperature in air. As the number
of bilayers increased the LSPR band shifted to a longer wavelength and increased

in intensity.
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water, which caused a shift of the plasmon resonance. The shift of the LSPR
of the NPs is dependent on the thickness of the PEL layers for dried and wet
wells as shown in figure 5.19 (a). Because the thickness of PEL films on a plane
substrate prepared by the same procedure was 3 nm per bilayer (see section 5.2),
the thickness of the PEL layers on the NPs was assumed to be 3nm per bilayer
also. From the graphs it follows that LSPR in all three types of NPs shifts to
longer wavelengths and the LSPR in water is shifted to the longer wavelengths
compared to the same system in air. Further, the largest change of Xres with the
increase of the PEL layers (slope in the graph) is for bare NPs and decreases with
increasing thickness of the PEL layers. The shift of Xres is also more significant
in silver and gold/silver NPs than in gold NPs.

0 5 10 15 20 25 0 5 10 15 20 25
PEL thickness [nm] PEL thickness Tnml
a b

Figure 5.19: Shift of the peak of the LSPR with changing thickness of the poly-
electrolyte layer measured using UV-vis absorbance spectroscopy (a). Samples were
analysed in air (filled symbols) and under water (open symbols) where gold NPs are

0O; alloy NPs, A; and silver NPs, o. Theoretical calculated shift is in part (b)

This dependence of the LSPR on the thickness of the PEL layer was also
theoretically calculated using the theory described is section 2.3.2. The PEL
layers were modelled as a shell around the NPs with thickness corresponding the
thickness of the PEL layer and with refractive index of PEL n=1.6 obtained in
the previous characterisation (see section 5.2). The effect of the the substrate on
the LSPR was modelled by the effective refractive index ne// (see section 5.3.2),
where the value of ne// was chosen in such a way that absorption spectra of NPs
without PEL overlayers fit to the theoretical spectra. The resulting theoretical
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dependence of the LSPR of different NPs in air and in the water on the thickness
of the PEL layer is shown in figure 5.19, (b). The theoretical spectra qualitatively
agree with that measured experimentally, showing the shift of LSPR to longer
wavelengths with increasing thickness of the PEL; the largest shift of LSPR is
for the first PEL layers and this shift is larger for the silver and gold/silver NPs
than for gold NPs. The discrepancy between the theoretical and experimental
spectra is that the curves for the same NP in air and in water does not cross in
the theory but they do in the experiments. This could be explained by the lower
refractive index of PEL in water than in air (the refractive index of PEL was
measured only on air (see section 5.2)) which was not taken into account.

Experiments described in this section demonstrated the high reproducibility
of attachment of different NPs onto microtiter plates, and reproducible deposition
of the PEL spacer layer on the top ofthe NPs. The presence of the PEL layer was
confirmed by observing a shift of LSPR to the longer wavelength with increasing
thickness of the PEL. The shift was more significant for large silver and large
gold/silver NPs than for small gold NPs.
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5.5 Fluorescence enhancement experiments

In the preceding sections, a suitable method for uniform deposition of different
types of nanoparticles and deposition of a fluorescent dye layer at given distance
from the nanoparticles was established. Because of the flexibility of this method,
different nanoparticle-dye configurations could be prepared and the effect on the
fluorescence due to the presence of the nanoparticles could be studied. Several
experimental investigations of the effect of the plasmonic enhancement of fluores-
cence are described in the literature [32, 33, 34, 35, 36, 37, 38, 39, 40]. However,
these reported methods lack the flexibility of our methodology that allows the
evaluation of the dependence of plasmonic enhancement on various parameters
simultaneously. The experiments described here deal with the dependence of the
enhanced fluorescence on the nanoparticle-dye separation, on the optical proper-
ties of the nanoparticles, on the NPs’ size, the surface coverage, and on the type
of fluorescent dye.

5.5.1 Dependence ofenhanced fluorescence on nanoparticle-
dye separation for nanoparticles with different LSPR

wavelength

The plasmonically enhanced fluorescence is very sensitive to the dye-nanoparticle
distance as explained in section 2.4. Briefly, the fluorescence should be totally
quenched for a very small dye nanoparticle separation (less then few nanometers).
If the dye is placed beyond this quenching zone the fluorescence enhancement
should reach a maximum and then decrease with increasing separation. Based
on the deposition technique developed and described in previous sections, the
following experiment deals with distance dependence of enhanced fluorescence
for nanoparticles with different LSPR wavelengths.

n bilayer
1 bilayer —-LJ—

0 bllayer

000 "00Q tCLCL

Figure 5.20: Schematic of layers in a well.
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In these experiments the microtiter plate prepared in section 5.4 was used.
The plate consists of wells covered with three different type of nanoparticles and
covered with spacer layers of four different thicknesses (see figure 5.16). Addition-
ally, Ru-complex conjugated polyelectrolyte was deposited over the spacer layers
and this was followed by a measurement of the fluorescence signal from the wells.
The schematic of the wells is shown in figure 5.20.

Experimental

Ru-dye conjugated PEL layers (characterised in section 5.2.3) were attached to
the bottom of the wells of the mircotiter plate prepared and characterised in
section 5.4 using the following procedure: Ru-PEL solution was deposited into
each well at volumes of 150 jAj with a concentration of 2.8x10-5 M of ruthenium
complex and 0.5 M NaCl. The Ru-PEL solution was left to react for 15 minutes
and then each well was rinsed thoroughly with deionised water. In the wells
where no spacer layer was present, prior to the deposition of a positively charged
Ru-PEL, a solution of PSS (negatively charged PEL) was applied in order to
obtain a negative charge on the surface between the NPs.

Instrumentation

Fluorescence measurements were performed on a Safire (Tecan) microplate reader.
The emission wavelength was set to match the maximum emission of the Ru-PEL
at 620 nm. The excitation wavelength was varied from 350nm to 550 nm to cover
both the LSPR of the NPs and the absorption band of the dye. Self quenching
of the dye was not expected because of the large Stokes shift.

Fluorescence images were taken using a standard Olympus Upright Micro-
scope with an excitation filter in the range from 470nm to 490nm and barrier
filter at 515nm. The images were recorded through the transparent bottom of

the wells.

Results

A layer of Ru-dye doped PEL was attached to the wells covered by three dif-
ferent types of nanoparticles (60nm silver nanoparticles, 47nm gold/silver alloy
nanoparticles, 13nm gold nanoparticles) and different thickness of spacer layers
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(0,3,12,24nm). Due to the low concentration of the dye, the presence of the
Ru-dye layer could not be directly detected by absorption spectroscopy, but the
presence of the additional PEL layer was indicated by the shift of LSPR of the
nanoparticles (data not presented).

350 400 450 500 550

Wavelength [nm]

Figure 5.21: Excitation fluorescence spectra of a layer of fluorescent dye, Ru-
PEL deposited over pure silver NPs with polyelectrolyte bilayers [PAH/PSS] placed
between dye and NPs (monitored at 620nm). Symbols: PEL only (dashed line);
pure Ru-PEL (solid thin line); O bilayer (0); 1 bilayers (A); 4 bilayers (solid thick

red line); 8 bilayers (+)

The fluorescence excitation spectra from different wells were recorded. Com-
parison of the excitation spectra from a Ru-doped layer and Ru-doped layer
attached to 60nm silver nanoparticles with different spacer layers is shown in fig-
ure 5.21. Each excitation curve is an average over four samples. It follows from
the figure that the fluorescence signal is substantially higher when the 60nm silver
nanoparticles are present. Moreover, the fluorescence signal significantly depends
on the thickness of the spacer layer. Next, the excitation spectra of the Ru-doped
layers were recorded from the wells with gold/silver NPs. The plasmonic effect
of the enhanced fluorescence and its dependence on the thickness of the spacer

layer was also observed in this case, but the maximum enhancement was lower
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Wavelength [nm]

Figure 5.22: Excitation fluorescence spectra of a layer of fluorescent dye, Ru-
PEL deposited over silver gold (a) and gold (b) NPs with polyelectrolyte bilayers
[PAH/PSS] placed between dye and NPs to regulate the distance. Symbols: PEL
only (dashed line); pure Ru-PEL (solid thin red line); O bilayer (0); 1 bilayers (A);
4 bilayers (solid thick line); 8 bilayers (+)

(see figure 5.22, part a). In the case of the gold nanoparticles, the signal from
the excitation spectra of Ru-doped layers was decreased in the presence of the

nanoparticles (see figure 5.22, part b).

Figure 5.23: Relative enhancement of fluorescence of Ru-PEL coated over silver
(¢), alloy (m) and gold (a) NPs with polyelectrolyte bilayers [PAH/PSS] placed

between dye and NPs to regulate the degree of overlap of electric field (the dashed

line is an enhancement factor of 1).
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The results of these measurements were analysed and the enhancement effect,
calculated as the ratio between the maximum fluorescence signal with and without
nanoparticles, as a function of the thickness of the spacer layer is plotted in
figure 5.23. It can be seen that the maxima of the enhancement for silver and
gold/silver nanoparticles results for a 3nm thick spacer layer, and with increasing
thickness, the enhancement decreases. In the case of the zero spacer layer, the
fluorescence is still enhanced but it is lower than is the case for 3nm thickness.
On the other hand, the gold NPs behave quite differently. In the case of zero
spacer layer, the fluorescence is decreased and when the spacer layer is present,
the fluorescence signal is unchanged.

It is important to mention that the thickness of the spacer layer does not
directly represent the NP-dye separation but rather the minimum distance be-
tween the NP and the dye. This is caused by the fact that only a portion of the
dye-doped PEL layer lies upon the NPs, whereas the rest is deposited between
the NPs. For example, the results in section 5.3 indicate that the 60nm silver
nanoparticles have approximately 10% surface coverage and the inter particle
distance is around 60nm. Therefore, only about 10% of dye molecules are at a
distance from the NPs equal to the thickness of the spacer layer and the rest of
the molecules are at a distance in the range from the thickness of the spacer layer
to about 30nm (half distance between NPSs).

Therefore, by considering the above, the experimental results are in quite
good agreement with the general theoretical conclusions (section 2.4) and can
be explained in the following way: when the 60nm silver and 47nm gold/silver
nanoparticles have the LSPR overlapping with the absorption spectrum of the Ru-
dye complex (compare figures 5.17, 5.18 with figure 5.10) and optimum size (see
section 2.4.1), the fluorescence signal is increased. In the case of no spacer layer,
the dye molecules attached directly on the nanoparticles are quenched, whereas
the fluorescence from the dye in between the nanoparticles is enhanced. In the
case of a 3nm spacer layer, there is an additional contribution of the fluorescence
signal from the dye placed on the nanoparticles, as they are no longer quenched.
With the increasing thickness of the spacer layer, the average NP-dye distance
is increasing and therefore the enhancement decreases. The difference in the
absolute value of the enhancement for silver (enhancement ~ 16) and gold/silver
(enhancement ~ 3) nanoparticles could be due to the better optical properties of
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silver (see section 2.3.1) and different size of the nanoparticles.

The 15nm gold nanoparticles, in comparison, do not have the LSPR overlap-
ping with the absorption spectrum of the Ru-dye complex. Additionally, the
enhanced electromagnetic field is very confined (few nanometers) around the
nanoparticles due to their small size. Therefore, if there is no spacer layer, the
Ru-dye molecules which are in contact with NPs are quenched and so the fluores-
cence signal is decreased. In the presence of even the thinnest spacer layer (3nm)
the dyes are too far away from the local field generated by the NPs and so the
fluorescence signal is almost unchanged.

a b c

Figure 5.24: Fluorescence microscope images of wells with Ru-dye complex and
silver nanoparticles with different separation between them: a - pure dye, b -
NP/PEL2/dye, ¢ - NP/PEL16/dye. The images, showing a section of the well,

were taken from bottom of the microplate and the arc represents the edge of well.

As an independent verification of the fluorescence enhancement, images of the
bottom of the wells using a wide field fluorescence microscope were taken. An
example of the wells with a Ru-dye doped layer, 60nm silver NPs / 3nm spacer
layer / Ru-dye doped layer, and 60nm silver NPs / 24nm spacer layer / Ru-dye
doped layer are presented in figure 5.24. The red curved area represents a part
of the bottom of the well. It can be seen that the fluorescence signal is quite
uniform over the surface of the wells and relative intensities correspond to the

previous measurement.
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5.5.2 Dependence ofthe enhanced fluorescence on nanopar-
ticle LSPR wavelength

The previous experiment showed the distance dependence of plasmonic enhance-
ment on NP-dye separation for three different NPs. In the subsequent experiment
the emphasis was given to the dependence of the plasmonic enhancement on the
NP type. Six different types of nanoparticles were used. They exhibited different
spectral position of LSPR, caused by different shapes of nanoparticles (sphere,
triangles), their size, or composition.

Figure 5.25: Schematic of layers in a well.

As opposed to the preceding experiment, an inverse configuration of the set-
up was used (see schematic in figure 5.25). First, dye-doped PEL layers were
attached to the surface of the wells. Then a PEL spacer layer was attached. The
thickness of the layer was set to 3nm (one bilayer), which was the optimal distance
for plasmonic enhancement obtained from previous experiments (see graph 5.23).
Finally, different type of NPs were attached to the spacer layer. The advantage
of this configuration is that it assured the same amount of fluorescent dye in each
well avoiding the ambiguity of the number of dye molecules attached to the plain
wells and the NP-modified wells. This ambiguity is associated with the slight
increase surface area of the NP-modified wells.

Experimental

Synthesis of the 15nm spherical gold, 60nm spherical silver and IOnm spheri-
cal silver, 20nm, 99nm and 163nm triangular-shaped NP is described in detail
in sections 4.1.2, 5.1.1 5.1.2 respectively. A method similar to that described
in section 5.4.1 was used to attach PEL layers and NPs on the bottom of the
microtiter plate wells. Briefly, 6 preliminary PEL layer (PEI/[PSS/PAH]2/PSS)
were attached to the bottom of the wells leaving the surface negatively charged.
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Next, a Ru-PEL layer was attached to the bottom of 24 wells followed by depo-
sition of a [PSS/PAH] layer. The uniformity of fluorescence signal from Ru-PEL
layers was measured. Finally, each type of nanoparticle was attached to bottom
of 4 wells. After drying of the sample, the fluorescence and absorption spectra of
the microtiter plate were taken using a microtiter plate reader Safire (Tecan).

Results

Wavelength [nm]

Figure 5.26: Fluorescence from Ru-dye conjugated PEL layers in 24 wells.

The fluorescence emission spectra from 24 wells covered with Ru-PEL layer
and 3nm PEL spacer layer are presented in figure 5.26. The graph show that the
variation of the fluorescence signal from well to well is low (around 5%). After
this, 15nm diameter spherical gold, 60nm spherical silver ,10nm spherical silver,
20nm, 99nm and 163nm triangular-shaped NPs were attached to the these wells
(each type of NPs into two wells). After the attachment the absorption spectrum
of each well was measured in air. The results are shown in figure 5.27. The
absorption of Ru-dye dye in Ru-PEL layer is in the range from around 400nm to
500nm (see figure 5.10). Comparing the spectra from these two graphs indicates
that there are two groups of NPs. In the first group are 1Onm spherical silver
NPs, 60nm spherical silver NPs, 20nm and 99nm triangular-shaped NPs, which
have LSPR overlapping with the absorption band of Ru-dye. In the second group
are 15nm spherical gold NPs and 163nm triangular-shaped NPs, which have a
mismatch of LSPR with the absorption band of Ru-dye. From the conclusion
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in the theory chapter (section 2.4.1) it follows that one condition for enhanced
fluorescence excitation is the overlap of the LSPR the with absorption spectra of
the dye. Therefore, the first group would be expected to exhibit the enhanced

excitation fluorescence.

Wavelength [nm]

Figure 5.27: Absorption from wells with different types of NPs

The fluorescence excitation spectra from the wells with Ru-PEL and NPs were
recorded (the emission wavelength was set to 620nm) and the results are shown
in figure 5.28. By comparison of the excitation spectra of pure Ru-PEL layer
with Ru-PEL layers with NPs the following can be observed: (1) NPs in the
first group (except 1Onm silver spherical NPs) give increased fluorescence signal,
whereas NPs in the second group give decreased or almost unchanged fluores-
cence signal. This is in a good agreement with the prediction stated earlier and
with the experiments carried out in chapter 3. (2) 10nm silver NPs decrease
the fluorescence signal. Due to their small size, the excitation enhancement is
minimal and the metal-dye quenching effect is more significant causing the de-
crease of the fluorescence signal (see section 2.4.1). These results also correspond
with the measurement of size dependence of fluorescence on NP size described
in chapter 4. (3) The lineshape profile of the excitation spectra of the Ru-dye
is changed. This is clearly seen by comparing the excitation spectra of Ru-dye
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Wavelength [nm]

Figure 5.28: Fluorescence excitation spectra from Ru-dye PEL layer coated with

different type of nanoparticles. The emission wavelength was 620nm.

with 60nm spherical silver NPs and 99nm triangular shaped triangular NPs. At
the wavelengths around the LSPR of the 60nm spherical NPs (~ 420nm) the
enhanced fluorescence is more significant for 60nm spherical NPs, whereas at the
wavelengths around the LSPR of the 99nm triangular shaped NPs (~ 490nm)
the fluorescence signal is bigger for the 99nm triangular shaped NPs. (4) The
fluorescence signal from Ru-PEL with 163nm triangular-shaped NPs is slightly
increased. This could by either emission enhancement (see section 2.4.2) while
the LSPR is overlapping with emission band of Ru-dye, or excitation enhance-
ment, because the quadrupole LSPR (see section 2.3.2) is overlapping with the
absorption spectrum of Ru-dye.

These quantitative results showed the importance of optimising NP optical
properties for plasmonic enhancement of fluorescence.
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5.5.3 Dependence of enhanced fluorescence on nanoparti-

cle surface coverage

This next experiment was focused on the relationship between the NP coverage
and the enhanced fluorescence signal. As a comparison with the previous ex-
periments, a dye with excitation and emission at longer wavelength was used.
Therefore, 163nm silver triangular NPs were used, because they should be opti-
mal for fluorescent enhancement of such dyes.

Figure 5.29: Schematic of layers in a well.

The experiment was carried out following the steps presented in figure 5.29.
First, dye conjugated PEL layers were attached to the bottom of wells in mi-
crotiter plates followed by absorption of a 3nm PEL spacer layer. Next, a solu-
tion of NPs was added to the wells. The different NP coverage of substrates in
the wells was achieved by different incubation times of the NP solution in the
wells. The longer the solution was left in the wells the higher the coverage that
was achieved. After removal of the NP solution, an additional PEL layer was at-
tached to the NPs. This additional step improved the LSPR of the NPs. Finally,
the emission spectra of the dye with NPs of different coverage were recorded and

compared.

Synthesis of Cy5 dye conjugated PEL

The cyanine dye Cy5 and PEL were conjugated via the facile formation of a
thiourea bond between the amine group of the polyelectrolyte, poly(allyamine)
hydrochloride (PAH) and the isothiocyanate group of the Cy5 dye in a similar
manner described in section 5.2.2. The fluorescence properties of the Cy5-PEL
were found to be different from free Cy5 dyes. The excitation and emission
maxima for free Cy5 are 650nm and 680nm respectively, whereas the excitation
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and emission maxima for Cy5-PEL were 670 and 690 nm. Therefore, the quantum
efficiency of the Cy5-PEL could not be determined against pure Cy5, but the
guantum efficiency was estimated to be very low.

Plate preparation

The method described in section 5.4.1 was used to attach PEL layers and NPs
on the bottom of the microtiter plate’s wells. Briefly, 6 preliminary PEL layers
(PEI/[PSS/PAH]2/PSS) were attached to the bottom of the wells leaving the
surface negatively charged. Next, a Cy5-PEL layer was attached to the bottom
of 14 wells followed by deposition of a [PSS/PAH] layer. The uniformity of
fluorescence signal from Cy5-PEL layers was measured. Next, a solution of 163nm
silver triangular NPs was added to the 12 wells. The solution was left in each
set of two wells for 1, 2, 3, 4, 5, and 15 hours leading to the different NP surface
coverage. Finally, two PEL layers (PAH/PSS) were attached. After drying of the
sample, fluorescence and absorption spectra of the microtiter plate were taken
using a microtiter plate reader Safire (Tecan).

Results

The emission spectra from wells covered with Cy5-PEL layers are presented in
figure 5.30. The excitation wavelength was set at 610nm in order to resolve the
whole emission peak. The emission spectra are quite uniform and the variation
of the signal from well to well was around 10%. The layers exhibited very low
fluorescence signal in comparison to free Cy5 dyes in solution or Ru-PEL layers
used in previous experiments. It is believed that the low signal is caused by the
very low quantum efficiency of the Cy5 dye conjugated to the PEL. The quantum
efficiency of the conjugated dye was decreased probably by self-quenching among
the dye [41], because the distance between the dyes conjugated to the PEL was
very small and because of the small Stokes shift of the dye.

Next, 163nm triangular silver NPs were attached to a 3nm spacer layer cov-
ering the Cy5-PEL fluorescent layers. The NP solution was left in each set of
wells for different time periods and then removed, followed by deposition of a 3nm
PEL layer. Such prepared wells were first measured by absorption spectroscopy.
The spectra are shown in figure 5.31 (part a). The bottom line represents the
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Figure 5.30: Fluorescence from Cy5-PEL layers in 12 wells at 610nm excitation.

absorption of pure Cy5-PEL layer. The other lines represent the absorption from
Cy5-PEL layer with the NPs with a different surface coverage (the arrow indicates
1,2,3,4,5,15 hours the solution was in the wells). Each surface coverage was ap-
plied in two wells and as can be seen in figure 5.31 (part a) the absorption curves
were quite identical. The absorption spectra of attached 163nm silver triangular
NPs were broader than the absorption spectra of free NPs in solution (figure 5.4
curve D), but the LSPR was still nicely resolved and overlapping with absorption
and emission spectra of the Cy5-PEL layers.

Wavelength [nm] Wavelength [nm]
a b

Figure 5.31: Absorption (a) and fluorescence (b) from Cy5 and Cy5 with triangular

nanoparticle/PEL2. The arrow indicates increase of the nanoparticle coverage.

The emission spectra of such prepared samples were measured with excitation
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wavelength at 610nm. The spectra are seen in figure 5.31 (part b), where again
for a given surface coverage there are two curves representing different samples.
The bottom lines represent the emission from pure Cy5-PEL layers; the other
lines represent the fluorescence from Cy5-PEL layers with the NPs with a dif-
ferent surface coverage (the arrow indicates increasing surface coverage). It is
clear from the graph, that the fluorescence of Cy5-PEL layers was significantly
increased by the attachment of the 163nm triangular silver NPs and increases
with the increasing NP surface coverage. It is thought, that the origin of such
significatively increased fluorescence comes from excitation as well as emission en-
hancement of fluorescence (section 2.4). The excitation enhancement is possible,
when the LSPR peak overlaps with the absorption spectra of the Cy5-PEL dye.
Because of the small Stokes shift of the Cy5-PEL dye the LSPR peak also over-
laps with the emission spectra. Further, the quantum efficiency of the Cy5-PEL
dye is estimated to be very low and, therefore, emission enhancement is possible
and reaches significantly high values (see section 2.4.2).

Absorption [a.u]

Figure 5.32: The dependence of the enhanced fluorescence from Cy5-PEL on the

NPs' surface coverage.

The dependence of the enhanced fluorescence from Cy5-PEL on the NP sur-
face coverage is presented in graph 5.32. The value of the absorbance was mea-
sured at 600nm and the enhanced fluorescence was determined as the ratio be-
tween the fluorescence signal from Cy5-PEL with NPs and the fluorescence signal
from pure CY5-PEL layers at 690nm. The enhanced fluorescence exhibited lin-

ear dependence on the NP surface coverage and reaches as high as 60 for the

144



5.5. Fluorescence enhancement experiments 0. Stranik

maximum NP surface coverage. This behavior is expected for low NP surface
coverage, where the attached nanoparticles do not interact with each other and
the the enhanced fluorescence is proportional to the number of the dyes close to
the NPs.

These experiments showed that the enhanced fluorescence is dependent on the
NP surface coverage. Therefore, for implementation of the plasmonic enhance-
ment in bio-sensors it is important to achieved reproducible NP surface coverage
in order to have a reproducible fluorescence signal. This experiment also suggests
a new way of detection of binding kinetics in solutions. In standard fluorescence-
based bio-sensors the fluorescence from the bound analyte in solution can not be
distinguished from free analyte and therefore, can not be used for a kinetics study.
However, use of non-fluorescent metallic NPs with very weak fluorescing layers
can be used in a kinetics study of bioreactions, because only the attached NPs
will increase the fluorescence signal from the fluorescing layer due to the strong
distance dependence of plasmonic enhancement of fluorescence as shown in sec-
tion 5.5.1, and the unbound NPs will not affect the fluorescence of the attached
layers. In order to carry out such measurements the illumination and collection
of the fluorescence has to be carried out from below the sample, which was not
the case in our experimental set-up, and therefore such an experiment was not

carried out.
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5.6 Conclusion

This chapter described the development of a method for deposition of various
nanostructures on plastic substrates and their usage in plasmon-enhanced fluo-
rescence. In the first section, preparation and characterisation of silver nanopar-
ticles of various shapes was presented. Special focus was given to the process of
forming triangular shaped NPs via photo-conversion. This method allowed the
production of triangular NPs of various sizes, therefore NPs with different optical
properties.

The second section introduced the Layer-by-Layer deposition technique en-
abling formation of ultrathin polymer layers. The deposited layers were char-
acterised and the method was optimised for deposition of layers on plastic sub-
strates. This method also allowed the formation of thin layers doped with fluores-
cent dyes. Moreover, these layers proved to be an excellent way for the deposition
of NPs on substrates via the electrostatic attraction between the layers and NPs.
This method of NP attachment was the subject of the next section, where the
protocol for the attachment was optimised and the NP layers were characterised
by absorption spectroscopy and atomic force microscopy.

The next part of this chapter showed that, using this method, nanostruc-
tured substrates could be applied to commonly used microtiter plates and the
reproducibility of such substrates was excellent. Next, the optical properties of
these nanostructured layers were studied. Due to the sensitivity of the absorption
to the local change of the refractive index, adsorption of single polymer layers
over the nanostructured substrates can be detected. This adsorption for various
nanoparticles and different thicknesses of the polymer layers was measured and
the data compared with the theoretical model.

In the final section, three experiments dealing with plasmonic enhancement of
fluorescence were presented. The first one was focused on the dependence of the
fluorescence on the NP-dye separation. The results showed that the enhanced
fluorescence is highly sensitive to the distance and that the maximum signal is
for a 3nm spacer layer. The second experiment was focused on the influence of
the fluorescence on the LSPR of the nanoparticles. In agreement with theoretical
considerations only NPs with appropriate optical properties enhanced the fluo-
rescence signal. Additionally, it showed the importance of the NPs size on the
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fluorescence enhancement. The third experiment investigated the fluorescence
enhancement from the dye with excitation and emission in the red region of spec-
tra. The data showed linear dependency of the fluorescence enhancement on the
NP coverage.

The method presented herein demonstrated the possibility of the application
of a nanostructured surface in order to increase the signal from fluorescence-based
biochips. However the experiments showed high sensitivity of the enhancement,
and therefore it requires delicate control of the deposition method to achieve
reproducible results in plasmonic enhancement in fluorescence-based biochips.
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Chapter 6
Conclusions

The development of biosensor platforms for the detection and the monitoring of
diseases is a very important area of research that can have a dramatic impact
on the delivery of health services globally. For these sensors to be successfully
adopted, performance criteria such as sensitivity, low cost (preferably disposable)
and ease of use have to be addressed. Often these requirements are naturally
at odds, such as low cost and high sensitivity. Therefore, new technologies and
approaches have to be continually developed and adopted to improve the perfor-
mance of the sensors.

The aim of the research programme reported in this thesis was to investi-
gate the application a new field of material science to improve the performance
of optical biosensors, namely the enhancement of fluorescence-based biosensors
using metal nanoparticles. In addition to the theoretical analysis of the fun-
damental physics, the main focus was to develop techniques for preparation of
nanostructured surfaces and their experimental characterisation, which can be
readily implemented for the production of biosensors. Furthermore, the aim was
to test the prepared nanostructures and to optimise their parameters regarding
their ability for enhancing fluorescence signals from fluorescent species in order
to improve the fluorescence-based biosensors.

Prior to any experimental work, the plasmonic enhancement of fluorescence
was theoretically treated. Initially, the effect of the localised surface plasmon
resonance and its dependency on nanoparticle structure was analysed followed
by analysis of the enhancement of fluorescence from a fluorescent dye in close
proximity to a nanoparticle. The qualitative analysis was restricted principally
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to nanoparticles with spherical symmetry, but non-spherical nanoparticles were
also considered to some extent. From these theoretical results, some guidelines
and restrictions for use of nanoparticles for fluorescence enhancement were estab-
lished.

Following the theoretical analysis, experimental work with plasmonic enhance-
ment of fluorescence was carried out to verify the analysis. Several techniques for
the deposition of metal nanostructures were investigated and evaluated for their
simplicity, precision and incorporation in biosensors. Firstly, thermal evaporation
techniques were considered. The Nanosphere lithography (NSL) technique was
found to be excellent technique for the preparation of periodical identical nanos-
tructures on surfaces due to its excellent control of the size of nanostructures
and simultaneously its low cost in comparison with other techniques with simi-
lar precision. Additionally, substrates prepared by this technique were examined
for their ability to enhance fluorescence signals. Because of the ability of this
technique to precisely control the geometrical properties of the nanostructures,
the dependence of the fluorescence enhancement on properties of nanoparticle lo-
calised surface plasmon resonance was measured, showing the necessity of tuning
the localised plasmon resonance in order to optimise the fluorescence enhance-
ment effect. These nanostructures prepared via NSL enhanced the fluorescence
signal about 8 times from Cy5 dye molecules.

In the next section, wet chemical approaches for the formation of colloidal
particles were investigated. This method of preparation of nanoparticles had the
advantage of preparation of large volumes with a reasonably high degree of con-
trol of the sizes and composition of nanoparticles. The geometrical and optical
properties of the nanoparticles were characterised and compared with theoretical
predictions. This was followed by an experimental study of the fluorescence en-
hancement effect of these nanoparticles in solution with fluorescent dyes attached
to them, especially with respect to their optimal size. In agreement with the the-
oretical models for this system the nanoparticles giving the biggest fluorescent
enhancement were about 27nm in radius.

In addition to formation of spherical colloidal nanoparticles, a process for the
fabrication of triangular shaped nanoparticles via a photo-conversion method was
established. This technique allowed the production of colloidal triangular shaped

nanoparticles of various sizes, resulting in nanoparticles with different optical
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properties.

The most promising approach for the production of nanostructured substrates
investigated in the scope of this thesis was shown to be deposition of colloidal
nanoparticles on substrates. This technique had the advantages of a colloidal
chemistry approach by forming nanoparticles with desirable optical properties
and the advantages of the nanoparticle adsorption technique allowing deposition
of the nanoparticles on various substrates with controllable nanoparticle density.
The nanoparticles were attached to various substrates via polyelectrolyte layers
which were deposited by a layer-by-layer deposition technique. This technique
was characterised and the process was optimised in order to get uniform high
density nanostructures with desirable optical properties. The optical properties
of such prepared nanostructured substrates and their dependencies on changes of
the local refractive index caused by deposition of thin polymers layers over the
nanostructured substrates were measured and compared with theoretical models.

In the latter part of this thesis, experiments measuring plasmonic enhance-
ment of fluorescence from these substrates were carried out. The dependence
of the fluorescence enhancement on three different parameters (i) position of lo-
calised plasmon resonance, (ii) nanoparticle-dye distance and (iii) nanoparticle
coverage were varied in order to optimise the enhancement. The optimal NP-dye
distance in our experimental models was found to be 3-6nm. The experiments
confirmed that the largest enhancement of fluorescence is achieved when the spec-
tral position of the LSPR overlaps with the absorption spectrum of a dye and
that the enhancement factor increases with nanoparticle coverage.

The next stage of this work will involve further analysis of the influence of
metal nanostructures on fluorescence from dyes. This will lead to the development
of bioassays on these nanosturctured substrates as a step towards the development
of commercial biosensor systems incorporating plasmonic enhancement.

This analysis will involve the measurement of the fluorescence life-times of the
dye in the vicinity of metal nanoparticles. The measurement of the fluorescence
life-time will allow separation of the excitation enhancement effect from the emis-
sion enhancement effect. In these experiments the spectral position of LSPR will
be tuned into the emission spectrum of the fluorescent dye and the fluorescence
intensity together with the fluorescence life-time can be measured.

Another key aspect is the combination of this plasmonic enhancement effect
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with other fluorescence enhancement techniques such as super-critical fluores-
cence emission. In order to implement these two techniques together in a biosen-
sor platform the influence of the nanoparticles on the angular emission of the dye
in the proximity of an interface has to be measured.

Further theoretical work will also be carried out concerning the distribution
of the electromagnetic field around triangular nanoparticles, which were used in
this work. The calculation will be based on the Discrete Dipole Approximation
method.
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Appendix A

Spherical vector harmonics

The expressions of spherical vector harmonics are [Bohren 1983]
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where the manuscript (i) means

i=1 zn(p) = jn(p), spherical Bessel function first kind

i=2 zn(p) = yn(p), spherical Bessel function second kind

i=3 zn(p) = hE\p) = jn{p) + iyn[p), 1L spherical llankel function
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i=4 zn(p) = hn\p) = jn{p) —Wn(p), 2. spherical Hankel function

and P™(cosQ) are associated Legendre function of the first kind of degree n and
order m.
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Appendix B

Expansion coefficients of the
scattered field with silica shell

The scattered field by a sphere of radius a, dielectric constant Ei, silica shell
thicknessd of dielectric constant e2 has the same expression the scatteredfield of
a sphere without theshell (eqn. 2.53), butthe expansion coefficients are in this
case [Bohren 1983]
a _ lpn(y)lpn{m2y) - AnXn(m2V)\ - bPn(m2y) ~ AnXn(m2y)}
EMWn(™=*yv) - AnX.n(may)\ - rn2En(y)[*n(m2y) - AnXn(m.2y)\
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where ip, £ and X are Riccati-Bessel functions
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X, y are the size parameters and m\, mz2 are the relative refractive indexes
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