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Abstract

This thesis investigates the use of Fluorescence Resonance Energy Transfer (FRET)
for biomedical sensor applications. FRET is a process by which energy is trans-
ferred, via long range dipole-dipole interactions, from a donor molecule (D) in an
excited electronic state to an acceptor molecule (A). The emission band of D must
overlap the absorption band of A in order for FRET to occur. FRET is employed
in a variety of biomedical applications, including the study of cell biology and
protein folding /unfolding and is also used for enhanced optical bioassays. The dis-
tance dependence of the FRET interaction enables the technique to be used as a
molecular ruler to report, for example, on conformational changes in biomolecules.
The first phase of this work involved the design and implementation of a model
2-D FRET platform that is compatible with optical biochips. The donor-acceptor
pair used was a Ruthenium-complex/Cy5 system where the donor-acceptor sep-
aration was controlled using highly reproducible polyelectrolyte spacer layers,
which were deposited using a layer-by-layer technique. The FRET process was
demonstrated in both fluorescence intensity and lifetime mode. The interaction
between FRET and the plasmonic enhancement of fluorescence in the presence
of adjacent metal nanoparticles was also investigated. Dipole-dipole interactions
limit the FRET effect to donor-acceptor distances of typically less than 10nm.
The use of the plasmonic effect to increase this distance, which would facilitate
the use of FRET in a wider variety of applications, was explored. The size,
shape and composition of metal nanoparticles were tailored to give a resonance
absorption which optimises the enhancement of the dye fluorescence. As well de-
veloping a 2-D solid planar platform, the FRET-plasmonic interaction was also
investigated in solution phase, by designing a model that incorporated donor and
acceptor-labeled oligonucleotides as controlled spacers and spherical gold and sil-
ver nanoparticles for plasmonic enhancement. Throughout the work, theoretical
calculations were carried out, and, where relevant, theoretical predictions were
compared with experimental measurements. Apart from designing two FRET-
plasmonic investigation models, a key result to emerge from this work is that
while individual plasmonic enhancement of the donor and acceptor is occurring

in the presence of metal nanoparticles, no plasmonic enhancement of the FRET

il
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interaction is observed for the experimental systems. Theoretical modeling con-

firmed the reduction of the FRET efficiency.
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Chapter 1

Introduction

1.1 Introduction and Context

There is increasing interest in point-of-care (POC) biosensors and biodiagnostics,
which would enable diagnosis and treatment to take place in doctors’ surgeries
or in the home rather than in the hospital environment. This has obvious ben-
efits to patients and society in general, for example fast and more cost effective
diagnosis and treatment. The work presented here explores the enhanced per-
formance of POC devices through the employment of novel nano-materials and
miniaturisable optical platforms. In particular, the thesis explores the use of Flu-
orescence Resonance Energy Transfer (FRET) and FRET in combination with
metal nanoparticles (NPs), in order to enhance the performance of optical biosen-
sors. This chapter gives a brief introduction to the main elements of the work: (i)
the FRET mechanism, (ii) examples of FRET-based systems, and (iii) the inter-
action between metal nanoparticles (NPs) and fluorescent dyes. An introduction
to biosensors is also provided. The chapter will conclude with a description of

the thesis structure and objectives.

1.2 Principles of Nanobiophotonics

Nanobiophotonics is the amalgamation of photonics, nanotechnology, lasers and
biomedical science and is a field that is receiving considerable attention world

wide. The increased life expectancy of the world population presents many prob-
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lems in the area of health management, and the outputs of nanobiophotonics can
provide tools for earlier detection of diseases and improved management of these
conditions. It is a multidisciplinary area involving the combination of biological
sensing, optical diagnostics, signal processing and communications. This work at-
tempts to apply nanobiophotonic principles to the investigation of a FRET-based
biosensor platform. Elements of nanobiophotonics used include metal nanoparti-

cles, polymer nano-layers, fluorescence dyes and fluorescently labeled DNA.

1.3 Biosensors

A biosensor is a device which can detect disease related molecules using biolog-
ical recognition elements [1]. These disease related molecules may be antibod-
ies, antigens, nucleic acids or other biologically relevant small molecules, which
are markers for a particular disease or condition [2-8]. The biological recogni-
tion elements contain biomolecules such as antibodies, DNA probes or enzymes,
which recognise a particular disease marker or analyte. The reaction between
the biomolecule and the analyte results in physical or chemical changes that can
result in the production of heat, mass, light, electrons or ions [1]. The analyte
can also be labeled with a biomarker or tag, such as an enzyme, radioisotope or
dye. If the dye is fluorescent, the device is then known as a fluorescence-based
biosensor. This is the type of biosensor is considered here.

There are many biosensors commercially available on the market, such as the
ELISA (Enzyme-Linked ImmunoSorbent Assay), Biacore and PicoQuant systems.
An ELISA system is a protein diagnostic tool which can detect the presence of
an antigen or antibody in a sample, through a colour change which is optically
detected. Some newer techniques that use the general principles of the ELISA
protocol can result in higher sensitivities and allow for multiplexing, where mul-
tiple antigens or antibodies can be detected from a single sample. They can
incorporate electrochemiluminescent and fluorogenic markers [9, 10].

The BIAcore™ system from Biacore is an example of a surface plasmon
based biosensor, specialising in measuring protein-protein interactions and bind-

ing affinity. The technology is based on surface plasmon resonance (SPR), an
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optical phenomenon using thin metal films and the principle of plasmon reso-
nance that enables the detection of unlabeled interactants in real time. The
limitations of this biosensor are the non-specific adsorption of molecules onto the
surface and its high sensitivity to temperature [11-13].

The PicoQuant GmbH system is an example of a very sensitive fluorescence-
based biosensor. It utilises fluorescence decay lifetimes (see Section 4.2.4) and
it is possible to detect a single fluorescent molecule and its orientation with this
system [14, 15]. This can lower the limit of detection dramatically to a point
where the sensitivity of the sensor is only limited by the diffusion rate of the
reagent and the affinity of the biomolecule to the detection zone. However the
high quality optics and sensitive detectors used in this system result in it being
a very expensive, large bench-top device used only in laboratories with skilled
personnel and cannot be implemented in low-cost portable biosensors.

There is a demand for simple, compact, low-cost devices that can detect a low
concentration of antigens. There are a few strategies being employed to enhance
the sensitivity of fluorescence-based biosensors to achieve this goal. One of these
strategies is TIRF (Total Internal Reflection Fluorescence), which suppresses the
signal from unbound labeled molecules in a solution [16]. This is achieved by
coupling the excitation beam into the substrate at an angle greater than the
critical angle, so that the beam is internally reflected along it. The beam does
not propagate into the sensing area, instead the evanescent field of the beam
excites the area but this extends only a few nanometres into the solution. As a
result the bulk solution does not fluoresce and the system detects only interac-
tions at the surface. A similar effect to this is Supercritial Angle Fluorescence
(SAF) [17-19], which both excites and collects the emission of surface bound
fluorophores above the critical angle, this enables a distinction between surface
interactions and the unbound bulk fluorescence. Surface Plasmon Coupled Emis-
sion (SPCE) exploits the heightened anisotropic emission of a fluorophore above
a thin metallic layer and again uses this to distinguish surface interactions from
the bulk fluorescence [20-22]. Though these techniques are susceptible to sur-
face roughness they have the potential to lower the limit of detection of optical

biosensors and allow for higher sensitivity to disease markers in samples. Highly



1.4. Fluorescence Resonance Energy Transfer A. Bird

sensitive, portable, low-cost biosensors would facilitate the earlier detection and

management of diseases.

1.4 Fluorescence Resonance Energy Transfer

Foster Resonance Energy Transfer (FRET) is a process by which the extra energy
of a fluorescent molecule in an excited electronic state (donor) is transferred to
a chromophore molecule (acceptor) [23]. Although not necessary, in most cases
the acceptor is also a fluorescent molecule. In this case, FRET also stands for
Fluorescence Resonance Energy Transfer.

FRET is a process by which energy is transferred non-radiatively, via long
range dipole-dipole interactions, from a donor molecule (D) in an excited elec-
tronic state to an acceptor molecule (A). The emission band of D must overlap
sufficiently with the absorption band of A in order for FRET to occur and the
rate of transfer of energy is dependent on the separation of the two molecules.
FRET can be an accurate measurement of molecular proximity at angstrom dis-
tances (10—100A). The physics and chemistry of fluorescence resonance energy
transfer have been well studied theoretically for years [23-25] but only with
recent technical advances has it become feasible to apply FRET to biomedical
research [26-33]. The efficiency of FRET is dependent on the inverse sixth power
of intermolecular separation (see Section 2.3.1), making it a sensitive technique
for investigating a variety of biological phenomena that gives rise to distance
changes of this order. Therefore one of the main applications of FRET is as a
spectroscopic ruler, which can probe distances on the nanometre scale through
fluorescence measurements, based on Forsters basic rate equation for a donor and
acceptor pair at a distance r from each other.

As with all biosensors, sensitivity is vitally important and there are many
ways of increasing the FRET efficiency to achieve this. The FRET efficiency is
the quantum yield of the energy transfer transition. It can be increased with
an increase in the percentage of donor and acceptor overlap spectrum, by using
different dye pairs, however this also causes an increase in the bleedthrough signal

in the FRET channel [26]. The efficiency of FRET could also be improved by
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optimising the concentration of the fluorophore used, but if the concentration
is too high energy transfer can occur between donor-donor or acceptor-acceptor
molecules (known as homo-FRET), preventing energy transfer between the donor
and the acceptor. This is discussed further in Section 2.3. While highly efficient
traditional FRET systems are beneficial, it would be desirable to have a FRET
system that was not limited to the 10nm interaction distance. This would enable
molecular interactions to be investigated that occur beyond this distance. Some
work has been done to achieve this goal [33-35], but so far nothing greater than

a 75% increase in the Forster Radius, has been reported.

1.5 Current Applications of FRET

There are several FRET measurement techniques available, and the efficiency
of energy transfer can be measured using fluorescence intensities or fluorescence
lifetimes. Intensity-based imaging techniques applying the method of FRET spec-
troscopy and microscopy (wide field, confocal, and multiphoton) have facilitated
the study of cellular events, such as signal transduction and gene transcription
inside intact living cells [36]. If FRET occurs, the acceptor signal increases and
the donor signal decreases. After removing the background and autofluorescence
signal the transfer efficiency can be calculated. Intensity-based FRET techniques
still suffer from some drawbacks, including photobleaching, detector noise, aut-
ofluorescence and light source instability. In addition these techniques do not
have high speed time resolution to fully characterise the dynamics of complex
cellular structures.

Fluorescence Lifetime Imaging Microscopy (FLIM) is another technique that
allows the measurement of dynamic events at a very high temporal resolution.
Lifetime measurements are independent of excitation intensity and fluorophore
concentration, which removes some of the problems experienced with intensity-
based microscopy such as spectral bleedthrough. The distance between the donor
and acceptor labels can accurately be calculated by measuring the donor lifetime
in the presence and the absence of the acceptor. The use of fluorescence lifetimes

can determine the spatial distribution of labeled molecules, enabling certain struc-
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tures, such as cells, to be mapped [37]. It can also be used to distinguish two
dyes of similar spectral characteristics but differing lifetimes.

Fluorescence sensor molecules for imaging cellular molecules have been in-
creasingly researched in the last two decades [38-41]. FRET imaging is used
in many different ways in biodiagnostics. Ratiometric fluorescence sensors have
been developed using distance changes [30, 42-45]. FRET sensors have also
been used to determine cell structure and the surface distribution of membrane
proteins [46] and protein folding interactions [47-49]. Proteins are complex
organic compounds composed of amino acids, which are molecules which contain
carboxyl (COOH) and amine (NH,) functional groups [50]. The arrangement
of the amino acids determine both the function and 3-D folded structure of the
protein. To design these types of FRET sensors it is necessary to have the donor
and acceptor located on opposite sides of a protein so that when the protein is
in its unfolded, relaxed state there is little or no energy transfer.

When the protein folds, the donor and acceptor are within the FRET limit,
energy transfer occurs, and the emission of the acceptor increases. The distance
between the two dyes can be measured using the ratio of their emissions, and
therefore the state of the protein can be determined. Fig. 1.1 illustrates the
processes of protein folding and unfolding detection using FRET. This process
has also been used in the detection of sugars such as maltose, using maltose bind-
ing protein (MBP). Upon binding maltose, the MBP undergoes a conformation
change that brings the donor and acceptor into close proximity and increases the
FRET [51]. Applications of these sensors are in the food and beverage industry
for direct use of their maltose sensing capabilities, specifically in beer and bread
production which utilize maltose as the primary sugar source. Adaptations of
these sensors can be use in the detection of other sugars such a glucose, for the
monitoring of levels in diabetic patients [52, 53].

Antigen - antibody interactions can also be measured using FRET immunoas-
says [54-56]. Antibodies are a sub-group of proteins which due to high avail-
ability and specificity are one of the major types of biomolecules employed in
biosensors. Antibodies are part of the immune system. When a foreign molecule,

known as an antigen, enters the body, it stimulates a class of white cells known
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Figure 1.1: lllustration of FRET with protein folding/unfolding.

as B-lymphocytes to mature into antibody producing plasma cells, which pro-
duce antibodies with binding sites specific to that antigen [57]. The antibody
binds to the antigen and marks it for destruction by the body. The basis of an
immunoassay is the detection of antigens through the use of antibodies. FRET-
based immunoassays are designed with the donor attached to an antibody and
the acceptor attached to an antigen or to another antibody, as shown in Fig.
1.2. FRET occurs when the components are sequentially bound together and
the donor is excited. Reduction of the concentration of the antigen will result
in a lower FRET signal [58]. This FRET system is more favourable compared
to a single dye-labeled detection antibody due to the specificity of emission be-
ing detected only from bound antibodies and not that of the bulk fluorescence.
Compared to TIRF and SAF systems, a FRET-based immunoassay allows this
discrimination without the need to couple light into the system at specific angles
or the need for highly uniform surfaces that will internally reflect the light. FRET
pairs can also have a large Stokes shift (see Section 2.2.2) which reduces the need
for sophisticated filters separating the excitation beam from the emission profile.
Fluorescence immunoassays can be divided into two categories, heterogeneous
and homogeneous. Heterogeneous immunoassays involve the physical separation
of the assay mixture before detection. FRET immunoassays are homogeneous,
which means that they can be conducted entirely in the original sample mixture
and require few manipulations.

FRET-based DNA sensors have been developed and can be used in the de-

tection of mutations or areas of mismatch in DNA sequences [59-61]. Genetic
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Figure 1.2: lllustration of a FRET immunoassay.

testing is a growing area of interest for diagnostics and forensics. This involves
determining the presence or absence of known DNA polymorphisms or mutations
in a sample. Large scale studies can be performed using homogeneous assays,
which provide flexibility and ease of use [62]. A known DNA sequence is la-
beled with a donor molecule, if a sample DNA sequence labeled with an acceptor
molecule matches the known one, they hybridise and energy transfer between the
FRET pair occurs, as shown in Fig. 1.3. Hybridisation is the process whereby two
complementary sequences of single stranded DNA form a hybrid double-stranded
DNA. This is described in more detail in Chapter 2.

Clearly, there are many different types of FRET-based biosensors, but they
are all limited by the 10nm dipole-dipole interaction distance. This reduces their
applicability to systems that span further distances. As part of this work the
interaction between FRET and the plasmonic enhancement of fluorescence in
the presence of adjacent metal nanoparticles is investigated. The use of the
plasmonic effect to increase the limit over which FRET occurs, would facilitate
the use of FRET in a wider variety of applications, by extending the length of
the molecular ruler. For instance, measuring large-scale conformational changes
in nucleo-protein assemblies, large biological molecules, protein complexes and

moderate lengths of DNA.
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Figure 1.3: lllustration of a FRET DNA sensor.

1.6 Plasmonic Enhancement using Metal Nanopar-

ticles

The incorporation of metal nanoparticles (NPs) into a FRET system is explored
in this work, with a view to enhancing the distance over which FRET occurs by
exploiting the plasmonic enhancement of fluorescence. A nanoparticle is defined
as a particle where at least one dimension is less than 100nm [63]. NPs have
special physical and chemical properties, due to their small dimensions and these
are exploited in many different applications. Metal NPs have a strong absorption
in the visible spectrum which gives them a specific colour depending on their
composition and shape [64]. Gold NPs are responsible for the brilliant reds
seen in stained glass windows and silver NPs are typically yellow in colour. For
centuries these properties have been of interest and scientific research on metal
NPs dates back to at least 1857 with Michael Faraday [65]. In 1908 Mie presented

a solution to Maxwell’s equations [66—68], which describes the extinction spectra
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of spherical particles. To this day Mie’s solution remains of great interest [69]
especially in the area of nanooptics [70] and medical diagnostics [71]. When
NPs are irradiated with visible light they exhibit a strong local electromagnetic
field around the particle, which can interact with adjacent NPs. This means that
they can be used to guide light below the diffraction limit [72, 73] in optical set
ups such as optical waveguides, mirrors, beam splitters or even logical switches
of sizes smaller than the wavelength of the light used [74].

Optical detection and spectroscopy of single molecules and single NPs has
been achieved with the use of surface-enhanced Raman scattering [75]. Indi-
vidual silver colloidal NPs can be used to amplify the spectroscopic signatures
of adsorbed molecules through intense, stable vibrational Raman signals. These
are just a few examples of the applications that NPs have within industry today.
There is much work going on globally into the research and development of these
particles and how to harness their potential in many new areas.

Metal NPs can be used in fluorescence-based biosensors to improve their per-
formance. It was theoretically formulated [76-78] and experimentally discovered
[79, 80] that metal NPs enhance the fluorescence signal from molecules near the
NPs. The enhancement is caused by the increased electromagnetic field around
the NPs, which makes them act like an antenna and amplifies the received and
emitted signal. Several authors have investigated the various parameters that
affect the metal NPs enhancement of the fluorescence and have tried to optimise
them [81-87]. Measurements of the effect on a single fluorescent dye and a NP
were also investigated [88, 89]. However, understanding the complex behaviour
of electromagnetic field interacting with the metal structures is needed to find
the optimal nanostructure for enhancement of fluorescence [90, 91]. It has been
reported that this enhancement has increased the sensitivity and decreased the
limit of detection in some fluorescently-labeled biosensors [92-95]. Positioning
the metal NPs close to the biorecognition elements increases the fluorescence from
the dye-labeled analyte and therefore increases the performance of the biosensor.
In this work, the focus is on the novel concept of enhancing the FRET interaction

via plasmonics through the use of metal NPs.
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1.7 Thesis Structure

Chapter 1 provides an introduction to the work and describes the applications
of FRET in biosensors and introduces the role of metal NPs in fluorescence en-
hancement.

Chapter 2 introduces the principles of fluorescence and Fluorescence Reso-
nance Energy Transfer (FRET). It also describes the optical properties of metal
NPs, especially the effect of localised surface plasmon resonance. The plasmonic
enhancement of fluorescence is also explored.

Chapter 3 deals primarily with the common materials, instrumentation and
methods used throughout the work. Experimental methods specific to particular
experiments are described in the relevant chapters.

Chapter 4 investigates FRET in a two dimensional configuration on a planar
surface. The main motivation is the potential to use FRET on optical biochips
for Point Of Care (POC) applications. The planar configuration along with poly-
electrolytes for controllable layer spacing are compatible with 2-D biochip arrays.
This study also focuses on combining FRET with the plasmonic interaction in or-
der to extend the Forster radius. The plasmonic interaction results in significant
enhancements in fluorescence when a fluorophore is in the vicinity of a metal NP.
Metal NPs, whose size, shape and composition are tailored to the spectroscopic
properties of the donor and acceptor molecules, were deposited at varying dis-
tances from the donor/acceptor system and the resulting FRET behaviour was
characterised using spectral analysis. Results were then correlated to theoretical
calculations.

Chapter 5 describes an alternative approach to that described in Chapter 4.
FRET was investigated in solution using two complementary donor and acceptor
labeled oligonucleotides (DNA strands). The labeled oligonucleotides were then
attached to gold and silver NPs and the plasmonic interaction was investigated.
The resulting FRET behaviour was measured using spectral analysis and the
results were then compared to a theoretical model.

Finally, Chapter 6 summarises the results achieved during the research and

revisits the objectives of the work and discusses future perspectives.
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1.8 Thesis Objectives

The main objectives of this work were to:

(a) Design a model system to demonstrate planar FRET with Ruthenium-
complex (D) and Cy5 (A).

(b) Develop a strategy for accurate control of D-A separation: Polyelectrolyte
layers (PELSs).

(c) Measure transfer efficiency (E7) - compare with theory.

(d) Investigate the plasmonic effect of metal NPs on the transfer efficiency of

2-D FRET.

(e) Investigate the plasmonic effect of metal NPs on the transfer efficiency in

solution FRET.

12
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Chapter 2

Theoretical Background

2.1 Introduction

In this chapter the principles of fluorescence and Fluorescence Resonance Energy
Transfer are presented. Firstly, photoluminescence is explained and the concept
of electron energy levels in a molecule is introduced. The absorption and emission
processes of a molecule are also described. The next section defines fluorescence
resonance energy transfer and the factors that influence this effect. In the last
section of this chapter the interaction between fluorescent dyes and the localised

surface plasmon resonance of a metal nanoparticle is introduced and explained.

2.2 Absorption and Emission Processes

Photoluminescence is the process in which a substance absorbs electromagnetic
radiation of a certain energy and subsequently emits radiation of a lower energy.
Two types of photoluminescence are distinguished - fluorescence and phosphores-
cence. In both of these cases an electron is excited to a higher energy state and
then returns to a lower energy state accompanied by the emission of a photon.
However, the processes by which the molecule emits the photon differ. The pe-
riod of time between absorption and emission is extremely short, on the order of
10~3s for fluorescence processes. In phosphorescent materials, molecules can be
excited by photon absorption to energy levels, said to be metastable, which are

states that last much longer, from 1073s up to even a few seconds or as long as
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minutes. In a collection of such molecules, many will de-excite to the lower state
quickly, but many will remain in the excited state for much longer. Hence light
will be emitted even after long periods [1]. These substances are known more
commonly as 'glow in the dark’ materials.

In order to understand the complex processes of photoluminescence, the en-
ergy levels in a molecule must be defined. Molecules have discrete energy levels
that depend on the structure of the molecule in accordance with quantum theory.
A molecule can absorb electromagnetic radiation by promoting an electron to a
higher energy level or in other words into an excited state. The energy levels
can be classified in energy terms in the following order rotational < vibrational <
electronic. Each of these transitions differ typically by an order of magnitude. Ro-
tational transitions occur at lower energies in the microwave region, with energies
typically of 1073eV. Vibrational transitions occur in the near infra-red, requiring
energies of > 10~!eV. Finally, electronic transitions occur in the ultraviolet and
visible region of the electromagnetic spectrum, and these require higher energies
of 1eV. Fig. 2.1 shows the different energy levels in a molecule and how an elec-
tron can be promoted to different levels via absorption of energy. A’ represents

)

pure rotational changes labeled R;, Ry, R3 (far infrared); ‘B’ represents vibra-
tional transitions labeled Vj, V;; 'C’ represents electronic transitions (visible and
ultraviolet) where Ej is electronic ground state and FE; is the electronic excited

state.

2.2.1 Absorption Process

In order for fluorescence to occur, a molecule must first absorb a photon. If this
photon has energy equal to, or greater than, the energy difference between the
ground state and the excited state, it can be absorbed, otherwise the photon
will be transmitted. When a photon is absorbed, its energy is transferred to the
valence electron and this electron is promoted to a higher electronic orbit, thus
putting the molecule into the excited state. This transition period between states
is very fast, of the order of 10~ 1%s.

The molar absorptivity (¢) of a substance is a measure of how strongly it

absorbs light of a given wavelength and is usually measured in M ~tem™!. Transi-

24



2.2. Absorption and Emission Processes A. Bird
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Figure 2.1: Energy level diagram describing A - the rotational changes, B - the

vibrational changes and C - the electronic changes of the molecules energy.

tions which have a high probability to occur have molar absorptivities of 10°M ~tem ™!,
whereas for transitions that are theoretically forbidden, the molar absorptivity is
less than 107*M~tem™" [2, 3]. Using a UV-Vis spectrophotometer (see Section
3.5.) it is possible to determine the molar absorptivity of a substance. The spec-
trophotometer gives an experimental value of the absorbance using transmittance

values. Transmittance is the ratio of the intensity of light transmitted through a

substance I1, to the intensity of light that initially fell on the surface, Iy,

— (2.1)

and absorbance (A) is defined as the negative logarithm of the transmittance,

A= —log(T) (2.2)

The Beer Lambert Law states that there is also a logarithmic dependence
between transmittance and the product of both the absorption coefficient o of

the substance and the distance the light travels through the material, [; this
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is illustrated in Fig. 2.2. The absorption coefficient is a product of the molar
absorptivity, e, and the concentration of absorbing species in the material, ¢, [4].

This gives the relationship below,

T=10""=10"" (2.3)

And combining Eqn.(2.2) and Eqn.(2.3) gives

A=c.cl (2.4)

Figure 2.2: Diagram of Beer-Lambert absorption of a beam of light as it travels

through a cuvette of width [.

2.2.2 Emission Process

A Jablonski diagram illustrates the electronic states of a molecule and the transi-
tions between them. The states are arranged vertically by energy. Energetic levels
with the same spin as the ground state are called singlet states and are indicated
by the letter S [2]. Energetic levels with different spin to the ground state are
called triplet states and are indicated by the letter T. Photoemission processes
are typically dominated by transitions between singlet and triplet states. Non-

radiative transitions are indicated by sinusoidal arrows and radiative transitions
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by straight arrows. The vibrational ground states of each electronic state are
indicated with thick lines, the higher vibrational states with thinner lines. The
absorption and de-excitation processes of the molecule, as described above, are

shown in the Jablonski diagram in Fig. 2.3.

Vibrational E2 - El = ﬁ.w

relaxation
- I Intersystem

P e — B L
e
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Phosphorescence

EEE AN 'T

11 A
So —LLL

Figure 2.3: Jablonski diagram showing the de-excitation pathways of a molecule.

When an electron in a molecule has been energetically promoted to the ex-
cited state through the absorption of EM radiation, it returns to the ground state
through radiative and non-radiative pathways. The radiative pathways involve
photon emission and non-radiative pathways include energy transfer through col-
lisions, resonance energy transfer through near field dipole-dipole interactions,
photochemical decomposition etc. A change in the vibrational and rotational
states of the molecule can also cause a loss of energy via a non-radiative route.
As discussed previously, in the case of fluorescence the electron stays in the S
excited state typically for 10™8s and returns to the ground state Sy very quickly,
on the order of 10~15s. In phosphorescence, the molecule undergoes intersystem
crossing where the electron in the S; state changes its spin and therefore its en-
ergy and relaxes into a triplet state 7. De-excitation from this triplet state to the

ground state results in the emission of a photon. The photon emitted will have
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an angular frequency w and energy hAw, where h is the reduced Planck constant.
hw is related to the energy of each of the states as described by the equation
in Fig. 2.3, where F, is the energy of the excited state and FE; is the energy of
the ground state. The emitted photon will generally have less energy than the
photon that was absorbed due to rotational and vibrational changes.

The absorption and emission of energy are unique characteristics of a partic-
ular molecular structure. The difference in energy (or wavelength) between the
absorbed photon and the emitted photon is known as the Stokes shift, as shown
in Fig. 2.4. A large Stokes shift is often highly desirable as it reduces the need for

optical filters, which are used to separate exciting light and fluorescence emission.

Stokes shift

k—|

intensity

absorption emission

wavelength

Figure 2.4: The absorption and emission bands of a molecule. The differences in

wavelength between the peaks is known as the Stokes shift.

The efficiency of the fluorescence process is defined by its quantum yield, that

is the ratio of the number of photons emitted to the number of photons absorbed

o Number of photons emitted

- 2.
Number of photons absorbed (2:5)

It can also be described using the rates of radiative, k, and non-radiative, k,,

de-excitation of the electron.
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Ky

= —
kr"‘knr

(2.6)

The quantum yield can vary between 0 and 1, where 0 corresponds to non-
fluorescing materials and 1 corresponds to highly fluorescent materials, where
every photon absorbed results in a photon emitted.

The average time a molecule stays in its excited state before emitting a photon
is known as the lifetime. Fluorescence intensity begins to decrease when the
excitation ceases. This decrease depends on the rate of electron de-excitation

and can be described by

I, = Ipe~ (2.7)
where
1
e kr + kn/r (2.8)
-

7 is the fluorescence lifetime and is in the range of 107%s (0.5 - 20ns for
most commonly used fluorescence transitions) [5]. For phosphorescence, the de-
excitation rates are much lower than in the case of fluorescence and thus it follows
that the phosphorescence lifetime is longer than that of fluorescence, typically of
the order of 1073s. Lifetime is an important parameter for applications involving
fluorescence resonant energy transfer. Fig. 2.5 shows the fluorescence intensity
decay behaviour according to Eqn.(2.8) and how the lifetime is calculated, this
will be discussed in more detail in Chapter 4. After initial excitation by a short
pulse of electromagnetic radiation, the fluorescence intensity is at a maximum,
I1y4:- This intensity decreases rapidly to zero, and the time taken for the intensity

to reach Im% is defined as the lifetime, 7.
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Figure 2.5: Fluorescence intensity exponential decay after excitation with a short

excitation pulse.
2.3 Fluorescence Resonance Energy Transfer

As noted earlier, Foster resonance energy transfer (FRET) is a mechanism de-
scribing energy transfer between a donor molecule in an excited electronic state
to an acceptor molecule [6]. The donor molecules typically emit at shorter wave-
lengths which overlap with the absorption spectrum of the acceptor. The energy
is not emitted by the donor (D) as a photon, or absorbed as a photon by the
acceptor (A), but is transferred by non-radiative pathways [5]. The perturba-
tion of the excited D molecule on the A molecule takes place electrodynamically
through space, as a dipole-dipole interaction. This interaction only takes place
over a 0.5-10 nm range, limiting the distance over which FRET can occur. The
rate of transfer of energy is a strong function of separation distance, and is pro-
portional to 1/(distance)®. The distance at which the FRET efficiency is 50% is
known as the Forster Radius (Ry) [6] and is typically in the range of 2-6nm.

Suitable donor/acceptor pairs require:

- Sufficient spectral overlap of the emission and absorption spectra
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- High quantum yield of donor
- High absorption coefficient of acceptor

- Matching orientations of the donor and acceptor dipoles

In order for FRET to occur the acceptor does not have to be fluorescent, but if
it is, it emits a photon following transfer, which is characteristic of the acceptor
fluorescence spectrum, although only D has been initially excited. Fig. 2.6 shows
this process for the ideal case of two molecules with a large Stokes shift. A’
illustrates that if the distance between the donor and acceptor molecule is beyond
the FRET limit and the system is excited, donor emission can be observed but no
energy transfer occurs and there is no emission of the acceptor. However when
the donor and acceptor are within the FRET limit energy transfer can occur
and both donor and acceptor emission can now be seen, with the donor emission
reduced. ‘B’ shows how the emission spectra of the donor and acceptor change for
non-FRET and FRET. ’C’ shows how the lifetime of the donor changes for non-
FRET and FRET, where a reduction in lifetime occurs. The fluorescence lifetime
of a fluorophore depends on both radiative and non-radiative processes. Energy
transfer from the donor molecule to the acceptor molecule causes an increase
in the non-radiative rate and a decrease in the radiative rate of the donor, this

results in a decreased lifetime of the donor.
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Figure 2.6: Fluorescence emission and fluorescence decay spectra of non-FRET

and FRET systems. A - Donor and acceptor molecule interaction, B - Fluorescence

emission for non-FRET and FRET, C - Fluorescence decay for non-FRET and FRET.

Adapted from [7].
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2.3.1 Mathematical Modeling of FRET

The following is a list of the various quantities involved in the equations that
govern FRET. While a comprehensive treatment of the theory is outside the

scope of this thesis, the principal relevant equations are developed below [5].

Rate of energy transfer ko
Lifetime of the Donor ™

Lifetime of the D in the presence of A  7pa

Forster Radius Ry
Molar absorptivity €4
Dipole orientation factor K
Quantum yield of the Donor dp
Overlap integral J(A)
Fluorescence spectrum of the Donor  Fp())
Refractive index of the medium n
D-A separation distance r

Fluorescence of D in the presence of A Fpy

Fluorescence of D in the absence of A Fp

The rate of energy transfer from a donor to an acceptor is given by:

o — - (i) (2.9

D T

The overlap integral (J())) expresses the degree of spectral overlap between the

donor emission and the acceptor absorption:

ST ea(N)Fp(X). At
T [FFp(A\)dA

J(\) (M~ tem?] (2.10)

The distance at which the FRET efficiency is 50% is known as the Forster Radius
(Ro)l

o

4] (2.11)

[N

Ry =0.211 [*n " ®p.J(N)]
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where k is the dipole orientation factor and n is the refractive index of the
medium.
The efficiency of energy transfer is the fraction of photons absorbed by the donor

that are transferred to the acceptor non-radiatively and is given by:

k
Br=—— (2.12)
Equations (2.9) and (2.12) can be rearranged to yield:
R6
Er=—0 2.13
T RS + 16 ( )

However the transfer efficiency is typically measured using the fluorescence inten-
sity of the donor, in the absence (F'p) and the presence (Fp4) of the acceptor. The
transfer efficiency can also be calculated from the lifetimes under these respective

conditions (7p and 7Tpa):

Br=1-124 (2.14)
™D
Fpa
Er=1--24 2.15
T 7 (2.15)

These equations are derived from assumptions involving a single donor and a
single acceptor separated by a fixed distance. This situation is frequently en-
countered for labeled proteins. A single fixed donor-acceptor distance is not
found for a mixture of donors and acceptors in solution, nor for donors and ac-
ceptors dispersed randomly in membranes. This situation requires more complex
expressions and such expressions are generally derived by averaging the transfer
rate over the assumed spatial distribution of donor-acceptor pairs [8]. This will

be discussed further in Chapter Four.
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2.4 Interaction of Electromagnetic Radiation with
Metal Nanoparticles

The interaction between light, fluorescent dyes and metal nanoparticles is very
complex and has only been solved for specific structures [9]. There are three
stages to the electromagnetic (EM) theory that describes it: (i) the interaction
between the incident light and the metal nanoparticle, (ii) the interaction of the
EM field around the metal nanoparticle and the fluorescent dye, and (iii) the
interaction of the fluorescent dye with the metal nanoparticle. The first interac-
tion, that of the incident light and the metal nanoparticle is predicted by Mie’s
theory of light scattering [10-14]. The theory predicts how plane wave illumi-
nation affects the distribution of the EM wave inside and outside the particle. A
metal nanoparticle can be described as a dielectric with a positively charged core
surrounded by negatively charged free electrons. When the EM wave interacts
with the metal nanoparticle it acts like an oscillator, due to the movement of
negative charges in the electric field, which causes polarisation on the surface.

This phenomenon is demonstrated in Fig. 2.7.

e ¢
Metal Sphere
+ + A
+ |+ ¢ o = e
Electric Field Electron Cloud

Figure 2.7: Induced polarisation of a metal nanoparticle due to interaction with

electromagnetic radiation.
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Localised Surface Plasmon Resonance (LSPR) occurs when the oscillating
charged particle is in resonance with the incident EM wave. It is possible to ob-
serve this resonance by measuring the absorption spectrum of the metal nanopar-
ticle. Since the wave is on the boundary of the metal and the external medium
(air or water for example), these oscillations are very sensitive to any change in
this boundary, such as the adsorption of molecules on to a metal surface. The
Biacore surface plasmon resonance system exploits this with planar metal films
for sensitive analyte detection, as mentioned in Chapter One [15]. LSPR causes
an increase in the intensity of the EM field in the vicinity of the metal nanopar-
ticle, but this increased intensity decreases rapidly with distance, and becomes
insignificant within a few diameters of the nanoparticle [16]. The intensity on
the surface can be two orders of magnitude greater than the initial intensity, de-
pending on the shape of the particle. Fig. 2.8 shows a theoretical model of this
localised enhancement of the electric field around an 80nm gold NP, calculated
using the software package MaX-1. MaX-1 is a graphical electromagnetics plat-
form which allows the user to compute, visualise and animate electromagnetic
fields using numerical and analytical Maxwell techniques. This will be discussed
further in Chapter 5.

The altered EM field around the metal nanoparticle changes the properties
of a fluorescent dye that is placed in the vicinity. It can cause two enhancement
effects: the first is an increase in the quantum efficiency of the dye and the
second is an increase in the excitation rate of the dye. Eqn.(2.6) showed how
the quantum efficiency is related to the radiative k., and non-radiative k,,,., decay
rates. However, a new radiative pathway is formed when the dye molecule is in

proximity to a metal nanoparticle. Taking this into account, Eqn.(2.6) can be

modified to include new radiative, k¥ and non-radiative, kNP, de-excitation
rates due to the nanoparticle:
NP
NP kr + Ky

- 2.16
K+ kpr + BNP + ENE (2.16)

The rate of kNP and kNP are at a maximum when the resonance wavelength of

the particle is equal to the emission peak wavelength of the fluorescent dye [17].
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Figure 2.8: Localised enhancement of the electric field around a metal nanoparticle
modeled using MaX-1. Polarization is along the x-axis and illumination is along the

y-axis (A520nm).

Fluorescent dyes with a low quantum efficiency receive the greatest enhancement,
whereas dyes with a high quantum efficiency are not considerably improved. A
decrease in the quantum efficiency of the dye can be seen if the dye is too close
to the metal nanoparticle, typically within 5nm. This is due to non-radiative
de-excitation of the dye due to the proximity of the metal [18, 19]. There is
also an impact on the fluorescence lifetime of the dye due to its proximity to the
nanoparticle, causing it to decrease [20]. This is shown in the modification of

Eqn.(2.8), which now becomes

1 NP NP
where 7V is the modified fluorescence lifetime. This shortening of the lifetime

also leads to increased photostability of the dye since the fluorophore will spend
less time in the excited state and therefore be less susceptible to photobleaching
[21].

The second effect of the EM field on the dye, the increase in the excitation
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rate of the dye, is caused by the intense EM field around the metal nanoparticle.

%
exr)

the incident E-field, E,.

The excitation rate, £’ _, is directly proportional to the square of the intensity of

K oc e |pie - B (2.18)

where €()) is the molar absorptivity of the dye and p;, is fluorescent dye
modeled as an oscillating electric dipole. When the dye is placed close to the
nanoparticle, the electric field increases and the excitation enhancement factor

(Rey) can be defined as

-~ 9
Ry = % er - £ (2.19)

pes - Eil?

where E’i is the electromagnetic field amplitude generated by the metal nanopar-

ticle. The enhancement factor is greatest for small particles of approximately
10nm and decreases with increasing size [22]. It is also dependent upon distance
from the nanoparticle as the EM field intensity decreases rapidly with increasing
distance. The increase is at a maximum when the absorption peak wavelength of
the fluorescent dye coincides with the resonance wavelength of the particle [17].

This phenomenon will be discussed further in Chapter 4.

2.4.1 Fluorescence Enhancement of Silver and Gold Nanopar-

ticles

The composition of the NP has a large influence on the induced metal-enhanced
fluorescence (MEF) [23, 24]. Gold and silver NPs are the most commonly used
NPs in MEF, with silver being the most dominant. One of the reasons for this
is that silver NPs have a larger extinction cross section, C,,;, than gold NPs and
therefore have a larger absorbance [22]. The extinction coefficient of a NP is the
sum of the scattering cross section and the absorbing cross section and is related

to the absorption (A) as shown in Eqn.(2.20).

A =0.434p.Cpy.l (2.20)
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where p is the density of the particles and [ is the pathlength.

Silver, however, is susceptible to etching from buffers containing salt and this
is not desirable in biochip devices which tend to use biomolecules in a buffer so-
lution. Some work has been carried out on preventing the silver from etching by
using protective coatings [25]. Gold NPs do not suffer from the same degree of
etching as silver. They also have a high chemical stability, the surface chemistry
and surface modification is well understood and binding of biomolecules is ac-
complished easily [26]. In this work both gold and silver NPs are used. Chapter
4 describes the experimental work carried out using silver NPs, both spherical
and triangular in shape, while Chapter 5 describes experimental work involving

both gold and silver NPs.

2.5 DNA

Deoxyribonucleic acid (DNA) strands have been used in FRET-based biosensors
as discussed in Chapter 1, where they are used as spacers between FRET dye
pairs. DNA is a nucleic acid that not only contains genetic coding but is also
used in a large range of biosensors. It is comprised of two long polymer strands
and repeating units called nucleotides (or bases). There are four types of bases,
and they are Adenine (A), Thymine (T), Guanine (G) and Cytosine (C), as shown
in Fig. 2.9. Each base on one polymer strand forms a hydrogen bond with only
one type of base on the other strand. A only bonds to T and G only bonds to C.
This is known as complementary base pairing [27, 28]. The bases lie horizontally
between the two spiraling polymer strands.

DNA does not exist as a single strand in living organisms but as two long in-
terwinding strands in the shape of a double helix, as shown in Fig. 2.10. However
the hydrogen bonds can be broken and rejoined relatively easily either by high
temperatures (90°C) or mechanical force [29]. The rejoining of two complemen-
tary DNA strands is known as hybridisation.

DNA strands can be chemically synthesised to form relatively short fragments
of nucleic acids with defined chemical structure or sequence, and are known as

oligonucleotides. The sequence can be tailored to any given set of bases, and a
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Figure 2.9: Chemical structure of the DNA.

Figure 2.10: A section of DNA. The bases lie horizontally between the two spiraling

strands.
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complementary or non-complementary strand can be used to test for compara-
bility. The distance between each base pair (bp) is 0.34nm. This can be used
to calculate the length of the desired strand. The oligonucleotides can also be
labeled at either end with different functional groups or dye molecules. This can
facilitate the attachment of the strands to surfaces and their chemical interaction
monitored by fluorescence for example [30, 31]. In this work, DNA strands are
used as spacers to control the distance between the FRET dye pair, and this is

discussed further in Chapter 4 and Chapter 5.

2.6 Summary

This chapter describes the theory governing the interaction of electromagnetic ra-
diation with fluorescent dyes and metal nanoparticles. The first section explained
photoluminescence using energy level diagrams and the differences between fluo-
rescence and phosphorescence. Next, the concept of fluorescence resonance energy
transfer was introduced and the equations associated with this interaction were
defined. The plasmonic enhancement of fluorescent dyes in proximity to a metal
nanoparticle was then outlined. Two pathways of enhancement were described;
emission enhancement via an increased quantum yield and excitation enhance-
ment. The dependence on nanoparticle size and dye properties for this enhance-
ment was also discussed. The interaction between FRET and the plasmonic
enhancement of fluorescence in the presence of adjacent metal nanoparticles is
the focus of the work in the following chapters. Finally, a short overview of the
structure and properties of DNA was provided due to the fact that DNA was
employed as a spacer in the FRET experiments described in Chapters 4 and 5.
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Chapter 3

Materials and Methods

3.1 Introduction

This chapter focuses on the materials and methods that are common to the two
experimental chapters, Chapters 4 and 5. Other techniques and methods that
are specific to particular investigations are presented in the relevant chapters.
This chapter begins with a description of the donor and acceptor dyes used to
demonstrate the FRET interaction and why these dyes were chosen. The Layer-
by-Layer deposition technique for ultra thin deposition of polyelectrolyte layers
is also discussed and its versatility explored. Additionally, metal nanoparticles,
whose size, shape and composition are tailored to the spectroscopic properties of
the donor and acceptor molecules are described. Finally, the general experimental

procedures and characterisation techniques are presented.

3.2 Fluorescence Dyes

In the first part of the work presented here, FRET was achieved using a donor
ruthenium complex (Bis(2,2’-bipyridine)-5-isothiocyanato-phenanthroline)ruthenium
bis(hexafluorophosphate)) whose fluorescence band at 610nm overlaps sufficiently
with the absorption band of the Cyb acceptor dye, which occurs at 650nm. The
ruthenium dye complex (Ru-complex) has many benefits including its strong ab-
sorption, high quantum efficiency, and large Stokes shift. Cy5 is one of the most

widely used fluorescent dyes for labeling biological molecules in immunoassays
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and biochip arrays. The absorption and the emission wavelengths are in the
visible red spectral region, which is sufficiently removed from the intrinsic fluo-
rescence of most biological tissues, to suppress the background noise [1]. As a
FRET pair, these two dyes have a very large Stokes shift, which reduces cross
talk and improves the accuracy of the results. Table 3.1 gives the donor (Ru-
complex) and acceptor (Cyb) dye properties while Fig. 3.1 shows the absorption
and emission spectra of the donor and acceptor dyes. The overlap between the
donor emission and the acceptor absorption is highlighted in grey. The extent of
overlap contributes to the rate of energy transfer as described in Section 2.3.1.
Both of these dyes can also be conjugated to a polyelectrolyte for deposition onto
planar surfaces, as will be discussed in Section 3.5. One of the drawbacks to these
dyes is that they are photosensitive and can photobleach easily when irradiated
continuously, making them harder to handle. Photobleaching results in the loss
of the dyes’ ability to absorb light of a particular wavelength, due to photo degra-
dation of the dye molecules, thus reducing their emission. This can be reduced
by keeping the dye samples in the dark and limiting their exposure to ambient
light [2].

Excitation A | Emission A | Quantum Yield | Lifetime

Donor (Ru) 450nm 620nm 0.042 ~900ns

Acceptor (Cyb) 650nm 670nm 0.28 ~1.0ns

Table 3.1: Donor and acceptor dye properties.
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Figure 3.1: Absorption and emission spectra of the donor and acceptor dyes.
3.3 Layer-by-Layer Deposition of Polyelectrolytes

A model planar FRET system was designed, which was compatible with dis-
posable biochips, in order to investigate the FRET-plasmonic interaction. As
discussed previously, the FRET interaction is very sensitive to D-A separation.
Highly controlled nm-scale polyelectrolyte separation layers between D and A
were engineered using the technique of Layer-by-Layer (LBL) deposition. LBL
deposition consists of the formation of ultra thin layers on substrates, where
the thickness is controlled with nanometer precision. This technique utilises
polyelectrolytes (PELs) which are electrostatically charged water soluble poly-
mers. The chemical structure of the PELs determines whether they are posi-
tively or negatively charged, at a certain pH. The polyelectrolytes used in this
work were poly(styrene sulphonate) (PSS-polyanion) and poly(allylamine hy-
drochloride) (PAH-polycation) and their chemical structure is shown in Fig. 3.2.
Also shown in Fig. 3.2 are the chemical structures of poly(acrylic acid) (PAC-
polyanion) and poly(diallyldimethylammonium chloride) (PDAC-polycation) which
are used in conjunction with PAH and PSS in Chapter 4 and Chapter 5.

By alternately adsorbing oppositely charged polyelectrolytes onto a surface it
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Figure 3.2: Chemical structure of the polyelectrolytes. PSS is negatively charged,

PAH is positively charged at pH=7.

is possible to build up controlled multilayers of cross linked polyanion-polycation
films. The thickness of these layers can be modified by pH and salt content.
Reviews of this technique are given in references [3-6].

The steps involved in the LBL deposition are shown in Fig. 3.3. The process
begins with a charged surface. Next a solution of oppositely charged polyelec-
trolyte is added Fig. 3.3(i). There is a strong electrostatic interaction between
the charged substrate and the polymer which results in deposition of an ultra
thin layer of polymer. The charge on the surface is converted to that of the PEL
solution and this prevents further deposition of the polymer Fig. 3.3(ii). The
substrate is washed repeatedly in deionised water to remove any excess poly-
electrolyte. Next a solution of oppositely charged polyelectrolyte is added Fig.
3.3(iii). An ultra thin layer of polymer is deposited on the surface as before,
causing a change in the charge on the substrate Fig. 3.3(iv). It is possible to
build up multiple layers using this method, and the thickness and stability of the
layer can be tailored by adjusting the pH and salt content of the PEL [7].

This PEL layering technique can be used to deposit a surface of known charge
and thickness. It can also be used to immobilise fluorophores onto the surface.
Dyes can be conjugated to one of the PELs and deposited easily upon the oppo-
sitely charged surface. Section 3.5 describes how the Ruthenium and Cy5 dyes
were conjugated to a positively charged polymer, polyallylamine hydrochloride
(PAH). PELs have also been used to deposit dyes at a controlled distance from
nanoparticles [1, 8-10]. Both of these techniques were employed in the experi-

ments reported in Chapter 4. The polyelectrolytes were used to space the donor
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Figure 3.3: Layer-by-Layer deposition of polyelectrolytes.

and acceptor dyes a controlled distance apart. Fig.3.4 shows a schematic of the
layering system used. To increase the donor-acceptor distance, more PEL layers
were included between the two dye layers. Nanoparticles were added into the
system and placed at different distances from the dyes. This is discussed further

in Section 3.4.

3.4 Metal Nanoparticles

As discussed in Section 2.3 plasmonic enhancement of fluorescence has been ex-
tensively documented. The interaction results in significant enhancements in
fluorescence when a fluorophore is in the vicinity of a metal NP [1]. It was
proposed that using the plasmonic effect of metal NPs could increase the Ry of
the donor-acceptor pair, the details of which are discussed in Chapter 4. NPs
were synthesised to correspond to the spectroscopic properties of the donor and

acceptor molecules. Large spherical silver NPs with a diameter of 60nm with a
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Figure 3.4: Schematic of PEL spacer layers.

plasmon resonance at 425nm corresponding to the donor absorption band and
silver nanoprisms 163nm in size with a plasmon resonance at 650nm correspond-
ing to the acceptor absorption were employed. Fig. 3.5 shows a Transmission

Electron Microscope (TEM) image of the NPs, reproduced with permission [11].

Figure 3.5: TEM of 60nm +/-11nm spherical silver NPs and 163nm triangular
silver NPs [11].

It was possible to adjust the plasmon resonance of the nanoprisms by coating
them with the polyelectrolytes. This blue-shifted the resonance peak to 600nm
which corresponds to the centre of the spectral overlap of the dyes, see Fig.
3.6. This is caused by the change in refractive index of the medium around the
NP, in accordance with Mie’s theory of light scattering by spherical particles
[12-14]. The metal NPs are all negatively charged and adsorb readily onto a
positively charged polyelectrolyte. For this work the NPs were synthesised by

Robert Nooney and Ondrej Stranik, two post doctoral researchers within the
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Biomedical Diagnostics Institute (BDI). The spherical silver NPs were prepared
by reducing silver nitrate with sodium citrate in the presence of aniline [15]. The
triangular NPs were prepared by a photoconversion process, where 8nm silver NPs
were illuminated with monochromatic light of the desired plasmon resonance for

several hours, in order to form triangular NPs or nanoprisms [11].
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Figure 3.6: Absorption spectra of the NPs employed in the work presented here.
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3.5 Experimental Procedures

There are numerous elements involved in the formation of the experimental sys-
tem. Several of these experimental procedures are detailed below, including the
deposition of the polyelectrolytes, the conjugation of the dye, the deposition of
the NPs and the micropatterning of the dyes.

3.5.1 Polyelectrolyte LBL Technique

As indicated previously, PELs were used as a tool to create uniformly charged
surfaces and as spacer layers. The first step in the LBL process was to activate
the surface of the substrate in order to give it an initial charge. Two substrates
were employed, a glass coverslip and a polystyrene microtiter plate. For glass
surfaces activation was achieved by immersing the coverslip slides into a potas-
sium hydroxide solution (1% KOH, 39% Water, 60% ethanol)and sonicated for
40 mins to remove any impurities. The slides were then rinsed in deionised water
and dried in the oven for 15 mins at 35°C. Plasmas are ionised gases, which can
be generated by applying strong electric or magnetic fields to a gas or by heating
it to high temperatures [16]. The glass coverslips (Menzel Glaser) were placed
in an oxygen plasma and exposed to a broad spectrum of ions, electrons, radicals
and EM radiation. These species strongly interact with the first few nanometers
of the polymer surface and in the case of glass and polystyrene, increase the neg-
ative charge density on the surface upon which the PELs could then be layered
[17]. The plasma was generated using 5 sccm Oy (standard cubic centimeters per
minute), at 50W and 50mTorr for 1min. Later experiments were performed on
clear bottomed microtiter plates (purchased from Greiner Bio-One International).
Clear bottomed plates were used to allow for absorption measurements alongside
fluorescence. The activation of the polystyrene microtiter plates was the same as
described above - in an oxygen plasma. Each polyelectrolyte solution was pre-
pared using 2mg/ml polyelectrolyte in deionised water (pH 7.4), with 0.5M NaCl.
These concentrations yielded a deposited layer which was 1.5nm thick [11]. The
PEL solution was then sonicated for 40mins at room temperature. The prepared

glass coverslips were then immersed in the PEL solutions using a coverslip rack.
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The surface of the microtiter plates was coated in PELs by the addition of 250ul
of solution. In both cases the surfaces were left to incubate for 15mins. The
surfaces were then washed with deionised water five times to ensure adequate
removal of unbound PEL. The process was repeated with the oppositely charged
PEL. Eight layers of alternating PELs were placed on top of the substrate to
generate a uniformly charged surface for the attachment of PAH conjugated dyes
or metal NPs in the sequence [PSS/PAH],, where z is the number of bilayers
(x = 4 in this case). Any fewer layers than eight leads to non-uniformity in the

layer and ambiguous charge on the surface [17].

3.5.2 Conjugation of Dyes to PEL

PELs were also conjugated to the donor and acceptor dyes in order to facilitate
the deposition of reproducible fluorescence films. Both Ruthenium and Cy5 were
conjugated to the positively charged polyallyamine hydrochloride (PAH). The
Ruthenium dye was conjugated via the amine group of the PAH and the isothio-
cyanate group of the Ruthenium complex. Firstly, 4.7mg of PAH (5x107° mols
of monomer) and 2.1mg of sodium hydrogen carbonate (25x107° mols) were dis-
solved in 0.25mL of water. Then 4.9mg of Ru-ITC (5x10~% mols) was dissolved
in 1mL Dimethylformamide (DMF). The solutions were then mixed under rapid
stirring at 4°C and left to age for 2hours in darkness. The addition of acetone
then caused the Ru-PEL to precipitate and this was filtered out. The absorp-
tion and emission peaks for the Ru-PEL are 450nm and 620nm respectively, as
shown on Fig. 3.7. Cyb was conjugated using a slightly different method. 200mg
PAH was dissolved in 4ml deionised water and left to dissolve overnight. The
Cy5 Mono NHS ester (1mg) was mixed with 200ul of DMSO or DMF. The PAH
solution was then placed on a stirrer and set at a speed of 300rpm. The dye
solution was added to the stirring PAH solution 50ul at a time. The solution was
then placed in aluminium foil and put on a bench rocker for 2hours. The dye
solution was then placed into separating columns (Sigma Aldrich 30kDa), with
1ml in each column. The columns were centrifuged at 4,000rpm for 5mins, the
filtrate was removed and 4ml of deionised water was added to the concentrate to

buffer exchange. This water exchange was repeated 4 times. This concentration
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of dye was the stock solution with a value of 1.0 and all future concentration
values were diluted from this. The absorption and emission peaks for the Cyb5-
PEL were 650nm and 670nm respectively, see Fig. 3.7. Both dyes were later put

through a series of dilutions to obtain the optimum FRET interaction.
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Figure 3.7: Absorption and emission spectra of the Ru-PEL and Cy5-PEL fluores-

cence dyes

3.5.3 Dye and NP Deposition

The Ru-PEL deposition onto the PEL surface was confirmed using fluorescence
emission. This was performed on both glass and polymer substrates. After plasma
treatment of the substrate, [PAH/PSS|, layers were deposited, generating a
uniformly charged negative surface. Next a Ru-PEL layer was deposited and left
to incubate for 15mins. The surface was then washed in deionised water 5 times.
Fig. 3.8 shows an image of the Ruthenium emission on a glass coverslip. (A)
shows the edge of a full deposited layer and (B) shows a line grid of Ru-complex.
This was generated by adapting the stamp printing method described in [18],
and is detailed below. Fig. 3.9 shows the emission spectrum of Ru-PEL obtained

from a spectrophotometer, using the polystyrene microtiter plates. There is a
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linear relationship between concentration of Ru-PEL and fluorescence intensity

and this is shown in Fig. 3.10.

(A) (B)

Figure 3.8: Ru-complex emission on a glass coverslip (A) shows the edge of a

circular overlayer and (B) shows a line grid.
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Figure 3.9: Ru-PEL emission spectrum on polystyrene (excitation A450nm).
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Figure 3.10: Fluorescence intensity variation of Ru-PEL with concentration.

Cyb was attached to the PEL substrate using the same protocol as above.
Evidence of the attachment on both glass and polystyrene is shown in Fig. 3.11
and Fig. 3.12 respectively. The fluorescence intensity dependence of Cy5 on the
concentration is shown in Fig. 3.13. At high concentrations there is quenching
of the fluorescence due to homo-FRET, the fluorescence peaks at the optimum

concentration and then decreases with decreasing concentration.

Figure 3.11: Cy5 emission on a glass coverslip. Edge of the circular overlayer can

be seen.
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Figure 3.12: Cy5-PEL emission spectrum on polystyrene (excitation A610nm).
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Figure 3.13: Fluorescence intensity variation of Cy5 with concentration.

57



3.5. Experimental Procedures A. Bird

The metal nanoparticles, which are negatively charged, were electrostatically
attached to a positively charged PEL surface. Unlike spin coating or ink jet
printing, where the NPs are physisorbed onto the surface quickly [11, 19], the
NPs take a longer time to attach, and so are left in solution on the surface for up
to 12 hours. Fig. 3.14 shows the upturned image of a microtiter plate after NP
attachment and subsequent PEL layering. Each colour corresponds to a different
number of PEL layers over the NPs. This colour change is due to the refractive
index change around the NP, which alters the plasmon resonance wavelength.
Fig. 3.15 shows the image of a microtiter plate with gold and silver NPs, again

with their colour corresponding to their plasmon resonance wavelength.

Silver NPs with 6nm PEL Silver NPs with 3nm PEL

Silver NPsno PEL

Figure 3.14: NPs with and without PEL overlayers.

Silver NPs

Gold NPs

Figure 3.15: Gold and silver NPs.
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The NPs were placed at increasing distance from a Ru-PEL layer. Fig. 3.16
shows that at distances <6nm the metal NP quenches the dye and at distances
>6nm the dye is too far away from the NP to experience enhancement. The

optimum distance to place the dye is at 6nm.
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Figure 3.16: Distance dependence of the MEF of Ru-PEL dye with 60nm silver
NPs.

3.5.4 Micropatterning Polymers

The micropatterning of polymers has been extensively investigated [20-23] and
is a useful tool for patterning polymer surfaces. In this work, surfaces were
patterned with dye using polymer stamps made from poly(dimethylsiloxane)
(PDMS) in order to facilitate lifetime imaging of the surface, whereby specific
areas could be located using the pattern. This is discussed in more detail in
Chapter 4. PDMS is a silicone rubber formed from liquid prepolymer and a cur-
ing agent. The stamps were fabricated by adding 67.02g of PDMS elastomer base
(Sylguard 184) to 6.702g of the curing agent and stirring. The mixture was then

placed in a desiccator for 15mins to remove all of the bubbles. A silicon master,
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which had parallel lines 10pm wide, 10um high with 10um spacing was cleaned
and placed in an aluminium foil tray. The elastomer was then poured onto the
silicon wafer. The mould was placed in an oven for 8 hours at 60°C. The wafer
was removed carefully from the tray and the PDMS peeled off [18]. The stamps

were cut out of the mould using a scalpel. This concept is illustrated in Fig. 3.17.

Silicon wafer with »
parallel lines Silicon Master

. 2

Pour on elastomer
and allow to cure

Silicon Master

Figure 3.17: lllustration of the fabrication of a PDMS stamp.

In order to successfully micropattern the Ru-complex, an inking solution was
developed. This inking solution consisted of 2.5g 20%
poly(diallyldimethylammonium chloride) PDAC in H,O which was added to 7.5ml
H,0 and 10ml ethanol. The solution was sonicated for 15 mins and 2001 1075M
Ru(dpp)s was then added. The absorption and emission spectra of the Ru-dpp,
as shown in Fig. 3.18, was similar to those for the Ru-PEL, however some adjust-
ments had to be made to the theoretical predictions of the Forster Radius due
to the change in the overlap between the donor and acceptor. This is discussed
further in Chapter 4.

The process of micropatterning the coverslip surface involved preparing the
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Figure 3.18: Absorption and emission spectra of the Ru-dpp dye

surface of the coverslip with a uniform charged PEL, as discussed in Section 3.5.1.
The stamps were then washed in deionised water, dried in a nitrogen stream, and
plasma treated to create a negative surface charge. The stamps were placed in the
Ru-dpp inking solution for 10mins, washed briefly in a beaker of water to remove
excess dye and placed in the oven to dry for Smins at 40°C. The stamps were then
placed carefully onto a negatively charged PEL layer on the coverslip. After 1
hour the coverslip was removed and washed in deionised water 3 times, sonicated
for 2 seconds and dried in a nitrogen stream. Layers of PAH and then PSS were
deposited immediately to prevent oxygen quenching of the Ru-dpp [24]. Fig.
3.19 illustrates the steps involved in the preparation of the dye micropatterned
surfaces.

Fig. 3.20 shows the fluorescence of the Ru-dpp micropatterned lines. The
deposition of Cyb in clean lines was not as successful as with the Ru-dpp, as
is shown in Fig. 3.21. For this reason, the Ru-dpp was micropatterned in the

experiments, and the Cy5 was deposited in a circular overlayer.
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Micropatterning Process

A B

Figure 3.19: lllustration of the steps involved in the preparation of dye micropat-
terned surfaces. A - formation of PEL layers on glass coverslip B - stamp-printing of
positively charged donor dye using PDMS stamp C - removal of stamp, leaving lines
of donor dye on surface D - electrostatic adsorption of positive PEL E - washing of
unbound PEL F - electrostatic absorption of negatively charged PEL G - washing

of unbound PEL H - electrostatic absorption of circular accepter overlayer.
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Figure 3.20: Ru(dpp) micropatterned lines (10um) (excitation A450nm).

Figure 3.21: Cy5 micropatterned lines (10um) (excitation A610nm).

3.6 Instrumentation and Characterisation Tech-
niques

Surface activation in plasma was performed on an Oxford Instruments Plasmal.ab
80Plus (Abindon, Oxfordshire, UK) at 5 sccm Og, 50 mTorr pressure, and 50 W
power for 1 min.

The spectral analysis was performed on a Tecan Safire II Spectrophotometer.
Light sources on this instrument are a high energy UV xenon flashlamp and light
emitting diodes. The detector for fluorescence is an extended wavelength low
dark current photomultiplier tube and for absorbance is a UV silicon photodiode.
The UV-visible extinction spectra of the NPs and dyes in PAH solution were
measured with a Cary 50 Scan UV-Visible Spectrophotometer (Varian) in trans-
mission mode.

Fluorescence lifetime recordings were performed on a MicroTime 200 inverse time
resolved fluorescence microscope (MT200, PicoQuant, Berlin, Germany). The
microscope body comprised a modified Olympus IX71 equipped with a 60x wa-
ter emersion lens (UPlanSApo 60x 1.2 water/CC1.48, Olympus). Sample illu-
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mination was achieved using a horizontally polarised 440nm pulsed diode laser
(LDH-P-C440, PicoQuant) operated at 500kHz, resulting in a 2us pulse period.
Fluorescence was separated from excitation using a 440/535nm dichroic filter
(z440/535rpe, AHF /Chroma) and passed through a 550nm low pass emission fil-
ter (HQ550LP, AHF /Chroma). Emitted light passed through a 50/50 beam split-
ter (Olympus) and focused onto two single photon avalanche detectors (SPADs,
Micro Photon Devices). Sections analysed were 40pum by 40um in size and greater
than 10000 counts were recorded for each sample. The resulting time correlated
single photon counting lifetime histograms were fitted after the influence of the
machine response function (IRF) using triple exponential fits. All data was anal-

ysed using SymPhoTime (PicoQuant).

[l Donor

B Acceptor

Figure 3.22: Area measured with FLIM (40um x 40pm).
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3.7 Summary

This chapter described the common processes and materials used in the two ex-
perimental chapters. The FRET dye pair used in Chapter 4 and the layer-by-layer
deposition of ultra thin polyelectrolyte layers were described. The procedure for
deposition of dye conjugates and nanoparticles was also explained. A micropat-
terning technique was also described which can print nanostructures onto surfaces
with dyes or nanoparticles. Finally, the instrumentation used to characterise each

of these processes was also introduced.
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Chapter 4

Planar FRET and Plasmonic

Interactions

4.1 Introduction

This chapter describes the design and characterisation of a model FRET system
that is compatible with planar optical biochips arrays. The motivation for this
approach was two-fold, (i) to demonstrate FRET in a 2-D layer configuration
that uses methods and techniques that are similar to those used for development
of fluorescence-based biochips, such as those already developed in the Biomedical
Diagnostics Institute and (ii) to assess the theory of FRET in 2-D and to compare
it with experimental results. The distance dependence of FRET, as well as the
concentration dependence, were measured experimentally and compared to the
theory already established in Chapter 2. A long-lifetime fluorescent ruthenium
complex was chosen as the donor and the widely used fluorescent label, Cy5,
as the acceptor. Both donor and acceptor were conjugated to polyelectrolytes
(PELSs), which enabled controlled deposition of a 2-D layered FRET system.
Layer-by-Layer (LBL) deposition of PELSs, as described in the previous chapter,
was also used to define a highly controllable D-A separation. FRET from a
donor to multiple acceptors in the 2-D layers was modeled using MATLAB. Both
intensity and lifetime FRET measurements were carried out and there was good
agreement between experimental results and the theoretical model. The use of

DNA strands of different lengths as D-A spacers is also presented in this chapter,
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as is the interaction between FRET and the LSPR of metal NPs in the planar

configuration.

4.2 Experimental Planar FRET

The remainder of this chapter presents results on (i) the demonstration of FRET
in the 2-D planar configuration, (ii) the investigation of the distance dependence
(iii) investigation of the concentration dependence and (iv) investigation of the
planar plasmonic-FRET interaction. As explained in Section (2.3), energy trans-
fer occurs due to dipole-dipole interactions and these are limited to distances
of 0.5nm-10nm. The Forster Radius (Ry) for the Ruthenium complex and Cyb
was calculated in MATLAB using Eqn.(2.10) and Eqn.(2.11) (see Appendix 2)
and was found to be 3.48nm. This is the distance at which the energy transfer
is reduced to 50%. To establish the FRET distance dependence, the two dyes
had to be placed at controlled distances apart, which encompassed the Ry. Both
DNA and PELs were used to distance the donor and acceptor from each other
and were also used to separate the nanoparticles from the donor and acceptor in

the work described in Section 4.3.

4.2.1 Distance Dependence of FRET Interaction using DNA

The first part of the work involved designing a D-A system to demonstrate the
occurrence of FRET. To investigate how the transfer efficiency was dependent
upon the separation distance, the two dyes had to be placed at controlled dis-
tances apart. Initially different lengths of DNA oligonucleotide spacers were used
to achieve this, as discussed in Chapter 2. A primary DNA strand was labeled
with an amino group at one end and was attached to a donor surface. Secondary
DNA strands, complementary in sequence and of increasing lengths were labeled
with the acceptor, Cy5. These were hybridised to the primary strand. In an
ideal case, these DNA strands would protrude perpendicularly from the surface
separating the donor dye molecule from the acceptor dye molecule as illustrated
in Fig. 4.1. The theoretically predicted transfer efficiency is shown in Fig. 4.2
for a Ryp=3.48nm.
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Figure 4.1: Schematic of varying separation distances using different lengths of

DNA.
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Figure 4.2: The theoretical energy transfer efficiency of the system.
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The experiment was performed in transparent-bottomed microtiter plates
made of polystyrene. As described in Chapter 3, the plate was plasma-treated in
oxygen to functionalise the surface. This creates a negative surface charge on top
of which the layers could be deposited. Positively and negatively charged poly-
electrolytes were alternately deposited onto the surface. Each layer was 1.5nm
thick and this alternated deposition was continued until a homogeneous charged
surface was created (approximately eight layers) [1]. The donor layer (Ru-PEL)
was then deposited, followed by a layer of PAC. The carboxyl groups (COOH)
on the PAC layer provided sites for the attachment of the amine group (NHj)
on the primary DNA strand. The PAC surface and the secondary DNA strands
were both negatively charged, leading to low non-specific binding of the acceptor

labeled strand directly on to the donor surface [2]. This is illustrated in Fig. 4.3.

S Electrostatic repulsion
Hybridisation of secondary DNA
o strand directly on to
o ﬁ)““ UYDQ-_ DJ PAC surface
{PAC |

Figure 4.3: Schematic describing how there is reduced non-specific binding of

acceptor labeled DNA.

The amino-labeled primary DNA was covalently bound to the carboxyl groups
by carbodiimide activation. This involved the use of a crosslinking agent, 1-[3-
(dimethyl-amino)propyl]-3-ethylcarbodiimide- hydrochloride (EDC). First 50mM
EDC was dissolved in 10mM 2-(N-morpholino)ethanesulfonic acid buffer (MES
buffer, pH 6.00). The amino-labeled DNA was diluted to 107® Mbp in a reaction
buffer. The reaction buffer was obtained by mixing 10ul of 1M MgCl, solution
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with 100 ul of EDC solution and 890ul of 0.01 MES buffer. The DNA was pipet-
ted into the reaction wells of the microtiter plate and left to incubate overnight.
The wells were then washed with deionised water three times and dried with
nitrogen flow. The complementary secondary DNA strands labeled with the ac-
ceptor, were diluted using hybridisation buffer to a concentration of 10~% Mbp,
added to the wells and left to hybridise for 2 hours. The wells were then washed

with deionised water three times and dried with nitrogen flow.

Results

The FRET efficiency was calculated using fluorescence intensities measured using
a spectrophotometer as discussed in Chapter 3, and Eqn.(4.1). The samples were
first excited at the acceptor excitation wavelength, 610nm, in order to confirm
that the acceptor-labeled DNA had hybridised. Fig. 4.4 shows the emission
spectra of the acceptor, confirming hybridisation of the primary and secondary

DNA strands.
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2500 — Donor (high conc) and Acceptor

2000 — Donor (low conc) and Acceptor

1000 -
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Figure 4.4: Emission spectra of the acceptor-labeled DNA (excitation A610nm).

The samples were then excited at the donor excitation wavelength, 452nm,
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and the emission spectra were recorded. Two different concentrations of the donor
were used in order to find the optimum ratio of dye molecules. Fig. 4.5 shows

the emission spectra of the donor in the presence and absence of the acceptor.
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Figure 4.5: Emission spectra of the donor and acceptor, excited at 452nm

The emission spectra shown in Fig. 4.5 confirmed that FRET was occurring
between the two dyes. In order to investigate the hybridisation process, a compar-
ison study was carried out between two different PEL surfaces. The first was the
original PAC layer with the primary amino-labeled DNA being covalently bound
to the surface and the secondary acceptor-labeled DNA strand being hybridised.
The second surface was a PAH layer which was positively charged. The secondary
acceptor-labeled DNA strand was electrostatically bound to this layer. Fig. 4.6
shows the results of the PAC layer for two different lengths of DNA, 13bp and
23bp. It can be seen that the donor emission has decreased in the presence of the
acceptor and that there is a small increase in the acceptor emission at 670nm, due
to energy transfer. No significant difference was recorded for the different lengths
of DNA. This was most likely due to the orientation of the DNA strands, which
may not have behaved like the ideal case protruding perpendicularly from the

surface. It was more likely that the strands orientated themselves horizontally,
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diagonally or non-linearly distorting the anticipated D-A distance.
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Figure 4.6: Emission spectra of the donor and acceptor, over a layer of PAC,

excited at 452nm.

Fig. 4.7 shows the results of DNA strands electrostatically bound to the PAH
layer, again for the two different lengths of DNA. It can be seen that the donor
emission is decreased when the acceptor is present due to energy transfer. There
appears to be greater energy transfer occurring with the 21bp DNA strand, and
this could be due to a higher density of 21bp DNA strands attaching to the
surface. This different approach does give a greater FRET effect, however the
density of acceptor molecules on the surface is not controllable.

This investigation showed the ability to achieve FRET in a planar config-
uration using acceptor-labeled DNA. The system was not reliable for increas-
ing the distances between the D-A pair due to the non-ideal orientation of the
DNA strands. Omitting the hybridisation step and electrostatically binding the
acceptor-labeled DNA to the surface gave much more promising results. However,
as this system does not allow for the controlled distance separation of D and A,

another approach using PELs as spacers to increase the distance was investigated.
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Figure 4.7: Emission spectra of the donor and acceptor, over a layer of PAH,

excited at 452nm.

4.2.2 Distance Dependence of FRET Interaction using Poly-

electrolytes

The previous section demonstrated FRET in a planar configuration for one D-A
distance. To investigate how the transfer efficiency was dependent upon the sepa-
ration distance, the two dyes had to be placed at controlled distances apart. The
polyelectrolyte layer-by-layer technique used to deposit the donor layer, was em-
ployed to achieve this. The experimental design was similar to the one described
previously, however the acceptor-labeled DNA strands were replaced with accep-
tor conjugated polyelectrolyte. This was a more robust, reproducible deposition
technique and less expensive. A schematic of the experimental design is shown
in Fig. 4.8.

The spectral analysis was performed on a Tecan Saffire II Spectrophotometer
as discussed in Section 3.5. The acceptor (Cy5) shows little or no emission when
excited at 450nm. However, when it is in close proximity to the donor and excited
again at 450nm it fluoresces at 670nm due to energy transfer. A narrow excitation
bandwidth was used to ensure minimal direct excitation of the acceptor. The

Forster Radius for the FRET dye pair was 3.48nm, as calculated in the model,
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Figure 4.8: Schematic of varying separation distances using PEL layers.

therefore the dyes were placed at separation distances of 1.5nm, 4.5nm, 7.5nm,
10.5nm and 13.5nm in order to achieve a good spread of the transfer efficiency.

The spectral response of the FRET system, as shown in Fig. 4.9, confirmed the
success of the system as a model system for demonstrating FRET and controlling
the D-A distance. The transfer efficiency was measured and, as shown in Fig.
4.10, it was determined that for the smallest D-A distance, the transfer efficiency
was greatest and that the donor fluorescence was at a minimum when the acceptor
fluorescence was at a maximum. It can be seen that, as the D-A distance increased
there was less energy transfer occurring and the donor fluorescence increased
when the acceptor fluorescence decreased. The ratio of the acceptor peak to the
donor peak for the closest distance, the FRET ratio (Rpa), was calculated to
be Rpa = 2.3. The greater the ratio the more energy transfer is occurring and,
hence, the higher transfer efficiency.

Fig. 4.10 shows the experimental versus theoretical transfer efficiency (Er) of
the system. This was found using Eqn.(4.1) with the values of the donor fluores-

cence intensity found from the spectral analysis.

Er=1-124 (4.1)
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Figure 4.10: Comparison of transfer efficiencies.
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As expected, the experimental and theoretical results both showed a decrease
in the transfer efficiency with distance. However there was a large discrepancy
between the results and the theory. Therefore, a more rigorous investigation into

the theoretical model for 2-D FRET was undertaken.

4.2.3 Modeling Planar FRET

The FRET interaction between the Ruthenium complex and Cy5 dye layers
was modeled using MATLAB. Fluorescing molecules are electric dipole emit-
ters, therefore initially a single oscillating dipole was modeled using Maxwell’s

equations as described by Enderlein [3] and Eqn.(4.2).

E(r) = ko’k {(—1 _ 3 + ’ ) r(f-p)+ (1 + é - (l{i‘)z) p} expé;kr) exp(—iwt)
(4.2)

where k is the wavenumber, r is the position vector, r is the unit directional

vector, p is the dipole orientation vector, w is the angular frequency of the wave

and t is time. Fig. 4.11 shows the contours of constant field amplitude |E(r)| for

a vertical dipole orientation.
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Figure 4.11: Single oscillating dipole
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The fundamental FRET equations are based on a single donor to single accep-
tor design (see Chapter Two). Due to the planar dye layers in the experimental
set up, the equations were therefore adjusted to account for donor to multiple
acceptor energy transfer, as illustrated in Fig. 4.12. The equations were modified

as described in Shaklai et al [4] and outlined below.

AAAAAAA

-

DDD

Figure 4.12: FRET theory applied to bi-layers.

The calculation of the FRET efficiency between two planar surfaces begins
by letting pp(t) be the probability that a donor molecule excited at a time ¢t = 0
is still excited at time ¢, i.e., pp(t) = n(t)/n(0) where n(0) and n(t) are the
number of excited molecules at time zero and time t respectively. The fluorescence
intensity (/) of the donor when excited with a continuous excitation beam is found
by integrating pp(t) (Eqn.(4.4)). In the absence of any acceptor molecules this
intensity is at a maximum. As acceptor molecules are introduced into the system,
energy transfer occurs, and the probability of a donor molecule still being excited
after time ¢ is decreased. In turn this means that the donor fluorescence intensity
is decreased. Donor fluorescence intensity continues to reduce with increasing

numbers of acceptor molecules (s).

I / " pn(t)dt (4.3)

where

pp(t) = e~Pe (4.4)

pp(t) can be calculated where L(t) is defined by:

L(t) = /oo(l — e F) 27 1 (dr) (4.5)

R
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Figure 4.13: Coordinate system showing the distance r between donor and accep-
tor, the position R of an acceptor molecule from the point immediately above the
donor molecule, and Rj; the closest distance to which the acceptor can approach

the donor [4].

The transfer efficiency can then be calculated using the values found for the

fluorescence intensity

I
E=1-— 4.
IO (@)

where [ is the fluorescence intensity of the donor in the absence of the ac-

ceptor. This is the same as Eqn.(4.1) in Section 2.3.1.

To account for energy transfer to multiple acceptors on the same layer, MAT-
LAB was programmed to integrate over an acceptor distance from Ry; to r =
100nm for each donor molecule. 100nm was chosen due to the fact that at this
distance it was certain that the FRET efficiency had been reduced to 0. The
program then calculated how the energy transfer decreased as the donor and

acceptor layer distance R); was increased.
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The model showed how the transfer efficiency was dependent upon the sep-
aration distance of the two dyes and also the concentration of the dyes as seen
in Fig. 4.14. As the concentration of acceptor molecules increased so did the
transfer efficiency. This was later verified experimentally. The results from sec-
tion 4.2.2 (Fig. 4.10) were then compared to this modified theory, and is shown
in Fig. 4.15.
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Figure 4.14: Theoretical transfer efficiency dependence on spacer layer thickness

There was good agreement between the modified theory and the experimen-
tal results. An explanation for any discrepancies was the possible migration of
the dye molecules into the PEL layers leading to inaccuracies. As the polyelec-
trolytes are not solid films but are slightly porous, some of the dye molecules
could have migrated through the layers giving different effective dye separation
to that assumed in Fig. 4.8.

It was also observed that the number of PEL overlayers had an influence on
the fluorescence intensity of the donor. The donor fluorescence intensity increased
with an increasing thickness of the spacer layer, as shown in Fig. 4.16. This could
be attributed to the shielding of the Ru-complex from the oxygen in the air, and

thus oxygen quenching as discussed in Chapter 3.
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Figure 4.15: Comparison of transfer efficiencies
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Figure 4.16: Increase in donor intensity with thickness of spacer layer.
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Another issue was that the concentration of acceptor molecules in the dye
layer increased with the number of PEL underlayers, as shown in Fig. 4.17.
Therefore, for larger separations, the concentration of acceptor is slightly higher
than predicted and therefore the transfer efficiency is increased. A revision of
the experimental set up was carried out in order to take these suggestions into

account and further optimise the model system.

_______——I
|

Rel. concentration of A

Thickness of the spacer layer [nm]

Figure 4.17: Increase in acceptor concentration with thickness of spacer layer.

It was proposed to keep the two dyes the same distance apart, but to vary
the concentration of acceptor dye instead, as is shown in the model in Fig. 4.14.

This is discussed in the next section.
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4.2.4 FRET as a Function of Acceptor Concentration

An optimised experimental model was developed to minimise dye migration and
keep the D-A separation distance constant. The donor molecules were immo-
bilised onto a PEL substrate and the acceptor layer was then placed at a distance
from it, using additional polyelectrolyte layers, as shown in Fig. 4.18. Due to
the positive charge of both dyes and the nature of the PEL layering system, the
distance between the D and A could only be a multiple of the bilayer structure
as described in Chapter 3. This meant that they could be placed at separation
distances of 1.5nm, 4.5nm, 7.5nm, 10.5nm and so on. The separation distance
of 1.5nm was chosen for all subsequent experiments to ensure high transfer effi-
ciency and compatibility with the model. Reducing the concentration of acceptor
molecules in the layer, in turn reduced the transfer efficiency, as seen in the model

in Section 4.2.3.
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Figure 4.18: Schematic of varying acceptor concentrations in dye layer

Fluorescence Intensity Results

The FRET efficiency was measured using fluorescence intensity and fluorescence
decay, as discussed in Chapter 2. FRET was successfully demonstrated using flu-

orescence intensity measurements from spectral analysis. This method of planar
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FRET demonstration agreed well with the theoretical modeling. Fig. 4.19 shows
that excitation of the donor at 450nm resulted in fluorescence of the acceptor at
670nm due to energy transfer between the two dye layers. The higher the con-
centration of acceptor the more transfer occurred, which resulted in less donor
emission. As the acceptor concentration was reduced, less energy transfer took
place and in turn the donor emission increased. The results were also analysed
using filter sets to account for cross talk between the two dyes, as described by
Gordon et al [5]. The difference between the two analysis techniques was min-
imal, due to the large Stokes shift of the dye pair, which reduced the level of

cross-talk.
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Figure 4.19: FRET as a function of acceptor concentration-spectral response (ex-

citation A\450nm)

Fig. 4.20 shows the experimental versus theoretical transfer efficiency (FEr)
of the system. This was found using Eqn.(4.1) with the values of the donor
fluorescence intensity found from the spectral analysis. The transfer efficiency
showed very good agreement with theory with low standard deviations of +5%,
validating the use of the experimental model.

Due to the success of the experimental design, it was then used as the standard
model for the next set of experiments, which incorporated metal nanoparticles to

test for plasmonic-FRET interactions. Using the previous design in Section 4.2.2,

86



4.2. Experimental Planar FRET A. Bird

1.0 5 ;
0.8 H
=
2
o = Experimental
O 0.6 .
= Theoretical
L
i
S
2044
©
|_
0.2 4
D.D T I T I T I T I T I T I
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Relative Acceptor Concentration [a.u]

Figure 4.20: Theory vs Experimental

where the separation distance was varied, the NPs would have been at different
distances from the donor dye layer but with this design they are always at the
same distance, as shown in Fig. 4.21. The design also allowed for NPs to be

placed above, below or in the centre of the FRET dye pair.
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Figure 4.21: Schematic of varying concentration plus NPs
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Lifetime Results

The FRET efficiency can also be calculated using fluorescence decays and Eqn.(2.14).
A PicoQuant FLIM system was used to measure the lifetimes of the donor in the
absence and presence of the acceptor. In order to measure the lifetime decays, the
system needs to optically focus on the surface under investigation. The previous
experiments were performed in a microtiter plate and had no surface structures
upon which to focus. Micropatterning of the FRET layer was used to facilitate
fluorescence lifetime imaging [6-10]. Section 3.5 describes the micropatterning
process that was used to produce the samples initially. The donor was stamp
printed onto glass cover slips and coated with a layer of negatively charged poly-
electrolyte, to give a spacer layer of 1.5nm. As explained in Section 3.5, it was not
possible to produce sharp Cy5 grid lines. Therefore a large circular Cy5 overlayer

was used instead, as shown in Fig. 4.22.

O Ru
H CyS

Figure 4.22: Stamped donor lines with acceptor droplet at a distance of 1.5nm.

The lifetimes of the donor and acceptor were measured at the edge of the
droplet, to ensure that the area measured by the FLIM had a section of donor
only, acceptor only and donor with acceptor. Fig. 4.23 shows an example of
the fluorescence lifetime decay fit for the donor and Fig. 4.24 is a colour fit of
the lifetimes, where green represents the donor lifetime and red represents the
acceptor lifetime. The overlap area between the donor and acceptor is similar to
the donor only area, and this was confirmed in the lifetime results when sections
were scanned individually. The donor only lifetime was 904ns and the acceptor
only lifetime was 1ns. The section with the donor and acceptor gave a lifetime of
880ns, which was much less than anticipated, giving a transfer efficiency of 0.02.

To eliminate the possibility that there was a thin layer of acceptor covering the

entire slide that was leading to a reduced donor only lifetime, a small section of
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Figure 4.23: Fluorescence lifetime decay trace for donor only.
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Figure 4.24: Colour fit of the donor and acceptor, area marked on schematic.
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the circular overlayer was irradiated with an intense excitation beam of 640nm to
photobleach the acceptor molecules, but leave the donor molecules intact. This
would ensure that the donor molecules underneath would have no acceptor to
transfer energy to. Fig. 4.25 shows the image of the lifetimes, A - shows the
lifetimes before photobleaching and B - shows the lifetimes after photobleaching.
The photobleached section is marked with a blue square. There was no significant

difference found in the FLIM image and the lifetime values after photobleaching.

(A)

Figure 4.25: Fluorescence lifetime image. A - Donor and acceptor lifetimes before

photobleaching and B - Donor and acceptor lifetimes after photobleaching.

The system could take images of the donor and acceptor emission and this is
shown in Fig. 4.26, to confirm that the acceptor section was photobleached. A -
shows the donor and acceptor emission and B - shows the acceptor emission after
photobleaching a section of the circular overlayer.

A low concentration of acceptor molecules could explain the lack of change
in the donor lifetime and emission, resulting in very little energy transfer. A
small ’coffee ring’ effect was observed in depositing the circular overlayer. This
was manifest as a migration of dye towards the edge of the droplet. In order to
reduce this, the sample was sonicated briefly after deposition, which may have

removed many of the acceptor molecules. Another approach was therefore taken
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(A) (B)

Figure 4.26: Fluorescence intensity image. A - Donor and acceptor emission and

B - Acceptor emission after photobleaching a section.

to measure the lifetimes of the FRET pair.

The experiments in Section 4.3.1 showed energy transfer occurring between the
donor and the acceptor using intensity measurements from layers inside microtiter
plate wells. This experimental design was re-employed here and the acceptor
concentration in the individual wells was varied. The edge of the microtiter plate
was removed to allow the plate to lie within the focal plane of the FLIM optics.
The lifetime of the donor only was measured and compared to the donor lifetime in
the wells with both acceptor and donor. It was observed that as the concentration
of the acceptor increased, there was a decrease in the donor lifetime. The transfer
efficiency for each concentration of acceptor was calculated using Eqn.(2.14).

Fig. 4.27 shows the transfer efficiency as a function of the acceptor concentra-

tion in a 2-D configuration. There is a mismatch between the theoretical model
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Figure 4.27: FRET as a function of acceptor concentration-lifetime response

and the experimental results, compared to that found using fluorescence inten-
sities in Fig. 4.20. One of the drawbacks of this design was that there were no
features on the surface of the well upon which to focus, i.e. grid lines, and so
the focal position on each well had to be determined using the scattered light
from the upper and lower surfaces. This may explain the discrepancies seen in
the results. This method of calculating the FRET efficiency while successful,
is more complex and time consuming than using fluorescence intensities. The
FLIM system is complex and not conducive to using in POC devices, therefore

this method of calculating FRET was not continued.
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4.3 FRET-Plasmonic Interaction

Metal-enhanced fluorescence (MEF) for single dyes has been well established
where the dye fluorescence in the presence of metal NPs can be enhanced by
up to 10-15 times depending on the dye, dye-NP separation and/or NP size, as
discussed in Chapter 2 [11-15]. This plasmonic effect is due to the localized
surface plasmon resonance (LSPR) at the surface of the metal NP. The LSPR
modifies the intensity of the electromagnetic field around the fluorophore, and
this can lead to an increase in the emitted fluorescence intensity, as discussed in
Section 2.4. While some groups have found this interaction to be at the expense of
the Forster transfer rate in FRET systems [16, 17], recently there have been a few
reports in the literature where this plasmonic effect has been shown to increase
the efficiency of FRET by allowing FRET to occur at longer separation distances
[18, 19]. Zhang et al have shown a 75% increase in the value of the Forster Radius
(Ro) by attaching hybridised donor and acceptor labeled oligonucleotides to a
silver NP [20]. They also found that the MEF-FRET increases with increasing
size of the metal NP [21]. Lessard-Viger et al have also shown MEF-FRET
using metal core NPs surrounded by concentric silica layers containing donor
and acceptor molecules at controlled distances from the core [22]. They have
reported an increase in the transfer efficiency by a factor of 4 and an increase in
the Forster Radius by 30%. Fig. 4.28 shows the experimental designs used by

these two groups.

Cys5

Dye-labeled DNA
IIIIIIIIIIIIIIIIII.

Cy5

U] Acceptor
B ponor

Metal NP
|:| Spacer layer

(A) (B)

Figure 4.28: Metal-enhanced fluorescence combined with FRET. A - Zhang et al.
B - Lessard-Viger et al. [20, 22]
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A drawback of both of these experimental designs is the limitation in the po-
sitioning of the NP relative to the dye. The flexibility of the 2-D FRET platform
allows different configurations and NPs to be investigated with ease. The en-
hancement of FRET using MEF is investigated here using two approaches; linear
D-A-NP combinations are investigated in this chapter and a configuration where
the FRET dye pair is equidistant from the NP in investigated in Chapter 5. As
discussed in Section 4.2.4, the experimental design where the acceptor concen-
tration was varied allows easy incorporation of the plasmonics and ensures that
the NPs are the same distance from each of the dye layers for a set experiment.
The highly adaptable polyelectrolyte LBL technique allowed the dye layers and
NPs to be placed in different configurations. NPs were placed above, below and
in the centre of the two dye layers. NPs were then also placed a set distance from
a mixed dye layer that, ensured equidistance of the NP from the D-A pair, as
this was designed to be equivalent to the configuration used in the demonstra-
tion of FRET enhancement by Zhang et al [20]. Only three different acceptor
concentrations were used to increase the throughput time of the experiments and
to reduce material consumption. Fig. 4.29 shows the spectral response of the
FRET system for the three different acceptor concentrations without any NPs
(as shown in Fig. 4.18). The fluorescence ratio (Rp4) is the acceptor emission
divided by the donor emission. In this case for the maximum concentration of

acceptor used, Rpa = 1.7.

4.3.1 Nanoparticles Above

Firstly, the silver metal nanoparticles were placed above the D-A pair. Both
spherical and triangular NPs were tested. Motivation for using two different
types of NPs was to take into consideration the two possible plasmonic enhance-
ment mechanisms (see Section 2.3). The spherical NPs had a plasmon resonance
at 425nm matching the absorbance of the ruthenium complex. The triangular
NPs had a plasmon resonance at 600nm, which matched the overlap area of the
ruthenium emission and Cy5 absorbance. A spacer layer of 6nm was deposited
between the uppermost dye and the NPs. This was the optimum distance as

shown in Chapter 3 and reported by [23]. The NP solutions were deposited into
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Figure 4.29: FRET spectral response without any NPs (excitation A450nm).

the wells of the microwell plate and left overnight at room temperature to form
a monolayer on the surface. This design meant that the NPs were closer to the

acceptor layer than the donor layer, as shown in Fig. 4.30.
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Figure 4.30: Schematic of dye layers and NPs above.

Fig. 4.31 shows the spectral response of the system with the triangular NPs.
FRET was observed with NPs positioned above the D-A pair. For the triangular

NPs with a 600nm plasmon resonance, the overall fluorescence from both the
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Figure 4.31: FRET spectral response with 600nm triangular NPs above (excitation
A450nm).
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Figure 4.32: FRET spectral response with 425nm spherical NPs above (excitation
A450nm).

donor and the acceptor increased compared to the system without NPs, and the
fluorescence ratio reduced Rps = 0.99. For the spherical NPs (Fig. 4.32) with a

425nm plasmon resonance, the overall fluorescence from both the donor and the
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acceptor has increased dramatically. However the ratio of the D-A peaks dropped
from Rpa = 1.7to Rpa = 0.86. This is shown in Fig. 4.33. Negative values in the
transfer efficiency can be caused by the statistical error from sample to sample
when very little FRET is occurring or a reduction in the donor intensity due
to photobleaching or oxygen quenching prior to measurement. Metal enhanced
fluorescence is occurring for the individual donor and acceptor. The fact that the
overall transfer efficiency is reduced for both NP types indicated the dominant
enhancement channels in this configuration are NP-D and NP-A and the FRET
D-A channel is less dominant. It also appears that the excitation channel of
MEF (where the LSPR is matched to the absorbance of the donor) is the most
dominant. This is consistent with previous work on single dye enhancement

11, 23-25].
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Figure 4.33: Comparison of transfer efficiencies for NPs above the two dye layers.
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4.3.2 Nanoparticles in Centre

Next the silver metal nanoparticles were placed in the centre of the D-A pair.
Again both spherical and triangular NPs were tested. This design meant that
the NPs were equidistant from the acceptor layer and donor layer. However, as
the NPs are quite large, the polyelectrolyte and dye layers placed on top of them
can wrap around them forming a rough monolayer. This rough monolayer has
a higher concentration of acceptor dye molecules due to the increased surface

coverage, see Fig. 4.34.
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Figure 4.34: Schematic of dye layers and NPs in centre.

Fig. 4.35 shows the spectral response of the triangular NPs while Fig. 4.36
shows the spectral response of the spherical NPs.

Practically all FRET effects have disappeared with this configuration for both
types of nanoparticles. It is probable that the donor and acceptor pair are too
far apart for dipole-dipole interactions to take place. This interaction is limited
at approximately 10nm and the triangular NPs were 15nm in diameter and the
spherical NPs were 60nm in diameter. There was no transfer of energy across the
NP between the dye molecules. Fig. 4.37 shows the reduction in transfer efficiency
when the NPs are placed between the two dye layers. The negative values on the
graph are due to the donor plus acceptor peaks being greater than the donor only
peaks. This occurs when the donor only sample has been quenched, for example
by oxygen or photobleached by light. It can also be caused by statistical error

from sample to sample as was discussed earlier, and which is the probable cause
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Figure 4.35: FRET spectral response with 600nm NPs in centre (excitation
A450nm).
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Figure 4.36: FRET spectral response with 425nm NPs in centre (excitation
A450nm).
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Figure 4.37: Comparison of transfer efficiencies for NPs in the centre of the two

dye layers.

Although there is no FRET) it is to be noted that there is still some individual
dye fluorescence enhancement, again the larger effect observed for spherical NPs
with 425nm LSPR which is resonantly matched to the donor absorption. This is

consistent with previous results shown in Section 4.3.1.
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4.3.3 Nanoparticles Below

The metal nanoparticles were then placed below the D-A pair. Again both spher-
ical and triangular NPs were tested. This design meant that the NPs were closer
to the donor layer than the acceptor layer. The polyelectrolyte and dye layers
placed on top of the NPs wrap around them, forming a rough monolayer with a
higher surface area, see Fig. 4.38. However as both the donor and acceptor dye

are wrapped around, their relative concentrations are unaffected.
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Figure 4.38: Schematic of dye layers and NPs below.

Fig. 4.39 and Fig. 4.40 show the spectral response of the triangular NPs and
spherical NPs respectively.

FRET is still occurring with NPs below the D-A pair. For the triangular
NPs with a 600nm plasmon resonance, the overall fluorescence from both the
donor and the acceptor has increased slightly, but the FRET ratio has dropped
from Rps = 1.7 to Rpa = 1.2. For the spherical NPs with a 425nm plasmon
resonance, the overall fluorescence from both the donor and the acceptor has
increased dramatically. However FRET ratio has also decreased to Rp4 = 0.68
resulting in less energy transfer occurring. There appears to be direct plasmonic
enhancement of the individual donor and acceptor, but no enhancement of the
energy transfer. Fig. 4.41 shows the reduction in transfer efficiency when the
NPs are placed below the two dye layers.

In this configuration although no FRET enhancement is observed, the trans-

fer efficiency is generally lower for both NP types than for NPs above. The
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Figure 4.39: FRET spectral response with 600nm NPs below (excitation A450nm).
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Figure 4.40: FRET spectral response with 425nm NPs below (excitation A450nm).

102



4.3. FRET-Plasmonic Interaction A. Bird

Comparison of Transfer Efficiencies - NPs below

0.4
0.35

=
L)
l

0.25

&
%)
1

=+ No NPs
0.15 - == Triangular NPs
-a- Spherical NPs

Transfer Efficiency
e

0 r T T 1
-0.05 - 0.004 0.006 0.008 0.01

Relative Acceptor Concentration [a.u]

Figure 4.41: Comparison of transfer efficiencies for NPs below the two dye layers.

enhancement of the donor by the triangular NPs, which is matched to the accep-
tor absorption, is relatively lower. The enhancement of the donor by the spherical
NPs, which is matched to the donor absorption, is relatively higher. The spheri-
cal NPs are closer to the donor and therefore they produce a larger MEF. It was
considered that the issue with no FRET enhancement was the linear placement
of the dyes, D-A-NPs. In this configuration the FRET pair was not equidistant
from the NPs, as in Zhang et al [20]. Lessard-Viger et al [22] had shown this
equidistant configuration to show enhancement. It was therefore decided to take

a different approach to ensure equidistance of the FRET dye pair from the NPs.
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4.3.4 Nanoparticles with a Mixed Dye Layer

So far, none of the experimental configurations resulted in an increase of the
transfer efficiency due to plasmonic interactions. Zhang et al [20] showed that
they had achieved an increase in the FRET efficiency using metal nanoparticles

and dye conjugated to ss-DNA in solution as depicted in Fig. 4.42.
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Figure 4.42: Schematic of metal NP with DNA FRET pair [20].

The single donor and acceptor pair in these experiments were equidistant from
the NP. As the donor and acceptor were too far apart to have a FRET interac-
tion in the experiments in Section 4.3.3, a combined dye layer was tested. This
combined dye layer was a mixture of donor and acceptor molecules deposited on
the surface, over an NP layer, as shown in Fig. 4.43. It was considered that an
average FRET-plasmonic effect would be observed under these conditions, as a
proportion of the D-A pairs would be equidistant and at the optimal distance
from the NP.

Fig. 4.44 shows the spectral response of the combined D-A dye layer without
any NPs. There is a small FRET effect. It is less than previous experiments
due to lower concentration of the dyes as there is competition between the donor
and acceptor molecules for surface coverage on the one layer. It is also due to an
average D-A spacing as opposed to the controlled spacing in previous experiments.

Fig. 4.45 shows the spectral response of the combined D-A dye layer with
spherical NPs below. Practically all FRET effects have disappeared with this
configuration with and without spherical nanoparticles. The FRET ratio has

been reduced from Rp4 = 0.68 without the presence of NPs to Rps = 0.47 in
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Figure 4.43: Schematic of mixed dye layer and NPs below.
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Figure 4.44: FRET spectral response of combined D-A dye layer without NPs

(excitation A450nm).
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Figure 4.45: FRET spectral response with spherical 425nm NPs below a mixed

dye layer (excitation A450nm).

the presence of NPs. This could be due to the dye-NP de-excitation channel
dominating the system and therefore no enhancement is seen in the FRET-NP
channel. Fig. 4.46 shows the impact on FRET transfer efficiency with spherical
nanoparticles placed below a combined D-A dye layer. The transfer efficiency is
reduced.

No FRET enhancement has been observed using the planar FRET approach.
It was decided to attempt the single NP-FRET approach as described in the

paper by Zhang et al, as part of the investigation in Chapter 5.
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Figure 4.46: Comparison of transfer efficiencies with a combined dye layer.
4.4 Summary

The objective of designing a model system that allows FRET analysis was achieved.
In the first part of this chapter, planar FRET was investigated using a number of
different configurations. The first configuration allowed variation of the separa-
tion of the donor and acceptor via the use of PEL layers. FRET was successfully
demonstrated using this configuration. As the results did not sufficiently match
the simple theoretical behaviour, a more rigorous theory was proposed where a
donor to multiple acceptors model was developed. This new model resulted in
a significant improvement in the agreement of the theoretical and experimental
results. The remaining discrepancy between the results was most likely caused
by dye migration through the PEL layers. To address this issue, the configura-
tion was optimised by varying the effective distance of the donor and acceptor by
varying the concentration of the acceptor rather than the number of PEL layers.
As expected, this reduced the discrepancy and resulted in excellent agreement
between the theoretical and experimental results.

Some recent work reported in the literature [20, 22] claimed that combin-
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4.4. Summary

ing FRET with plasmonics, FRET could be obtained over longer distances and,
therefore, enable the technique to be employed in a wide variety of biosensor ap-
plications. To investigate this claim, two different types of NPs were tested with
resonance wavelengths of 425nm and 600nm. The NPs were placed above, below
and in the centre of the donor and acceptor dye layers. NPs were then also placed
a set distance from a mixed dye layer to ensure equidistance from the D-A pair.
It was found that for all configurations and all NP types the transfer efficiency
was reduced. However, plasmonic enhancement of the individual D and A dyes
was observed, which was consistent with previous work carried out within the
BDI [13, 14, 26] and seen in the FRET systems of Reil et al and Giorgetti et al
[16, 17].

A summary of the results is shown in Table 4.1. The fluorescence measure-
ments are the peak values at 600nm for the donor only and donor with acceptor
(highest concentration of A). The FRET Ratio for NPs in centre was not possible

to calculate because the acceptor peaks were not sufficiently evident.

D Only Fluor. | D-A Fluor. | FRET Ratios | Er
No NPs 5668 3692 1.7 0.35
NPs Above (450nm) 37292 29014 0.86 0.22
NPs Above (600nm) 9975 7243 0.99 0.27
NPs Centre (450nm) 55290 57427 - -0.038
NPs Centre (600nm) 8991 8852 - 0.015
NPs Below (450nm) 20075 40035 0.68 0.200
NPs Below (600nm) 6383 5499 1.2 0.139
Combined No NPs 956 775 0.68 0.189
Combined NPs (450nm) 8418 7610 0.47 0.096

Table 4.1: Summary of FRET-plasmonic interactions.

108




References

1]

S. D. Spillman, H. M. McEvoy, and B. D. MacCraith. Fabrication of
substrate-independent protein microarrays using polyelectrolyte scaffolding.

Langmuir, 25(3):1403-1411, 2008.

A. Krieg, T. Ruckstuhl, and S. Seeger. Towards single-molecule DNA se-
quencing: Assays with low nonspecific adsorption. Analytical Biochemistry,

349(2):181-185, 2006.

J. Enderlein. FElectrodynamics of Fluorescence - private correspondence,

2003.

N. Shaklai, J. Yguerabide, and H. M. Ranney. Interaction of hemoglobin
with red blood cell membranes as shown by a fluorescent chromophore. Bio-

chemistry, 16(25):5585-5592, 1977.

G. W. Gordon, G. Berry, X. H. Liang, B. Levine, and B. Herman. Quantita-
tive fluorescence resonance energy transfer measurements using fluorescence

microscopy. Biophysical Journal, 74(5):2702-2713, 1998.

X. Jiang, H. Zheng, S. Gourdin, and P. T. Hammond. Polymer-on-polymer
stamping:? universal approaches to chemically patterned surfaces. Lang-

muir, 18(7):2607-2615, 2002.

J. L. Tan, J. Tien, and C. S. Chen. Microcontact printing of proteins on
mixed self-assembled monolayers. Langmuir, 18(2):519-523, 2001.

M. C. Berg, J. Choi, P. T. Hammond, and M. F. Rubner. Tailored micropat-
terns through weak polyelectrolyte stamping. Langmuir, 19(6):2231-2237,
2003.

109



REFERENCES A. Bird

[9]

[10]

[13]

[14]

[15]

[16]

[17]

S. Kidambi, C. Chan, and I. Lee. Selective depositions on polyelectrolyte
multilayers:? self-assembled monolayers of m-dPEG acid as molecular tem-

plate. Journal of the American Chemical Society, 126(14):4697-4703, 2004.

O. Stranik, D. Iacopino, R. Nooney, C. McDonagh, and B. D. MacCraith.
Optical properties of micro-patterned silver nanoparticle substrates. Journal

of Fluorescence, 20(1):215-223, 2010.

K. Aslan, I. Gryczynski, J. Malicka, E. Matveeva, J. R. Lakowicz, and C. D.
Geddes. Metal-enhanced fluorescence: an emerging tool in biotechnology.

Current Opinion in Biotechnology, 16(1):55-62, 2005.

J. Malicka, I. Gryczynski, and J. R. Lakowicz. DNA hybridization assays
using metal-enhanced fluorescence. Biochemical and Biophysical Research

Communications, 306(1):213-218, 2003.

O. Stranik, H. M. McEvoy, C. McDonagh, and B. D. MacCraith. Plasmonic
enhancement of fluorescence for sensor applications. Sensor and Actuators

B, 107(1):148-153, 2005.

R. Nooney, A. Clifford, X. LeGuevel, O. Stranik, C. McDonagh, and B. D
MacCraith. Enhancing the analytical performance of immunoassays that em-

ploy metal-enhanced fluorescence. Analytical and Bioanalytical Chemistry,

396(3):1127-1134, 2010.

Joanna Malicka, Ignacy Gryczynski, Zygmunt Gryczynski, and Joseph R.
Lakowicz. Effects of fluorophore-to-silver distance on the emission of cyanine-

dye-labeled oligonucleotides. Analytical Biochemistry, 315(1):57-66, 2003.

F. Reil, U. Hohenester, J. R. Krenn, and A. Leitner. Forster-type resonant
energy transfer influenced by metal nanoparticles. Nano Letters, 8(12):4128—
4133, 2008.

E. Giorgetti, S. Cicchi, M. Muniz-Miranda, G. Margheri, T. Del Rosso,
A. Giusti, A. Rindi, G. Ghini, S. Sottini, A. Marcelli, and P. Foggi. Forster

resonance energy transfer (FRET) with a donor-acceptor system adsorbed

110



REFERENCES A. Bird

[18]

22]

23]

[24]

[25]

[26]

on silver or gold nanoisland films. Physical Chemistry Chemical Physics,

11(42):9798-9803, 2009.

J. Malicka, I. Gryczynski, J. Fang, J. Kusba, and J. R. Lakowicz. Increased
resonance energy transfer between fluorophores bound to DNA in proximity

to metallic silver particles. Analytical Biochemistry, 315(2):160-169, 2003.

P. Andrew and W. L. Barnes. Energy transfer across a metal film mediated

by surface plasmon polaritons. Science, 306(5698):1002-1005, 2004.

J. Zhang, Y. Fu, M.H. Chowdhury, and J.R. Lakowicz. Enhanced forster
resonance energy transfer on single metal particle. 2. dependence on donor-

acceptor separation distance, particle size, and distance from metal surface.

J. Phys. Chem. C; 111(32):11784-11792, 2007.

J. Zhang, J. Malicka, I Gryczynski, and J R Lakowicz. Surface-enhanced
fluorescence of fluorescein-labeled oligonucleotides capped on silver nanopar-

ticles. Journal of Physical Chemistry B, 109:7643-7648, 2005.

M. Lessard-Viger, M. Rioux, L. Rainville, and D. Boudreau. FRET enhance-

ment in multilayer core-shell nanoparticles. Nano Letters, 2009.

O. Stranik. Plasmonic enhancement of fluorescence for biomedical diagnos-

tics. PhD thesis, 2007.

P. Anger, P. Bharadwaj, and L. Novotny. Enhancement and quenching of
single-molecule fluorescence. Physical Review Letters, 96:113002, 2006.

E. Hutter and J. H. Fendler. Explotation of localized surface plasmon reso-

nance. Advanced Materials, 16(19, October 4):16851706, 2004.

C. McDonagh, O. Stranik, R. Nooney, and B. D MacCraith. Nanoparti-
cle strategies for enhancing the sensitivity of fluorescence-based biochips.

Nanomedicine, 4(6):645-656, 2009.

111



Chapter 5

Solution FRET and Plasmonic

Interactions

5.1 Introduction

The concept of plasmonic enhancement of FRET was introduced in Chapter 4,
where this effect was investigated for the planar FRET configuration. A new
model to investigate the interaction of FRET and plasmonics in solution was de-
signed, which would be compatible with next-generation solution-based biosen-
sors. This chapter investigates FRET in solution using two complementary dye
labeled oligonucleotides. FRET was achieved using Cyb as the donor, whose
emission band at 670nm overlaps with the absorption band of the acceptor Cy5.5
at 67onm. The distance between the donor and acceptor was controlled by the
number of base pairs on the oligonucleotides. First the energy transfer was mea-
sured in solution for two different lengths of DNA. Next the FRET pair were
chemically bound to metal NPs and the energy transfer measured again. Gold,
silver and silica particles were used in this work. The distance between the dye
pair and the metal NPs was controlled using spacer layers composed of proteins
and polyelectrolytes. A similar experimental design was described by Zhang et
al [1], and showed promising results for FRET enhancement. Another design by
Lessard-Viger et al [2] using metal NPs surrounded by dye doped silica shells

also achieved an apparent FRET enhancement.
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5.2 Materials and Methods

5.2.1 Fluorescent Dyes

The FRET dye pair used during the experiments in Chapter 4 was a Ruthenium-
complex donor and a Cyb acceptor. In this work, Cy5 was chosen as the donor
(D) and Cy5.5 was chosen as the acceptor (A) because of their compatibility with
the oligonucleotides (TIB Molbiol). The Stokes shift for this pair is small and
therefore the possibility of cross-talk and bleed-through is more prevalent in these
experiments than in the previous ones. Cross-talk refers to when the acceptor is
directly excited by the donor excitation light [3, 4]. Bleed-through refers to when
the donor emission is detected within the range of acceptor emission. Table. 5.1
gives the donor and acceptor dye properties while, Fig.5.1 shows the absorption

and emission spectra of the donor and acceptor dyes.

Excitation A | Emission A | Quantum Yield | Lifetime
Donor (Cy5) 650nm 670nm 0.28 ~1.0ns
Acceptor (Cy5.5) 675nm 694nm 0.23 ~1.0ns

Table 5.1: Donor and acceptor dye properties.

The Forster Radius (Ry) for the D-A pair was 6.07nm (see Appendix 4). Two
different lengths of complementary oligonucleotides were used in this work, as is
shown in Fig.5.2. The first was 21 base pairs (bp), which was 7.14nm in length.
The second was 43 base pairs, which was 14.62nm in length. These lengths were
the theoretical calculations based on uncurled oligonucleotides. This meant that
if the 21bp oligonucleotide spacer remained uncurled, some energy transfer should
be observed as the dyes would be within the 10nm FRET limit. In addition, if the
43bp oligonucleotide spacer remained uncurled, FRET should not be observed,
as the dyes would be beyond the FRET limit and the dipole dipole interactions

would not be able to take place.
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Figure 5.1: Absorption and emission spectra of the donor and acceptor dyes.

é Donor Cy5 — length 21bp Acceptor Cy3.5 —length 21bp
NH:
|
TTA Cgg TTg gTg gCg TCT CTg
AAT gCC AAC CAC CgC AgA gAC —
B Donor Cy5 — length 43bp Acceptor Cy5.5 — length 43bp
NH:

TTT TTT TTT TTIT TTT TIT TTA ATg CCA ACC ACC gCA gAg ACA A -

|
AAAAAAAAAAAAAAAAAAAAT TAC ggT Tgg Tgg CgT CTCTeTT .

Figure 5.2: Oligonucleotide spacers used in the experiments. A - complementary
oligonucleotide sequences 21 base pairs in length, labeled with D and A dyes. B
- complementary oligonucleotide sequences 43 base pairs in length, labeled with D

and A dyes.
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5.2.2 Metal Nanoparticles

Gold and silver NPs were obtained from British Biocell International. Fig.5.3
shows the absorbance spectra of the two metal NP solutions, both NPs are 80nm
in diameter. The silver NP plasmon resonance band is much broader than the
gold NP band and this is due to the quadrupole and octupole resonances of the
silver NP [5, 6]. The concentration of NPs was 10° particles/ml.
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0.2 - —80nm Silver NPs

0.15

Absorbance

0.1 -

0.05 -

0 T T T T T
250 350 450 550 650 750
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Figure 5.3: Gold and Silver NP plasmon resonance bands.

5.2.3 Experimental Procedures
Primary Spacer Layer

A spacer layer was required around the metal NPs in order to keep the donor
and acceptor molecules outside the quenching zone. The metal NPs were coated
with MHA (mercapto-hexadecanoic-acid - MW=288.5g), as illustrated in Fig.
5.4. For this process, 1ml of the original NP solution was buffer exchanged with
water by centrifuging at 17,000 rpm for 5 minutes and re-suspending the NPs
in 1ml of deionised water. This solution was then centrifuged at the same rate

and 1ml of 50mM MHA activated in DMF (dimethylformamide) was added. The
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Metal NP
Gold 80nm
Silver 80nm

MHA
2nm thickness

Figure 5.4: Metal NP surrounded with MHA layer.

sample was sonicated briefly, covered in tinfoil and placed on a shaker @ 250rpm
for 15-36 hours to allow the MHA to form a self assembled monolayer on the NPs
[7]. Next the solution was centrifuged at 17,000rpm for 5 minutes, to separate
the NPs from the MHA solution. The supernatant was removed and the residue
was re-suspended in 1ml 75:25 DMF in water. In order to remove all unbound
MHA repeated wash steps were performed, slowly increasing the ratio of water
to DMF. The solution was centrifuged and re-suspended in 0.5ml 50:50 DMF in
water, then repeated and re-suspended in 0.5ml of deionised water, and finally,
after washing once more, left suspended in 0.5ml water. This resulted in a 2nm
densely packed layer of MHA around the metal NPs (MHA-NPs), with carboxyl
(COOH) surface groups.

Secondary Spacer Layer

A poly(ethylene glycol) (PEG) linker was used to compete with the oligonu-
cleotides for surface groups on the MHA layer, as shown in Fig. 5.5. The MHA-

NPs were centrifuged at 17,000 rpm for 5mins to remove the water. The MHA-NP
residue was then re-suspended in 2541 of 200mM EDC (1-(3-Dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride - MW=191.5g), 25ul of 4x10~°M PEG, (MW=265.3g)
linker and 5041 2x10~"M donor oligonucleotide. The sample was then covered in

tinfoil and placed on a shaker at 250rpm for 1 hour. Next the sample was cen-

trifuged and the EDC/PEG, suspension removed. The residue was washed with
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water twice using the sonicate - centrifuge - remove - re-suspend method as be-
fore. This resulted in a 1.81nm layer around the MHA-NPs (PEG,-MHA-NPs),
with carboxyl (COOH) surface groups.

DNA FRET pair

Silver 80nm

\ t Metal NP
=Ny X Gold 80nm

MHA
2nm thickness

Competitive

N e " PEG;, Linker

PEG4 Linker

0
0 0
HDJ\/\U/\/ NN \/\hm2
Figure 5.5: Metal NP surrounded with MHA and PEG layer.

Polyelectrolyte Spacer Layer

In order to increase the spacer layer between the NP and the D and A to the
optimum thickness of 6nm (see Chapter 3), another type of spacer layer was also
used which incorporated polyelectrolytes, as described by Gittins et al [8-11], and
shown in Fig. 5.6. The negatively charged MHA-NPs were centrifuged to remove
the water. They were re-suspended in a solution of positively charged PEL (PAH)
as described in Chapter 3.4. The sample was then covered in tinfoil and placed
on a shaker for 20 minutes. The sample was centrifuged and the residue washed
three times with deionised water. The PAH-MHA-NPs were then re-suspended in
a solution of negatively charged PEL (PSS), left for 20 minutes and washed. This
layer-by-layer approach continued with another layer of PAH, PSS, PAH and then
a layer of negatively charged PAC (poly acrylic acid) was deposited. The PAC
layer resulted in a carboxyl surface with which the oligonucleotides could react.

The composition of all polyelectrolyte solutions was 1mg/ml polyelectrolyte with
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Figure 5.6: Metal NP surrounded by MHA and PEL layers.

1mM NaCl in water.

DNA Attachment

The donor dye (Cy5) labeled oligonucleotides contained an amino moiety in the
centre of their sequences, as shown in Fig. 5.7. This amino moiety bound with
the carboxyl moiety on the surface of the NPs. 50ul of 100mM EDC and 5041 of 2
x 107°M donor labeled oligonucleotide was added to the residue of the MHA-NPs.
The sample was sonicated, covered in tinfoil and placed on a shaker at 250 rpm for
1 hour. Next the sample was centrifuged and the EDC-oligonucleotide suspension
removed. The residue was washed with water three times using the sonicate -
centrifuge - remove - re-suspend method as before. The sample was then re-
suspended in 0.5ml of water and 150ul was pipetted into three wells of a microtitre
plate. The fluorescence intensity of the samples was measured using a Tecan
Safire IT Spectrophotometer exciting at 610nm. The samples were returned to the
original container and centrifuged to remove the unbound oligonucleotides. Next
the complementary acceptor dye (Cy5.5) labeled oligonucleotide was hybridised
to the first (100ul of 1 x 10~"M acceptor labeled oligonucleotide, diluted using
hybridisation buffer (obtained from Roche Diagnostics GmbH)). The sample was

placed in an oven at 37°C for 1 hour and then centrifuged to remove the unbound
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oligonucleotides. The residue was then washed with water three times using the
sonicate - centrifuge - remove - re-suspend method as before and the fluorescence

intensity was recorded again.

Cy5.5
@ T T T T TN

LLLL L gttt 21b
LG s
NH, Cys

COOH

Figure 5.7: DNA attachment to the NPs.

5.3 Results and Discussion

This section reports the results of the solution-based FRET model system. First
the energy transfer between the complementary oligonucleotides in solution was
investigated. Next, the oligonucleotides were attached to the metal NPs and the
model investigated the possible homo-FRET interactions between the donors and
acceptors at high concentrations. The optimum distance for MEF enhancement
of fluorescence was shown in Chapter 3 to be 6nm. Therefore, the metal NPs were
coated in polyelectrolyte spacer layers, which increased the distance between the
FRET pair and the metal NP. FRET was achieved and the energy transfer was

compared to that of the FRET dye pair on silica nanoparticles.

5.3.1 DNA-FRET without NPs

In order to measure the energy transfer between the donor and acceptor in so-
lution, 1 x 1078M of the donor labeled oligonucleotide was placed in 0.5ml of
hybridisation buffer and the fluorescence intensity measured on the spectropho-
tometer. 1 x 1078M of the complementary acceptor dye labeled oligonucleotide
was then added to the solution and the donor fluorescence intensity measured

again. Fig. 5.8 shows a schematic of the experiment.
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Figure 5.8: Schematic of the complementary oligonucleotides in solution without

NPs.

DNA-FRET was successfully demonstrated using fluorescence intensity mea-
surements from spectral analysis, as shown in Fig. 5.9. The transfer efficiency
was calculated using the values for the donor fluorescence intensity in the ab-
sence and presence of the acceptor and Eqn.(4.1). It was expected that, if the
21bp oligonucleotides remained uncurled, they would have the higher transfer
efficiency. However, Fig. 5.10 shows that the 43bp oligonucleotides had a greater
energy transfer. Therefore it was concluded that the oligonucleotides did not act
as rigid rods but that the longer ones curled up upon themselves [12]. This
would place the dyes closer together and hence give a higher transfer efficiency.
To avoid the issue of folding, shorter oligonucleotides were used in subsequent

experiments.
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Figure 5.9: FRET spectral response for 21bp and 43bp complementary oligonu-

cleotides in water.
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Figure 5.10: Transfer efficiency of 21bp and 43bp complementary oligonucleotides

in water.
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5.3.2 DNA-FRET with NPs

DNA-FRET was successfully demonstrated in solution using two complementary
dye-labeled oligonucleotides. Next, the interaction between DNA-FRET and the
plasmonic enhancement of fluorescence was investigated. The concentration of
dye molecules on a surface is important, and too high a concentration can lead to
homo-FRET (donor-donor or acceptor-acceptor energy transfer), which reduces
the transfer efficiency of the donor-acceptor pair. The first experiment involves
using PEG spacers on metal NPs to determine if homo-FRET is occurring. The
second experiment uses PELs as spacer layers to increase the distance between
the metal NP and the FRET pair to 6nm, the optimum distance for MEF, as
discussed in Section 3.5.3. Silica NPs are used in this experiment as a control to

compare non-plasmonic versus plasmonic enhancement.

Homo-FRET Investigation

In order to test for homo-FRET and self quenching effects, which would happen
if the dyes were too densely packed on the surface, in this experiment the donor
oligonucleotide was made to compete for surface groups with PEG, in one of
the samples. This meant that less donor oligonucleotides were bound to the
surface. Higher donor emissions in this sample compared to the non-competitive
sample would imply that homo-FRET was occurring and the concentration of
oligonucleotides would need to be reduced. The complementary oligonucleotides
were attached to the gold and silver metal NPs as described in Section 5.1.3. The
unbound oligonucleotides were removed from the solutions via centrifugation and
re-suspension in deionised water. Fig. 5.11 shows a schematic of the layering
system around the NP.

FRET was successfully demonstrated and Fig. 5.12 shows the spectral re-
sponse of the non-competitive sample for silver NPs and Fig. 5.13 shows the
spectral response of the non-competitive sample for gold NPs. The fluorescence
intensity of the donor on the silver NP is much greater than on the gold NP.
This is due to the greater overlap of the donor absorption and emission bands
with the plasmon resonance band of the silver, compared to that of the gold,

and the greater plasmon effect of silver as discussed in Chapter 2. This con-
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DNA FRET pair

~_ 3 Metal NP
o, i : Gold 80nm
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2nm thickness

Competitive
PEGy4 Linker

Figure 5.11: Spacer layering around the metal NP with oligonucleotides attached.

Inset shows schematic of the NPs in solution.
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firms plasmonic enhancement of the donor labeled oligonucleotide. When the
acceptor labeled oligonucleotide is hybridised to the donor, energy transfer oc-
curs. The transfer efficiency is higher on the gold NPs than on the silver NPs.
It appears that the transfer efficiency decreases when there is greater plasmonic
enhancement. This is consistent with the observations made in Chapter 4 with
the spherical and triangular NPs.

Silver NPs - non-competitive
35000 -

u
w
o
o
o
o

I
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Figure 5.12: Non-competitive sample: Fluorescence intensity measurements of
oligonucleotides on silver NPs, donor only emission and donor plus acceptor emission

(excitation A610nm).

The competitive sample shown in Fig. 5.14 shows that the intensity of the
donor emission for both gold and silver NPs is less than for the non-competitive
sample. This confirms that the donor is not self-quenching for the given con-
centration of oligonucleotides. The results show the same trend as the non-
competitive sample, the silver NPs show a greater plasmonic enhancement, but
the transfer efficiency is lower than the gold NPs.

Fig. 5.15 shows the transfer efficiencies of all samples. It can be seen that
the values for the transfer efficiency are similar for the competitive and non-
competitive samples. This confirms that the donor and acceptor are interacting
one to one and not between neighbouring oligonucleotides. If this was occurring

there would be a greater transfer efficiency in the non-competitive sample. The
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Figure 5.13: Non-competitive sample: Fluorescence intensity measurements of
oligonucleotides on gold NPs, donor only emission and donor plus acceptor emission

(excitation A610nm).

other main conclusion from this experiment is that there is less energy trans-
fer occurring on the silver NPs even though they give the greatest plasmonic
enhancement compared to the gold NPs.

The energy transfer between the donor and acceptor oligonucleotides on a
metal NP has been demonstrated. However, when calculating this using donor
intensities one cannot be sure if the reduction in intensity when the acceptor is
attached is due to energy transfer or due to some of the NPs being removed during
the wash step. The ideal would be to have no wash steps. It would also be bene-
ficial to compare this data to the same concentrations of oligonucleotides on NPs
without metal present. The subsequent experiments tackled both of these issues
by removing the wash step between the donor and acceptor hybridisation and
by employing silica NPs as a control to compare DNA-FRET with and without

plasmonic enhancement.

Enhanced FRET Investigation

In order to ensure adequate spacing of the metal NP and the FRET pair, poly-
electrolyte layers were attached to the MHA coated metal NPs as described in
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Figure 5.14: Competitive sample: Fluorescence intensity measurements of oligonu-
cleotides on silver and gold NPs, donor only emission and donor plus acceptor emis-

sion (excitation A610nm).
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Figure 5.15: Transfer efficiencies for all samples.

Section 5.1.3. The complementary oligonucleotides (107M) were attached to
the gold and silver metal NPs through the carboxyl groups on the outermost
PAC layer using the method described in Section 5.1.3. In this experiment the
unbound oligonucleotides were not removed from the solution to prevent discrep-
ancies due to possible removal of the NPs during wash steps. Fig. 5.16 shows
a schematic of the layering system around the NP. Silica NPs (10%particles/ml)
were also used in this experiment as a control to compare the MEF effect on the
energy transfer. The fluorescence intensities were measured on the Tecan Safire
IT Spectrophotometer and are shown in Fig. 5.17.

Fig. 5.17 shows the plasmonic enhancement of the donor labeled oligonu-
cleotide for both the gold and silver NPs compared to the silica NPs. The en-
hancement is greater for the gold NPs than for the silver. This could be attributed
to possible etching of the silver in the buffers as discussed in Chapter 2, or the
loss of some NPs during the layering wash steps.

Next the acceptor-labeled oligonucleotide was hybridised to the donor as in
Section 5.3.1. The fluorescence intensities were measured again using the spec-
tophotometer and are presented in Fig. 5.18.

The peak values of the donor emission are very similar to that of the donor
only oligonucleotide (Fig. 5.17). This is due to the overlap between the emission

bands of the donor and acceptor, as mentioned previously. This can be overcome
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Figure 5.16: PEL spacer layering around the metal NP with oligonucleotides at-

tached. Inset shows schematic of the NPs in solution with unbound oligonucleotides.

by measuring the emission of an acceptor only sample. As the acceptor does
not have an amino moiety in the centre of its sequence it cannot be attached to
the NPs alone, to allow removal of its contribution to the signal. Peak fitting in
Origin can help to overcome this problem. Fig. 5.19 shows how this was done
and the values for the donor only intensity, Ip and donor in the presence of the
acceptor intensity, Ip4. It was these value that were then used to calculated the
transfer efficiency for each of the NPs, both metal and silica.

The transfer efficiency for each of the NPs is shown in Fig. 5.20. While the
overall fluorescence intensity for the silica NPs is less than for the metal NPs due

to a lack of plasmonic enhancement, the transfer efficiency is higher. However as
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Figure 5.17: Fluorescence emission of donor only on gold, silver and silica NPs

(excitation A610nm).

observed in Section 4.3, there is a decrease in the transfer efficiency of the FRET

pair for the gold or silver NPs compared to that of the silica NPs.

While the results of this experiment are in disagreement with the findings by

Zhang et al and Lessard-Viger et al, they are in agreement with the results found

in the planar configuration in Chapter 4, and by Reil et al [13]. No increase in the

FRET efficiency is observed. This negative result was consistent with modeling

results, reported in the next section, carried out in light of these results, by Dr.

Ondrej Stranik, who did some early work in the BDI on plasmonic enhancement.
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Figure 5.18: Fluorescence emission of donor and acceptor on gold,silver and silica

NPs (excitation A610nm).
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Figure 5.19: Peak fitting of donor and acceptor spectra
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Figure 5.20: Transfer efficiency of silica, gold and silver NPs.
5.4 Theoretical Modeling

In tandem with this experimental work, Dr. Ondrej Stranik modeled the theoret-
ical interactions between metal NPs and a FRET dye pair using MaX-1, a visual
electromagnetics platform described in Chapter 3. A summary of these models
is included in this section. The models consist of a donor molecule, an acceptor
molecule and a metal NP with different geometries and are theoretically analysed
in terms of semi-classical approach, where the donor and acceptor are treated as
oscillating dipoles. Model One determines the change in transfer efficiency be-
tween a FRET pair positioned along the x-axis of a metal NP. This configuration
is most similar to the experimental design in this chapter. Model Two determines
the change in transfer efficiency between a FRET pair positioned linearly along
the y-axis of the NP, which is most similar to the experimental design in Chapter
4. All of the examples are calculated for the case that the donor emission is at
one specific wavelength and the absorption of the acceptor is at the same, and all

relevant equations governing the system are described in Appendix 4.
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5.4.1 Model One - Single FRET pair positioned along the

x-axis of the metal NP

This model shows the theoretical calculations for the interaction of a single FRET
pair positioned along the x-axis of the metal NP. First a single FRET pair was
modeled and the E field distribution around the pair is shown in Fig. 5.21(A).
Next the donor was positioned 5nm from the metal NP and the acceptor was
moved perpendicularly along the x-axis (through the rotational symmetry axes
of the NP). The modified electric field around the FRET pair due to the presence
of a metal NP is shown in Fig. 5.21(B).

The change in the radiative (kr) and non-radiative (knr) de-excitation rates
of the donor can be seen in Fig. 5.22(A), while Fig. 5.22(B) shows the change in
the quantum efficiency of the donor due to the presence of the metal NP.

The Forster Radius (Ry) is the distance at which E7p is 50%. Therefore, in the
presence of a NP the modified Férster Radius (R)') is the distance at which EXP
is 50%. Fig. 5.23 shows Ry and R)'" and it can clearly be seen that RY" < R,
showing a decrease in the transfer efficiency due to the NP.

The distance between the FRET pair and the NP was also varied in order to
ascertain the impact on the FRET efficiency, but no increase was observed at any
distance. The shortened Forster Radius is mostly caused by the decrease of the

lifetime, due to energy flow through the kr™* and knr™" channels.
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Figure 5.21: E field distribution around (A) the FRET pair and (B) the FRET pair

5nm from a 80nm Au NP (excitation A600nm).
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Figure 5.23: Forster Radius: Red line - FRET pair without the NP present (Ry).

Black line - FRET pair in the presence of the NP RéVP
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5.4.2 Model Two - Donor and Acceptor positioned along
the y-axis of the metal NP

The previous model was adapted to describe a donor and acceptor in linear con-
figuration along the y-axis of a silver NP. This configuration is similar to that
used in Chapter 4, where layers of dye are placed consecutively above or below a
silver NP. In order to simplify the model the interaction between a single donor
and acceptor directly above a NP is evaluated. This single donor and acceptor
should experience the most influence of the NP and all other D and A would
be influenced less. In this model the acceptor is considered to be closer to the
NP than the donor, as depicted in Fig. 5.24. Two different orientations of the
donor dipole were evaluated. First the dipole is orientated along the y-axis and
the change in de-excitation rates and quantum efficiency is shown in Fig. 5.25.
The change in de-excitation rates kr™* and knr™* due to the presence of the NP

translates to a decrease in E7, and in turn a decrease in Ry, as is shown in Fig.

5.26.

Donor dipole along y-axis

D ¢
2 A X

/ y-axis
o

Figure 5.24: Location of donor and acceptor in relation to the metal NP. Dipole

oriented along y-axis.
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Figure 5.26: Forster Radius: Red line - FRET pair without the NP present (Rp).
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The donor dipole was then orientated along the x-axis to give a comprehensive
account of the possible interactions between the different orientations of donor
and acceptor. Fig. 5.27 shows the configuration of this model and Fig. 5.28
reports the change in de-excitation rates of the system when compared to the
FRET pair without the metal NP present. The change in the de-excitation rates
and the quantum efficiency again translates to a decrease in Ry, which is shown
in Fig. 5.29. In all configurations for a FRET dye pair in proximity to a metal
NP, there is a decrease in the transfer efficiency and the Forster Radius. This
system can be compared to the work reported in Chapter 4.3.3 where the dye
layers were placed over immobilised NPs, and matches the reduction in E7 seen
there also. Theoretical modeling of both systems has shown a decrease in the
energy transfer between the FRET pair for all orientations of the dipoles. This
supports the findings of the experiments reported in both Chapter 4 and 5.

Donor dipole along x-axis

D <
A 4

y-axis

-

Figure 5.27: Location of donor and acceptor in relation to NP. Dipole oriented

along x-axis.
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Figure 5.29: Forster Radius: Red line - FRET pair without the NP present (Ry).
Black line - FRET pair in the presence of the NP RéVP.
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5.5 Summary

A solution-based FRET model system was designed to investigate plasmonic
FRET, which complements the planar configuration reported in Chapter 4. DNA-
FRET was shown using donor and acceptor-labeled oligonucleotides. These
oligonucleotides were subsequently attached to metal NPs and the plasmonic
enhancement of the individual donor and acceptor dye fluorescence was success-
fully demonstrated. Comparing the transfer efficiency of D-A on metal NPs to
D-A on silica NPs, showed no FRET enhancement. Although this effect has been
reported in a small number of recent publications, theoretical modeling carried
out in our group indicates that for our particular experimental configurations,
enhanced FRET is not predicted to occur due to the increase in de-excitation
rates through the NP channels and the implications this has on the quantum ef-
ficiency and lifetime of the donor. The interaction between the enhanced electric
field of the NP, the individual dye fluorescence pathways and the FRET pathway
is complex. Therefore, although the experimental configuration reported in this
chapter is quite similar to that reported by Zhang et al [1], it is likely that the

effect is highly sensitive to the details of the experimental configuration.
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Chapter 6

Conclusions and Future

Perspectives

6.1 Summary of Results

Two different investigation platforms were designed and successfully employed to
demonstrate FRET. The 2-D planar platform described in Chapter 4 was shown
to demonstrate FRET using a Ruthenium complex as donor and Cy5 dye as
acceptor. Conventional FRET equations were not adequate to describe the com-
plexity of the FRET interaction in the 2-D layer structure. Therefore, a model
was developed based on donor to multiple acceptor transfer in the layers. The
experimental results were shown to match well to this model. An investigation
of the plasmonic interaction with the FRET process was undertaken and it was
postulated that the presence of adjacent metal NPs could enhance the FRET ef-
ficiency and subsequently enable longer Forster distances and hence FRET over
longer distances. This was explored initially using the 2-D platform, which al-
lowed a range of combinations of NPs and experimental configurations to be
investigated. It was determined that, for this system, while there was substantial
plasmonic enhancement of the individual donor and acceptor fluorescence, there
was no overall enhancement of FRET. On the contrary, in the presence of NPs,
the FRET efficiency was found to decrease. In Chapter 5, a separate model was
designed to investigate plasmonic-FRET in solution. This experimental platform

investigated a FRET dye pair attached to a metal NP using a linker complex.
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The FRET dyes employed were Cyb as donor and Cyb.5 as acceptor and were
separated by controlled lengths of DNA. As above, FRET was observed but the
presence of the metal NP invariably reduced, rather than increased, the transfer
efficiency. In this approach, a pure silica NP was used as a control in order to
quantify the effect of the metal. A theoretical model of the experimental system,
carried out by a colleague using the MaX-1 package, predicted that enhancement
of FRET would not be expected from this system due to the decrease in quan-
tum efficiency and lifetime of the FRET pair. The results of the theoretical model
validated the experimental results presented in both Chapter 4 and Chapter 5.

6.2 Objectives Revisited

Referring back to section 1.7, all five objectives have been successfully achieved.
A model was designed to demonstrate planar FRET (a) and a strategy was de-
veloped to enable accurate control of the donor-acceptor separation (b). The
transfer efficiency of the planar FRET model was also measured and compared
with theory for both distance and concentration dependence (c¢). The plasmonic
effect of metal NPs on the transfer efficiency of 2-D FRET was investigated in
different configurations, by adjusting the model to include NP layers at different
positions around the FRET pair (d). The plasmonic effect of metal NPs on the
transfer efficiency of solution-FRET was also investigated (e). Both of these in-
vestigations showed plasmonic enhancement of the donor and acceptor, while the
overall effect was a decrease in the transfer efficiency. Theoretical modeling of

the system verified this decrease.

6.3 Future Perspectives

As emphasised in this thesis, FRET is becoming increasingly useful in biomedical
applications such as monitoring DNA hybridisation and cleavage, study of protein
dynamics, cell membrane studies and intracellular processes [1-4]. In particu-
lar, with the advent of more advanced optical detection instrumentation, single
molecule FRET is fast becoming a very sensitive tool in the study of biomolecules

[5—8]. Plasmonically enhanced FRET, a major focus of this thesis work, has sig-
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nificant potential for extending the range of the FRET interaction and hence
opening up a broader range of applications. The application of this effect is still
at an early stage. While the possibility of enhanced FRET in the presence of
metal films was discussed in very early theoretical publications [9-11] experi-
mental work on this topic has emerged only in the last few years. In chapter 4,
the work of two groups who observed this effect for single dye FRET systems
similar to those presented here was discussed. There have also been a number of
publications reporting evidence of FRET enhancement using quantum dot FRET
pairs [12-14]. These authors relate the enhancement to the interaction between
the more complex field distribution of the quantum dots and the multipole res-
onances of the NPs. The interaction between the enhanced electric field of the
NP, the individual dye fluorescence pathways and the FRET pathway is com-
plex. Much work still needs to be carried out to elucidate (i) the theory of the
plasmon-FRET interaction and (ii) to establish and characterise in detail the op-
timum experimental conditions for enhanced FRET in terms of NP size, shape
and composition, FRET dyes, NP-dye separation and experimental configuration.
Both experimental and theoretical investigations will be continued in our labora-
tory in order to establish the optimum design rules for an efficient and versatile
plasmon-enhanced FRET platform, which can be used to extend the application

fields for optical biosensors.
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