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Summary

The field of plasmonics is a rapidly growing area of research and holds much promise
for the improvement of diagnostics. The work in this thesis outlines the advances that
have been made to assemble the components needed to prepare a potential sensitive
DNA detection probe. This entails combining systems involving metal complexes
(ruthenium complexes) with nanoparticles (triangular silver nanoplates) using DNA

(oligonucleotides).

Chapter 2 details the conjugation of a ruthenium complex at both the 5’ and 3’ ends of
oligonucleotides (ODNs) using oxime ligation. A Ru (II) complex bearing an oxyamine
modified phenanthroline ligand was prepared and subsequently coupled with aldehyde
modified ODNs. The method improved on previous reports in the literature and is a
very efficient, high yielding strategy requiring only small amounts of material. The
method was extended, by incorporating an aromatic aldehyde, to remove the harsh
oxidation step, thereby allowing the incorporation of other sensitive functional groups.
The preparation of a bifunctionalised ODN with a Ru complex at the 5’ end and a

disulfide at the 3’ end is detailed in Chapter 4.

Chapter 3 deals with the preparation of triangular silver nanoplates. The triangular silver
nanoplates are shown to degrade in the presence of certain anions and therefore are a
challenge to directly functionalise with ODNs. The successful stabilisation of the
triangular silver nanoplates using either 16-mercaptohexadecanoic acid or titania
coating is detailed. The functionality introduced offers a route for ODN conjugation and
Chapter 5 deals with the preparation of ODNs to use with these stabilised nanoplates.
ODNs modified with a long-chain alkyl thiol and a catechol are described.

Chapter 4 details the conjugation of gold nanoparticles with thiolated ODNs. Both
spherical gold nanoparticles (Au-ODN) and triangular AuAg nanoboxes (AuAg-ODN)
were functionalised with ODN sequences. The assemblies formed from hybridisation of
each of the systems with its complement were investigated and analysed. Interesting
nanoassemblies were formed by combining the Au-ODN with complementary AuAg-
ODN. Spherical gold nanoparticles were functionalised with a bifunctionalised ODN,
with a 5°-Ru and a 3’-disulfide.
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Figure 3.12 (a) UV-Vis spectra of triangular silver nanoplates taken immediately
after addition of 10 mM KBr, KCI and KI. (b) Solutions after reacting overnight.
Figure 3.13 UV-Vis spectra of triangular Ag nanoplate sol (a) before and after
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rpm for 30 mins.
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nanoplate before and after capping with MHA.

Figure 3.15 Zeta potential of MHA capped triangular Ag nanoplates.
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Figure 3.16 IR spectrum of 16-mercaptohexadecanoic acid (MHA) and MHA
capped triangular silver nanoplate sol

Figure 3.17 Raman spectra of the MELLFs prepared of citrate stabilised and
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Figure 3.19 (a) UV-Vis spectra of triangular silver nanoplates before and after
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Vis spectra of the various MHA capped particles in the presence of 10 mM
NaCl.

Figure 3.20 UV-Vis spectrum of MHA capped triangular silver nanoplate sol
after addition of DTT (1 M). Scanned every 2 mins for 60 cycles. Final scan after
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Figure 3.21 UV-Vis spectra of a five times concentrated preparation of
triangular silver nanoplates prepared using various seed quantities, 100 pl - 500
ul.

Figure 3.22 Size distribution by intensity measured by DLS for a five times
concentrated preparation of triangular silver nanoplates.
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Figure 3.24 Size measurement by intensity measured by DLS for citrate
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Figure 3.25 Zeta potential measurements for citrate stabilised concentrated
triangular silver nanoplates before and after coating.

Figure 3.26 TEM of Ag@TiO, sample prepared with concentrated citrate
stabilised triangular Ag nanoplates.

Figure 3.27 UV-Vis spectra of Ag@TiO, sample prepared with citrate stabilised
concentrated triangular silver nanoplates after addition of 10 mM NaCl after 30
minutes.

Figure 5.28 (a) UV-Vis spectra of ‘as-prepared’ citrate stabilised triangular
silver nanoplates before and after addition of nitric acid. The sample was
monitored for 8 hours. (b) UV-Vis spectra of Ag@TiO; particles prepared with

citrate stabilised concentrated triangular silver nanoplates before and after
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addition of nitric acid.

Figure 3.29 UV-Vis spectra of Ag@TiO, sample on day | and day 25.

Figure 3.30 UV-Vis spectra of triangular Ag nanoplates in the presence of (a)
0.35 M acetic acid (b) 0.07 M titanium tetraisopropoxide (TTIP)

Figure 3.31 UV-Vis spectra for the original sol (black), MHA capped sol (red)
and titania coated sol (blue)
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Figure 3.36 UV-Vis spectrum (a) of Ag@TiO; particles prepared from
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triangular silver nanoplate sol after addition of DTT (1M). The sample was
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Figure 3.38 UV-Vis spectrum of reaction supernatant after centrifuging the
Ag@TiO, sample before and after addition of dopamine

Figure 4.1 Schematic representation (top) of the colour change induced on
addition of a complementary target to DNA functionalised gold nanoparticles.
Photograph (bottom left) of the sample before and after addition of a DNA target
strand. Melting curve (bottom right) for the free duplex compared with the
nanoparticle duplex. Adapted from references™"'®

Figure 4.2 Representation of the different conformation of ODNs on a gold
nanoparticle surface dependent on the number of ODNs conjugated. Taken from
reference™®

Figure 4.3 (a) UV-Vis spectrum of silver nanoparticle ODN conjugate
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monitored after addition of complementary target ODN. (b) Photograph of silver
nanoparticle ODN conjugate in the presence of a complementary ODN target
(pale red) and a non-complementary ODN target (yellow).Taken from
reference®

Figure 4.4 TEM image of triangular silver nanoplates before (left) and after
(right) conjugation with thiolated ODNs. Taken from reference’

Figure 4.5 Thermal denaturation curves for silver nanoprism-ODN conjugate
aggregates assembled at (a) room temperature and (b) -20 °C and then at 4 °C
and the corresponding TEM images showing particles assembled (c) edge-to-
edge/face and (d) face-to face. Taken from reference’’

Figure 4.6 Photograph of the silver nanoprism-ODN conjugates before and after
hybridisation with a complementary target strand. Taken from reference’’
Figure 4.7 TEM images of (a) 8 nm gold and 31 nm gold particle assembly and
(b) a satellite structure obtained from mixing the 8 nm and 31 nm particles in a
ratio of 120:1. A linking ODN is added in each case. Taken from reference’”
Figure 4.8 UV-Vis spectrum of citrate stabilised spherical gold nanoparticles
with a Ay at 519 nm.

Figure 4.9 (a) TEM image of citrate stabilised spherical gold nanoparticles and
(b) Histogram showing the particle size distribution for a population of 200
nanoparticles. Particle size of 13 nm + 1 nm.

Figure 4.10 Zeta potential measurement for the ‘as-prepared’ citrate stabilised
spherical gold nanoparticles.

Figure 4.11 Commercial phosphoramidite for the 5’ modification of ODNs with
an alkyl thiol 34 and the prepared ODN sequences 35A and 35B

Figure 4.12 Reverse phase HPLC analysis of ODN 35A before purification. Top
at 260 nm, Bottom at 280 nm.

Figure 4.13 Citrate stabilised ‘as-prepared’ particles (left) and ODN
functionalised particles Au-35C (right), after addition of 0.1 M NaCl, 10 mM
sodium phosphate and 0.01% SDS. The ‘as-prepared’ particles are observed to
aggregate.

Figure 4.14 UV-Vis spectra of Au and AuNP-ODN conjugates, Au-35C and
Au-35D. The inset shows the 5 nm red shift, from 519 nm to 524 nm, observed

on conjugation with the ODN.
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Figure 4.15 Photograph of Au-35C conjugate (left) and hybridised Au-35C and
Au-35D after mixing for 5 mins

Figure 4.16 UV-Vis spectrum of the resuspended aggregate (Aynax = 595 nm)
formed from hybridisation of Au-35C and Au-35D in 0.3 M NaCl, 10 mM
sodium phosphate buffer, 0.01% SDS compared with the individual conjugate
Spectra.

Figure 4.17 DLS measurements of ‘as-prepared’ gold nanoparticles Au (red),
Au-35C (green), Au-35D (black), hybridised conjugates Au-35C and Au-35D
(blue). A size increase of 4 to 6 nm was observed for Au-35C and Au-35D
relative to the Au particles. A large aggregate with a size of 5.5 um was
observed on mixing Au-35C and Au-35D.

Figure 4.18 Dynamic light scattering of Au-ODN hybridised conjugates as a
function of temperature. An unfunctionalised gold nanoparticle sample was
monitored as a control (red).

Figure 4.19 Transmission Electron Microscopy image showing a 3D assembly
formed from the hybridisation of equimolar Au-35C and Au-35D in 0.3 M PBS.
Figure 4.20 Thermal melting curve for the aggregate formed from hybridised
conjugates Au-35C and Au-35D monitored at 260 nm (where DNA absorbs) and
at 525 nm (the maximum LSPR band of the gold nanoparticles) and the free
duplex DNA (8 pM, monitored at 260 nm). The denaturation curves are
normalised for clarity.

Figure 4.21 Example standard curve obtained for ODN sequence Au-35C with
Oligreen reagent.

Figure 4.22 Simplified diagram illustrating the aim of this section, to
functionalise gold nanoparticles with a Ru labelled ODN.

Figure 4.23 Commercially available phosphoramidite 25 and CPG support 36
for ODN modification and the sequence of the prepared ODN 37

Figure 4.24 HPLC trace of crude coupling of 37B. Top at 260 nm, Bottom at
420 nm.

Figure 4.25 a) UV-Vis spectrum of 37B (5.8 pM) and b) Emission spectrum (Acx
=450 nm) of 37B (2.9 uM) in H,O at room temperature.

Figure 4.26 Diagram depicting the adsorption of ruthenium complexes on the

gold nanoparticle surface.
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Figure 4.27 UV-Vis of 1 x 10”7 M ruthenium tris(bipyridine) in the presence of
gold nanoparticles (13 nm) with final nanoparticle concentrations of 4 x 10” M
and 2 x 10 M. No flocculation was observed.

Figure 4.28 Emission spectrum of 1 x 107 M ruthenium tris(bipyridine) (Ao =
450 nm) in the presence of gold nanoparticles with final nanoparticle
concentrations of 4 x 10° M and 2 x 10” M The band at 530 nm is the raman
band of water. Slits of 20 nm.

Figure 4.29 (a) Normalised UV-Vis of gold nanoparticles before conjugation
(black line) and after conjugation (red line). A red shift of 5 nm was observed,
from 519 nm to 524 nm. (b) TEM image of the functionalised particles. Average
particle size of 13 nm.

Figure 4.30 Photoluminescence spectrum (Aex = 450 nm) of 37C Ru-ODN-Au
conjugate (black line) and after addition of DTT (coloured lines). An increase in
the luminescence was observed over 30 mins. The band at 530 nm is the raman
band of water. Slits of 20 nm and a high PMT voltage were used.

Figure 4.31 Single photo counting lifetime analysis of the Ru-ODN-Au
conjugate before (black trace) and after (blue trace) addition of DTT. The
straight lines represent the data fitted to a single exponential decay. (Note the
background is due to the long (18 hour) acquisition time)

Figure 4.32 Photoluminescence spectrum (Acx = 450 nm) of 37C gold
nanoparticle conjugate before (black line) and after (red line) addition of the
complementary ODN.

Figure 4.33 Photoluminescence spectrum (A = 450 nm) of 37C gold
nanoparticle conjugate before (black line) and after (red line) addition of the
complementary ODN. The sample was centrifuged and the supernatant (green
line) and pellet (blue line) analysed.

Figure 4.34 UV-Vis of triangular silver nanoplates (black line) and the
corresponding AuAg nanoboxes (red line) prepared from addition of ascorbic
acid (825 pl, 10 mM) and HAuCl, (10 ml, 0.5 mM).

Figure 4.35 TEM image of triangular silver nanobox

Figure 4.36 UV-Vis of the nanoboxes before and after conjugation with the
ODNs . A red shift of 18 nm, from 744 nm to 762 nm, was observed on

functionalisation
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Figure 4.37 DLS measurement of AuAg nanobox before (red) and after (green)
functionalisation with ODN 35C.

Figure 4.38 (a) Photograph of the nanoboxes before (left) and after (right)
hybridisation. (b) UV-Vis/NIR spectrum of nanobox-ODN conjugate and the
hybridised nanobox conjugates.

Figure 4.39 Thermal melting curve for the hybridised conjugates 35C-Nanobox
and 35D-Nanobox (0.3 M PBS, monitored at 760 nm) and the free duplex ODN
(8 uM, monitored at 260 nm). The citrate stabilised particles (blue line) show no
behaviour.

Figure 4.40 Graph showing the particle size of the nanobox assembly as a
function of temperature. Data shown is an average of three measurements.
Figure 4.41 (a) TEM image of the assembly formed on hybridisation of 35C-
Nanobox and 35D-Nanobox in 0.3 M PBS (b) TEM image of 35C-Nanobox, no
large aggregates were observed.

Figure 4.42 The effect of salt concentration on the melting of nanobox
aggregates. Sample in different concentrations of PBS monitored at 760 nm.
Figure 4.43 Plot of T,, for hybridised nanoboxes as a function of salt
concentration

Figure 4.44 Photograph of 35D-Nanobox with (right) and without(left) ODN 38
Figure 4.45 Melting curve obtained for 35D-nanobox and ODN 38 in 0.6 M
PBS. The absorbance was monitored at 760 nm.

Figure 4.46 UV-Vis spectra of the assembly of 35C-Nanobox and 35D-Au in
0.3 M PBS (red) and control samples, 35C-Nanobox and 35C-Au (black) and
35C-Nanobox and citrate stabilised gold (blue).

Figure 4.47 Normalised melting curve obtained for the assembly of 35C-
nanobox and 35D-Au in 0.3 M PBS, monitored at 760 nm.

Figure 4.48 TEM images of the assembly of 35C-Nanobox and 35D-Au in 0.3
M PBS.

Figure 4.49 UV-Vis spectrum of nanobox-ODN dehybridisation monitored
every 5 °C from 20 — 70 °C

Figure 4.50 Plot of temperature vs extinction @ 760 nm for nanobox-ODN
Figure 5.1 Commercial phosphoramidite for 5’-amino incorporation 6-(4-

monomethoxytritylamino)hexyl-(2-cyanoethyl)-(N,N-diisopropyl)-
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phosphoramidite 41 and ODN sequences prepared (41A, 41B and 41C)

Figure 5.2 Structure of phosphoramidites dA, dC, dG and dT. The exocyclic
amines of dA and dC are protected with a benzoyl group and the amine of dG
with an isobutyryl group.

Figure 5.3 HPLC trace of the CPG resin of 41A treated with ammonia. Top at
260 nm, Bottom at 280 nm. (Note background due to low concentration of ODN
injected)

Figure 5.4 HPLC trace of 42A after deprotection of 41A with 80% acetic acid.
Top at 260 nm, Bottom at 280 nm.

Figure 5.5 HPLC trace of 44A coupling reaction after 3.5 hours. Top at 260 nm,
Bottom at 280 nm

Figure 5.6 HPLC trace of 44A coupling reaction after 24 hours. Top at 260 nm,
Bottom at 280 nm.

Figure 5.7 ESI-MS of 44A coupling reaction. 1226.5 [M*], 1106.3 [MMT-NH-
ODN?], 817.4 [M*], 737.6 [MMT-NH-ODN*], 613.5 [M*]. M = Required
ODN, Tr-S-C,,-ODN

Figure 5.8 HPLC trace of 42B after deprotection of 41B with 3% TCA in DCM.

Top at 260 nm, Bottom at 280 nm

Figure 5.9 HPLC trace of 44B conjugate. Top at 260 nm, Bottom at 280 nm.
Figure 5.10 Catechol modified ODN

Figure 5.11 Boc protected oxyamine derivative of dopamine

Figure 5.12 'H NMR spectrum of zert-butyl-2-((3,4-
dihydroxyphenethyl)amino)-2-oxoethoxycarbamate (53) Note peaks at 8.02
(DMF), 7.28 (CHCls), 2.98 (DMF) and 2.91(DMF) are due to residual solvent.
Figure 5.13 MALDI-TOF MS of the more slowly migrating band excised from

the gel in negative ionisation mode.
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List of Schemes

Scheme 2.1 Overall schematic for the results presented in this Chapter. A
phenanthroline ligand bearing an oxyamine (1) was prepared, subsequently
incorporated into a Ru complex (2) and reacted with various aldehyde modified
ODNs (3A & 3B) to give Ru-ODN conjugates (4).

Scheme 2.2 Preparation of 2-Boc-aminoxy-N-[(1,10) phenanthroline-5-
ylcarbamoylmethyl]-acetamide (1). (i) N,Hy4, EtOH, Pd/C, 70 °C, 4 h (ii) N-Boc-
Glycine anhydride prepared in situ — [DCC, N-Boc-Glycine, MeCN, 1 h (16
equivalents)], MeCN, 42 h (iii)) DCM/TFA (50/50, v/v), 2 h (iv) (a) (Boc),0,
NaOH, H,0:1,4-dioxane (50/50, v/v), (b) NHS, DCC, MeCN (v) DMF, DIPEA
Scheme 2.3 Synthesis of Ru(bpy),Cl1,.2H,0O (12) and attempted synthesis of 14
via an acetone intermediate (13). (i) 2,2°-bipyridyl, LiCl, DMF, 9 h (ii) Acetone,
AgClO,”

Scheme 2.4 Synthesis of Ru(bpy), [2-Boc-aminoxy-N- (1,10) phenanthroline-5-
ylcarbamoylmethyl)-acetamide] .(PF6); 15. (i) MeOH, reflux.

Scheme 2.5 Synthesis of phosphoramidite (18), for the 5” introduction of an
aldehyde to an ODN and subsequent DNA synthesis to give the modified ODN
(19).°*7" (i) PPTS, benzaldehyde dimethyl acetal, DMF, 55 °C, 24 h, (ii) DIPEA,
2-cyanoethyldiisopropylchlorophosphoramidite, dry DCM (iii) Automated DNA
synthesis, 28% ammonia for 2 h, 16 h at 55 °C

Scheme 2.6 Removal of Boc group (i) HC1 (1 M), 2.5 h

Scheme 2.7 Example of oxidation of 21A (i) H,O, NalO,4 (20 equivalents)
Scheme 2.8 Coupling of ruthenium complex 2 with aldehyde modified ODN
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Scheme 2.9 Deprotection of acetal protecting group and coupling of aldehyde
modified ODN 27A & 27 B with an oxyamine modified ruthenium complex 2 to
give conjugate 28A & 28B. (i) 80% acetic acid, 1 h, (ii)) Ammonium acetate
buffer (0.4 M, pH 4.5)

Scheme 3.1 Schematic representation (I) of the proposed mechanism for chloride
etching (IT) of the redeposition of silver atoms. Taken from reference'”

Scheme 3.2 Diagram showing the growth of triangular AuAg nanoboxes from
triangular Ag nanoplates. A cross-sectional illustration of the growth process

with different amounts of gold added is shown. Taken from reference®®
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Scheme 3.3 Schematic for the typical preparation of a blue triangular silver
nanoplate sol with a Apax of 750 nm.

Scheme 3.4 General procedure for the preparation of Ag@TiO; using a sol gel
approach

Scheme 4.1 Simplified schematic of a two-strand system. The mixing of two
complementary ODN conjugates results in the formation of an aggregated
assembly.

Scheme 4.2 Simplified schematic of a three-stand system. A complementary
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ODN conjugates.

Scheme 4.3 Simplified schematic of a non-crosslinking system. Addition of the
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under high salt conditions.

Scheme 4.4 Cleavage of trityl group of 35A and 35B to give sulfhydryl 35C and
35D
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gold nanoparticle-ODN conjugates
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succinimidyl 16-tritylmercaptohexadecanoate (40). (i) Trityl chloride, DMF, N,
room temperature, 48 hours (ii)) NHS, EDC, DMAP, DCM, room temperature, 2
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Scheme 5.2 Simplified representation of the possible systems A and B that could
be created with the selected ODN conjugates 41B and 41C.
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Chapter 1: Introduction

1.1 Preface

In the present day, as science and technology advance rapidly, the approach to the
diagnosis and treatment of disease and illness is progressing. There is an ever present
need to diagnose a patient early and efficiently. The vision has been to have very
sensitive point-of-care diagnostics, whereby a simple test by a GP could verify if one is
ill and needs treatment, eliminating the need for time consuming, expensive resources
and lengthy waiting periods. The sequencing of the human genome a decade ago'~ and
an unravelling of the genetic basis of disease, mean that the disease targets and
biomarkers for a variety of illnesses have been readily identified. These biological
developments, coupled with advances in nanotechnology, have seen a surge in the
possibilities for a revolutionised approach to the detection, and indeed, treatment of
disease.” The field of plasmonics offers many possibilities for sensitive detection owing
to a variety of recently observed phenomena such as surface enhanced raman scattering

(SERS)"” and metal enhanced fluorescence (MEF)®™® (F igure 1.1).
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Figure 1.1 Schematic illustration of a variety of biodetection strategies using

biofunctionalised nanomaterials. Taken from reference’

The use of the optical properties of nanoparticles, namely the localised surface plasmon

resonance (LSPR) phenomenon, has much potential in the development of a variety of
1
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sensors.” These can be divided into categories based on the origin of the effect that is
used, aggregation'’ and refractive index'' sensors are two examples. This is a rapidly
growing area and it is exciting to think of the prospects of implementing the developed
technologies from the research lab into practical devices for use in the clinic.
Nanosphere’s Verigene” system is one successful example of a nanoparticle based
diagnostic system that has emerged. It currently has a number of FDA approvals for the
cfficient analysis of a variety of biomarkers, nucleic acids and proteins, across a range

of areas including genetics, pharmacogenetics and infectious diseases.

1.2 Motivation - A Potentially Sensitive Molecular Beacon

There have been many advances in DNA detection technology in the past decade, but
there is still a need for improvement. Sensitivity is the key issue that needs to be
addressed. Selectivity is also important. Many approaches have been applied to the
creation of DNA biosensors, including both optical and electrochemical.'*"
Fluorescence is one of the most useful and established approaches for DNA detection
and sequencing.'® Advances in selectivity were made with the discovery of the
molecular beacon in the 1990’s, whereby a specific nucleic acid sequence could be
detected.” Fluorescence technology still poses a viable approach to the creation of

biosensors for the early detection of disease, but improvements in sensitivity are needed.

Research has prompted the use of nanoparticles in conjunction with fluorophores as a
new approach to creating sensitive components for devices. Fluorophores are efficiently
quenched when near metal surfaces by energy transfer and based on this idea, it has
been demonstrated that nanoparticle-fluorophore conjugates can be more effective than
molecular beacon systems.'®'” By contrast, the phenomenon of metal enhanced
fluorescence (MEF) poses a possible way of increasing sensitivity, whereby when a
fluorescent molecule is located at a short distance from a noble-metal nanoparticle, its
fluorescence can be enhanced.'® This occurrence should hold promise as a means to
creating more sensitive systems and thus great potential in the field of detection

technology.
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In an effort to study this occurrence and to learn more about the factors that determine
the phenomenon of MEF and to potentially create a sensitive molecular beacon, a series
of systems needs to be synthesised and studied. A system involving nanoparticles and
fluorophores with a controllable, distance dependent, spacer is needed. We have
selected DNA as our spacer, ruthenium complexes as our luminescent moiety and
triangular silver nanoplates as our nanoparticle system of choice. This study necessitates
the preparation of ruthenium complex and triangular silver nanoplate oligonucleotide

(ODN) conjugates, as well as bifunctionalised ODN strands.

The potential use of these individual components and combined systems is varied. The
ODN conjugates could be used as building blocks for the ‘bottom up’ route to the
creation of optoelectronic devices. The fluorophore could be used as a geometry
defining node for assembling networks of the conjugates, allowing precisely defined

motifs of nanoparticles to be prepared.

Some background information for each component and reasons for our selection will be
outlined below, including an introduction to metal enhanced fluorescence and molecular

beacons. Finally, an overview and the main aims of this thesis will be given.

1.3 Ruthenium Polypyridyl Complexes — Our Choice of Fluorophore

Ruthenium polypyridyl complexes have been studied for many years.'*?" Vast numbers
of complexes have been prepared with a diverse range of properties and purposes.
Ruthenium complexes have an extensive organic chemistry with well documented,
established synthetic routes. Ruthenium is a second row transition metal and thus has a
larger ligand field than first row metals such as iron. This results in higher temperatures
being necessary for reaction, but the complexes that are obtained are very stable. The
stability of these complexes is due to the symmetrical t,g° electronic configuration. Both
homoleptic and heteroleptic complexes have been synthesised including the more

"It is found that starting from different

challenging tris heteroleptic complexes.’
precursors and with the scope to remove ligands in a systematic manner, retaining some

selectively over others, that a great variety of complexes can be prepared. Another key
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factor in favour of ruthenium complexes, is the diverse array of heteroaromatic ligands
that have been used and the possibilities of modifying these ligands. Common ligands
include 2,2’-bipyridine (bpy), 1,10-phenanthroline (phen), tetraazaphenanthrene (tap),
hexaazatripheneylene (hat), and dipyridophenazine (dppz) (Figure 1.2).

SN

=y N .
bpy LN
tap

/)

SN N

e
LN LN

hat dppz

z z
Eat
= o=
\ /
= =

Figure 1.2 Common heteroaromatic ligands

Ruthenium complexes have well defined electrochemical and physical properties, which
can be adjusted with ‘tunable’ ligands. They have high chemical, thermal and
photochemical stability. Metal complexes favour different geometries (tetrahedral,
square-planar, trigonal bipyrimidal and octahedral) depending on their ground state
electronic configuration and the chelating nature of the ligands (mono, bi or tri-dentate).
Ruthenium polypyridyl complexes, with three bi-dentate ligands, have 3 dimensional
geometry defining nodes and thus are ideal precursors for the creation of 3D networks
(Figure 1.3). Nanometric dimensions, along with network directing properties, make

them ideal units for creating networks.
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Figure 1.3 A representation of a multifunctional Ru polypyridyl complex

Although the attachment of fluorophores, in particular, ruthenium complexes to

22:23 . cy
including within our own

ohgonuclcotldes is well documented in the literature,
group,” there is still scope for providing better conjugation strategies, whereby less
material is necessary, purification is easy and yields are high. This will be the focus of
the results presented in Chapter 2. A more detailed discussion on the previous

conjugation strategies will be detailed in the introduction of that chapter.

1.4 DNA — The Ideal Molecular Ruler

1.4.1 DNA Structure

The primary structure of DNA consists of phosphodiester linked nucleoside units that
contain a deoxyribose sugar ring and an aromatic nucleobase. Each nucleoside is linked
to the next by the 3* and 5’ positions of the sugar moieties as phosphodiesters to form a
polymer. The nucleobases found in DNA include the purines, adenine (A) and guanine
(G) and the pyrimidines, cytosine (C) and thymine (T). The predominant DNA structure
found under physiological conditions is referred to as B-form. The structure is a right
handed helix. This conformation of DNA contains two antiparallel strands of nucleic
acid connected by Watson-Crick A:T and G:C base pairs that spiral around a central
polymer axis. The base pairing of A with T, and C with G, results from the hydrogen
bonding interactions between them. The NH, groups of the bases are good hydrogen

bond donors, and the sp® hybridised electron pairs on the oxygen of the base carbonyl
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groups and on the ring nitrogens are good hydrogen bond acceptors. This base pairing is
known as Watson and Crick pairing. There are two hydrogen bonds in an A:T pair and
three in a C:G pair (Figure 1.4). The sugar phosphate backbones are on the outside and
therefore the purine and pyrimidine bases lie on the inside of the helix. The bases are
nearly perpendicular to the helical axis and adjacent bases are separated by 3.4 A (0.34
nm). The helical structure repeats every 34 A so there are 10 bases per turn of the helix.
There is a rotation of 36 degrees per base. The diameter of the helix is ~20 A (2 nm).
The mn-m stacking interactions that occur between these aromatic planes, provide a

substantial stabilising force, that helps to maintain the duplex nature of the DNA >

AT

G:C

Figure 1.4 DNA helix showing nanometric dimensions (left) and Watson-Crick base

pairing (right) of B-DNA

1.4.2 Assembly of Nanostructures using DNA

Synthetic defined sequence DNA is the ideal molecule to use as an assembly material
for the creation of nanostructures using both nanoparticles and metal complexes.”
The key factor that makes DNA an ideal molecule for assembly, is its inbuilt self
recognition properties through Watson-Crick base pairing. DNA’s nanometric
dimensions (molecular ruler) and stability at room temperature are also important.

Seeman has used ‘sticky end’ junction-forming DNA to create networks.’'** This
6
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methodology has stemmed from the genetic recombination intermediate, the Holliday

junction (Figure 1.5), and is a promising approach to the ‘bottom up’ creation of

nanostructures.
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Figure 1.5 Holliday junction - intermediate in genetic recombination

DNA-DNA hybridisation has been used in the supramolecular assembly of

nanostructures using metal complexes (Figure 1.6).** Nanoparticle assemblies have also

been created with a variety of gold nanoparticles.’*™*

o
\F

Figure 1.6 Examples of supramolecular DNA assemblies (a) 3 ODN arm based 2D
network®® (b) DNA triangle’” (c) Tetrahedral DNA assembly®® (d) 6 ODN based
supramolecular assembly™ (¢) Cyclic DNA*

7



Chapter 1: Introduction

1.5 Metal Nanoparticles

1.5.1 Optical Properties of Metal Nanoparticles - LSPR

Metal nanoparticles have unique optical properties when compared with the bulk metal,
with absorption bands obtained in the visible. An example of the utilisation of this
optical property of nanoparticles can be found as far back as the 4™ century AD in the
colour of the glass of the Lycurgus cup. The colour has since been shown to be due to
the presence of small Au and Ag particles. Michael Faraday investigated this optical
occurrence in 1857, when he ascribed the bright ruby red colour of a gold sol to the size
of the gold particles.*’ The origin of this absorption band can be assigned to the
interaction of the nanoparticles conduction electrons with an electromagnetic field. The
phenomenon is known as the localised surface plasmon resonance (LSPR) or the dipole
plasmon resonance.*” When a spherical nanoparticle is irradiated with light, the
oscillating electric field, results in the coherent oscillation of the conduction electrons.
This induces a dipole in the nanoparticle as the electron cloud is displaced relative to the
nuclei. The columbic force of attraction between the electrons and nuclei results in the
oscillation of the electron cloud relative to the nuclear framework. The frequency of this
oscillation is determined by: the density of the electrons, the effective electron mass,
and the size and shape of the charge distribution. This process is depicied in Figure 1.7.
Higher modes of plasmon excitation can occur. For example the quadrupole mode
results from half of the electron cloud moving parallel to the applied electric field and

the other half moving antiparallel to the electric field.

Electric field

Metal sphere o i

Electron cloud

Figure 1.7 Schematic drawing showing the oscillation of the free electron cloud upon

interaction with an electromagnetic field. Image taken from reference.”’
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1.5.2 Mie Theory and Discrete Dipole Approximation
In 1908 Gustav Mie presented a solution to Maxwell’s equations describing the
extinction spectra of small spherical particles, whereby the extinction is the sum of the

absorption and scattering.** A simple expression for the extinction (E) can be given as,*

|

m i

Aln(10) |(s, +x5,)% + €

24n 2N a’s s, ]

Equation 1.1

where Nj is the areal density of nanoparticles, a is the radius of the metallic
nanospheres, A is the wavelength of the absorbing radiation, y is the nanoparticles shape
factor and g, is the dielectric constant of the surrounding medium, &; and ¢, are the real
and imaginary parts of the materials dielectric function. Mie theory remains of
importance to this day as it is the only simple exact solution to Maxwell’s equations that
is relevant to particles. However, it only holds for spherical nanoparticles. Numerical
methods have been developed such as the Discrete Dipole Approximation (DDA) to
describe the extinction of non-spherical metal nanoparticles. DDA involves dividing the
particle into a number (N) of polarisable points.**** The LSPR band is found to be
determined by the size, shape, dielectric constant of the nanoparticle and the dielectric
constant of the surrounding medium. The LSPR of larger particles (>30 nm) has been
shown to have a significant light scattering component. The strong dependence of the

LSPR on shape is illustrated in Figure 1.8.
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Figure 1.8 Calculated UV-Vis extinction (black), absorption (red) and scattering (blue)
spectra of a variety of different shaped silver nanoparticles, illustrating the effect of the

particle shape on the spectral characteristics. Adapted from reference*

1.5.3 Why Silver?

Silver nanoparticles have a higher extinction coefficient than gold nanoparticles and
thus offer a route for the creation of more sensitive systems.*’ This has been shown by
Miller, whereby a molecular beacon based device prepared with silver nanoparticles®®
showed a 10 fold increase in sensitivity when compared with the analogous gold
system.* Graham has also shown an increased detection limit with silver nanoparticles
compared with gold.” Silver has been shown to be a good substrate for metal enhanced
fluorescence. It has been shown to show sharper and more intense LSPR bands than
gold. Silver nanoparticles have been shown to scatter light and enhance near-fields an

% The disadvantage and challenge of silver

order of magnitude more strongly than gold.
is its instability, particularly the ease by which it oxidises. Many methods have been
utilised to stabilise silver particles, whilst maintaining their desirable properties, and this

will form the basis of the results that are outlined in Chapter 3.

10
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1.5.4 Why Shaped?

Improvements in nanoparticle synthesis in the past decade mean that a wide variety of
shaped noble metal nanoparticles can be prepared in high yield. The key here is that the
position of the LSPR band can be tuned throughout the visible and into the near-infrared
region. This is an important factor for the study of metal enhanced fluorescence (MEF)
whereby the overlap of the particle SPR band and the emission of the luminophore, is
thought to result in enhanced emission. Excitation of the nanoparticle resonances
creates an external electric field around the nanoparticle. Shaped particles show a
greater localised eclectric field enhancement.”’ Triangular particles accumulate the
electric charge at their tips, which is known as the lightning rod effect, and thus have
been shown to be better substrates than spherical particles for SERS and MEF. The
distribution of the electric field for a triangular silver nanoplate and silver nanorod is

shown in Figure 1.9, the largest field intensities occur at the tips of the nanoplate and at

B0 (b)

-
36 ‘7.
124 5
12 |
0

Figure 1.9 E-field enhancement contours external to shaped silver nanoparticles (a) a

the ends of the nanorod.

triangular nanoplate (b) a nanorod. The arrows indicate the region of maximum field

intensity. Adapted from reference’’
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1.5.5 Triangular Silver Nanoplates — Our Choice of Nanoparticle

1.5.5.1 Nanoparticle Preparation — Focus on Triangular Silver Nanoplates

The increased interest in metal nanoparticles, in recent times, can be attributed to the
advances in nanoparticle preparation, with noble metal nanoparticles of varying size and
shape readily achievable.”>> The focus of this thesis is on the preparation of triangular
silver nanoplates. A variety of methods for the preparation of gold and silver triangular

3758 and the ‘bottom-

nanoplates exist, including the ‘top-down’ method of lithography
up’ solvent based approaches, either by photochemical®® or thermal methods.®” Each
approach has its advantages and disadvantages. Lithography is expensive and low
yielding, but great control over particle structure can be achieved. Photochemical
methods generally result in high quality, monodisperse samples, but the method is
generally slow. Thermal methods have the advantage of being fast, but earlier
preparations resulted in particles with mixed morphologies. Recently there have been
considerable advances in the preparation of monodisperse samples by thermal aqueous
methods. The intricate details of metal nanoplate preparation and the varying growth
theories are beyond the scope of this thesis. The reader is directed to a number of review
articles and book chapters for a detailed discussion on the preparation and growth of

metal nanoplates.'*' %

Triangular silver nanoplates (nanoprisms) have a large flat basal plane and a large
aspect ratio (Figure 1.10). The large flat face has been shown to be a {111} crystal facet
with the edges consisting of higher energy {100} or {110} facets.

Thickness

Edge length

Figure 1.10 Picture of triangular nanoplate with the particle dimensions marked.

12
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DDA has proven particularly useful in determining the optical properties of triangular

silver nanoplates,” and it has been shown that the sharp tips contribute greatly to their

optical properties (Figure 1.11).
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Figure 1.11 Extinction spectrum of nanoprism (100 nm edge length and 16 nm thick)

with snips of 0, 10 and 20 nm obtained using DDA calculations. Taken from reference™

The position of the LSPR is dependent on the edge length, thickness and tip
morphology of the triangular nanoplate. The main LSPR band (Ay.x) can be tuned
throughout the visible and into the near-infrared. Triangular nanoplates generally have

four observed LSPR bands (Table 1.1).%

Table 1.1 Assignment of LSPR peaks in triangular nanoplate extinction spectrum’”’

Peak Position (nm) Description Peak Assignment
600-1000 Sharp, Strong In-plane dipole

~470 Broad, Weak In-plane quadrupole
~410 Very broad & Very weak | Out-of- plane dipole
~340 Sharp, Weak Out-of-plane quadrupole

1.5.5.2 Selected Triangular Silver Nanoplates — Aherne et al. Nanoplates
A highly selective procedure that produces (>95%) silver nanoprisms was developed by
Dr. Damian Aherne building on previous work within the group.®® This method

improves on previous preparations within the group as the amount of spherical particles

13
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6768 The challenge with nanoparticle synthesis is to

produced is kept to a minimum.
produce particles of one shape and one size and in effect this has been accomplished.
The preparation is a rapid, highly reproducible seed based method, yielding high quality
triangular silver nanoplates in high yield. The success here is that by simply altering the
amount of seed used in the growth step, nanoplates of varying size and hence varying
colour can be achieved easily (Figure 1.12). The position of the main LSPR band for the

particles can be carefully controlled and varied.
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Figure 1.12 (a) Photograph and UV-Vis spectra of silver seeds and corresponding
triangular silver nanoplates prepared with different volumes of seed particles 1) 650 pl,
2) 500 pl, 3) 400 pl, 4) 260 pl, 5) 200 pl, 6) 120 pl, 7) 90 ul, 8) 60 ul, 9) 40 ul, 10) 20
pl. (b) TEM image of flat lying triangular silver nanoplates. (¢) TEM image of stacked
triangular silver nanoplates. (d) UV-Vis spectrum of triangular nanoplates shown in B.

The Amax is at 825 nm. Images taken from reference®
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1.6 Metal Nanoparticle ODN Conjugates

1996 saw the pioneering work of the Mirkin and Alivisatos groups report the successful
attachment of ODNs to gold nanoparticles.*””” The area has seen a considerable number
of developments over the last few years and these systems have been used for a vast
array of purposes. Much of the work to this day has utilised gold nanoparticles, as silver
nanoparticles have proven more difficult to functionalise. The background to this area
and a discussion on the challenge of functionalising silver nanoparticles will form the

introduction of Chapter 4.

1.7 Fluorescence

Fluorescence describes the emission of energy by a molecule as it relaxes back to its
ground state after being electronically excited.”' The process involves the excitation of a
species from its ground electronic state (Sy) to a vibrational state in an excited electronic
state by absorption of a photon. The species loses its excess energy by radiationless
decay and returns to the lowest vibrational level of the first excited electronic state (S;).
The species then returns to the ground electronic state (Sp) emitting a photon in the
process. Alternatively, the molecule may undergo intersystem crossing (ISC), a
radiationless process, to a lower lying triplet state. From this state, it may emit a photon
of energy (P, phosphorescence) or lose its energy by a radiationless process. These

processes are depicted in the Jablonski diagram (Figure 1.13).

The fluorescence quantum yield (@) is the ratio of the emitted photons to absorbed
photons. ky is the emissive rate constant of the fluorophore and ki, is sum of the non-

radiative decay rate constants (ky, + Kisc).

Ky

¢=—7"—
k + Ky

Equation 1.2
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Figure 1.13 Jablonski diagram illustrating the molecular processes involved in
absorption and emission of light by a fluorophore. ki is the emissive rate constant of the
fluorophore, ki is the rate constant for the intersystem crossing and k,, is the non-

radiative decay rate constant.

The fluorescence lifetime (1) is the time the molecule stays in its excited state before
returning to the ground state, emitting a photon. Its value is determined by the rate

constants of all processes involving S;.

1

t=—
Ky + Koy

Equation 1.3

It should be noted that ruthenium complexes (our luminophore of choice) are triplet
emitters and the emission is termed phosphorescence. Fluorescence has been used
extensively for DNA sequencing and detection of DNA hybridisation with the process

of fluorescence resonance energy transfer (FRET) being widely used.

1.8 Fluorescence Resonance Energy Transfer (FRET)
Fluorescence resonance energy transfer (FRET) or simply RET is a process involving

the transfer of energy from an excited state donor to a ground state acceptor, without the
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emission of a photon. A spectral overlap between the acceptor absorbance and the donor
emission is required (Figure 1.4) and the energy transfer depends on the distance
between the donor and acceptor. The efficiency (E) of the resonance energy transfer is
dependent on the Forster distance (Ry) given by:

Rg

E = ———
R§ 4 r¢

Equation 1.4
where r is the distance between the donor and the acceptor and Ry is the Forster distance,
the distance at which RET is 50% efficient. For FRET to occur the donor and acceptor
must be in fairly close proximity to each other, usually < 10 nm. FRET forms the basis
for a variety of DNA sequence probes, including molecular beacons, which will be
discussed below. In a closed state form, where the donor and acceptor are close together,
the fluorescence of the donor is quenched, but in the open form, when the donor and

acceptor are significantly separated, the fluorescence of the donor is observed.

Donor Acceptor
Fluorescence Absorbance

Ay

Wavelength ()

Figure 1.14 Spectral overlap required for fluorescence resonance energy transfer.

1.9 Quenching of Fluorescence by Metals

Metal nanoparticles have been shown to be very efficient quenchers of fluorescence. It
is thought that quenching probably occurs by RET to the metal surface, but other
mechanisms may also be present.”” The non-radiative energy transfer decreases the
quantum yield and correspondingly the lifetime. The energy transfer from a donor
fluorescent molecule, to a metallic surface is known as surface energy transfer (SET)
and has been shown to enhance the quenching efficiency by a factor of 10%-10°,

compared with organic quenchers.
17



Chapter 1: Introduction

1.10 Metal Enhanced Fluorescence

It has been observed that when a fluorophore is located some distance (5-20 nm) from
the surface of a metal that its fluorescence can be enhanced. This phenomenon is known
as metal enhanced fluorescence (MEF).''737 1t is thought to have two causes, an
increase in both the excitation and the emission rates. The increase in the excitation rate
is attributed to the increased electric fields around the nanoparticle. The increase in the
emission is as a result of altering the radiative and non-radiative decay rates of the
fluorophore. It is thought to involve the non-radiative coupling of the excited state of
the fluorophore with the induced surface plasmons of the metal nanoparticle, which is
subsequently radiated by the nanoparticle. An increased quantum yield and a shorter
lifetime are obtained. MEF depends on a number of factors including the nanoparticle
shape, size and metal type. The orientation of the fluorophore, the distance of the
fluorophore from the metal, the fluorophore quantum efficiency, the overlap of the
LSPR of the nanoparticle with the emission spectrum of the fluorophore, all affect
whether MEF is observed. The theory of MEF is complex and there has been some
controversy surrounding the mechanism of MEF. Initial theory attributed the
phenomenon to the ability of the nanoparticle to offer additional non-radiative pathways
for the decay of the excited state fluorophore, thereby increasing the quantum yield of
fluorescence.”” The more recent radiative plasmon model equates the scattering

component of the extinction as the responsible factor for the origin of MEF.”%”’

In classical fluorescence the quantum yield (®) and the lifetime (1) (Equations 1.2 and
1.3) depend on the non-radiative decay rate constant k,,;. The values either both increase
or both decrease. Fluorophores near metal particles or surfaces have been shown to have
an increased quantum yield, with a corresponding decreased lifetime. The equations for
the quantum yield and lifetime in the presence of metals are given below, where kg is the
emissive rate constant of the fluorophore, k,, is the non-radiative decay rate constant to

So and k’,,; 1s the additional rate constant due to the metal.

A k, +k/,,
k, + k., + ki,

.
Equation 1.5
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1

S e T
kptk,, + KL,

Equation 1.6

The study of MEF is still in its infancy. A better understanding of the fundamentals that
govern this phenomenon are needed for its true potential and uses to be realised. Recent
literature reports endorse the idea that MEF will result in the creation of sensitive

detection systems.”®

1.11 Molecular Beacons

The molecular beacon system, a single-stranded DNA fluorescent probe, was first
described in 1996 by Tyagi and Kramer."> A molecular beacon typically consists of a
stem-loop structure. The loop is generally composed of a 15-30 base probe sequence
that is complementary to a specific target nucleic acid sequence. The stem is composed
of two short, self complementary sequences that maintain the system in a hairpin
conformation in the absence of a target sequence. A fluorophore and quencher are
covalently linked to the probe strand at opposite ends, a