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ABSTRACT

Thiolated ligands are known to form self-assembled monolayers on

gold nanoparticles, and the self-organisation of these ligands provides

a route towards nanoparticles with programmable and complex

molecular structures. This body of work investigates the structures

and chemical properties of ligand monolayers based on peptides and

alkanethiol derivatives. We evaluate a series of published articles

reporting the peculiar self-organisation of ligands into striated domains

on the surface of nanoparticles, which was shown by scanning

tunnelling microscopy (STM). Image analysis of the STM micrographs

shows the stripe-like domains to be scanning artefacts, and our

attempts to reproduce data on nanoparticle stability and cell entry

give results conflicting with those published. Self-assembled

monolayers made from peptides allow the use of peptide motifs to

drive self-organisation. We investigate the effects of using an

amyloidogenic sequence, CFGAILSS, in a monolayer. FTIR,2DIR and

solid state NMR reveal the presence of inter-peptide hydrogen

bonding consistent with a parallel ~-sheet structure, which is not seen

in a monolayer made from the CALNN peptide. Fluorescently labelled

peptide-capped gold nanoparticles were irradiated by a femtosecond

laser pulse. The timings of the reaction dynamics of this ligand release

were measured by splitting the laser beam and introducing a variable

delay. These measurements show that this process is a hot electron

mediated process. We suggest that such laser induced release

measurements can provide some insights into the intermolecular

interactions within the monolayer
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CHAPTER 1

An introduction to nanoscale self-assembly and self-

organisation

1.1. Nanotechnology

A nanoparticle is recognised as an object with at least one dimension

on the order of less than -100 nm. This term encompasses many

shapes such as rods" cubes 2 and spheres 3 to name but a few.

Here we focus on spherical nanoparticles to use as building blocks

towards biologically inspired nanomaterials.

1.2. Gold nanoparticles

Noble metal nanoparticles, in particular gold, are excellent candidates

for emerging nano-based technologies because of their strongly size-

dependent electronic 4, optical 5.6, and catalytic 7 properties.

Gold nanoparticles have been known since approximately 400 AD

where they were used to stain glass. It wasn't until Michael Faraday's

work in 1857 however that their difference in colour to bulk gold was

attributed to their small size. The colour of a suspension of gold

nanoparticles strongly depends on their size. 8 Nanoparticles range

from yellow for the smallest nanoparticles through brown, orange,

red, purple and finally blue for the largest. This vivid colour caused by

the localised surface plasmon resonance (LSPR).This is observed as

10



a strong absorbance between 500 nm and 575 nm 1. Surface

plasmons are the collective oscillation of surface conduction electrons

and resonant energy transfer occurs between these and photons.

Since the LSPR is a surface property, it is sensitive to changes in the

size and shape of the particle. Adsorbed ligands alter the refractive

index around the particle and thus can red shift the position of the

SPR by approximately 4 nm. 8 The refractive index of the medium also

affects the surface plasmon band absorbance 8.

1.3. Colloidal stability

In the 1940s Deryagin, Landau, Vewey and Overbeek developed a

theory to describe the stability of colloids (DVLO theory). This theory

describes the colloidal stability as determined by the balance of

potential energy of the attractive Van der Waals interaction and the

potential energy of the repulsive electrostatic interaction.

Due to Brownian motion, convection or gravity, particles in a colloidal

suspension collide with one another. These collisions can result either

in repulsion or aggregation. As particles are brought closer together

they are attracted to each other by van der Waals forces. If a collision

is to result in aggregation the van der Waals interaction must be

greater than the repulsion. If a suspension of particles is to maintain

colloidal stability the force of repulsion must balance the force of

attraction. A fundamental mechanism by which colloids are prevented

from aggregating is by electrostatic stabilisation. The repulsive

Coulomb forces counterbalance the van der Waals forces between

charged particles. A charged particle's surface attracts a layer of
11



counter ions, with opposite charge to the surface charge, and are

held in place by electrostatic force forming the Stern layer. The Stern

layer is then covered by a layer of solvent forming a diffuse layer

containing a higher concentration of the positive counter ions. These

layers form the electric double layer surrounding the particle providing

the electrostatic charge that contributes to electrostatic stabilisation.

The ionic content of the solution can cause screening of this

electrostatic repulsion leading to aggregation.

1.4. Capping with ligands to increase colloidal stability

It is possible to exchange the stabilising counter ions on the particle

surface that provide only electrostatic repulsion, for larger organic

ligands that also provide a steric barrier to aggregation. Many types of

compounds have been used to date, including nucleic acids, 9-11

peptides, 1214 polymers, 15 alkanethiols, ;0 and polyethylene glycols. 17

There have also been reports of inorganic compounds such as

phosphines 18 and tungsten oxides 19 used as ligands. Gold readily

bonds with a thiol group to form a strong covalent bond that is used

frequently to anchor ligands to nanoparticles. These ligands are not

only useful as means to stabilise nanoparticles, but also as a way to

introduce functionality. Ligands incorporating molecular recognition

motifs 14, and fluorophores 20.21 have received wide interest, due to

their applications in assays and as molecular delivery vehicles 22

12



1.5. Self organisation of ligands

1.5.1. Bio-inspired nanotechnology

Molecular self-assembly is a central theme of biochemistry and

molecular biology. Self-assembly drives the folding of biological

polymers (proteins and nucleic acids) and the formation of

membranes. Perhaps more pertinent is the realisation that biological

molecules do not function alone, but in macromolecular assemblies,

which form reversibly and dynamically, readily changing components

to gain new functionalities. Some of these assemblies are nanoscale

machines, producing motion (molecular motors, kinesin, dyenin,

myosin), in some instances processive (RNA and DNA synthesizing

complexes 23) or cleaving polymers in a Fordist assembly line fashion

24. Artificial complex structures have been built in particular using the

programmable properties of DNA and RNA 25, proteins 26 or peptides

27. Bottom up self-assembly of several different nanometre sized non-

biological building blocks into one functional device remains, however,

a major challenge. Such nanoengineering requires the ability to

model, design, produce, and characterize complex nanoparticles that

have well-defined orthogonal interactions.

1.5.2. Controlling nanoparticle assembly

Assembly, as aggregation or coagulation of colloids has been studied

in depth over the past decades, because of its fundamental

importance to many industrial processes, from paint formulation to

waste water treatment. Depending on whether the process is limited

by diffusion of the colloid, or by the sticking probability (reaction
13



limited), different structures are obtained, characterized by different

fractal dimensions of the aggregates 28. Gold particles were used as

an exemplary colloid in some of the early studies, and nearly half a

century ago, Turkevich and Enustun reported how varying the solution

parameters between particles allowed the control of the formation of

aggregates of 20 nm citrate gold nanoparticles 29. They observed and

discussed the formation of remarkably linear aggregates in the case of

slow coagulation at low ionic strength, when the repulsion between

nanoparticles is reduced by partly neutralizing the surface charge. An

example of such linear aggregates, from the original 1963 article, is

reproduced in figure 1.1a. Further linear aggregates were observed by

other authors, and in particular by Lin ef al. who varied systematically

the degree of substitution of citrate with 2-mercaptoethanol 30 (Fig. 1a,

and additional discussion of this study in section 5). Progress in the

functionalization of nanoparticles has allowed advances well beyond

fine tuning of the balance between electrostatic and Van der Waals

interactions. Specific biological interactions such as those of nucleic

acids 11 and peptides 31, as well as non-biological interactions using,

for example, polymers 32, have been employed to mediate the

interaction between nanoparticles (Fig. 1b). These interactions were

used to control not only the dynamics of nanoparticle aggregation, but

also the spatial arrangement of different building blocks and to form

responsive assemblies that could be disassembled upon a particular

stimulus 9. The same interactions can be used to direct the

nanoparticles to assemble along predesigned templates 33. Templates

made from polymers (synthetic or biological) allow some control of the

spatial arrangement of nanoparticles 34 (Fig. 1E and F), but little in

14



terms of total assembly size. In an early example by Rotello and co

workers, a polymer was used that made nanoparticles assemble into

large spherical aggregates of a controlled size range 32. The 2 nm

diameter nanoparticles, when assembled along the polymer, formed

regularly sized spherical aggregates around 97 nm in diameter (Fig.

1G). In a later study by Mastroianni et al. a smaller template made

from DNA allows both positional control and limited size control 35 (Fig.

1H). In these two examples the template controls the complexity of

the assembly. Sardar et al. shown that by controlling the nanoparticle

surface ligand position the formation of one-dimensional chains was

possible 36 (Fig. 11). Further discussion of this work is in section 4.

These examples, whilst showing some control over nanoparticle

assembly, enable little control over the resultant geometric complexity.

To date no published assembly techniques enable control over both

the number of particles beyond dimers, trimers or tetramers with

complete control over the resultant geometry 31.37. As the technology

has evolved ttle assembly methods and interface by which each

constituent particle interacts has become more specific. Starting with

some non-specific interactions published by Turkevich 29 studies have

gone on to control the valency 36.39, exhibit some relative positional

control using both ligands 40 and using large oligomeric templates to

influence the size and relative position 34 . Templates densely

decorated with particles have been shown to be a route to forming

nanowires 41. Working examples of computer based simulation

studies 42, however, have yet to be realized due to, in part, a lack of

techniques that efficiently and reproducibly result in particles exhibiting

several simultaneous levels of relative ligand positional control.

15



Molecular simulations of nanoparticles with highly organised ligand

shells show that complex networks of particles may be produced by

precisely controlling the positioning of these functional ligands 42 43.

Current methods, however, do not impart such a degree of control.

Moreover, we lack a critical understanding of how ligands on the

surface of nanomaterials organise themselves around nanoparticies

and the factors that govern this process.

Molecular level understanding of the structure of the biofunctionalised

building block is integral to the realization of complex assemblies. In

the studies mentioned above UVNisible spectroscopy and TEM were

the key nanoparticle characterisation techniques. It should be noted

nm) with a small number of atoms, due to more stable preferred

numbers of gold atoms in a nanoparticie (magic numbers) 45 arising

from closed geometric atomic shells. This has enabled the recent

report of the first gold nanoparticle crystal structure, with a resolution

of 1.1 A 46. The topography of nanoparticles compared to flat surfaces

makes characterisation difficult for scanning probe techniques such

16



Van der Waals
and electrostatic
interactions

A)

Specific interaction
between chemical
moeities

Specific chemical
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driven interaction
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E)

G) H)Specific chemical
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driven Interaction
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Specific template/
surface driven
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controlled by template)

I)

J) K)Nanoparticle surface
complexity drives
and controls
assembly and
organisation

Figure 1.1 Nanoparticle interaction and assembly; Linear assembly driven

by Van der Waals forces and electrostatic interactions A) (Reprinted with
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permission from ref. 29, C 1962 American Chemical Society) and B)

(Reprinted with permission from ref. 30 C 2005 John Wiley and Sons).

Using chemical moieties to interface particles C) (Reprinted with permission

from ref. 31 @ 2005 American Chemical Society) with some limited control

on stoichiometry D) (Reprinted with permission from ref. 9 C 1996 Nature

Publishing Group). Using a molecular self-assembled template (respectively

peptide and DNA) to control the spacial arrangement of nanoparticles E)

(Reprinted with permission from ref. 34 C 2008 American Chemical Society)

and F) (Reprinted with permission from ref. 10 C 2006 John Wiley and

Sons). Achieving overall assembly size control using a template G)

(Reprinted with permission from ref. 35 C 2009 American Chemical Society)

or polymer H) (Reprinted with permission from ref. 32 C 2000 Nature

Publishing Group). Controlling the nanoparticle surface ligand distribution

allows it to assemble along a template I) (Reprinted with permission from ref.

36 C 2008 American Chemical Society). Attaining complete relative

positional control of surface ligands would then not require templates to

produce complex shaped assemblies J) performing specific tasks K) (e.g.

nanoparticles coming together to form a complex analogous to an enzyme).

that TEM is intrinsically sensitive to sample preparation as well as

experimenter's bias during acquisition. Therefore careful control

experiments should always be included, and entire datasets should

be provided as supporting information instead of Single representative

pictures. Since nanoparticles exhibit surface plasmon resonance and

are electron dense, both of these techniques are very sensitive and

can indicate changes in the nanoparticle environment, surface ligands

and aggregation state allowing substantial information to be

obtained5.8.
44

. Due to the limitations of current synthesis methods, size

polydispersity means that some structural biology techniques, such

as crystallography are usually not applicable. For smaller sizes, it is

possible to synthesise sufficiently monodisperse nanoparticles «2 as

18



atomic force microscopy (AFM) and scanning tunnelling microscopy

(STM) at sub-nanometre resolution, due to the relatively large

variations in sample surface height. Techniques that are used for

structural biology such as Fourier transform infrared spectroscopy

and solid state NMR show promise and can provide information on

interactions between ligands, as well the presence of any long range

order 32.47,48, If we are to build more complex nanomaterials, methods

for precisely indicating and controlling the relative spatial arrangement

of ligands on a nanoparticle surface will be critical.

1.5.3 Are SAMs on gold nanoparticles dynamic?

The formation and properties of self-assembled monolayers of

thiolated ligands on gold nanoparticles is well understood thanks to

over two decades of research 49. The ligand adsorption

configurations 50 on flat Au(111) surfaces have been studied in

addition to monolayer defects 51 as well as how mixtures of thiolates

form phase separated domains on the surface 52, where some ligands

preferentially adsorb to the surface over others. The formation of a

self-assembled monolayer is spontaneous and brought about by

several interacting processes. Ligands in solution chemisorb to a

surface, replacing existing adsorbed species due to a stronger

surface interaction and/or a higher concentration 53, Ligands in mixed

SAMs form islands and patches rather than a random mixture as

shown by AFM. In 2000 a study by Rotello and co-workers provided

evidence to support the mobility of thiolated ligands on a gold

nanoparticle surface 40.
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Figure. 1.2 Schematic representation of the degree of controlled

complexity of a gold nanoparticle building block; a) bare, uncapped gold

nanoparticle b) gold nanoparticle protected by ligand shell c) multifunctional

gold nanoparticle d) multifunctional gold nanoparticle monolayer with

precisely controlled placement of thiolate ligands to form surface structures.

Reprinted with permission from ref. 54 © 2010 Journal of Materials

Chemistry.

Nanoparticles coated with three different ligands, two of which bind to

flavin, were examined under NMR in the presence of flavin. The flavin

protons were monitored over 73 hours and a smooth downfield shift

of -200 ppb was observed over the time course, indicative of an

increase of colloid-flavin recognition. More recently, however, thiolated

ligands bound to a gold nanoparticie surface have been shown to

exhibit virtually no lateral diffusion at room temperature and only very

slow motility at raised temperatures (90°C) using electron

paramagnetic partial randomization of ligands within the monolayer,

whilst in the second system, where the ligand contained a carboxylic

acid group, the ligands moved toward each other, presumably driven

in part by hydrogen bonding of the carboxylic acid groups. It is worth

noting, however, that discrete ligand domains produced by printing or

nanolithographic techniques remain unchanged for months, indicating

that very little, or no ligand motility is occurring on flat, densely packed

SAMs. Presumably, the lateral diffusion of thiolate ligands on a
20



surface will depend heavily on the ligand itself and the density of the

monolayer.

More recently Pasquato et al. used ESR to probe the segregation of

perfluoroalkyl and alkyl amphiphilic thiolates in a mixed monolayer on

a gold nanoparticle using a nitroxide radical probe 55. The particles are

initially capped with the perfluoroalkyl ligand and alkyl ligands are

introduced via ligand exchange. The probe was found to mainly be

present in islands of perfluorinated ligands, until the ratio of

alkyl/perfiuoroalkyl became >2.5. The overall behaviour was

consistent with a phase separated system, rather than a

homogeneous binary mixture. Whilst, it has been previously observed

that phase separation occurs in Langmuir monolayers 56, micelles 57,

and liposomes 58, this was the first spectroscopic evidence of the

formation of domains in a 3-D SAM on nanoparticles.

Using a different approach, Duchesne et al. formed gold

nanoparticies with a very small number (at the limit, just one) of a

functional ligand within a SAM of matrix ligands that could be cross-

linked 12. When these peptide ligands were <4 nm away from another

ligand, they would preferentially cross-link to their neighbour; when

the separation distance was greater, the ligand would crosslink to

itself. Using this proximity probe, the authors were able to show that

these peptide ligands inserted themselves into the monolayer at very

close proximity, even when only two or three ligands were present.

The results also indicated that the formation of the patches is a

cooperative process occurring during the assembly of the ligand shell,

presumably to minimise the contact surfaces between two types of

21



ligands. More recent work supports the idea that a ligand monolayer

forms through a mechanism whereby the initial bound ligand

cooperatively promotes further ligand binding to form islands on the

surface. In a particularly elegant study, Weinstock et al. label a

monolayer of polyoxometalates (POM) on gold nanoparticles with

tungsten ions and visualised these under cryo-TEM 19. The authors

visualise and resolve both the formation of the monolayer and

individual ligands, as the nuclei of the 11 Tungsten atoms per POM

scatter electrons much more effectively than their organic equivalents.

The study shows that the ligands form the monolayer in patches

rather than at random, perhaps to minimise the ligands contact with

the solution. A different model of ligand organisation was presented in

a series of studies starting in 2004, which reported the existence of

"stripy" domains of alternating hydrophobic and hydrophilic ligands on

the surface of small nanoparticles 59. However the interpretation of

these results and the existence of stripy nanoparticles is controversial

(Chapter 2).

1.5.4. Control of stoichiometry and position of ligands

In order to regulate the reactivity of nanoparticles, it is important to

gain accurate control of the surface chemical functionality. A way by

which this can be achieved is through controlling the stOichiometryof

functional ligands (Figure1.2).

The first example of the synthesis of monovalent nanoparticles used

an eleven atom gold cluster, 0.8 nm diameter, conjugated to an

antibody 60. A mixture of non-functional and functional ligands was

added. The 0.8 nm diameter gold core is able to have 7 ligands and
22



here the ligands were mixed in a 1:6 ratio of functional to non-

functional ligand. This would obviously give a population of particles

with no functional ligand, but these are removable by ion-exchange

chromatography. Levy and co-workers used a method based on

immobilized metal ion affinity chromatography 39. The nanoparticle

surface was passivated with a monolayer of CALNN peptide and a

small number of functional ligands containing a classic molecular

biology tag, a sequence of six histidine residues, which binds

immobilized divalent cations and a biotin. This functional peptide was

present at a low enough concentration during the monolayer

formation that particles that did have this ligand only had one,

resulting in a nanoparticle population where many particles had no

functional ligands. Particles that did contain a functional ligand in their

monolayer could be separated using affinity chromatography. An

analogous approach has used an alkanethiol terminated by ethylene

glycol and a tris-nitriloacetic acid. 61.62 The latter chelates divalent

metal cations and can bind hexahistidine tags found in recombinant

proteins. Again, by incorporating a low mole percentage of the tris-

nitriloaceitic acid containing ligand with respect to the matrix ligands,

monovalently functionalised nanoparticles were produced. These

were purified by affinity chromatography and coupled

stoichiometrically to different recombinant proteins and a protein-

based nanofibre 63 64. This method can be applied to any nanomaterial

that can be capped with a ligand that allows affinity chromatography.

This list is by no means exhaustive and there have been many other

methods to control the ligand stoichiometery on gold nanoparticles
38.65
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1.5.5. Templates for positional control

The structure of spherical nanoparticles capped with mixture of small

molecules can be, in first instance, described by two information

parameters; the stoichiometry of any species of ligands with respect

to the nanoparticle, i.e. the chemical composition of the monolayer,

and the position of the different ligands relative to one another on the

nanoparticle. One way that the positional information can be imparted

upon a nanoparticle is by using a template. Chemically directing the

placement of ligand molecules on a surface allows the design and

control of the surface properties, with a resolution limited by the

template. Flat surfaces can be patterned using many techniques.

Nanolithography is most commonly used in the fabrication of

semiconductor processors with nanoscale features, masking certain

areas and removing others. Using a similar technique, thiols can be

stamped onto a surface using a polymer relief pattern in a process

called microcontact printing 66 66. This allows the facile creation of

micron scale features. Even smaller features are possible using dip

pen nanolithography, where an atomic force microscope precisely

deposits individual thiolates onto a gold surface 69.70. However, these

techniques have been designed to be used on flat surfaces. Since

nanoparticles are a 3-D surface, where all facets of the particle would

require ligand attachment, these methods would be extremely difficult

to implement. A more effective way of producing a patterning mask

for a nanoparticle would be to use a large molecule to bind to the

surface. Many molecules to date have been used as templates

ranging from DNA and peptides to polymers.
24



An example of the latter approach is the work of Schumaker-Parry

and co-workers, who reported asymmetrically functionalised gold

nanoparticles that can be organised into one-dimensional chains

along a polymer chain 36. By immobilising the nanoparticles on a

surface and effectively masking one side, the exposed particle face is

selectively covered with one species of carboxylic acid terminated

ligands. The particles are removed from the surface and the now bare

face is functionalised with amine-terminated thiols. These "Janus"

particles can now be coupled to an activated carboxylic acid polymer.

The particles form a 1-0 structure along the polymer that was

observed by TEM and plasmon coupling. The formation of this 1-0

array is evidence that the asymmetric functionalisation has

succeeded.

It is possible, however, to functionalise nanoparticles anisotropically in

solution, albeit with less control. A paper by Lin et al. shows how,

when citrate from synthesis is ligand-exchanged with 2-

mercaptoethanol, at the correct ratio, the resulting particles form

branched one-dimensional chains with no template used 30. This

highly anisotropic behaviour is explained by the presence of an

electric dipole moment when sufficient citrate is exchanged on the

nanoparticle. When the mercaptoethanol content is sufficiently high

the authors suggest that this forms a permanent dipole on the

nanoparticle surface. It is unclear whether the mercaptoethanolligand

has a preference for a particular crystal face on the gold nanoparticle.

Again this study provides evidence for progressive anisotropic

formation of monolayers through patches. Ligands adsorbing to a

25



nanoparticle surface anisotropically is the underlying principle of the

growth of nanorods by cetyl trimethylammonium bromide (CTAB),

where the CTAB has a preference for a particular crystal face of the

particle 71. Mirkin and co-workers anisotropically functionalised gold

particles using magnetic nanoparticles as template masks 72. The

larger magnetic particle was used to functionalise a small localised

region on the surface of smaller gold nanoparticles, both sets of

particles being DNA-capped. Gold particles attached to the magnetic

particles could then be removed from the bulk colloid, selecting the

asymmetrically functionalised particles. Whilst this method does not

control the stoichiometry, the resultant particles are functionalised

with only a small number of ligands localised in one area of the

monolayer. Another way in which a particle can be anisotropically

coated is by using an interface, otherwise known as the Langmuir

method. The asymmetric environment of an air/water interface can be

used as a template where hydrophilic ligands can be exchanged into

a hydrophobic monolayer at the interface, or vice versa. A study by

Chen and co-workers uses this Langmuir method under relatively

high surface pressures to introduce hydrophilic ligands onto a

hydrophobic alkanethiol-capped nanoparticle, when the ligands are

injected into the water subphase 73. This gave the resultant particles

amphiphilic properties. The formation of amphiphilic nanoparticles

was also seen by Norgaard and co-workers 74, where hydrophilic

ligands were observed to organise and segregate themselves in order

to minimise contact with the hydrophobic solvent. Here, it could be

suggested that, hydrophobicity/hydrophilicity was the driver for the
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self-organisation of the monolayer rather than the interactions of the

ligands with each other.

Rosi and co-workers have focused on using peptide assemblies to

produce a 10 scaffold and controlling the particle size and density 75.

The peptide forms a large 1-0 structure along which particles are

seeded at specific locations and grown, all from the peptide alpha

helices. The peptide scaffold's secondary structure can be controlled

to direct the self-assembly of the nanoparticles into several different

structures, each having different effects on inter particle spacing and

the number of particles along an assembly.

The ability to control the surface stOichiometryand the precise relative

position of ligands could allow us to produce materials, and pave the

way to producing materials that selectively self-assemble into

nanomachines to perform complex tasks. To date there is evidence

for different approaches for the self-organisation of ligands on the

nanoparticle surface, from bottom up techniques where differences in

ligand structures drives their segregation, to what could be

considered top down where the ligands can be introduced using

templates or lithography. A hierarchy of self-assembly, however, has

yet to be established to fully exploit each of these processes.

While the controlled formation of nanometre-sized functional domains

on nanoparticle still represents a major challenge, some general

trends are emerging from the literature. Mobility of ligands appear to

be limited 76 in most cases which may constitute a strong limitation to

27



the "templatable" approach 40. On the other hand, this limited mobility

provides a mechanism to freeze structures which have been obtained

during the formation of the monolayer where anisotropy, patchiness,

and self-organisation can occur due to the balance between Iigand(s)-

solvent, ligand(s)-surface and ligand-ligand interactions 12.19.30. The

latter process can be guided using templates 36 which are either

surfaces of functionalised microscopic beads 72 or macromolecules 35.

A key issue in the field remains the difficulty in directly characterising

the formed structures as opposed to indirect study of nanostructures

formed from those building blocks. Efforts in the area of spectroscopy

are needed to overcome these limitations and help towards rational

design of structured nanoparticles. Computer modelling is currently in

advance on the experimentation and constitutes an inspiration for

materials scientists together with the remarkable biological self-

assembled systems.

1.7. Ligand removal and exchange

Self-assembled monolayers on gold nanoparticles can be studied not

only by the characteristics of the monolayer in situ, but also by

considering the removal of the ligands. Ligands on gold nanoparticles

may be removed by both chemical means, in a process called ligand

exchanqe'" or by ultra-fast heating using light 77 78.79. These processes

can give information on how strongly the ligands are associated within

the monolayer 63 80 and also how defect rich a monolayer is 81.

In this thesis we first closely examine a body of work previously

published in the literature that reports the peculiar self-organisation of
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ligands on the surfaces of gold nanoparticles into stripy domains

based on scanning tunnelling microscoPY· The published data is

subjected to image analysis techniques, and compared to a

theoretical model system, both of which suggest that the proposed

interpretation of the images is not valid. We then try to evaluate some

of the claims regarding the physicochemical properties of those

particles, including a stability study to indicate the saturation point in

organic solvent, measuring the amount of non-specific binding to a

charged protein, and finally nanoparticle entry into celis, leading to

major discrepancy with published results.

The self-organisation of peptide ligands into structures on the surface

of nanoparticles is an important step towards molecular engineering.

We synthesise and characterise a peptide derived from a known

amyloidogenic sequence, and compare it to the peptide sequence

CALNN using a combination of techniques normally used in structural

biology. In addition, colloidal stability assays reveal differences in the

behaviour of these peptide self-assembled monolayers. To our

knowledge, this is the first such study of characterising gold

nanoparticles capped with amyloidogenic peptides.

In the final section of this thesis, an application of femtochemistry

looks at the reaction dynamics of laser-induced ligand desorption

using fluorescence. Using a variable delay line it is possible to

elucidate the reaction dynamiCSof the dissociation and propose a

mechanism
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CHAPTER 2

Stripy nanoparticles revisited

2.1 Introduction

High-resolution structural characterisation of nanoparticles remains a

significant challenge. Most samples of nanoparticles are inherently

heterogeneous and therefore unsuitable for X-ray crystallography,

which has been used for decades to gain angstrom resolution of

proteins and other biological macromolecules on a similar size range

to ligand-capped nanoparticles. 82 Nanoparticles of a sufficiently small

size have their diameters decided by stable numbers of gold atoms

(magic numbers) forming closed geometric shells. This has enabled

the first and only example of synthesis and sub-anqstrorn structural

resolution of gold nanoparticles. There have been no documented

examples of larger nanoparticles forming suitably high quality crystals

for use in X-ray crystallography. Another method traditionally used to

gain structural information on macromolecules is solution state NMR.

Nanoparticles are large compared to the small biological

macromolecules that are usuallyexamined, and have such have much

longer tumbling time. This will often result in a significant broadening

of NMR peaks" especially as particle size increases, and

consequently structural resolution is lost. Because we are unable to

use these two structural analysis techniques new ways of elucidating

the structure and ordering on the nanoscale are needed. The work

carried out by Stellacci et al. represents an attempt to further
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understand how molecules behave and self-organise on the

nanoscale, but draws several conclusions which should be openly

discussed in the scientific community due to their wide-reaching

implications.

Jackson et a/. published an article entitled "spontaneous assembly of

subnanometre-ordered domains in the ligand shell of monolayer-

protected nanoparticles" in May 2004.59This was to become the first

of a series, which now consists of more than ten research articles.

59.84-95 Throughout this series the authors base their research on the

existence of "stripy" domains on the surface of gold nanoparticles,

where two different thiolated organic ligands self-organise into

alternating stripes across the nanoparticle surface. Numerous unusual

and exciting properties have been attributed to the nanoparticles

bearing these striated domains. Stripy nanoparticles are described as

being "extremely effective in avoiding non-specific adsorption of a

variety of proteins,,59, having the ability to "penetrate the plasma

membrane without bilayer disruption" 93 in cell experiments and

having poles which are particularly reactive and can be preferentially

targeted to obtain divalent nanoparticles. ee This series of articles, and

the corresponding structure-property relationships reported, are

important due to their direct impact on our understanding of several

of the key problems in the field of nanoscience. The latter include the

characterisation of materials with sub-nanometre resolution, 96 the

possibility of controlling the self -organisation of ligands on gold

nanoparticles, 32.36,97the understanding of nanoparticle-biomolecule

and nanoparticle-cell interactions 98 and the intracellular delivery of

nanoparticles. 80,99101 This proposed stripy structure is based on
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Scanning Tunneling Microscopy (STM) observanons, which to date

have not been reproduced by any other research group. After

carefully following the published articles we failed to observe or

substantiate a number of claims made about their physical and

chemical properties.

2.2 A geometrical problem

A STM topography image of a spherical particle is an approximate 2D

projection of the top hemisphere. If a spherical particle is covered with

stripes regularly spaced on its surface, this will not result in a 2D

projection with the same inter stripe distances. For example, a 5.8 nm

diameter sphere with 9 regularly spaced 1 nm wide stripes, the

apparent width of the stripes decreases as the STM tip moves away

from the center of the observed hemisphere, towards its edge,

perpendicularly to the stripe direction (Figure 2.1a) and b)). An

exemplary STM of a mercaptoproprionic acid and octanethiol-capped

nanoparticle is shown in figure 2.1c) (adapted from Jackson et al. 59).

The authors measured, by TEM, the diameter of the gold core as 3.8

nm. The thickness of the monolayer was -1 nm and, according to

the authors, the stripe periodicity was 1 nm (table 1, supporting

information, Jackson et al.). The simple geometric model therefore

applies (3.8 nm particle diameter + 2 x 1 nm, monolayer thickness,

giving a 5.8 nm diameter sphere with a 1 nm periodiCity) and a

dependence of the apparent stripe width in the STM image is

expected (1 nm, 0.9 nm, 0.6 nm and 0.3 nm from the center of the

hemisphere to the edge). This same trend is not what Jackson et al.
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report: experimentally, the apparent stripe width does not decrease

as the tip is moving away from the top of the hemisphere (Figure2.1c)

bottom). This discrepancy between the geometrical prediction and

the observed experimental results cannot be explained by size

polydispersity or a small error in particle sizing. For a particle 20%

larger the geometrical effect would be equally apparent (having a

spacing of 1 nm, 0.9 nm, 0.8 nm, 0.6 nm, 0.4 nm and 0.1 nm from

the hemisphere center to the edge). The interpretation of the Jackson

et a/. STM images as indicating the presence of regularly spaced

stripes on the nanoparticles conflicts with geometry since if the stripes

are regularly spaced in 3-~ they cannot be equally spaced in their 2D

projection. Another distinctive characteristic of the stripes is that they

are all aligned perpendicularly to the scanning direction. Initially

Jackson et a/. claim that this alignment is due to interdigitation

between nanoparticles. This was based on data (not shown in the

article) indicating a loss of this alignment when the sample it prepared

above the interdigitation temperature. 59 In a later article published in

2008 Hu et al. again make the same claim, asserting that this

interdigitation is key in directing the interactions between stripy

nanoparticles. 91 The same group claim, in a subsequent article later

the same year, that "because of the charges present in the ligand

shell, we can assume that the amount of interdigitation is negligible.

We confirmed this using differential scanning colorimetery according

to methods in the literature". 69 Whilst interdigitation could explain

some degree of correlation between nanoparticles in direct contact, it
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Figure 2.1. Comparison of the predicted and report stripe widths on a 5.8

nm diameter gold nanoparticle, a) (top) STM tip scanning a stripy

nanoparticle orientated perpendicularly to the scanning direction, and

(bottom) resulting STM image with colour coding depicting sample heights,

b) Height profile corresponding to the white line drawn in a) bottom and

stripe widths decreasing as the STM tip moves away from the center of the

hemisphere, c) (top) Exemplary STM image (adapted from figure 1b of

Jackson et al. 5~ (bottom) height profile corresponding to the white line in

above image (adapted from figure 1d of Jackson et al. 5~ showing stripe
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width not decreasing as the tip moves away from the center of the

hemisphere,

does not explain why nanoparticies separated by gaps and several

other nanoparticles are still in perfect alignment.

2.3 Evidence for stripes in STM, XRD and TEM?

Jackson et et. explained that the stripes could only be visualised when

the stripes are perpendicular to the stripes because of convolution of

the STM tip, Whilst this argument may explain why no stripes are

seen parallel to the scanning direction, it does not explain why stripes

that are 80° or 110° to the scanning axis are not observed, This

argument, just as the previous, fails to explain why the orientations of

nanoparticles in anyone image are still perfectly aligned, If the stripes

on the nanoparticies could only be detected if they are within ±5° of

the perpendicular of the scanning direction, detecting a stripy

nanoparticie would be a relatively rare event, where only one in

eighteen images would exhibit these stripes, If there were no

interactions between particles due to interdigitation then this would be

further reduced to one in eighteen nanopartolss. Jackson et et.

however state that stripes were systematically observed: "First, the

imaging was performed on particles synthesised on separate

occasions; each particle batch was cast on different substrates and

imaged with multiple tips on various days over a period of months,

The resulting images all showed the same rippled nanoparticles with a
variation in the peak-to-peak spacing of less then 10%," 59
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As further evidence Jackson et al. indicate that the existence of the

stripes is confirmed by X-ray diffraction (XRO):"Indeed, all of the XRO

plots of the rippled nanopartic/es described in this paper showed

peaks at 28 ranging from 2.5° to 13°. Some of the peaks were

temperature dependent, as is expected for peaks due to inter-particle

packing arrangements/51 However, one or two peaks were

temperature independent, pointing to periodic arrangements, with

0.5-2.5 nm spacing, on single nanoparticles (see Supplementary

Information, Fig. S 1). Such temperature-independent peaks were

never observed in homo-ligand nanoparticles." 59 The published XRO

results are of three CUNescorresponding to two samples, and does

not include the 67 % OT, 33 % MPA nanoparticles that were

analysed by STM, which are claimed to exhibit stripe domains.

Unfortunately no XROdata is given for nanoparticles that are claimed

to not be stripy, therefore rendering any comparison impossible.

Within the XRD data there are a number of peaks that are not

assigned, and the presence of "temperature-independent" peaks is

not proof of stripes.

Jackson et al. also claim that TEM data confirms the presence of

stripes: "Additional confirmation of the presence of ordered phase-

separated domains was provided by transmission electron

microscopy (TEM) images. In fact, in these images (see

Supplementary Information, Fig. S2) we have found that there is an

observable ring around the nanoparticles' metallic cores consisting of

discrete dots spaced -0. 5-0. 6 nm." The results that were published

were only of one high-resolution TEM. The observad discrete dots ,
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attributed to ions bound to the stripes, are not easily visible due to

variations of contrast due to the carbon coating of the grids. Using

TEM to gain this kind of structural information has recently been

demonstrated in the case of the formation of polyoxometalates (POM)

SAMs. These POM ligands are based on tungsten oxide and,

contrary to the purely organic ligands used by Jackson et al., POMs

have a high electron density providing EM contrast 19. From the single

TEM micrograph of Jackson et ai, no solid conclusions can be drawn.

2.4 Fast Fourier image analysis of STM images

The dependence of the stripe periodiCity on experimental factors

including scanning speed 84.94 and preparative factors such as

monolayer composition 59 and the stripe dependency on these has

been the focus of several articles in the series. Direct measurement of

the stripe width on a STM image was used but this can introduce bias

and experimental errors. Fast Fourier Transform (FFT)power spectra

images can be used to analyse regular patterns in noisy or imperfect

images. A FFT power spectrum of a perfect sinusoidal stripy image

will show two spots and the position and orientation of these two

peaks is characteristic of the orientation and periodicity of the stripes,

while an image with defects and different stripe orientations will show

arcs, the length of the arcs show the difference in orientation and the

intensity is indicative of the preferred alignment of any periodic

features. 102
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Figure 2.2a shows a STM image adapted from Jackson et al. 59 The

FFT of this image shows two vertical maxima corresponding to the

stripes in the image (Figure2.2b). As shown in the intensity profile, the

periodicity measured along the x-axis is 1.3 ± 0.5 nm, instead of the

0.9 ± 0.1 nm or 1 nm originally reported by Jackson et al. 59 Most

importantly however, is that the shape of these maxima in the FFT

image is elongated and exactly aligned with the y-axis. Two vertical

lines are seen going through these maxima. In a FFT image a vertical

line represents a series of modes that have exactly the same

periodicity along the x-axis, but different periodicity along the y-axis

i.e. different wavelengths. Such modes cannot possibly be related to

physical features in the sample because they have a defined

wavelength along the fast scanning axis, Ax, but no defined

wavelength along the slow scanning axis, ~, and therefore no overall

wavelength. For comparison, a theoretical model of stripy

nanoparticles and it's FFT are presented (Figure 2.2d) and e)). This

image was generated by using the same nanoparticle image several

times, each copy being rotated between -5 and +5 degrees. Despite

the near perfect alignment of the theoretical stripy particles, the

maxima are still semi-circular which can be clearly seen and the

wavelength of the corresponding modes is -0.9 nm.
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Figure 2.2. Comparison of image analyses of published experimental and

model results; a) Experimental STM image (adapted from Jackson et al. 5\
b) FFT of image displayed in a), c) Intensity profile of the whole FFT image

averaged along the y-axis, d) Theoretical image of 10 stripy nanoparticles
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each rotated each rotated ±5° the perpendicular of the scanning axis. e) FFT

of theoretical image d). 0 Intensity profile of the entire FFT image averaged

along the y-axis.

The stripy patterns observed in the images of Jackson et al. are

reminiscent of feedback artefacts, which generate high frequency

periodic noise in scanning probe microscopy images. 103 This periodic

noise can be localised to features with steep slopes or be seen

throughout an STM image due to perturbations of the STM tip. The

presence of oscillatory noise in the STM images by Jackson et al. is

accepted in the publication although it is argued that the noise is

present on the flat substrate but not on the steep features of the

nanoparticles "These images show how, at times, ripples can look

similar to noise in our images, but when images taken at different tip

speeds are compared, it is apparent that ripple spacing remains

constant while noise spacing scales linearly with speed". It is likely

that the oscillations are caused by feedback artefacts due to the high

variations in the sample surface height. Due to the nature of scanning

probe microscopy, tip-sample interactions could certainly be affected

by the composition of the self-assembled monolayer. Upon close

inspection, the STM images suggest that the phase of the oscillations

are reset at the beginning of a new scanning line, or when the tip

begins scanning a nanoparticle (Figure 2.3). This gives the

appearance of the stripes being shifted along the x-axis. These phase

shifts between consecutive scanning lines is present in all of the

published STM images of "stripy nanoparticles". Such shifts are even

more evident if a band pass frequency filter is applied to the image

(Figure2.3c). This band pass filter works by removing information
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Figure 2.3. Image analysis of water-soluble 67 % MUS - 33 % OT gold

nanoparticles; a) Published STM image of a water-soluble MUS/OT

nanoparticle (adapted from Uzun et al. 92), b) FFT of the STM image in a), c)

Frequency filter applied to FFT image, d) reverse FFT of c) showing phase

shifts between consecutive scanning lines (marked by red arrows), e)

Intensity profile corresponding to the yellow line in a).

from the image that is a higher or lower frequency than the observed

stripes.

In 2008, Uzun et al. reported on the synthesis of water-soluble "stripy"

nanoparticles. 92 This time the monolayer composition was a mix of

11-mercaptoundecanesulfonate (MUS) and octanethiol (OT). Again,

the stripes were only visible when certain compositions were used,

namely a molar ratio of 2:1 of MUS:OT or OT:MUS. These same
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particles were later reported to penetrate the plasma membrane of

living cells without bilayer disruption and without being confined to

endosomes. 93 Both of these articles are primarily based on the notion

that the MUS/OT-capped nanoparticles exhibit these "stripy"

domains, yet the only published

evidence is a single STM image of a single nanoparticle (shown in

figure 2.3a). This STM has very similar characteristics to those

previously published and an FFT of the particle shows the same

hallmarks in the power spectrum as those previously discussed (figure

2.3b). By again applying a band pass frequency filter the phase

shifting between consecutive scan lines is equally apparent (figure

2.3c and d). An exemplary intensity profile from the image shows that

the stripe width is independent of the tip position over the sample

(figure 2.3e). The FFT of this published image shows that this STM

image cannot be that of a 2D representation of a spherical

nanoparticle capped with regularly spaced stripe domains, and the

stripes cannot correspond to physical attributes of the sample.

Stellacci and co-workers attribute some unusual physlcochemlca'

properties to the "stripy" nanoparticles to the nanoscale organisation

of the ligands into striated domains. As the monolayer composition is

changed the nanoparticles are claimed to exhibit non-linear; solubility

profiles in various solvents, 59.89 binding interactions with proteins59.93

and uptake of nanoparticles by live cells. 93 We attempted to repeat

some of the results published, but upon close scrutiny there are
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inconsistencies amongst the data published between different

articies, and also our own sets of experiments.

Jackson et al. report on the dependence of nanoparticle "solubility" in

ethanol is non-monotonous as the monolayer composition changes.

59 This is measured by a purely visual observation, the observer

scoring the sample on a scale of one to four. More quantitative data is

presented by Centrone et al. were the authors test the stability of

nanoparticle suspensions with different ligand ratios in various

solvents. 89 In both Jackson et al. and Centrone et al. measurements

taken on the same system of gold particles capped with mixtures of

MPA and OT are shown. The two papers give contradictory results

(figure 2.4) and the origin of this discrepancy is not discussed in the

more recent Centrone et al. manuscript. 89 The latter article is based

on measuring the concentration of particles capped with various

ratios of MPA and OT in the nanoparticie monolayers. The saturation

concentration of nanoparticies capped with 100 % OT is given as

-400 nM in five different solvents i.e. benzene, tetrahydrofuran,

hexane, dichlorobenzene and chloroform. The concentration of -400

nM seems to be the saturation and none of the nanoparticles have a

saturation concentration of more than 470 nM in any solvent. This is

unusual not only because the solvent-nanoparticie interfacial energy

vary significantly between these different solvents but also because

saturation concentrations of around 400 nM are remarkably low for a

colloid in
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Figure 2.4. Comparison between the results published by Centrone et al.

69 (black data points, left y-axis) and Jackson et al. 59 (blue data points, right

y-axis) for the effect of monolayer composition on the colloidal stability in

ethanol. Centrone et al. measured the concentration of the colloid using an

extinction coefficient expressing the saturation concentration in molarity.

Jackson et al. used a solubility scale as follows; , "4 = highly soluble,

that is, no precipitation visually observed, 3 = mostly soluble,

that is, little precipitation observed over time with consequent

slight decolouration of the solution; 2 = slightly soluble, that is,

most of sample preciolteted but a small coloration of the

solution remains, 1 = totally insoluble. ".

a good solvent. This low concentration, for a 6 nm diameter, equates

to a volume fraction of 0.0027% at 400 nM. For colloids in a good

solvent, volume fractions of 30 % are routinely obtained, and the

absolute physical limit is the close packing of the particles. We

repeated the Centrone et al. experiment with nanoparticles capped

with 100 % OT, as described in the article, and suspended them in
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100 % THF. Following the same procedure as Centrone et a/., and

using the same extinction co-efficient, we have been unable to

measure any change in an equilibrium between solid and liquid

phases even after three weeks, the nanoparticles remained in

suspension (Figure 2.5). We can therefore state that nanoparticles

capped with 100 % OT have a saturation concentration higher than 8

~M, i.e. over 18 times higher than that reported by Centrone et al.

Figure 2.5. Comparing two suspensions of Of-capped gold

nanoparticles; a) 8 IJM OT nanoparticles in THF after three weeks. b) A 450

nM suspension of the same OT particles in THF. described by Centrone et

al. as the saturation limit.

2.5 Non-specific binding

Both Jackson et al. and Verma et al. claim that due to the small

spacing of the alternating hydrophilic/hydrophobic stripes, the

adsorption of proteins is hindered because the stripes are smaller

than the typical size of features on a protein, giving these charged

nanoparticles excellent antifouling properties. Whilst this claim is

referenced in other papers the only evidence submitted to

substantiate this claim by Jackson et al is a cartoon of a stripy

nanoparticle and protein. No experimental data is shown. This claim is
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unusual because molecules that have very low non-specific binding

are usually neutral and hydrophilic whereas these nanoparticles have

both hydrophobic and negative charges (due to respectively the

sulfonate, Verma et aI, and carboxylic acid groups, Jackson et a~.The

archetypal approach to preventing non-specific binding on surfaces is

to use polyethylene glycol. This has been used to passivate

nanoparticles'" 63 and surfaces 104-107. The negative charge of the MUS

ligand should attract and bind any positively charged groups in the

same solution. To test this hypothesis nanoparticles were prepared as

described by Verma et al. with the same monolayer compositions;

100 % MUS, 67 % MUS - 33 % OT, 33 % MUS - 67 % OT (figure

2.6). These nanoparticles were added to increasing amounts of

lysozyme, a positively charged enzyme 108 due to its multiple Lysine

and Arginine residues. This highly positively charged protein should

readily bind to the negatively charged nanoparticles. All of the

nanoparticles exposed to the lysozyme exhibited non-specific binding

with the Lysozyme and aggregated (figure 2.7.). Nanoparticles

capped with 100 % MUS exhibited the most resistance to the non-

specific binding. This result could be due to the increase in

hydrophobic ligands leading to interaction with hydrophobic domains

of the lysozyme.

2.6 Cell entry of stripy nanoparticles

Verma et al. report that the nanoparticles capped with a precise ratio

of mercaptoundecane sulfonate (MUS)and octane thiol (OT)are able
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Figure 2.6. TEM micrograph, UV-visible absorbance spectrum and nanoparticle

size distribution from TEM analysis of (top) 33 % MUS - 67 % O'I. (middle) 67 %

MUS - 33 % Of and (bottom) 100 % MUS nanoparticles.

67 % MUS - 33 % OT

Lysozyme concentration; 0 fJM 5 fJM

33 % MUS - 67 % MUS

Lysozyme concentration; 0 fJM 5 J.JM

100 % MUS

Lysozyme concentration; 0 J.JM 5 J.JM 10 J.JM 25 J.JM 50 J.JM 75 J.JM 100 J.JM

Figure 2.7. Non-specific binding assay of MUS/aT nanoparticles; (top) 33

% MUS - 67 % O'I, (middle) 66 % MUS - 33 % O'I, (bottom) 100 % MUS,

mixed with lysozyme at 0 jJM, 5 jJM, 10 jJM , 25 jJM, 50 jJM, 75 jJM, 100 jJM
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and left at room temperature for one hour. Aggregation can be seen as

precipitate.

to cross the cell membrane of living cells, gaining access to the

cytosol. This is an extremely interesting observation because

intracellular based nanoparticle sensing, imaging and gene or drug

delivery. In the original report the largest portion of evidence comes

nanoparticles normally enter cells via endocytosis and remain in the

endosomes. 80 An observation such as this would have immediate

applications for confocal microscopy work, with some additional

transmission electron microscopy. 93 Confocal microscopy is not

without its drawbacks when looking at gold nanoparticles. Particles

larger than 2 nm are not intrinsically fluorescent" and it is therefore

necessary to include a fluorescently labelled ligand as part of the

monolayer. The incorporation of such a molecule is not only likely to

have an effect on the organisation of the monolayer but the gold core

is also an excellent fluorescence quencher. If the fluorescent ligand is

released inside the cell, this would result in a strong increase of

fluorescence and a loss of the co-localisation of the nanoparticle and

fluorophore. This loss of thiolated ligands in cells, due to glutathione

as well as other biomolecules has previously been reported. 109 This

ligand exchange is highly dependent on the structure and organisation

of the monolayer. 53 Verma et al. use an uncommon dendritic cell line

in these experiments named DC2.4. This cell line has peculiar

intracellular transport mechanisms, and it has been shown that

exogenous antigens added to DC2.4 cells accumulate in the

endoplasmic reticulum and late endosomes, followed by transport to
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the cytoplasm. 110 Taking into account the factors affecting the

fluorescence and the unusual behaviour of the cell line makes the

interpretation of the published data difficult. Verma et al. also go on to

claim that these MUS/OT nanoparticles are able to penetrate the cell

membranes of other cells, including mouse embryonic fibroblasts, but

for this the only evidence is four confocal fluorescent images each of

one cell, one image for each of the four monolayer compositions they

look at.

In order to simplify this process of nanoparticle uptake, and whether

the MUS/OT capped nanoparticles do indeed access the cytoplasm,

we looked at the delivery of MUS/OT nanoparticles in HeLa cells

using photothermal microscopy. 80.111-113 The same nanoparticles used

to assay the non-specific binding with lysozyme were used.

Photothermal microscopy is based on the strong absorption cross-

section of the gold core and is therefore immune to background

scattering, but most importantly does not require additional molecular

markers since it is the gold core itself is that is detected. This ultra

sensitive method is able to detect single nanoparticles as small as 1.4

nm in diameter. 111 It is sensitive to the number and volume of

nanoparticles in the laser spot. Salt -induced aggregation of the

MUS/OT nanoparticies show that they have relatively poor colloidal

stability. They have a tendency to aggregate at moderate ionic

strength, and this tendency increases with the proportion of OT (figure

8). This observation is unsurprising since OT is a
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Figure 2.8. Salt-induced aggregation of MUS/OT nanoparticles;

Aggregation is measured as the aggregation parameter. As nanoparticles

aggregate the decrease in A~ and increase at A_ causes the A_:A~ to

increase and is indicative of the amount of aggregation taking place.

hydrophobic ligand and the salt-induced aggregation is performed in

aqueous solution. Following the protocol outlined by Verma et al. the

nanoparticles were mixed in fresh cell medium immediately before

adding to the cells and incubated for three hours. They were then

rinsed, fixed and imaged by photothermal and bright field microscopy

(figure 2.9). As shown in figure 2.9, the cells provided very little

background during this experiment. For all three nanoparticle types

we observed an uptake that is characteristic of endocytosis.

Importantly, there is no visible difference in localisation within the cells

between the three types of nanoparticies. Photothermal microscopy

has a very large dynamic range that is not easily represented on an

image. In order to show the intensity contrast between the high

intensity areas (endosomes)and the very low intensity areas
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Figure 2.9. Cell internalization of (top panel) 33 % MUS - 67 % OT,

(middle panel) 67 % MUS - 33 % OT and (bottom panel) 100 % MUS

capped nanoparticles in HeLa cells. In each panel, the top images are an

overlay of bright field and photothermal images, the center image is a

photothermal image with the intensity scale to the left, at the bottom is a 1D

profile taken from the white line in the photothermal image. The scale bars

represent 10 urn.

(cytoplasm, nucleus and background), intensity profiles are shown for

each image. The photothermal images unambiguously show that

there is no significant cytosolic localisation present in the HeLa cells

for any of the nanoparticie samples used, whether homogenous or

mixed monolayers. The areas of high photothermal intensity from

nanoparticies are several orders of magnitude higher than the

background level. Because these results are based on a different cell
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line, they are not in direct contradiction of those published, but rather

they show clearly that the MUS/OT capped nanoparticles do not have

the general property of crossing the cell membrane into the cytosol.

2.7 Conclusions

Here we have revisited the published evidence for the existence of

stripe domains in mixed ligand monolayers on gold nanoparticles. The

patterns seen in the various STM images cannot correspond to

regularly spaced stripes at the surfaces of gold nanoparticles. This

has been shown not only by the geometric argument, that if the

stripes are equally spaced in 3D they cannot be equally spaced in 20,

but also that FFT shows that the stripes are indeed a scanning

artefact. Whilst this work shows that the evidence for stripy domains

is inconclusive, it does not rule out the existence of the self-

organisation into domain structures in self-assembled monolayers,

which is indeed part of the focus and motivation of this thesis. The

saturation concentrations reported by Centrone et al. are not

consistent with our own. The hydrophilic MUS/OT nanoparticles do

not exhibit any unusual resistance to non-specific binding with

lysozyme. Finally, we could not substantiate general claim that the

MUS/OT nanoparticles are able to cross the cell membrane, after

careful analysis using photothermal microscopy and HeLa cells. This

instead indicated endosomal localisation regardless of monolayer

composition.
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CHAPTER 3

The structure of amyloidogenic and non-

amyloidogenic peptides in self-assembled

monolayers on gold nanoparticles

3.1 Inspiration from nature

In the past decade, a large and diverse array of water-soluble core-

shell functional nanomaterials has been produced. Some of these

have been described as "protein-like" but major differences remain

between synthetic nanoparticles and proteins. Proteins are nanoscale

objects where the exact position of each residue is critical to their

function, e.g. specific recognition, catalysis. The precise spacial

arrangement is obtained through the use of template mRNA for the

primary structure and non-covalent interactions, self-assembly and

self-organisation leading to the secondary, tertiary and quaternary

structure. For these reasons proteins are a source of inspiration for

the design and function of nanomaterials. The multifunctional core-

shell nanomaterials obtained to date tend to have an uncontrolled ,

probably random, and often unknown structure at the molecular level

and distribution on the nanoparticle surface. Designing, producing,

and characterising nanomaterials which have an internal complexity

analogous to proteins remains a long term goal in the field. 13

Proteins exhibit primary, secondary, tertiary and quaternary structure

and together they form the three-dimensional shape of the protein. In

order to design and make nanoparticies with this level of complexity
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an understanding of how peptides arrange on a surface is crucial. The

primary structure of a protein, its sequence, contains all the

information required for the folding of the higher order structures.

Small peptides are ideal candidates for the design of self-assembling

monolayers on gold nanoparticles. Using rational principles it is

possible to design very stable dense peptide layers on nanoparticles

and indirect insights on the intermolecular interactions in the peptide

layer have been obtained 114 but the exact molecular structures of the

peptides are unknown.

3.2 Peptide design and self assembly

In an attempt to induce local supramolecular ordering at the surface

of a nanoparticle, we examine the effect of confining an amyloid fibril

forming peptide on spherical gold particles of diameters from 5nm to

25nm. Several short peptides can assemble into amyloid-like fibrils

with the characteristic cross-a structure (intermolecular hydrogen

bonds approximately parallel to the fibril axis) that is the hallmark of

larger protein fibrils associated with amyloid diseass.!" 116 Because

of the specific intermolecular directional assembly, we envisioned that

such pep tides could constitute a category of new building blocks to

engineer complex nanoparticles.

Modifications to the FGAIL sequence are known to produce peptides

that form fibrillar aggregates, varying in morphologies. NFGAIL and

FGAIL have been shown to assemble into completely different fibrillar

assemblies 117 and NNFGAILSS can associate into both anti-parallel
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and parallel f)-sheet. 118 Instead of using the entire sequence

NNFGAILSS, the two N-terminal asparagines were replaced by a

cysteine, giving the sequence CFGAILSS.The thiol on the side chain

of the cysteine allows stable binding to the gold

a) b)

Scheme 3.1: a) CFGAILSS In fibrils containing anti parallel beta sheet b)

CFGAILSS on a nanoparticle surface displaying a parallel beta sheet

conformation. The arrows indicate the allgnmen~ of the peptldes N to C

terminal whilst in beta sheet formation.

nanoparticie. In the NNFGAILSS system, the register in which this

peptide can associate into parallel f)-sheet in fibrils is such that all

amino acids are adjacent to the same residue in neighbouring

peptldes.!" It is worth noting however that the amyloidogenic peptide

sequence FGSVO, derived from the protein Medin 119, did not form

any amyloid fibrils in solution after the addition of an N-terminal a

cysteine, making CFGSVO. The peptide CALNN also does not form

any visible aggregates or precipitate upon dissolving in aqueous

medium.
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Here, we use FTIR, 2DIR and ssNMR to compare the structure of

amyloidogenic and non-amyloidogenic peptides on nanoparticles of

different sizes. In particular we focus on the CFGAILSS peptide

sequence derived from the human amyloid-forming protein amylin,

and CALNN, a peptide rationally designed to stabilise nanoparticles.
114

3.3 Gold nanoparticle synthesis

To evaluate the effect of surface curvature, gold nanoparticles with

mean diameters close to 5 nm, 10 nm and 25 nm (Figure3.1) were

prepared. The nanoparticles were required to be water-soluble so the

aqueous reduction of HAuCI4 was used, for which there exists many

methods. Since no variations on a single method will provide particles

in all of these three sizes with low polydispersity, two methods were

used; tannic acid and acrylate reduction, adapted from citrate and

tannic acid reduction 120, to form the 5 nm and 10 nm nanoparticles,

and hydroxyl amine seeding 121 to form the larger 25 nm

nanoparticles. Citrate. which is used in the most commonly used

synthesis methods, has three carboxylic acid groups that absorb in

the same region of the infrared spectrum as the characteristic amide I

band, which is used to distinguish the secondary structure of

peptides. Therefore the use of citrate was kept at a minimum.

The possibility of parallel f~-sheet and adjacent registry make this

peptide an interesting candidate for the design of supramolecular

structures under the confinement of a self-assembled monolayer on a

gold nanoparticle (Scheme 1). The modified peptide CFGAILSS, like
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its parent peptide NNFGAILSS, forms extended fibrils in solution as

shown by transmission electron
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Figure 3.1. TEM and size distributions of; a) 5 nm, b) 10 nm and c) 25 nm

gold nanoparticles synthesised for this work. In a and b scale bars represent

200 nm and in c, scale bar represents 500 nm.
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Figure 3.2. TEM micrograph of CFGAILSS fibrils negatively stained with

uranyl acetate. Scale bar represents 500 nm.

microscopy (Figure 3.2). These amyloid-like fibrils make the formation

of a self-assembled monolayer more difficult because two processes

take place upon adding the monomeric peptide to the nanoparticie

solution. The amine and cysteine from the N terminus of the peptide

are attracted to the gold nanoparticle surface and begin to form a

self-assembled monolayer. At the same time these peptides start to

form insoluble fibrils reducing the concentration of peptide available to

form the monolayer. The product of these processes is a mixture of

fibrils, held together with hydrogen bonds, and the CFGAILSS peptide

anchored to the gold surface through a covalent gold-thiol bond

(Figure 3.3a).
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Figure 3.3. CFGAILSS, from fibrils to self-assembied monolayers; a) TEM of

fibril-nanoparticle assembly formed during the first step of the capping

process; b) TEM after completion of the capping process and removal of the

excess peptide; c) stability against salt-induced aggregation of CALNN (red),

CFGAILSS (green) and citrate-capped (blue) nanoparticles; d) stability

against DfT ligand-exchange, salt-induced, aggregation of CALNN (black)

and CFGAILSS (red) nanoparticles. In image a) the scale bar represents 500

nm, and in image b) the scale bar represents 100 nm.

In order to obtain nanoparticles capped with a dense layer of

CFGAILSS, a protocol was developed to force the assembly on the

nanoparticle surface of this peptide that will otherwise self-assemble

into fibres [Chapter 6 -Materials and methods]. One aim was to

control the concentration of free peptide available by using a solvent
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able to dissolve the fibrils. Following the first over night incubation with

peptide the nanoparticles were dried using a rotary evaporator,

hexafluoroisopropanol (HFIP)was then added, the particles sonicated

and left over night. HFIP is a strong hydrogen bond donor which is

known to dissolve proteins, including NNFGAILSS aggregates, and

other structures normally insoluble in water. In HFIP, the fibrils are

dissolved leading to additional free peptide that is available to react

and complete the self-assembled monolayer on the particles. The

particles are centrifuged and the excess peptide dissolved in HFIP is

removed. It is also worth noting that CFGAILSS peptide is poorly

soluble in just water without HFIPor OMSO present. The particles are

then resuspended in 0.2 M NaOH and excess peptide and base is

then removed by a Sephadex G25 size exclusion chromatography

column, leading to CFGAILSS-capped gold nanoparticles that are

colloidally very stable in aqueous solutions. Most likely due to charge

repulsion and steric hindrance, the peptides are unable to form anti-

parallel B-sheet by the intercalation of peptides on two different

nanoparticles. After removal of excess peptide the self-assembled

monolayer can be visualised using TEM under negative stain (Figure

3.3b). To confirm the formation of the monolayer, the colloidal stability

at high ionic strength was evaluated. Contrarily to uncapped

nanoparticles, nanoparticles capped with CFGAILSSdo not show any

aggregation at all ionic strength tested (Figure3.3c). The same results

were obtained with CALNN-capped nanoparticles which is known to

form a dense capping tayer'" Resistance to ligand exchange is a

good indicator of the stability of a monolayer. To compare the

resistance of monolayers to ligand exchange by dithiothreitol (OTT)
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CALNN and CFGAILSS-capped 10 nm nanoparticles were treated

with OTT.OTT is a small, uncharged molecule with two thiol groups. It

ready exchanges with other ligands on the surfaces of gold

nanoparticles. Since this small molecule is uncharged as it replaces

the peptide monolayer it also removes the steric and electrostatic

barrier that keeps the gold nanoparticles from aggregating. If this

ligand exchange is done in the presence of salt it is possible to

measure how quickly the peptide monolayer is replaced by measuring

the extent of aggregation by the red shift in the plasmon band.

Aggregation of CFGAILSS-capped nanoparticles induced by ligand

exchange is more than two times slower than for CALNN-capped

nanoparticles suggesting that CFGAILSSadopts a different structure

in the self-assembled monolayer (Figure 3.3d). Amino acid analysis

was conducted on a CFGAILSS capped 10 nm nanoparticle sample

(Alta Bioscences, Birmingham). This revealed a packing density of

2.55 peptldes/orn", i.e. higher than that of CALNN (2.4 peptides/nm2).
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3.5 FTIR indicates the presence of secondary structure

Infrared spectroscopy is a routine technique used to analyse small

molecules, proteins and peptides. IR light is absorbed by a molecule

by interaction of electromagnetic waves with the dipole moment of a

molecular vibration. If the frequencies of light and vibration are the

same the electromagnetic wave couples with the dipole moment and

the electric field will amplify the movement of the vibration. The units

of frequency in FTIR are wavenumbers cm' (11A, the reCiprocal of

wavelength). Molecular vibrations are sensitive to their envronrnent,

and FTIR is therefore very sensitive to changes in the electron
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distribution of any given vibrational mode that is affected by hydrogen

bonding or conformational changes in the molecule. The backbone

structure of proteins and peptides is very sensitive to the secondary

structure that the molecule adopts. These changes can be seen in the

two carbonyl IR absorption bands, the amide I and the amide" bands

122.123.The Amide I band (around -1650 crn') is dominated by the

vibrational modes of the carbonyl, but also contains contributions

from the out of phase C-N stretching, the C-C-N deformation and the

N-H in-plane bend. The Amide I band is affected very little by peptide

side chains and because it is representative of the backbone it is

most commonly used in secondary structure analysis. This sensitivity

arises from transition dipole coupling.124.125Transition dipole coupling

is a resonance interaction between the dipoles of neighbouring amide

groups and the strength of this coupling depends strongly on the

relative orientations of the amide groups and their distances from

each other. FTIR spectra were taken in 020 because H20 has a

strong absorbance band in the amide I region which would make

data analysis very difficult.

Gold nanoparticles are transparent in this region of the

electromagnetic spectrum allowing direct measurements of both

peptide and peptide-capped nanoparticles in aqueous solution. As

with all metal surfaces, however, molecules attached to metal

nanoparticles are subject to the surface dipole selection rule. Due to

the high conductivity of the metal surface only vibrational modes that

give rise to an oscillator that is perpendicular to the surface will be IR

64



1720 1700 16BO 1660 1640 1620 1600 15BO

Wavenumber (em")

c)

r.
.f?)\
I' !"\\. '

I \\yf···.·l
(, \ r

... i
J

1720 1700 16BO 1660 1640 1620 1600 15BO

Wavenumber (em")

b)

...........
..... '.

. CFGAILSS poptide
5 nm CFGAILSS

- 10 nmCFGAILSS
25 nm CFGAILSS

1720 1700 16BO 1660 1640 1620 1600 1580

Wavenumber (em .')

d)

1720 1700 16BO 1660 1640 1620 1600 16BO

Wavenumber (crn')

Figure 3.4. FTIR spectra of (A) CALNN peptide in solution and CALNN-

capped gold nanopartlcles (5, 10 and 25 nm diameter) and, (B) CFGAILSS

peptide in solution and CFGAILSS-capped gold nanoparticles (5, 10 and 25

nm diameter. All spectra have been scaled to have the same maximum

amide I' absorbance. Panels C and 0 show the second derivative of the

FTIR spectra in A and B, respectively.

active and will have an observable absorption band. Oscillators that

are parallel to the surface are therefore not seen.
126

It has been shown

both theoretically 127 and also experimentally 128thatthese selection

rules apply to the surfaces of metal nanoparticles. Here the size of the

particle affects how far away from the surface these dipole selection

rules apply. Peptides that are anchored to the gold surface and in a

parallel beta sheet conformation (Scheme 3.1 b) will show a strongly

65



supressed lower frequency amide I mode. which is normally

oomnant.!" This suppression of the lower frequency band is due to

the oscillation being parale' to the surface. The high frequency amide I

however wi" be seen. and because it is perpendicular to the metal

surface wi" be enhanced. This effect is becomes more pronounced

as the size of the nanoparticle increases meaning the larger 25 nm

nanoparticles wi" exhibit more significant suppression than the

smallest size used here of 5 nm.

Figure 3.4 shows the FTIR spectra. and the second derivative. of

CALNN and CFGAILSS peptide and peptide-capped nanoparticles of

5 nm. 10 nm and 25 nm diameter. The peak positions are clearly

different between the set of CALNN spectra and CFGAILSS spectra

indicating differences in structure. This difference is less obvious in the

smaller nanoparticles but becomes more prominent in the larger

nanoparticles. The band at 1600 cm' in a" spectra is that of the C-

terminal carboxylate groups on the peptide and therefore its intensity

is strongly pH dependent.

Figure 3.4a shows the FTIRspectra of CALNN peptide (black dashed

line). 5 nm (red). 10 nm (blue) and 25 nm (magenta) CALNN-capped

gold nanoparticles. The main band around 1650 ern:' is the amide I

band. The free peptide solution FTIR shows a broad amide I at

around 1650 cm' which is consistent with a random coil (disordered)

structure. '29 The same Amide I is also seen in the CALNN-capped

nanoparticles. The shape or maximum of the amide I does not

change as the nanoparticles increase in size meaning that there is no
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size or curvature dependent structure. This result is unsurprising given

the original design criteria of CALNN. It is also in agreement with

molecular dynamic simulations of a CALNN monolayer." Figure 3.4b

shows the second derivative of the FTIRspectra. This shows the rate

at which the gradient is changing in the spectrum allowing the

resolution of closely overlapping bands. 130 This is a widely used band

narrowing and deconvolution technique, were a negative peak in the

second derivative has its minimum in the same position as the peak in

the original spectrum. This method also emphasises bands with

narrow distribution over those that are broad making it an excellent

complimentary method to analyse spectra. A good example of this is

the CALNN peptide spectrum second derivative where a band at

1672 cm' previously obscured by the amide I band is clearly visible

(Figure3.4C). This band is attributed to trifluoroacetic acid that is used

for cleavage of the peptide from the solid phase at the end of peptide

synthesis. It is visible in the original spectrum as a lack of symmetry

but is clearly visible in the second derivative spectrum. That peak

does not appear in the nanoparticle samples as the TFA does not

bind to the gold surface and the TFA is eliminated at the same time as

the excess peptide during the nanoparticle functionalisation

procedure. The second derivative of CALNN is in agreement with the

FTIRspectrum confirming that the nanoparticles of different sizes are

identical with a broad peak at 1650 ern 1 consistent with a random

coil structure.

The CFGAILSS spectra shown in figure 3.4c show significant

differences between the peptide and the peptide monolayer. The
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peptide (dashed line) shows two amide I bands, a large sharp

dominant band at 1624 crn' and a smaller band 1689 cm'. This pair

of bands is consistent with an anti-parallel p-sheet structure. These

bands are however absent in the nanoparticle spectra signifying no

significant amount of fibrils or anti-parallel beta sheet in the sample.

The anti-parallel beta sheet is most likely unfavourable due to the

geometrical constraint of the SAM: CFGAILSSis anchored to the gold

through the N-terminal cysteine; this determines the orientation in the

peptides within the SAM. The 5 nm CFGAILSSsample (red)shows a

similar FTIR spectrum to that found in the CALNN samples giving a

broad band at 1645-1650 cm' that suggests that the peptide

backbone exhibits a significant amount of random coil. The second

derivative (Figure 3.4c) however shows that there is also two

overlapping bands at 1640 cm' and 1665 ern:'. These bands are

more pronounced in the 10 nm CFGAILSS FTIR spectrum (blue),

which has a maximum at 1640 cm' and a shoulder at -1665 cm'.
These two bands can be seen clearly in the second derivative. These

bands are also clearly visible in 25 nm CFGAILSS FTIR spectrum

(magenta). These narrow bands signify that as the nanoparticles

increase in size the amount of ordered structure also increases.

We are suggesting that these bands can be aSSignedto the parallel

beta-sheet structure. That structure has a high level of similarity to the

anti parallel arrangement (figure 3.5). Both structures are

characterised by two peptide chains running parallel and held

together by hydrogen bonds. The hydrogen bonds in parallel beta-

sheet are not perpendicular to the backbone and each hydrogen
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Figure 3.5. Beta-sheet structures and the hydrogen bonds that are formed;

a) Parallel beta-sheet displaying the ring of 12 atoms per hydrogen bonded

ring and the non-linear hydrogen bonds, bi anti-parallel beta-sheet,

displaying the 10 and 14 atom hydrogen bonded rings and linear hydrogen

bonds.

bonded "ring" has 12 atoms. In an anti-parallel beta sheet the

hydrogen bonds are perpendicular to the backbone and the hydrogen

bonded "ring" alternates between 14 and 10 atoms. Because the

hydrogen bonds are perpendicular to the backbone, anti-parallel

beta-sheet is more stable than parallel beta-sheet. These differences

in hydrogen bonds are responsible for differences in the amide I

regions.

Both beta-sheets have two narrow amide I bands, the bands being

closer to each other in parallel beta-sheet, and further apart in anti-
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parallel 129,parallel beta-sheet having its dominant band at higher

frequencies than those for anti-parallel beta-sheet. For parallel beta-

sheet the dominant band is expected at -1630 and a much weaker

band located -20-40 crn' away at -1650-1670 cm1.129.131.132These

frequencies correspond to the two narrow bands in the FTIRspectra

of the CFGAILSS-capped nanoparticles. Both the relative band

heights and widths are not as expected for an infinite theoretical

parallel (3-sheet.This is probably due in part to the modes of vibration

(eigenmodes) that are dependent on the number of peptides in any

given beta-sheet, but also the orientation of these modes relative to

the metal surface and the consequential affect of the surface dipole

selection rule. These two effects are discussed further below.

For an infinite parallel beta-sheet only two oscillator vibrations are IR

active 129.131133,the dominant absorbance band at a lower frequency

and a weaker absorbance band at higher frequencies. The dominant

band comes from a vibration that is polarised perpendicular to the

backbone and the weaker band is polarised parallel to the backbone.

For beta-sheets conSisting of less than -7 residues, the modes of

vibration change without significantly affecting polarisation of the

vibrations. As fewer residues are included into the bets-sheet this

causes a shift of the dominant band to higher frequencies but the

higher frequency band is much less affected. We suggest that

because the nanoparticles are confined to an inherently curved

surface, this limits the number of peptide residues that can align

properly into parallel beta-sheet, the smaller nanoparticles, exhibiting

greater curvature, showing fewer residues that can align into a
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continuous beta-sheet than the larger sizes which have an inherently

lower surface curvature. The slightly higher frequencies seen in the

low frequency band, 25 nm sample: 1637 crn-t and the 10 nm

sample: 1639 crn-t, are in agreement with this hypothesis. The low

frequency band seen in nanoparticle FTIR spectra is much less

affected, and its band position remains fairly constant at -1665 cm-1.

The broadening that is seen in the nanoparticle FTIR spectra is due to

structural inhomogeneity. Since the nanoparticle sample is inherently

inhomogeneous in both size of nanoparticle and surface topology,

this generates different populations of different numbers of peptides in

parallel beta-sheet. The intensity of the low frequency band is also

suppressed because it is orthogonal to the peptide backbone and

therefore parallel to the surface. As detailed above, the surface dipole

selection rule causes this band to be suppressed, which is consistent

with what is seen in the FTIR spectra.

3.5 20 IR study of the CFGAILSS nanoparticles.

Vibrational spectroscopic methods, such as FTIR and Raman

generate a complicated 1D spectrum that can sometimes be difficult

to analyse in detail. 20 infrared spectroscopy (20 IR) generates

spectra in two dimensions reducing this complexity 134135and allowing

ultrafast time resolution.134.136.137In 2D IR a spectrum is spread over

two frequency axes to reveal vibrational couplings through cross

peaks. The spectrum correlates the frequency of vibrational excitation

(wpump) with the frequency of detection (WprobO)' The peaks seen in the

diagonal can be assigned to normal, chemically distinct vibrational
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Figure 3.6. 2D IR spectra of; a) 5 nm diameter and, b) 10 nm diameter

CFGAILSS-capped nanoparticles taken with the four wave mixing geometry.

2D IR spectra of c) 25 nm diameter and, d) 10 nm diameter CFGAILSS-

capped nanoparticles taken with the pump-probe geometry. Numbers

indicate band positions; 1) -1635 ern and 1660 cm· amide 1,2) 1600 cm·

COO, 3) indicates the emergence of a cross peak between the 1635 ern

and 1660 ern peaks.
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modes, and is a good approximation of a linear infrared absorption

spectrum. Here, we measure "purely absorptive" 20 IR spectra, the

peaks shown are in pairs; the (positive) red peaks are called excited

state absorption, and the (negative) blue peaks are called ground

state bleach/stimulated emission. These pairs of peaks are similar but

not identical. The coupling of vibrations is shown as cross peaks in a

20 IR spectrum.

The 20 IR spectra in figure 3.6 were taken using two different

geometries of 20 IR. The four wave mixing (FWM) method whilst

giving better signal to noise ratio exhibits greater scattering light noise

which can be seen on the diagonal '38. The data in the pump-probe

geometry has less scattered light noise on the diagonal but more

noise as seen as rippling off the diagonal(figure 3.6c and d). A"

spectra suggest the presence of two main amide I bands at -1635

crn' and 1660 cm'. The tail extending from 1680 cm' to 1760 ern:'
in the FWM 10 nm spectrum is present in the 10 nm pump-probe

spectrum. The 1660 cm-1 band, as seen in the FTIR spectra,

increases relative to the rest of the amide I region as the nanoparticle

diameter increases.

The FWM spectra show differences in the contour lines between the 5

nm and 10 nm samples. The 5 nm sample (figure 3.6a) shows more

rounded contour lines in the red excited/absorption spectrum, whilst

the 10 nm (figure3.6b) shows the emergence of a side peak implying

the presence of more beta sheet. The emergence of these cross

peaks is more visible in the 25 nm sample (figure 3.6c) implying a
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further increase in the amount of beta sheet present in the sample.

The diagonal stimulated emission/bleach spectrum (blue) follows the

FTIR data well, the 1660 crn' band being stronger as the

nanoparticles increase in size.

The 2DIR bleach/stimulated emission bands scale as the forth power

of each vibrator's orientationallyaveraged dipole moment. In FTIRthe

spectrum scales with the second power of the dipole moment, and

therefore a 2DIR signal will be more sensitive to changes in dipole

moment. This is seen in the increased absorbance at 1660 ern:' in the

FTIR and 2DIR comparisons (Figure3.7c and d). It should be noted

however that for ~-sheet this increase in signal is supressed by the

anharmonicity of the excitonic states that are formed. In figure 3.7c)

and d) an increase in the1660 cm 1 band can be clearly seen relative

to the 1630 cm' band. It is increased by roughly the same amount in

both spectra. This suggests that the 1635 cm 1 and 1660 cm 1 band

ratios in the 10 nm and 25 nm samples are similar.

From the 2DIR data we can conclude, due to band position) that

there is mixture of B-sheet structure present in the CFGAILSS

nanoparticles which increases with particle diameter. It has previously

been shown that the absence of a cross peak in the 2DIR does not

exclude parallel (i-Sheet and its absence may constitute evidence for

parallel I~-sheet 133. Whilst a band at -1635 cm 1 has also been

attributed a random coil 135 the presence of the band at 1660 cm 1 is

evidence for beta sheet. 124
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Figure 3.7. Comparison of diagonal cuts of the bleach/stimulated emission

from 2DIR spectra of a) 10 nm CFGAILSS and b) 25 nm CFGAILSS. The

bleach/stimulated emission diagonal peaks are compared to the FTIR

spectra for c) 10 nm CFGAILSS and d) 25 nm CFGAILSS. The spectra

shown in c) and d) are normalised to the 1635 cm· peak height and the

2DIR data has been inverted for ease of comparison.

3.6 Solid-state NMR rotational-resonance

Rotational resonance is a magic angle spinning (MAS) NMR technique

that selectively restores the dipolar interaction between a spin pair.

When the rate of sample spinning matches the difference in resonant

frequencies of the non-equivalent nuclei the measured peaks broaden
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and rate of cross relaxation is enhanced. This allows the calculation of

the dipolar coupling constant, and therefore the internuclear distance.

NNFGAILSS adopts a register where the alanine residue is central 118.

Bearing this in mind, we chose two peptides each with a different

label; a CFGAILSS peptide 13Clabelled at the alanine C' and another

CFGAILSS peptide 13Clabelledat the alanine Coc.

Figure 3.8(top) shows a 13Ccharge polarised magic angle spinning

(CP-MAS) NMR spectrum of CFGAILSS fibrils formed from a 1:1

mixture of 13C'-alanine labelled CFGAILSS and 13Coc-alaninelabelled

CFGAILSS. The chemical shifts at 171.6 ppm and 47.3 ppm

correspond to the C' and Coc respectively. The relatively narrow line

widths for the fibrils is consistent with a significant degree of long

range order that is consistent with an extended group of hydrogen

bonded peptides. The chemical shifts for both peptide and peptide-

capped nanoparticles are summarised in Table1. Figure 3.10 displays

a 13C CP-MAS NMR spectrum of 5 nm and 10 nm diameter

CFGAILSS-capped gold nanoparticles respectively. These were

capped with a 1:1 mixture of 13C'-alanine labelled CFGAILSS and

13COC-alanine labelled CFGAILSS. The width of the peaks seen in the

nanoparticle sample is wider than that seen in the fibril sample. This

broadening is seen to increase further in 10 nm nanoparticles. This
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Figure 3.8. A C Cp·MAS NMR spectra of 1:1 IC'·A)CFGAILSS:I·Cu·

AICFGAILSS fibrils (top) and 5 nm gold nanoparticles capped with 1:1 [·C'·

A)CFGAILSS:['Cu ·AICFGAILSS (bottom).
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sample chemical shift (ppm) line width (Hz)

C' Ca C' Cu

CFGAILSSfibrils 171.6 47.3 125.2 115.1

CFGAILSSnanoparticle

5nm 170.8 46.4 300.0 307.9

10 nm 171.8 48.6 452.4 450.5

CALNN nanoparticle

5nm 172.6 48.7 473.0 435.6

10 nm 173.1 49.2 513.0 502.3

Table 3.1. Summary otC chemical shifts and line widths at halt height tor C·

and Cu of CFGAILSS fibrils and CFGAILSS- and CALNN-capped

nanoparticles.

broadening is thought to arise from both structural disorder imposed

by the peptide being anchored to the gold core, and also as a

property of the gold nanoparticle itself. It has been shown that 13C

chemical shifts for thiolated ligands on gold nanoparticles exhibit

broadening whilst conjugated to the nanoparticle 83. This broadening

is most pronounced closest to the gold core, but it also increases as

the gold core increases in size." This effect has been attributed to

variations in the Au-ligand site, giving rise to distributions of chemical

shirts." 83 Since the nanoparticles are metal, the conduction
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electrons may introduce a distribution of weak knight shifts that may

contribute to this broadening 139. The conduction electrons of the gold

surface introduce an effective field at the nuclear site due to spin

(a) co Cn (b)
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Figure 3.9. Measurement ofC'-Cn dipolar couplings in 1:1 [C'-

AjCFGAILSS:!"'Cn-AjCFGAILSS fibrils using rotational resonance NMR. (a)

Spectra of fibrils obtained using the constant time experiment. Peaks for C'

and Co are shown, from left to right, for mixing times (or) of 1, 10, 20, 30

and 40 ms at a MAS frequency of 12508 Hz, which satisfies the n = 1 RR

condition. (b) A plot of magnetisation exchange, as represented by

difference intensities for the C' and Cn peaks over a range of mixing times.

Data are shown for n = 1 RR (filied circles) and for a MAS rate (5200 Hz)

away from a RR condition (open circles). Error bars represent the level of the

noise. Solid and dashed lines are numerically simulated curves bounding

the upper and lower error limits of the n = 2 RR data, and correspond to the

C' -Co distances and I;,ZIJ values indicated.

orientations in the presence of the applied external magnetic field.

This effect is known to increase with the size and/or density of the

nanoparticles. B3 The increase in line width with nanoparticie size is

more pronounced in the case of CALNN-capped nanoparticles than
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in the case of CFGAILSS nanoparticles. This is consistent with the

FTIRdata that indicates an increase of order with size.

Figure 3.9a shows the 1:1, 13C'-alanine:13Ca-alanine labelled

CFGAILSS fibrils sample in a rotational resonance experiment. The

decrease in signal intensities with increased mixing time indicates that

the distance-dependant

dipole coupling occurs between the 13C'and 13Calabels of adjacent

CFGAILSS peptides. Comparison of the exchange measurements

with simulated curves (figure 3.9b) gives a dipolar coupling constant

which translates to an intermolecular distance of 5 A ± 0.3 A. This

short distance is possible if the labelled residues are in register to one

another within a beta-sheet since hydrogen bonds are between 2 and

3.5 A. In Figure 3.10a is the rotational resonance spectra of 5 nm

diameter gold nanoparticles capped with 1:1, 13C'-alanine:13Ca-

alanine labelled CFGAILSS. In a similar way to the fibril spectra, the 10

nm spectra shows a decline in peak intensities with increasing mixing

time indicating that the dipole coupling occurs between the 13C'

and13Ca labelled alanines of adjacent peptides. The exchange

measurements give a dipolar coupling constant indicative of an

intermolecular distance of 4.9 A ± 0.3 A. The rotational resonance

spectra of a 10 nm gold nanoparticle capped with the same mixture

of 13C'-alanineand "Co-alanbe labelled CFGAILSS also shows the

decline in intensities with increased mixing times indicating dipole

coupling, and an intermolecular distance of 5 A ± 0.3 A. As described

above the peptide is anchored to the gold by a thiol bond meaning

the peptide cannot adopt an anti-parallel beta-sheet structure as in
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the fibrils. In order for this intermolecular distance of 5 A to be

possible the peptides would have to adopt a register where the C=O

of the alanine hydrogen bonds to the N-H on the glycine of the

neighbouring residue. The rotational resonance spectra was also

performed on CALNN capped 5 nm and 10 nm gold nanoparticles.

The monolayer was a mixture 1: 1 of 13C'-alanine: 13Ca-alanine labelled

CALNN. The CALNN-capped nanoparticles did not show any peak

intensity changes over the same mixing times used in the CFGAILSS

experiments. This is indicative of very weak dipole coupling and that

the intermolecular distance is significantly greater than that seen in the

CFGAILSS-capped nanoparticles and CFGAILSS fibrils. CFGAILSS

and CALNN have a similar capping densities, but the CALNN peptide

is not amyloidogenic and does not have the same propensity to form

beta-sheet as CFGAILSS. If the observed coupling was due to the

peptides being confined to the nanoparticle surface both the CALNN

and CFGAILSS capped nanoparticles would show dipole coupling

due to the proximity of the peptides. The labelled alanine in CALNN is

also closer to the surface and thus more likely to be in closer
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FIGURE 3.10. Detection ofC'-Cu dipolar couplings in peptide-capped

gold nanoparticles using rotational resonance NMR. Peaks for C' and C«

are shown, from left to right, for mixing times (1:_) of 1, 10,20,30,40 and 50
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ms at MAS frequencies satisfying the n = 2 RR condition. Top row: spectra

for 5 nm particles capped with 1:1 [C'-A)CFGAILSS:[Cu-A)CFGAILSS at n

= 2 RR (a) and off-RR (b). Middle row: spectra for 5 nm particles capped

with 1:1 [-G'-A)CALNN:[Ca-A)CALNN at n = 2 RR (c) and off-RR (d).

Bottom row: spectra for 10 nm particles capped with 1: 1 [C'-

A)CFGAILSS:[Ca-A)CFGAILSS (e) and 1:1 [C'-A)CALNN:[ Cu-A)CALNN (f)

at n = 2 RR.

proximity to another CALNN peptide than the CFGAILSS peptide.

Instead only the CFGAILSS peptide is seen to be in close enough

proximity to imply hydrogen bonding, Interestingly the line widths of

the CALNN-capped nanoparticles are much larger than the

CFGAILSS-capped nanoparticles. As described above the peptide

being anchored to the nanoparticles causes broadening of the peaks

as the nanoparticle increases in size. Since the CALNN-capped

nanoparticles have been shown to have a random coil structure, this

structural inhomogeneity would result in larger line widths combined

with the nanoparticles.

3.7. Conclusions

Here we have shown that it is possible to design and synthesise gold

nanoparticles capped with a CFGAILSS monolayer that exhibits long

range order in the form of protein secondary structure. These

nanoparticles have resistance to salt-induced aggregation to the same

extent as CALNN-capped nanoparticles, but the CFGAILSS-capped

nanoparticles exhibit a greater resistance to ligand exchange,

presumably due to the increased affinity each peptide has for its

neighbouring peptide. FTIR and 2DIR have shown that the peptide

monolayer is made up of both ~-sheet and random-coil, the amount
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Figure 3.11. Plots of magnetisation exchange for 5 nm (a) and 10 nm (b)

nanoparticles capped with 1:1 [-G'-A)CFGAILSS:[Ca-A)CFGAILSS. Data

are shown for n = 2 RR (filled circles) and for a MAS rate (5200 Hz) away

from a RR condition (open circles). Solid and dashed lines are numerically
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simulated curves bounding the upper and lower error limits of the n = 2 RR

data, and correspond to the C'-Ca distances and Tt! values indicated.

of ~-sheet structure present on a nanoparticle increasing as the

nanoparticle size increases. This is most likely due to the reduction in

the surface curvature allowing more peptide residues to join a beta-

sheet structure, less hindered by geometric constraints. Solid state

NMR has demonstrated that the CFGAILSS-capped nanoparticies

exhibit an inter-peptide spacing consistent with that in ~-sheet, and

that this is not merely an effect of being confined to a surface since

the CALNN peptide does not show the same effect. To our

knowledge these studies are the first molecular level details on the

structure of peptide self-assembled monolayers, as well as direct

spectroscopic evidence of local 2D order at the surface of the

nanoparticles.
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CHAPTER 4

Ultrafast heating of nanoparticles

4.1 Femtochemistry and surfaces

Femtochemistry addresses chemical reaction processes including the

formation and breaking of bonds that take place on the femtosecond

time scale. Resolution of processes to this degree requires lasers with

ultrashort pulse lengths. Femtochemistry has enhanced the

understanding of chemical reactions in liquid and gas mediums over

the past decades. Surfaces have represented a challenge in

femtochemistry due to their additional complexity of the heat

dissipation channels as a result of a solid interface interacting with the

reactants. Surface reactivity is of particular importance to catalysis in

the development of heterogeneous catalysts. Metals are often used to

investigate reactions with molecules due to favourable effects such as

a reduced reaction barrier compared to a gas phase reaction. In

addition the use of a surface allows the reactant's proximity to be

controlled enabling greater control over the reaction dynamics and

products.

4.3 Ultrafast heating of metal substrates

In a metal substrate there are two heat baths, the sea of electrons

and the metal atom nuclei forming the lattice, collectively constituting

the energy content of the substrate. The collective excitations of the

metal lattice heat bath are described as phonons. The two heat

baths, phonon and electron, in a metal surface are in a state of
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Figure 4.1.Electron distributions; Fermi-Dirac distributions; a) Fermi-Dirac

distribution of the cold electrons in a metal substrate are excited by a

femtosecond laser pulse, b) this causes a transient population of high

energy electrons with energy above the Fermi level (E.l In a non-thermal

distribution, c) The electrons thermalise by electron-electron scattering

resulting in a population of hot electrons. d) DIMET diagram; the hot electron

mediated energy exchange due to transfer of an electron to the ligand

unoccupied orbitals from the high energy end of the electron occupation

distribution e) The repeated energy transfer to the ligand by the electrons

supplies the necessary energy to excite the ligand out of the ground state

and overcome the desorption energy. ~ Hot phonon mediated breaking of

bonds, more energy is added to a particular bond vibration causing the

bond to break and the ligand to dissociate.
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equilibrium because of electron-phonon coupling on the picosecond

time scale. A laser pulse, several femtoseconds long, when hitting a

metal surface, causes a transient non- equilibrium increase in the

high-energy electron distribution (figure 4.1 a-c). In a metal substrate

this creates electrons that are spread all over the conduction band. 140

These high energy electrons then thermalise by ultrafast electron-

electron scattering, on the 100 femtosecond time scale, leading to

electron temperatures that exceed the lattice temperature by several

thousand degrees Kelvin (figure 4.1 c). This large temperature

difference is due to the small heat capacity of the electrons relative to

the ion lattice. In a process purely electron-mediated, the desorption

induced by multiple electronic transitions (OIMET) 141causes the

ligand to desorb as a result of substrate hot electrons transiently

populating normally unoccupied ligand energy levels above the

ground state. This process raises the substrate-ligand complex into

an excited state which can either be anti-bonding, that is

repulsive142.143,or bonding144if the hot electrons contain enough

energy to access the lowest unoccupied molecular orbitals of the

ligand (LUMO) . This new charge distribution caused by the transient

electron excitation can initiate nuclear motion, converting potential

energy into kinetic energy and after back electron transfer to the

ground state, vibrational energy. The coupling of this transient

electronic state to the vibrational degrees of freedom of the adsorbed

ligand causes desorption or even reactions between co-adsorbed

ligands145(Figure 4.1 e). In the unexcited substrate state (electrons

mostly below the Fermi level), the cold electrons do not have access

to the higher energy unoccupied electron levels of the ligand. When
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hot electrons are at high excitation densities additional excitation

cycles may occur, before the vibrational relaxation takes place,

allowing enough energy to accumulate in the ligand to overcome the

reaction barrier and break the bond (figure 4.1e). Substrate-ligand

coupling transfers energy to the ligand molecule until equilibrium is

reached. Energy is then dissipated via electron scattering in the bulk,

or by electron-phonon coupling. This leads to an increase in the

phonon temperature, which is a much slower process than the

electron temperature increase. Within the electron-phonon coupling

time of the metal substrate (-1 ps) 145,146 the temperature of the two

heat baths begin to equilibrate. Energy can also be deposited into the

electron heat bath by exciting interband transitions (blue shifted

wavelengths of the localised surface plasmon resonance), or

intraband transitions (red shifted wavelengths of the localised surface

plasmon resonance). 79 This causes a differences in the way in which

the electrons are distributed over the conduction band. 79 These

differences however equilibrate with the electron-electron scattering

whilst forming the hot-electron distribution.

Hot-phonons are formed as the energy from the photons is

conducted into the electrons and then in the phonons. These hot-

phonons can also cause molecular bonds to break by coupling with

vibrational modes of the substrate-ligand bond (figure 4.1~, such as a

stretching vibration. This causes the ligand to dissociate. if enough

energy is transferred. This mode of bond breaking is distinct from the

hot electron mediated process due to the longer time scale on which
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it occurs, given by the hot-phonon relaxation time (phonon-phonon

coupling) (-500 ps). 140

4.2 Metal nanoparticles

Metal nanoparticles, show a strong absorbance of light in specific

areas of the electromagnetic spectrum. These light absorbing

properties make them ideal candidates as probes,147molecular

delivery vehicles 148and also as heat sources'", As previously

discussed, nanoparticles are often coated with a self-assembled

ligand shell. The number of defects in this self-assembled monolayer

has been shown to decrease as the size of the nanoparticie

ncreases."

More recently, nanoparticies have been shown to act as molecular

tags for single molecule imaging in photothermal microscopy.77.111-

113.149This technique is made possible by the surface plasmon

resonance of metal particles, giving rise to a strong absorption of light

and its conversion into heat . Any light energy absorbed and not

emitted is converted to heat that is subsequently conducted into the

immediate surrounding medium. This conversion of light energy to

heat within the nanoparticie is a rapid process occurring on the

picosecond time scale. The applied heating of the nanoparticles in

this technique is over microseconds, and this allows the heat baths

within the nanoparticies to remain in equilibrium.

It is possible to investigate these energy absorption and dissipation

processes on gold nanoparticles by quantifying the dissociation of

90



ligands chemisorbed to the gold surface by a thiol-gold bond. Jain et

al. 77 demonstrated that the femtosecond laser heating of gold

nanoparticles causes DNA ligands, anchored to the gold nanoparticle

surface by a gold-thiol bond, to dissociate from the gold nanoparticle

causing a plasmon band shift to lower wavelengths, which was

measured using UV-visible absorption spectroscopy. The authors

however do not investigate over what time scale the observed ligand

desorption takes place and hence it remains uncertain, precisely

which processes are responsible for the breaking of the gold-thiol

bond.

Here, we use a green 532 nm, 150 femtosecond long, laser pulse to

induce ligand desorption and investigate the time scale of the

interaction relevant for photodissociation. This femtosecond laser

pulse is split into two beams, one beam travelling a fixed distance and

the other over a variable delay line. This delay line introduces the delay

by making the laser pulse travel a variable distance. The speed of light

is 2.998 x 108 rns' so a distance of 1 mm will introduce a delay of

3.34 ps to the beam. When the beams are combined the delay

becomes the determining factor whether enough energy is delivered

to the electrons, quickly enough, to cause the breaking of the gold-

thiol bond, before the energy has diffused into the phonons or the

surrounding environment. Both beams are sent to a lens, of focal

length 700 mm, which focuses the beams as a 150 urn diameter spot

on the sample. The spatial and temporal overlap are adjusted and

optimised using second-harmonic generation in a non-linear crystal.

The gold nanoparticles that were used were capped with a peptide
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monolayer consisting of two peptides; CALNN (95%) and a

fluorescently labelled peptide CCALNNGGGP-acetoxymethyl

coumarin (AMC) (5%). The absorption band for the AMC fluorophore

is in the UV at 324 nm and does not overlap with the 532 nm

femtosecond laser light, and thus will be unabated by photo-

bleaching. When conjugated to the gold nanoparticle the fluorescence

will be quenched due to its proximity to the gold cors'". and so only

fluorophore that has dissociated from the nanoparticie will be

detected by fluorescence measurements. Fluorescence could not be

measured in situ and so was done after irradiation, removing a

sample of nanoparticles from the rapidly stirred experimental volume.

The irradiation time was changed as the sample volume decreased to

ensure the desired mean irradiation time per nanoparticie.

The nanoparticle concentration was adjusted so that the AsJ2 was 0.5

in order for the beam not to be too attenuated as it passes through

the 1 cm path length cuvette. Ideally all of the sample would be

illuminated by the same amount of light, but with an absorbance of

0.5 only 32 % of the light escapes the sample, meaning the front of

the sample in the cuvette is irradiated by 100 % of the light energy

and the back only receives 32 %. Any higher concentration would

mean that there would be a greater proportion of light energy

absorbed by the front of the sample than the back, but any smaller

concentration would lead to weak fluorescence that would be difficult

to reliably measure. It is not possible to increase the monolayers

Proportion of fluorescent ligand due to the ligand causing aggregation
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when it constitutes greater than a 5% molar ratio, to CALNN, in the

self-assembled monolayer.

Two different nanoparticle core diameters, 10 nm and 30 nm, were

used in this study. This provides more evidence for the processes that

are responsible for ligand dissociation. Whilst the electron-phonon

coupling is independent of nanoparticle core size, the phonon-

phonon coupling decreases quadratically with size 140. This will mean

that heat energy will be dispersed more slowly in the 30 nm

nanoparticles than in the 10 nm. 10 nm was chosen because it is a

large enough diameter to have a significant electron-phonon and

phonon-phonon relaxation difference, and 30 nm was selected

because as gold nanoparticles increase in size the Aro2 also increases

relative to the nanoparticle concentration 8, meaning a lower

concentration of particles would have to be used.

The energy delivered by the laser is critical to observe the processes

of ligand desorption. If too little energy is delivered nothing will be

seen, and if too much energy is delivered the ligands will dissociate all

at once, and no difference will be seen when the second pulse hits

the sample yielding no information on processes causing the ligand

dissociation. To select the appropriate laser power the nanoparticles

were irradiated with laser energies between 5 and 53 ~J (Figure 4.2).

The appropriate laser power was required to not reach saturation

before the final reading, thus ruling out 53 and 20 ~J, whilst allowing

for the greatest signal to noise ratio. 4 ~J did not result in all of the

conjugated fluorescent ligand being dissociated; therefore a laser
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power of 7 IJJ was selected. There is evidence to indicate that as the

fluorescence plateaus in the power dependence readings
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Figure 4.2. Laser power dependence of fluorescently labelled peptide

dissociation from 10 nm diameter gold nanoparticles capped with 5%

CCALNNGGGP-AMC and 95% CALNN. Delay between the two pulses: 0

ps.

almost all of the ligand shell has been removed from the nanoparticles

because no more fluorescence can be measured with further

irradiation. The fluorescence visibly decreases after saturation at both

of the higher laser powers used. Whilst the cause of this is not

precisely known there is evidence to indicate that it could be due to

the production of free radicals produced by the laser exciting the gold

94



particle."? These radicals could react with the fluorophore causing

oxidation and bleaching.
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Figure 4.3. Effect of the time delay on fluorescent peptide dissociation on 10

nm gold nanoparlicles, for delay times of 0 ps to 100 ps.

In the delay experiments the total energy of the recombined beams

was 7 ~J. The delay between the two pulses introduced will strongly

affect the amount of energy that is delivered to the electrons before

the system has time to equilibrate. This allows us to determine the

relaxation time scale of the relevant interaction, and thus distinguish

between hot electron- and phonon-induced dissociation.

Figure 4.3 shows that a gradual decrease in the rate of fluorescence

release is seen as the delay time increases. These data were fitted

together with an exponential rise function, sharing the amplitude and

offset but with free rate of increase to give the data shown in Figure

4.4.
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The cross correlation (figure4.4) shows a marked decay of the rate of

fluorescence increase as the delay time increases. In this case, i.e. for
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Figure 4.4. Decrease of the rate of fluorescently labelled ligand dissociation

as the delay time increases for 10 nm nanoparticles. The data is from that

presented in Figure 4.5.

10nm NPs, the difference between electron-phonon and phonon-

phonon relaxation is too small to definitively say what processes are

responsible for the release of ligands. Since the effect is strongest for

the first one ps, this would indicate a hot electron mediated process.

However, phonon-phonon relaxation for 10nm NPs is expected to

Occur with a time constant of -15 ps, making it difficult to reliably

distinguish between the two mechanisms. As discussed above, since

the electron-phonon relaxation time is independent of the nanoparticle

diameter, and the phonon-phonon relaxation increases quadratically

with nanoparticie diameter, larger nanoparticles should show a larger
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difference in the change of the fluorescence increase rate with respect

to the delay time.
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Figure 4.5. Laser power dependence of fluorophore release from 30 nm

diameter gold nanoparticles capped with 5% CCALNNGGGP-AMC and

95% CALNN. Delay between the two pulses: 0 ps.

Figure 4.5 shows that the larger nanoparticles require a laser power of

5 IJJ to obtain the adequate amount of fluorescence increase. Since

the 30 nm particles have a lower surface area compared to the 10 nm

particles for the same Ar,32 the overall fluorescence is lower.

In Figure 4.7 we see that the rapid dissociation process is largely over

after a delay of one ps for the 30 nm nanoparticles. This result is also

very similar to the cross correlation for the 10 nm nanoparticles. The

cross correlation for the 10 nm nanoparticles shows a FWHM of 2 ps

and the 30 nm nanoparticles show a FWHM of 0.5 ps. We suggest
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that this is most likely due to the differences in pulse energies. The

electron-phonon coupling remains independent of nanoparticle size

-·-0 ps
--0.3 ps

1ps
3ps

• 10 ps
---<I 30 ps
• 100 ps

-. 300 ps
--Soops

0.0 0.2 0.4 0.6 0.8
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Figure 4.6. Effect of the time delay on fluorescent peptide dissociation on 30

nm gold nanoparticles, for delay times of 0 ps to 100 ps.
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Figure 4.7. Decrease of the rate of fluorescently labelled ligand dissociation

as the delay time increases for 10 nm (blue) and 30 nm (red) nanoparticles.
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The data is from that presented in Figure 4.5 and 4.8 for 10 nm and 30 nm

respectively.

but it depends on the initial temperature of the electrons which

increases with pulse enerqy." Lower pulse energies were used for the

30 nm nanoparticles meaning less heating and therefore a faster

electron-phonon relaxation. This is consistent with that seen by Link

et al. 1 for the electron-phonon relaxation in gold nanoparticles of

approximately 10 nm diameter. This relaxation is independent of

nanoparticle size, which is why it is seen in both 10 and 30 nm

samples. The cross correlation data for the 30 nm nanoparticles

clearly indicates that it is not a hot phonon mediated process that

causes the dissociation of the peptide monolayer. The expected result

for a phonon mediated process would be to see a decrease in

fluorescence on the time scale of the phonon-phonon relaxation time

of -150 ps for a 30 nm gold nanoparticle."

A hot electron-mediated ligand dissociation mechanism including the

anti-bonding states of ligands on metal surfaces has been seen in the

literature.152 During the photo excitation of the electrons, the hot

electrons formed are several thousand degrees K in excess of the

melting temperature of the lattice.

4.3. Conclusions

We have found that exposing peptide-capped gold nanoparticles, of

10 nm and 30 nm diameters, to femtosecond laser pulses causes the

dissociation of ligands held to the nanoparticle surface by a gold-
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sulfur bond. This desorption is caused by the breaking of the gold-

sulfur bond, which was measured by the unquenching of fluorescent

ligand as it leaves the gold surface. The experimental results show

that this bond breaking is not due to a thermal process where the

phonons couple with the gold-sulfur bond's vibrational degrees of

freedom causing the bond to break. Instead, the model of a photo-

excited electron mediated process, where the hot-electrons cause

the gold-sulfur bond to break through DIMET or where nascent

electrons are able to occupy an anti-bonding state causing

dissociation of ligands is consistent with the data that is seen. The

very short cross correlation times that are observed may be due to

the peptide that we have used having two cysteines. The peptide

having two bonds to the surface makes this more difficult to break

since the electrons will have to be significantly hotter in order to have

enough energy to break both of these bonds. It is most likely that the

CALNN monolayer is removed in larger proportions than the CCALNN

fluorophore because of this larger energy requirement. The CCALNN

fluorophore would only be able to dissociate at the hottest electron

temperatures, which would then quickly dissipate into the phonons.
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CHAPTER 5

Conclusions and perspectives

In this work, fundamental properties of ligand-capped nanoparticles

have been explored. Whilst there is a some evidence that ligands on

the surfaces of nanoparticles organise into domains, we have shown

that published data claiming the presence of stripy domains on the

surface of nanoparticles is due to scanning artefacts and it is unlikely

that ligands organise themselves into stripes. The reported

remarkable properties, whilst unusual upon first glance, can be

explained in a rational manner. The observed stripes can be attributed

to scanning artefacts and the cell uptake is likely to be a property of

the cell line used rather than an intrinsic property of the nanoparticles.

Our inability to reproduce the published results may be a reason why

there are no groups that have published their own studies on these

nanoparticles. This chapter also raises questions on the peer-review

system where weak or subjective data, such as the published XRD

spectra or using a visual scale of one to four to describe a colloid's

stability, can be published in prominent scientific journals as strong

evidence, but the publication of an article challenging published

evidence proves to be an extremely long and difficult process (our still

unpublished manuscript has now been under review for over two

years).

Ultrafast heating studies have revealed that the release of ligands

attached to a nanoparticle surface is mediated by electron driven
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processes that opens the potential for nanoparticles as molecular

delivery vehicles that can selectively release their cargo upon

irradiation on the femtosecond scale. One potential other application

of these experiments would be to use the release rate as an indicator

of the local environment of the removed peptide. Indeed, preliminary

experiments obtained during the course of the collaborative work of a

third year Chemistry student project, Laura O'Neill indicates that the

structure of peptide monolayers affects the rate at which fluorescent

peptides are released from nanoparticles (Laura O'Neill third year

report, CHEM366)(figure 5.1). In order to have more qualitative data, a

study using a peptide monolayer comprising completely of a CALNN

and a CALNN based fluorescent peptide would make allow greater

detail to be extracted. If indeed it is confirmed that the dynamics of

light-induced ligand release contains insights into their conformation

and intermolecular interactions, this line of research could be

expanded towards different peptide sequences, and in the first

instance the peptides we have characterised in some details by

spectroscopic methods.

We have seen strong evidence that CFGAILSS peptide monolayer

forms some -sheet structure on the surface of nanoparticles, albeit

with a proportion of random coil. This proportion of ~-sheet appears

to increase as the nanoparticle becomes larger, and exhibits less

surface curvature. The formation of structure and controlling ligand

interactions is an important step towards nanoparticles with tailored

surface topology and functionality. Further studies are however
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Figure 5.1. Relative fluorescence measurements for 10 nM nanoparticles

in water with different peptides used after irradiation by Nd:YAG, 37.5 mJ

mJ pulse energy. (Data courtesy of Laura O'Neil)

required to investigate the presence of hydrogen bonding between

ligands in mixed as well as homogenous monolayers. Whilst the

current data set can provide no more data, further studies using

isotopic labels will be able to provide detailed inter molecular

distances allowing a more accurate model to be built.

The FTIR spectra of nanoparticies coated with the peptide sequence

CA7Eshows the emergence of two sharp amide I bands at 1620 ern-

1 and 1680 cm-1 (figure 5.2) indicating the presence of ~-sheet. The

positions of these bands however are consistent with antiparallel

beta-sheet, which with the peptide's forced orientation due the
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cysteine-gold bond, is a difficult configuration to imagine. The CA7E-

capped nanoparticle sample was cleaned of excess peptide in the

same way as a CFGAILSS-capped nanoparticie sample and yet

exhibits a similar FTIR spectrum to CFGAILSS peptide. This system

requires further investigation to find out if this result is due to the

monolayer or peptide aggregates bound to the particle.

-10nmCA,E

-10nmCALNN

1720 1700 1680 1660 1640 1620 1600 1580

Wavenumber (em")

Figure 5.2 FTIR spectra of 10 nm gold nanoparticles capped with CALNN

and CAE peptides

A prominent feature in all of the presented FTIR spectra is the

presence of the COO- band at 1600 cm'. The part of the peptide

responsible for this is the solution facing C-terminus and is

responsible for providing some charge repulsion in keeping the

nanoparticie sample stable. Using peptides terminated with an

alcohol, or polyethylene group will remove this band from the FTIR

spectra and facilitate spectrum deconvolution. These "peptidols" have
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been used as part of a mixed monolayer 63 named the "mix matrix".

This is comprised of 70 % CWVT-ol and 30% HS(CH2)4PEG4-01.The

lack of a C terminal carbonyl group allow the direct analysis of the

amide I band without distortion from the 1600 crn' carbonyl band

(Figure 5.3).

- 10 nm"mixmatrix"
-10nmCALNN

17201700168016601640162016001580

Wavenumber (ern")

Figure 5.3 FTIR spectra of 10 nm gold nanoparticles capped with CALNN

and the "mix matrix" mix of ligands.

In conclusion, elucidating and controlling the structure of ligand

monolayers is a difficult challenge, and several techniques must be

used in conjunction to obtain meaningful conclusions. Structured

monolayers where individual ligands show a particular affinity for other

ligands, provide an avenue for controlling surface properties on the

nanoscale. What has evolved in nature over billions of years provides
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inspiration to advance nanoscale building blocks towards self-

organising nanomaterials. With more development these materials

have the potential to have a level of programmability to organise via a

bottom up approach, into precise objects and assemblies with as

much specificity as proteins and other biomolecules.
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CHAPTER 6

Materials and methods

6.1 Materials

All peptides were purchased from Peptide Protein Research Ltd

(Hampshire)at > 70 % purity.

Tetrachloroaurate (HAuCI4). tannic acid, trisodium citrate, sodium

acrylate, dithiothreitol, Mercaptoproprionic acid and Octanethiol were

all purchased from Sigma Aldrich at reagent grade quality.

Ethanol was purchased from Fischer at HPLC grade.

Sodium mercaptoundecanesulfonate was purchased from Prochimia,

Poland.

Phosphate buffered saline (1x PBS) solution contains 137 mM sodium

chloride, 2.7 mM potassium chloride and 10 mM phosphate buffer

adjusted to pH 7.2 using HCI or NaOH.

6.2 Gold nanoparticle syntheses

Several different methods of nanoparticles were required during this

work. "Stripy" nanoparticles were synthesised according to the

literature to ensure the sample was representative of that which has
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been published. Trisodium citrate and sodium acrylate was used in

conjunction with tannic acid to synthesise nanoparticles of 10 nm

diameter. Trisodium citrate was used in chapter 4 and sodium

acrylate in chapter 3. Sodium acrylate was used because of its lower

number of carbonyl groups since these will mask the carbonyl signal

from the peptide backbone. 13 nm diameter trisodium citrate

nanoparticles were used as seeds for growing into larger

nanoparticles using hydroxyl amine.

6.2.1 Preparation of gold nanoparticles using trisodium

citrate

The gold nanoparticles were prepared, according to Turkevich et al, 3,

by adding 4 mL of 1% (w/v) sodium citrate solution to a stirred boiling

solution of 100 mL of 0.01% (w/v) HAuCI4 and refluxed for 30

minutes. The maximum absorption in ultraviolet-visible spectra

(plasmon peak) was approximately 520 nm. The particle size was

calculated to using UVNis and TEM according to Haiss et al. 8.

6.2.2 Preparation of gold nanoparticles using Sodium

Acrylate

Particles were prepared according to Hussain et al. 153. An aqueous

solution of HAuCI4 (50 mL, 1 mM) was refluxed for 5-10 min, and a

warm (50-60°C) aqueous solution of sodium acrylate (15 mL, 80 mM)

was added quickly. Reflux was continued for another 30 min until a

deep-red solution was observed. The particle solution was filtered
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through 0.22 urn Millipore syringe filters to remove any precipitants,

and the filtrate was stored at room temperature. Particle size was

calculated to be 16 nm using UVNis 8 and TEM.

6.2.3 Preparation of gold nanoparticles using trisodium

Citrate and tannic acid

Gold nanoparticle synthesis was adapted from reference 120. All

glassware and apparatus cleaned thoroughly with non-ionic

detergent, ethanol, and MQ water. To 395 mL of MQ water, 5 mL of

1 % HAuCI4 was added and stirred. The solution was heated to 60

°C. While this was heating, 20 mL of 1 % w/v sodium citrate was

added to 78.4 mL of MQ water, and 1.6 mL of 1 % w/v tannic acid.

This 100 mL solution was added to the 400 mL and the temperature

was raised to 100°C to complete the reaction. Once cooled the

particles were filtered using a 0.22 um PVDF filter to remove any

precipitate. Nanoparticle suspension was stored at 4°C. The resulting

particles were 10 nm in diameter with a maximum absorbance at 520

nm. Size distribution was confirmed using TEM.

6.2.4 Preparation of gold nanoparticles using sodium

acrylate and tannic acid

All glassware was thoroughly cleaned as described above. 1mL of

1% w/v of HAuCI4 was added to 79 ml of MQ water. This solution

was heated to 60°C, whilst a 20 mL reducing solution of 4 mL 1%

w/v sodium acrylate, 200 ~L tannic acid (1% w/v) and 15.8 mL of MQ
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water. Once the gold solution had reached 60°C, the reducing

solution was added and the reaction refluxed for 30 minutes to

complete. Once cooled, particles were then filtered using 0.22 11m

PVDF filters to remove any precipitate. The nanoparticle suspension

was stored at 4°C. The resulting particles were found to be 10 nm in

diameter using TEM, with a maximum absorbance at 520 nm.

6.2.5 Preparation of gold nanoparticles using small gold

nanoparticles as seeds

Nanoparticles were synthesised as described in reference 121.

Trisodium citrate reduced gold nanoparticles were made as described

in 6.2.1, and sodium acrylate nanoparticles were synthesised as in

6.2.2. From this synthesis 15 mL was taken and 100 mL of MQ and 1

mL of 2 M Hydroxylamine (NH20H) was added, and this was stirred

rapidly for 2 minutes. To this rapidly stirring solution 1 mL of 1%

HAuCI4 was added slowly added drop wise, and stirred for 10

minutes to form solution A (20 nm diameter). From solution A, 25 mL

was taken and 75 mL of MQ and 0.562 mL of NH20H was added

and stirred for two minutes. Finally, 1 mL of 1 % HAuCI4 was added

to this rapidly stirring solution to form solution B (30 nm diameter). The

size distribution was determined using TEM.
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6.3 Capping of gold nanoparticles

6.3.1 Formation of peptide capped nanoparticles

To 900 III of gold nanoparticles, 100 III of 2 mM peptide solution in

deionised water or 10x PBS, was added and the particles were

incubated over night. In order to remove any excess peptide the

particles were either; centrifuged three times, each time removing the

supernatant and replacing with MQ water, or run through a Sephadex

G25 size exclusion chromatography column. If the CFGAllSS peptide

was being used to form a monolayer, the particles were first dried in a

rotary evaporator and then sonicated in 150 J.ll of hexafluoro iso-

propanol (HFIP)to dissolve any fibrils that will have assembled during

monolayer formation and left overnight again. The sample was then

centrifuged and the excess peptide dissolved in HFIP was removed.

The particles were then suspended in 0.2 M NaOH and the washing

procedure was then continued as normal.

6.3.2 Synthesis of "stripy" nanoparticles

Gold nanoparticles were synthesised according to reference 59. A

saturated solution of NaBH4 in HPlC grade ethanol was made, and

left stirring at 4°C for 30 minutes. Meanwhile 12.7 mg of HAuCI4 was

dissolved in 18 ml of HPlC grade ethanol and left to stir for 10

minutes at 4°C. For octane thiol capped nanoparticles 5.92 ul, of OT

was added to the gold salt mixture and left stirring for another 10

minutes. For MUS/OT capped a mixture of MUS and OT was added
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to give the following monolayer compositions; for 100 % MUS

nanoparticles - 8.6 mg MUS, 67 % MUS nanoparticles - 5.7 mg

MUS and 1.96 IJL OT, 33 % MUS nanoparticles - 2.9 mg MUS and

2.91 IJL OT. These mixtures of MUS and OT in the ethanol solution

were left to stir for 4 hours to ensure all MUS had dissolved. To this

stirring gold/ligand solution 7 mL of the NaBH4 solution was slowly

added drop wise. The solution turned from yellow, to orange, to

brown to a very dark brown. This mixture was left for a further two

hours stirring to complete the reaction. The reaction was then

transferred to the freezer to aid precipitation of the particles. The

supernatant was removed, and the particles were resuspended in 10

mL of ethanol 3 times to wash away excess ligand. Particles were

stored in ethanol at room temperature.

6.4 Stability of octanethiol-capped nanoparticles

5 mg of 100% OT particles were suspended in 500 IJL of THF and left

undisturbed for 3 weeks. The concentration of nanoparticles was

measured from the absorbance at 506 nm using an extinction

coefficient e =3.64 x 106 M1.cm-1. The particles were first diluted in

order to obtain a suitable absorbance (Asoe < 2). The extinction

coefficient was obtained (as Centrone et al.) from Uu et al.154

6.5.1 Fourier Transform Infrared spectroscopy

Peptide samples for FTIR were first left on the bench in 100 mM HCI

for 30 minutes to remove residual TFA from peptide synthesis. The
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peptide sample was then freeze-dried, resuspended in 020 for 1 hour

and then freeze-dried again to remove H20. Samples of peptide-

capped nanoparticles were made from 50 mL of particles and 5 mL

of 2 mM peptide as described in 2.3.1. Once the monolayer had

formed the particles were centrifuged to reduce the volume, and then

washed using a 70 mL Saphadex G25 column to remove excess

peptide. Following washing, the particles were Iyophilised,

resuspended in 200 J.lLof 020 and then freeze dried again to remove

as much water as possible because water absorbs very strongly

between 1700 and 1600 crn-t in an infrared spectrum. The sample

was suspended in 50 ~L of 020 and loaded into a 50 ~L FTIRcell,

with a 50 urn PTFE spacer. FTIR spectra were recorded using a

BioRad FTS-40 spectrometer with an HgCdTe (MCl) detector. A

resolution of 1 crn' was used throughout and all spectra were

averaged over 500 scans. The spectrometer was purged with dry air;

any residualwater vapour absorption was corrected by subtracting an

appropriately scaled spectrum of humid air. Solvent correction was

performed by subtracting appropriately scaled spectra of 020,

measured under the same conditions and at the same temperature

as peptide samples.

6.5.2 2D IR spectroscopy

20lR spectra were measured by P Donaldson of Peter Hamm's

group at the University of Zurich. Pump probe and photon echo 2DIR

spectra of the amide I band of the nanoparticle samples were

collected using calcium fluoride sample cells with 50um pathlength

and amide I absorbances ranging from 10-200 mOD. A 300 fs

population time was used for all data and all laser pulses were parallel
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polarised. Excitation pulses were mainly parallel, however for the

photon echo data, polarisation effects were also studied.

6.6 DTT-induced aggregation

A 90 III solution of 110 mM OTT in PBS was added to 10 III of

nanoparticles, to give a final ~ = 0.8, into a 384 well plate. The

aggregation parameter (AesrJ~2ol was measured as a function of time

to monitor the state of aggregation. The midpoint of the aggregation

(AP = 0.7) was taken to compare different particle populations.

6.7 TEM analysis

TEM was performed on a Technai Spirit at 120 kV. 100 mesh TEM

grids were prepared by coating with pioloform (polyvinyl butyral). A

glass microscope slide was dipped in a 2% w/v pioloform in

chloroform solution and left to dry. The resulting film on glass is

removed and floated on water. Onto this floating film 100 mesh grids

are placed and the film and grids are transferred to another slide, the

copper grids in contact with the slide. Grids for study were prepared

by drying 5 III of sample, at room temperature, on a grid.

6.8 Photothermal microscopy

All photothermal microscopy was performed by Yann Cesbron.

The cells were fixed and observed by photothermal heterodyne

microscopy. The absorbing beam (523 nm, Nd:YLF frequency
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doubled laser) modulated at the frequency w (w/2p= 692.5 kHz) by

an acousto-optic modulator and the probe beam (632.8 nm, HeNe

laser) were focused on the sample using a Zeiss Achroplan

50X / 0.9 NA oil immersion objective. The beam intensities were

0.44 mW and 10.65 mW respectively. The forward interfering fields

were collected with a Zeiss Achroplan 40X / 0.8 NA water dipping

objective and sent onto a photodiode. The beat signal at the

frequency w was extracted via a lock-in amplifier and integrated over

10 ms. All images were completed by moving the sample with a

piezo-electric device (Physik Instrumente) over the fixed laser beams

and were taken at the altitude of 1 mm above the glass coverslip

surface.

6.9 Cell culture and nanoparticle delivery:

Cell culture work was performed by Dr Paul Free.

HeLa cells were grown in Dulbecco's Modified Eagle's Medium

(DMEM) supplemented with 10% FCS (v/v) and 1% non essential

amino acids (v/v), at 3rC, 5 % CO2, Cells (between passages 8 to 20)

were plated at 1.105 celis/mL. For all experiments, nanoparticles (33%

MUS, 66% MUS or 100% MUS) were mixed with the complete

medium (containing 10% FCS) and added immediately to the cells.

The cells were incubated for 3 hours (3rC, 5 % CO2) with

nanoparticles at a final concentration of 400 nM. The cells were then

washed three times with PBS, fixed with 4% paraformaldehyde / PBS

(1 mL) for 15 minutes at room temperature, and then washed three
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times with PBS before adding ultra-pure water (2 mL). Fixed cells

were stored at 4°Cuntil imaged by photothermal microscopy.

6.9 Image processing

The STM images were copied from the articles' pdf (shown as

grayscale images in the Figure 2.2a and Figure 2.3a). ImageJ was

used for Fast Fourier Transform (FFT)processing. The contrast and

brightness of the frequency-filtered images was automatically

adjusted. There was no other processing or alteration of the images.

6.10 Solid-state NMR

All Solid state NMR experiments were performed by Dr David

Middleton

6.10.1 Solid-state NMR - CP-MAS

CP-MAS NMR experiments were performed with a Bruker Avance

400 spectrometer operating at a magnetic field of 9.3 Tesla. Hydrated

fibril or nanoparticle samples were packed into a 4 mm zirconium

rotor and rotated at a MAS frequency of between 6 kHz and 13 kHz

(± 1 Hz). All experiments utilised an initial 4.0 ms 'H 90° excitation

pulse, 1 ms Hartmann-Hahn contact time at a 'H spin-lock field of 65

kHz, 85 kHz TPPM proton decoupling'55and a 2 s recycle delay.
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6.10.2 Solid-state NMR - rotational resonance

Magnetisation exchange was measured at n = 2 rotational resonance

(RR)using the constant time pulse sequence described by Balazs and

Thornpson'". The variable time pulse sequence used routinely for RR

measurements can give rise to different amounts of heat being

absorbed by the gold particles as a result of increasing exposure to

high power irradiation (Le., proton decoupling) in experiments with

longer mixing times. Sample heating could affect the measured signal

intensities and prevent the accurate measurement of dipolar

couplings. In the constant time pulse scheme, the mixing time t, is

varied as normal but the overall duration of proton decoupling (tJ, and

hence the heat absorbed by the sample, remains the same in each

experiment. As an extra precaution against sample heating the

temperature was reduced to -40 "C, which has the further advantage

of reducing interference from molecular dynamics.

Magnetisation exchange was measured by adjusting the sample

spinning rate (wR) to the difference between the resonance

frequencies (OWed of the pair of spins selected (i.e., n = 1 RR) or to

half the frequency difference (Le., n = 2 RR). Measurements at n = 1

RR were not attempted for nanoparticles samples because higher

MAS frequencies tended to give rise to frictional heating which

severely attenuated the signal. A series of experiments at mixing

times t; of up to 50 ms was performed to measure the time

dependence of difference polarisation. Data representing exchange of

Zeeman order Crnaqnensatlco exchange curves") were obtained from
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the difference in intensities of each pair of peaks. Spectra were

processed with 20 Hz exponential line broadening.

6.10.3 Numerical simulations of magnetisation exchange

curves.

The internuclear distance (red between the C' and Ca spins of Ala5 at

n = 2 RR were determined from numerical simulations of

magnetisation exchange curves using a Fortran computer program

written specifically for this purpose. Curves were calculated as

described elsewherel18,157 and are a function of the distance-

dependent 13C_13C dipolar coupling constant dec and the zero

quantum relaxation time rt.!. Values for 13C chemical shift anisotropy

and asymmetry parameters were measured from solid alanine.

Simulations took into account the statistical frequency of adjacent

peptides in the fibrillar or nanoparticle matrix being labelled the same

site and therefore unable to participate in magnetisation exchange,

The value of T2
Z
Q is not known, but is routinely estimated from the

reciprocal sum of the two line widths; in this case, for C' and Ca. A

series of curves was calculated for a range of T;<J values in which the

upper and lower limits corresponded to half the sum of the linewidths

and twice the sum of the line widths, respectively. Values of rccand
TZQ

2 were taken from the simulated curves giving the best fit to the

upper and lower error limits of the experimental data.
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Figure 6.1 Optical table setup used in the ultrafast heating of gold

nanoparticles. The laser is first split into two beams by a 50:50 beam splitter

(A), a delay is introduced into one of the beams by a variable delay line (8)

and both beams are focused onto a 150 urn pinhole, and then the sample,

by a lens of 700 mm focal length (C).

6.11.1 Femtosecond laser irradiation

A 150 fs pump laser of 800 nm was fed into an optical parametric

amplifier (OPA) splitting the laser photons into two lower energy

photons, 1588 nm (signal) and 1714 nm (idler). A sum frequency

process between the 800 nm pump laser and the 1588 nm signal

photons generates the required 532 nm green laser used. This beam

is split in half by a 50:50 beam splitter (Figure 6.1 A) and a variable

delay line (Figure 6.1 8) introduces a delay into the one of the beams

by increasing the distance the light travels before the two beams go

through a lens of 700 mm focal length (Figure 6.1 C). The two beams
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are focused first onto a 150 prn pin hole, then onto a quartz cuvette

containing 1.2 mL of 95 % CALNN and 5 % CCALNNGGGP-

acetoxymethylcoumarin-capped gold nanoparticles. Throughout the

experiment the sample was constantly mixed by a magnetic stirrer.

The sample irradiation time was calculated as the average irradiation

time per nanoparticle accounting for the use of 1.2 mL of sample in a

10 rnrn" cuvette, and a 150 urn laser beam spot size.
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APPENDIX

SOlid-state nuclear magnetic resonance

Solid state NMR (ssNMR) can provide atomic-level resolution

structural information on molecules that are not compatible with other

characterisation techniques. This incompatibility may arise from a lack

of solubility, an inability to crystalise, or a high molecular weight. 158 159

The two methods that are responsible for the majority of

macromolecule structures that we have today are X-ray

crystallography and solution NMR. X-ray crystallography depends on

the availability of high-quality crystals and solution NMR is limited to

proteins with a molecular weight of 40 kD and a solubility that can

allow concentrations in excess of 100 ~M. SsNMR is able to provide

information on atomic-level interactions.

Just like solution NMR, ssNMR deduces information on the nucleus of

atoms. This information is dependent on the chemical environment of

the nucleus and is measured by looking at the nucleus' angular

momentum or spin. This spin interacts with a magnetic or electric

field. These interactions are orientation dependant and consequently,

in solids, anisotropic interactions have a significant contribution to the

behavou- of these interactions. These anisotropic interactions are

averaged out by the tumbling of the molecule and brownian motion in

solution NMR.
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The samples used in ssNMR often exhibit inhomogeneously

broadened lines due to the random orientations of the molecules with

respect to the external magnetic field, and not due to structural

inhomogeneity. Whilst this broadening can contain useful information

(refs 32-43), broad line shapes result in a reduced resolution and

sensitivity. To remove this constraint ssNMR experiments are mostly

performed using magic angle spinning (MAS). In MAS the sample is

rapidly spun at the magic angle to the external magnetic field,

approximately 54.7. At the magic angle anisotropic interactions

average to zero, and when the MAS rotation frequency exceeds the

inhomogeneous line width, the inhomogeneously broadened lines are

reduced to sharper lines. The residual line width is often more

indicative of structural inhomogeneity, dipole-dipole couplings,

magnetic susceptibility effects (knight shift) 160 or transverse nuclear

spin relaxation. When this spinning frequency matches the exact

frequency difference between two spin systems of interest these are

said to be in rotational resonance (RR). Maximum exchange of

magnetisation between 2 spins/labelled sites will occur when the RR

condition is exact, and the strongest coupling is observed when there

is maximum magnetisation exchange. It is not always possible to spin

at this RR condition and mixing time can be altered to overcome any

off resonances that may occur. Mixing time refers to the length of time

that the spins are allowed to evolve in the y-plane following the

application of a 90 pulse to flip them there. A longer mixing time will

result in less coupling than a shorter mixing time because the of the

magnetisation dispersing over time (and becoming off resonance),

shorter mixing times can therefore result in an increase in intensity.
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