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Abstract

This project investigated the optical properties of chemically synthesized gold

nano-clusters (AuNCs) and creation of size selected AuNCs using physical method.

In the chemical method, bovine serum albumin (BSA) was used to stabilize AuNCs.
BSA-Au,s was synthesized with an emission band observed at around 600~700nm.
The dynamical study revealed a slow decay process with a fluorescent lifetime found
to be as long as 1.2pus. Moreover, this work studied the size of BSA-Au,s through
fluorescence anisotropy measurement. The investigation on the size at different pH
values revealed a dramatic change in particle size as pH reduced to 3.1, consistent with
the change of BSA from N form to E form. This study suggests the possibility of
exploiting fluorescent protein-gold nano-clusters to probe protein conformational
changes. To investigate the size dependent fluorescence behaviour, a size selected
nano-cluster source has been employed to produce bare AuNCs. So far, Aus and Aug
have been observed. In the future, the optical properties of the bare AuNCs will be
compared with that of BSA-Auys to understand the fluorescence mechanism of

AuNCs.
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1. Introduction

1.1 Background

Gold is one of the most widely used noble metals for adornment because of its
chemical stability, good ductility as well as its beautiful surface color. When the size of
gold becomes as small as hundreds nanometers or even smaller, it shows unique
properties which make gold much more interesting scientifically. Therefore scientists
have investigated the properties, microstructures and applications of nano-gold with

different sizes and different shapes[1].

Nano-scale gold is generally classified into three main categories [2, 3]: when the
size of nano-scale gold is comparable to the length scale of visible light wavelength or
R~ (R is the radius of gold particle which is supposed to be sphere, 4 is the wavelength
of visible light), such gold materials are classified as large gold nano-particles
(AuNPs). The optical properties of large AuNPs match the properties of Mie scattering.
When the sizes of nano-scale gold reduce to the sizes which are comparable to the
length scale of electron mean free path or R</, the materials are classified as small
AuNPs. The optical properties of small AuNPs such as surface plasmon resonance are
size dependent, which are different from the properties of large AuNPs which are just
correlated to the volumes and dielectric functions. When the sizes of nano-scale gold
are comparable to Fermi wavelength of an electron or ~0.5nm for gold, they are
classified as gold nano-clusters (it is abbreviated as AuNCs in this thesis). The optical
properties of AuNCs are totally different from the former two categories. For example,
the surface plasmon absorption exists in the absorption spectrum of both large and
small AuNPs, while this phenomenon disappeared in the absorption spectrum of

AuNGC:s. This difference is shown in figure 1.
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Figure 1 The comparison of absorption spectrum between AuNPs (size ~50nm) and AuNCs (size

~0.9nm). The absorption spectrum of AuNPs shown in this figure was obtained by courtesy of my

colleague Yinan Zhang.

From figure 1, it can be seen that there is a double-peak (because of the particles’
shape) in the absorption spectrum of AuNPs, but it is smooth in the absorption
spectrum of AuNC:s. It is clear that there is no surface plasmon resonance in AuNCs
solution. This is because the AuNCs are too small to support the surface plasmon

resonance.

The essential difference between AuNCs and other two types of AuNPs is that the
former one exhibits the molecule-like behaviour such as discrete state due to the
quantum confinement [4]. In Zheng’s report, the discrete emission energy predicted by
Jellium Model which is given as E/N"” coincides with the experimental result well. In
the formula, E, represents Fermi energy level, and N represents the number of atoms
exists in each AuNC:s. It is suggested that there are two different possible explanations

for the mechanism of the observed emission from AuNCs. One is related to the



intraband (sp/conduction band) transition and the other is correlated to the interband
(d-sp) transition [3, 5]. AuNCs and their optical properties are investigated and

discussed in this thesis.

In recent years, AuNCs have been paid more and more attention because of their
great potential in chemical catalyst such as CO catalyst [6], metal ions sensors to
detect Hg”" or Cu®" ions [7, 8], bioengineering labels to labeling the cancer cells [9],
drug delivery in disease therapy [10] and so on. In this project, AuNCs were generated
through chemical method as well as by physical method. The optical properties and

some potential applications of AuNCs were investigated.

The rest of this chapter provides a survey on AuNCs regarding the generation, the
microstructure, the optical properties as well as the recent applications on AuNCs.
Chapter 2 shows the background knowledge for experimental methods adopted in this
project. The experimental study on optical properties of AuNCs and their response to
metal ions are discussed in Chapter 3. This thesis finishes with conclusions and future

outlook presented in Chapter 4.

1.2 Production of AuNCs

Many methods have been developed to generate AuNCs in recent years. Typically,
synthesized AuNC is formed by coating a gold core which contains several gold
atoms with an outer structure. Au NC contains bare gold core can be obtained by
physical yield method. Both chemical methods and physical methods were adopted in

this project.

1.2.1 Chemical methods

Several methods of synthesizing AuNCs in solution have been developed in recent



years [2]. So far, AuNCs have been stabilized or synthesized mainly with
Poly(amido)amine dendrimer (PAMAM), Tetrakis Hydroxymethyl Phosphonium
Chloride (THPC), Bovine Serum Albumin (BSA), Deoxyribonucleic acid (DNA) and

SO on.

For visible emission PAMAM-AuNCs reported by Zheng [11], PAMAM dendrimer
is utilized to encapsulate AuNCs to synthesize a high quantum yield fluorophore. The
typical method to synthesize PAMAM-AuNCs is to dissolve 0.5 umol G4-OH or
G2-OH and 1.5 umol HAuCl4-5H,0 (Aldrich) into 2 mL of deionized water (18 MQ),
then slowly add an equivalent of NaBH,4 (0.005 M) into the solution within 30 mins to
reduce the gold. Keep stirring the solution for two days until reaction and aggregation
processes were completed, and then centrifuge (16,000 g) the sample for 1 hour to
remove the large gold nanoparticles. A set of fluorophores can be acquired from
changing the molar ratio between gold ions and dendrimer [3, 5, 12]. UV- emitting
gold clusters can be created by adding 0.5 pmol G2-OH and 0.5 umol HAuCly into 2
mL distilled water. Green-emitting gold clusters were synthesized by adding 0.5 pmol
G2-OH and 3 pmol HAuCl4 into 2 mL distilled water. Red and IR emitting gold
clusters can be preferentially synthesized by adding 6.0 umol and 7.5 umol HAuCl4,

respectively, into 2 mL water mixed with 0.5 pmol G4-OH or G4-NH.

For the purpose of synthesizing red emission AuNCs, a method to synthesize
DPA-AuNCs was reported in Shang’s work [13]. Mild reductant THPC was utilized in
this method, and DPA was adopted to stabilize gold clusters. The procedure of
production is as below: 47 ml NaOH solution (6 mM) was added into 12 ml THPC
(80%) solution at 37 °C. The mixture was stirred for 3 mins, then HAuCly (0.67 ml, 2%
by mass) and DPA (2.5 ml, 0.1 M) were added rapidly into the former mixture. The
solution was stirred for 15 hrs until the color turned to light yellow. Then, in the

centrifuge progress, the as-prepared AuNCs was purified by Nanosep filters.



BSA-AuNCs were first reported by Xie who adopted a very simple method to
synthesize AuNCs. It is described as below: aqueous HAuCly solution (5 mL, 10 mM,
37 °C) was added to BSA solution (5 mL, 50 mg/mL, 37 °C) with strong and
continuous stirring. Then, add NaOH solution (0.5mL, 1M) into the mixture 2 mins
later. Keep shaking the solution at 37 °C for 12 hrs [14]. This method is very hard to
optimize until Guével and his coworkers introduced a modified method based on Xie’s
approach. They mixed 5 mL aqueous solution of HAuCly (10 mM) with 5 mL of
bovine serum albumin (BSA 96%; 20 mg/mL) under vigorous stirring at 37 °C, then,
added 50 mL of ascorbic acid (0.35 mg/mL), introduced 0.5 mL of NaOH solution (1

M) 5 mins later, kept the solution at 37 °C for 5 hrs. [15].

Besides the methods introduced above, some other groups have reported more

approaches as introduced below:

Hui Wei reported in his paper that they synthesized their AuNCs in the following
way: First, add 100 pL of 4 mM HAuCl4 and 100 pL of 10 mg/mL lysozyme aqueous
into 100 puL water, then mix them together. Add 10 uL of 1 M NaOH 5 mins later, then

mix them at 37 °C overnight [16].

Hussain reported a “one step” method to prepare the particles. They use a freshly
prepared solution of sodium borohydride (2 mL, 50 mM) to reduce aqueous solution of
hydrogen tetrachloroaurate (20 mL, 0.5 mM) in the presence of a water-soluble alkyl
thioether end-functionalized poly (methacrylic acid) stabilizer. By changing the

polymer concentration, they acquired a set of fluorephore [17].

Bao reported in his paper that they tried a set of good buffer to synthesize AuNCs.
In their experiment, they mixed Au(IIl) chloride aqueous solution (5.8 mM, 1 mL)
with a Good’s buffer (100 mM pH 7, 5 mL) at room temperature, with subsequent
incubated shaking for three days (37 °C, 250 rpm). In the process of metal cluster

synthesis, gold nanoparticles are formed first, and only after many days are the



fluorescent clusters formed after the particles dissolved in the reaction medium [18].

1.2.2 Physical methods

There are several physical methods to generate AuNCs, such as the gas
condensation method [19], laser vaporization method [20], sputtering-deposition
methods [21, 22], high temperature matrix preparation techniques (HTMP) [23], and a
so-called pick-up method [24]. In the gas condensation method, metal in the crucible is
heated and evaporated. Then, the vapor is cooled down by being mixed with cold gas.
The size of the clusters is controlled by supersonic inhibition. In this method, the
generated clusters are neutral clusters, which mean they are difficult to accelerate in
the subsequent process. In the laser vaporization method, the target metal is
evaporated by pulsed laser, and cooled down to form clusters by pulsed cold inert gas
flow. The advantage of this method is the available size range of clusters is very huge,
but the problem is very apparent - the clusters are neutral which means it is not able to
do size selection by electrical or magnetic field and it wastes a lot of power in this
method. In the sputtering —deposition method, noble ions are sputtered by primary ions
(eg. in this work, the primary ions are vaporized Cs" ions) on the surface of the target
metal. The sputtered positive or negative ions are mass selected in the subsequent
process, and then deposited on the sample substrate, in some experiments, together
with rare gas to form a matrix formed neutral sample on the substrate. In this method,
clusters’ size is limited under 30 atoms because the clusters’ density decreases sharply
as the size of cluster goes up to 20~30 atoms. In the HTMP method, metal atoms are
heated in a resistively heated Knudsen cell, evaporated into the container full of rare
gas and then cooled down by the wall cooled by liquid Nitrogen, finally, landed on a

quartz plate. In the last method, argon clusters are allowed to go across the metal atoms



to ‘pick up’ the metal clusters. The size of the metal clusters in this method is
controlled by the size of argon clusters and density of initial metal atoms. The mass
selection function can be integrated in the sputtering-deposition system which means
the size of the cluster produced based on this method is more controllable. It is
believed that this method is very suitable for the production of small clusters with

selected sizes ranging up to 30 atoms [25].

In Liu’s report, AuNCs were synthesized by adding 100 pL 0.1 M aqueous HAuCl,
into 10 mL of N, Ndimethylformamide. Then, the mixture was evaporated in a vacuum
environment and mass selected through a mass selection device and then dried after it
is roughly purified by centrifuge [26]. In this half physical-half chemical method,
cluster size is accurately controlled. But the problem with this method is that the
process is too complex compared with other pure chemical methods, and it wastes too

much time compared to the pure physical method.

1.2.3 Comparison between chemical and physical methods

The physical method using size-selected cluster beam technique can generate
nano-clusters with good control over sizes and clean surface, which provides a good
model system for investigating the fluorescence mechanism and size-dependent
optical properties. On the other hand, chemical synthesis allows low cost, mass
production of NCs. In this work, I studied the production of AuNCs using both
approaches. In terms of chemical synthesis, Xie’s method became our first choice
because this method uses protein (bovine serum albumin) and nontoxic chemicals that
are harmless to the environment. Moreover, it is a “one step” process while the other
processes are more complicated. The AuNCs generated through this method have

higher quantum yield (6%) than those prepared by other methods. Bovine serum



albumin is a good agency: it can be attached to the cells or be attached to some other
bio-chemical material such as folic acid, antibody. That means there may be an

application possibility in the bio-engineering field for BSA-AuNCs.

1.3 Microstructure of AuNCs

AuNCs with coating have the structure containing 3 parts: core, which is stacked by
pure gold atoms; bonding layer, which combine core atoms with coating molecules;
and coating. We take thiol protected AuNCs as the example to explain the
microstructure of AuNCs as the microstructure of this type of AuNCs have been

extensively investigated and reported by many groups.

It is very important to make the microstructure of the outer structure or the binding
layer clear -including how the structure forms, what the structure contains and how it
combines with inner structure or gold core, because this could be the reason why
AuNCs show some special optical properties such as with long lifetime which will be
discussed in the following sections. In a related field, Whetten studied thiol protected
Aujp and characterized the structure of Au[l]-thiol complex shown in figure 2 left
scheme [27]. Moreover, Jadzinsky investigated the microstructure of
p-mercaptobenzoic acid (p-MBA)-protected Aujpy. The Au-S bonding structures of
thiol-protected Aujpy (Aujpa(p-MBA)44) determined by X-rayin Jadzinsky’s work is
shown in figure 2 right scheme [28]. The typical boding model can be simply written
into fS—Au(I)},. Both of these two structures are very similar to each other as both of
them are formed by binding several Au-S cells together to form an endless circle or

hex circle as shown in figure 2.



Figure 2 (A) The microstructure of Au-S bonding model in Au,p,, yellow dots represent gold atoms,
red dots represent sulfur atoms, the hexagons represent phenyl (-C¢Hs) aromatic hydrocarbon. (B) The
microstructure of Au-S bonding model in Auio2(p-MBA)44, the big yellow dots represent gold atoms,
blue dots represent sulfur atoms, and the grey dots combine with yellow dots represent sulfur atoms in
other cycles, the bigger grey dots represent gold atoms in other cycles. Other dots represent coating

molecules. These two figures are from reference [27] and [28] respectively.

Figure 3 (A) The microstructure of gold core (dots connected by rod) together with the binding gold
layer (dots connected by dash) in [TOA ][Au,s(SCH,CH,Ph),s’] which is determined by X-ray in
Heaven’s work. (B) The structural details about how binding Au atoms are combined with S atoms to
form the binding layer. In both schemes, the yellow dots represent Au atoms, orange dots represent S

atoms. Both of the figures are from reference [29]

As shown in figure 3, a much clearer microstructure of thiol protected AuNCs was



given by Heaven, it is assumed to be formed by a 13 atoms gold core coated with a
layer containing 6 —[ Au-S],— bonds through which the core is combined with the thiol
contained coating. The microstructure model shown in figure 3 [29] was based on the
result of X-ray measurement. In this model, a central Au atom and 12 surrounded Au
atoms form the 13 atoms gold core, and other 12 Au atoms at outmost layer combined
with S atoms form the binding layer. The atomic distance of gold atoms between the
central one to the ones located on the shell of the 13atoms’ core is 2.79+0.01 A, the
distance between other gold atoms in the 13atoms core is 2.93+0.06 A. The Au-S
distance from the combined gold core atom to adjacent sulfur atom is 2.38+0.01 A,
while the distance from the outermost gold atom to the adjacent sulfur atom is
2.32+0.01 A. The atomic distance from outmost Au atoms to the adjacent ones on the
shell of 13 atoms gold core is 3.16+0.07 A. The global size of gold core together with

the bonding atoms layer is confirmed to be 9.82+0.04 A as shown in figure 4 (a) [29].

Figure 4 (A) The global size of gold core with binding atoms. (B) The atomic distances of Au-Au and

Au-S, both of the figures are from reference [29]

In above figure, the Au-Au distance highlighted in blue is 2.79+0.01A. The other

Au-Au distances are 2.93+0.06 A.

10



Based on Heaven’s work, Simms has investigated the microstructure of BSA
stabilized AuNCs [30]. It is confirmed by x-ray analysis that there are 6
—S—Au(I)-S—Au(I)-S- staple which surround the 13 atoms gold core. It is discussed in
Simms’s work that the Au-Au distance in the gold core is ~2.8 to ~2.9 A which is
coincident with the result given by Heaven. Furthermore, Simms has pointed out the
Au-S bonds’ distance which is 2.3 A measured by X-ray measurement in his work is
slightly shorter than the result 2.35 A. This observation implies that the coating may

affect the distance of the Au-S bonds.

It is expected that the microstructure of the protein coated AuNCs synthesized
through reducing gold from HAuCly by Bovine Serum Albumin (BSA) should have a
similar structure as thiol-protected AuNCs. That is because there are 35 thiol groups in
a single BSA molecule and some of them may form Au-S bonds [14]. XPS
measurement confirmed the presence of Au(l) [14, 31], suggesting charge transfer

from Au atoms to S atoms in the clusters [30].

1.4 Optical property of AuNCs

In recent years, optical properties of AuNCs have attracted intensive attention.
AuNCs with varied emission bands ranging from blue to red have been synthesized
through different processes and different coatings. This is reviewed in Lin’s work [2].
As shown in figure 5, the emission of AuNCs is tunable by changing the gold core
sizes and coating molecules. Especially, the synthesis method using PAMAM first
reported by Zheng [12] allows control over the size of clusters by changing the ratio of

gold ions to dendrimer.
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Figure 5 Different emissions of AuNCs with different coatings in the spectrum at the range from

400nm to 700nm. The figure is from reference [2]

Besides, Rath also reported a strong near UV (390~400nm) emission from their
L-Cystein methyl ester hydrochloride stabilized Aug cluster [32]. Bao et al. tried a set
of small polymers as stabilizing agency called “good buffer” to synthesize Auj,
clusters with a excitation/emission of 395/500 nm in water [18]. Link et al. reported a
Auyg(SG)j6 cluster which showed visible and infrared luminance [33]. Guével et al.
reported the synthesis of AuNCs doped Si NPs which presented a bright reddish color

under UV excitation [15].

The difference in optical properties against different functional ligands has been
compared systematically by Liu et al [26]. In this work, bare Au;; was produced and
then stabilized with different ligands. The optical properties of stabilized clusters are
different with each other as shown in figure 6 when the coating molecule is changed.

The emission intensity even raised by 5~6 times as the ligand molecules were changed

from TA to DA.
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Figure 6 (A) The absorption spectra of Au;; with different coatings. (B) The emission spectra of Auy;
with different coatings. Thioctic acid (TA), triphenyl phosphine (TPP), thiocholine bromide (TCB),
poly(amido) amine dendrimer (PAMAM), 1-mercaptoundecanoic acid (MUA), polyvinylpyrrolidone

(PVP), 1-dodecanethiol (DT), bare clusters (Bare), dodecylamine (DA). Both figures are from [26]

As early as 1985, Parmigani pointed that the optical properties of AuNCs are
related to the synthesized process [34]. In recent years, the overall red shift in
absorption with the increase of the gold core size is further discovered. Nijamudheen
et al. concluded that, averagely one more Au-atom added to a Au, cluster makes the
spectra red-shifted by 15 nm [35]. Zheng’s results as shown in figure 7 also support

the conclusion that the emission red-shifts as the size of clusters increases [5].
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Figure 7 Excitation (dashed) and emission (solid) spectra of AuNCs with different size. The UV, blue,
green, red and IR emission are from Aus, Aug, Auys, Au,; and Aus; respectively. Figure is from

reference [5]
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For the purpose of potential applications in the future, high quantum yield clusters
are required. A lot of method to synthesize high quantum yield AuNCs have been tried
by researchers. For example, Zheng reported a blue emission Aug cluster [11] with a
high quantum yield as high as 35%. This work is widely cited but argued by other
researchers. Among gold clusters with sizes from Aus~Aus; with corresponding
emissions from ultraviolet to infrared, Aus is reported to have a quantum yield as high
as 70% [12]. However, Duan reported a quantum yield of 10~20% from the Aug
clusters synthesized by etching process [36]. Nicolas chose another method to
synthesize a polymer coated AuNCs with a size up to 1.1 nm and obtained a quantum
yield of 3% [37], and they believed the high quantum yield in Zheng’s report may be
caused by the dendrimer rather than Au core. Shang used a simple and different
etching method and obtained the AuNCs with 1.3% quantum yield [13]. Lin et al. also
synthesized a type of AuNCs capped with dihydrolipoic acid (DHLA) whose quantum
yield is 1~3% [38].

1.5 Application of AuNCs:

The most important application of AuNCs is fluorescence labeling because of their
extraordinarily optical properties, their ultra-small size (usually several nanometers or
even smaller), non-toxicity, and highly fluorescent properties. Compared to
semiconductor quantum dots, noble metal NCs are harmless to bio-cells. The
preparation of AuNCs needs neither toxic precursor nor a complicated high
temperature environment. Moreover, such sub-nanometer fluorescent metal clusters
have well-defined excitation and emission spectra and can be used as an energy

transfer pairs in biolabels.

It has been reported that AuNCs have the potential to serve as a Hg*™ detector [16].
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Mercury is a pollutant which can be found in water and food sources, causing damages
to the central nervous system, endocrine system and brain. In order to monitor or
detect Hg>", lysozyme-stabilized gold fluorescent clusters (LsGFC) by mixing
lysozyme and HAuCy, under basic conditions is proposed as a stable Hg*" detector

with high sensitivity and selectivity [16].

Gold clusters can also be used as an efficient catalyst in some chemical reactions.
Lim et al. produced AuNCs as small as 20 atoms using evaporation with subsequently
mass selection process [39]. It was reported that these NCs have an exceptional
capability to catalyze a wide variety of chemical reactions, including the oxidation of
poisonous carbon monoxide (CO) into harmless carbon dioxide at room temperatures.
The results revealed that the most active AuNCs for CO conversion were bilayers of

approximately 0.5~0.8 nanometer in diameter containing about 10 gold atoms [6].

In another example, gold cluster beam is used as secondary ionization as it gives a
high spatial resolution and high ion yields [40]. The AuNCs system also can serve as a

general purpose ion gun.

The aim of my research is to make gold clusters through both chemical and physical
methods and to investigate their optical properties and potential application. In this
report, some information regarding the gold clusters preparation and the preliminary

results are documented.
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2.Experimental Method

Two main methods were adopted to produce AuNCs in this thesis: wet chemical
synthesis method and physical method adopting cluster source. Detailed information
of the cluster production, the principle of the physical method will be presented in
appendix 2 as the project producing gold clusters with physical method was in its

very early stage,.

2.1 Chemical method to synthesize BSA-AuNCs

2.1.1 The synthesis of BSA-AuNCs

In this thesis, BSA-AuNCs were synthesized based on Xie’s approach [14]. The

stirring time was shortened to promote a faster preparation process.

In the typical experiment, aqueous HAuCl4 solution (5 mL, 10 mM, 37 °C) was
added into BSA solution (5 mL, 50 mg/mL, 37 °C) with strong and continuously
stirring. Two minutes later, NaOH solution (0.5 mL, 1 M) was added into the solution.
The purpose of this step is to change the pH value to >12, it is one of the key point for
the successful synthesis. Then, the solution was strongly stirred at 37 °C for ~6 hrs
[14]. When this process was finished, the sample was incubated in a temperature
controlling oven at 37 °C. The color of the solution changed to dark orange 24hrs later,

which means the BSA-AuNCs were synthesized.

Reference sample was synthesized by adding HCl solution (50 pL, 1 M, 37 °C) into
BSA solution (5 mL, 50 mg/mL, 37 °C) with strong and continuously stirring. The rest
of the operation was totally the same as the preparation of gold clusters that was

mentioned previously.
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2.1.2 The principle of synthesis

The process of the wet chemical synthesis was described in Xie’s work [14] which
is shown in figure 8. In the synthesis process, Au(Ill) ions were trapped by the BSA
protein molecules, then BSA reduce the trapped gold atoms when the environment pH
is changed to ~12. Reduction progress occurred in situ to form BSA-AuNCs. It is
reported in Xie’s paper that the quantity of atoms stabilized in each cluster is 25 based
on the experiment’s result of Matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF) mass spectra. But it is believed that the quantity of
atoms stabilized in each cluster is actually a typical Gaussian distribution if there is no
purifying process before the measurement, with a maximum around 22~25 atoms.
This point has been confirmed by MALDI-TOF MS measurement carried out by
Guével [31]. In the subsequent sections, the samples synthesized in our project will be

named BSA-Auss.

Figure 8 The scheme indicates the synthesis process of BSA-Au,s and the mechanism of synthesis

process. Rough structure of BSA-Au,s is also given. Figure is from reference [14].
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Moreover, Xie reported the existence of Au(I) ions in the BSA-Au,s which combine
both gold core and the BSA coatings in a type of shell shape bonds. This oxidation
state was determined by X-ray photoelectron spectroscopy (XPS). Also, it is
confirmed that the ratio of Au(l) is around 17% [14]. The presence of oxidized gold
atoms on the surface of gold core may be the key to explain the existence of long

lifetime component of BSA-Au,s. This will be discussed in latter sections.

2.2 Characterization methods

2.2.1 Absorption Spectrum

The absorption spectra measurement is based on Beer-Lambert law as shown in

figure 9.

Figure 9 Absorption process occurred when the light go through solution in the cuvette. Figure from

Wiki webpage (http://en.wikipedia.org/wiki/File:Beer lambert.png)
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The light transmission can be calculated following the equation bellow

=107 =10 (1)

r=_
1,

Where T represents the transmission of light which goes through the measured
substance; [y and / represent the incident and transmitted light intensity respectively;
[ 1s the distance the light travels through the material; a is the absorption coefficient of
the substance, ¢ is the extinction coefficient and c is the concentration of absorbing

species.

Absorbance (A)/Optical density (OD) should be calculated out following the

equation below:

A=0D= —1g(li) = lg(%) =al = ¢&lc )

0

All the absorption spectra measurement in this thesis is carried out on the

Spectrophotometer V660.

2.2.2 Fluorescence spectrum

The fluorescence process can be described by Jablonski diagram shown in figure 10.
The fluorophore absorbs a photon and excited from ground state to excited state. When
it goes back from excited state to ground state, it emits a photon. This process is called

fluorescence process [41].
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Figure 10 Jablonski diagram indicates the fluorescence process as well as the phosphorescence

process. Graph is from reference [41]

The fluorescent emission intensity of a sample is usually measured by the
spectrofluorometer described in figure 11. A commercial Fluorolog 3 spectrometer

offered by HORIBA was adopted in this project.
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Figure 11 The sketch indicate the structure of spectro-fluorometer. Figure is from reference [41]
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There is a 90° angle between the incident light route and the emission light route
which is used to avoid interference from incident light. In the measurement process,
incident light emitted by Xenon Arc lamp goes through the monochromator in which
selected incident light is pointed the required wavelength. The shutter/slit is adopted to
limit the width of transmission light’s wavelength. A polarizer is utilized to offer a
polarized light. On emission side, the equipment set up is almost the same as in the
excitation light side. The only difference is the position there is a lamp installed a
detector. The intensity of excitation light and emission light which is sensed by the
detector will be pass to the computer and shown or calculated out automatically. In our

experiment, a commercial spectra fluorometer Fluorolog was adopted.

2.2.3 TCSPC Technology

The fluorescence lifetime is defined as the average time fluorophore stays in the
excited state. The fluorescence intensity can be simply described by exponential

function as shown in equation 3
I(H)=1,e"" )

Where I, is the initial fluorescence intensity at the time t=0, t represents the
fluorescence lifetime. Normally, it contains several exponential components in the
same system. For BSA-Au,s in this thesis, 4 exponential components were used to fit

the lifetime decay curve of the sample to our knowledge.

Time-correlated single-photon counting (TCSPC) technology is the most widely
used method to measure the lifetime. The principle of TCSPC is described in figure 12.

A lot of channels are used to count the time a single photon is detected from when it is
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excited in every recording round. Counts are accumulated in every channel. The

intensity of photon distribution will be obtained in this case. When enough photons are

collected by those channels, a decay curve can be developed by adding all the counts

together.

Detector
signal:

Photon

[

Time (ns)

[

Z - OLONOUNSWN

Photon
distribution

Time (ns)

Figure 12 The scheme indicates the principle to form the lifetime decay curve, N channels are used to

record the lifetime of every single photon in every round and the counts of every channel are

accumulated to form the intensity of photon distribution, then the decay curve is formed. Figure is

from reference [41]

The theoretical scheme of equipment is shown in figure 13
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Figure 13 The scheme indicates the electronic structure of TCSPC equipment. It also illustrate how

the device works. Figure is from reference [41]
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The structure of lifetime measurement equipment is described following figure 13.
Sample is excited by the laser from laser source. The time difference between when
the time laser pulse is emitted and the time emission photon is detected should is
considered as the fluorescence lifetime of the fluorophore. T¢x and Tey, are received by
constant fraction discriminators (CFD) and then the signals are passed to the time to
amplitude converter (TAC). Then, as it is needed, the difference of voltage signal from
Tex and Tepy respectively will be amplified by a programmable gain amplifier (PGA).
Then the signal was converted to a numerical signal by the analog-to-digital converter
(ADC). Additionally, the window discriminator (WD) is used to minimize the false
readings by restrict the signal to given range of voltages. This process will be

repeated to form a histogram of the decay.

The equipment we use to do the lifetime measurement of BSA-Aups is

FluoroCube offered by HORIBA, the structure of the kit is as shown in figure 14.
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Q
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=

Reconvolution
482nm analysis on host PC
Laser

Figure 14 The graph shows the sketchy structure of lifetime measurement meter
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The detected part of the emission spectrum was selected by use of a long pass filter
(LP530) in front of the detector opposed to use of the monochromator. LP530 allows
light with wavelength longer than 530 nm pass through to the detector while

restricting light of any shorter wavelength.

2.2.4 Fluorescence Anisotropy Measurement

The fluorescence anisotropy measurement was also carried out on the HORIBA

FluoroCube ( figure 14 ). The experimental principle is as shown in figure 15 below.

Detector

Figure 15 The scheme indicates the principle of fluorescence anisotropies’ measurement. Figure is

from reference [41]

The difference comparing the anisotropy measurement with the previously
introduced TCSPC lifetime measurement is the employment of excitation and
emission polarizer. When the two polarizers are oriented parallel to each other, the
intensity observed is represented by I,, while when the two polarizers are oriented

perpendicular to each other the intensity observed is represented by I,. The total
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intensity is represented by Ir. The fluorescence anisotropy is calculated following the

equation below:

L—1, 1,—-1I,

I, I+21,

=

4)

€c_9

It can be derived from above equation that the anisotropy “7” is independent of the
total intensity of the fluorescence, which means no matter how many counts are
recorded in the same experiment the calculated fluorescence anisotropy should be the
same. But, in actual experiment, more counts are beneficial otherwise the noise may be

too big to be accepted.

Figure 16 Polarization of a ray of light, [41]

Considering a vertically polarized system as shown in Figure 16 the fluorescence
intensities are I, = I, and I, = I,, where I, I, and I, represent emission intensity
along the x, y and z axis respectively. The total intensity is It = Iy + I, +I, for any
fluorophore. Each intensity is given by the square of the moment of transition
projection on each axis so that the sum of three projections is unity. Suppose that the

sample has z-axis symmetry, therefor, [, =1, + 21, [41].
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3.Results and Discussion

3.1 Optical property of chemical prepared samples

3.1.1 Fluorescence of BSA-Au,;

Figure 17 shows the BSA reference sample (a) and chemical synthesized

BSA-Au,s (b and ¢) under visible and ultraviolet light excitation respectively.

Figure 17 (A) Samples under visible light. (B) Samples under ultraviolet light excitation. The samples
in each graph are (a) Reference sample, (b) BSA-Auys diluted by 10 times, (c) BSA-Au,s original

sample respectively.

It is found that all the samples in figure 17 are fluorescent under UV illumination.
BSA reference sample emits blue light while both the BSA-Au,s samples emit red
light. The difference in the emission wavelength indicates that the fluorescence of
BSA-Auys is arising from gold cores or at least related to the gold cores rather than

from the BSA.
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3.1.2 Absorption and Emission spectrum of BSA-Auys

The same synthesis procedure has been repeated three times to confirm the
reproducibility of this method. Absorption spectra and emission spectra of three

resulting BSA-Au,s are shown in figure 18.
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O.D.
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Figure 18 Absorption and emission spectra of three BSA-Auys samples synthesized with the same

procedure. The excitation wavelength is 470 nm.

The shapes of the absorption and emission bands of the all three samples are very
similar. It shows the repeatability of this synthesis method. The slight change in the
emission band may be caused by the slight difference in the experimental conditions

including pH value, evaporation speed, reaction temperature and time.

It is apparent that there is no surface plasmon induced absorption band at the
wavelength of 500~600 nm which is normally observed from the AuNP(s) samples. It
suggests that the gold cores in BSA-Au,s are very small, not big enough to support

surface plasmon resonance.
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Considering the emission spectra, the emission band is broad and located at the
wavelength from 600 nm to 700 nm. Two peaks at about 625 nm and 675 nm are
visible, suggesting that there may be two bands overlapped in the emission band. It
may arise from different gold core sizes as suggested by Guével that BSA-Au,s sample
contains gold cores with different sizes ranging between 22~25 atoms [31]. Gold

clusters of different structures may also give rise different emissions.

To further distinguish the fluorescence emission between BSA-Au,s and BSA,
emission spectra of BSA-Au,s and reference sample is compared as shown in figure 19.
The red line represents the fluorescence emission of BSA-Au,s sample, while the blue
line represents the fluorescence emission of reference sample. It is clear that the
reference sample has an emission band located at 500~550 nm, below the emission of
BSA-Au,s when they are both excited at 470 nm. It should be noted that the emission
band of BSA varies with excitation, as will be discussed in later section. This result
confirms that the red emission is from BSA-Au,s, consistent with the observation

discussed in previous section.

Figure 19 Comparison of emission spectra of BSA-Au,s and reference sample, excited 470 nm
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To find out the best excitation wavelength for the BSA-Au,s sample the excitation

spectrum of BSA-Au,s is measured and the result is shown in figure 20.
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Figure 20 Excitation Spectrum of BSA-Au,s and Reference sample (emission set to 650 nm)

A peak located at around 470~510 nm is observed. In the subsequent experiment,
the excitation wavelength between 470~485 nm was adopted. The emission spectra of
BSA-Au,s excited at different wavelength are measured and shown in figure 21.

Emission spectra of reference sample are shown in figure 22.
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Figure 21 Emission spectra of BSA-Au,s at different excitation wavelength. Intensities of bands at

280nm, 320nm, 360nm were 500, 500, 200 times amplified respectively.
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Figure 22 Emission spectra of reference sample at different excitation wavelength

Comparing these two graphs, two main points can be made. Firstly, the position of
the red emission band, only found from BSA-Au,s, doesn’t change as the excitation
wavelength changes, but its intensity does. As the excitation wavelength increases
from 320 nm to 520 nm, the intensity increases at first, then decreases. The
fluorescence intensity peaks at around 480 nm, consistent with the excitation spectrum.
Secondly, the position of emission at around 500~550 nm shifts to shorter wavelength
as the excitation wavelength decreases from 480 nm to 280 nm. Its intensity also
changes and peaks at around 360 nm. This trend is visible in figure 21, although it is
more obvious from BSA reference sample as shown in figure 22. These observations
confirm that the weak short wavelength emission found from BSA-Au,s sample arises

from BSA, while the strong red emission is from BSA-Auys.

3.1.3 Experimental effects on fluorescence of BSA-Au,s

For the purpose of investigating the experimental effect on the fluorescence of
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BSA-Auys, a series of experiments were carried out to study the influence of time,

concentration and pH value.

For the purpose to confirm the stability of BSA-Au,s, a few samples were stored in
sealed bottles in room temperature for five months. The emission spectrum has the
same feature and a slight increased intensity compared with that taken five months

before, as shown in figure 23 to confirm the stability of BSA-Auys.
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Figure 23 Difference of BSA-Au,s’ emission bands between fresh sample and Smonthes stored sample

As made BSA-Au,s sample has a gold concentration about 5 mM and a high
optical density far beyond 1.0. This high concentrated sample may affect the
fluorescence behavior. So, the as made sample has been diluted. Figure 24 and figure

25 show the absorption and emission spectra of different diluted samples.
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Figure 24 Absorption spectra of BSA-Auys at different concentration
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Figure 25 Emission spectra of BSA-Au,s at different concentration

As expected, the optical density and emission intensity of BSA-Auys are closely
related to the concentration of the sample. The relationship of emission intensity

against [ Au] concentration is however nonlinear as shown in figure 26.
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Figure 26 The emission intensity at peak point (625nm) against different concentration of [Au]

The fitted equation is as below:

11016650
(C—0275537) Q)

(1+€ 0.31733 )

1 =7648480—

In this equation, / represents the emission intensity, C represents concentration of

[Au]. The R-square is 0.9928.

At low concentration, the emission intensity goes up as the concentration of [Au]
goes up, and the relationship between them is nearly a linear relationship. A near linear
relationship can be seen from the samples with 0.05, 0.1, 0.25, 0.5 and 1 mM [Au], as
shown figure 27. The relationship of emission intensity and concentration of [Au] can

be represented as in equation below:

1 =152152+665090C, (6)

where I represents the intensity, C represents concentration of [Au]. The R-square is

0.96459.
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Figure 27 The linear fitting of the peak intensity against [Au] concentration for the former 5 points

But as the [Au] concentration goes too high to reach the value about 5 mM, the
high optical density results in self-absorption and scattering that reduces emission.
Therefore, a 20 times (20x) diluted sample with [Au] concentration of 0.25 mM is
considered to be suitable for fluorescence study. Its optical density is not too high
(<0.2) while the emission intensity is high enough. The following experiments in next

section use sample at this concentration.

The last, but the most interesting part which will be discussed in this section is the
influence of pH value on the fluorescence. In this experiment, HCI was induced into
the sample to change the pH value of the as made sample. The final concentration of
[Au] in each sample is ensured to be 0.25 mM by adding 0.2 ml original sample in
which the [Au] concentration is 5 mM into 3.8 ml mixtures which contain 0.12 ml, 0.1
ml, 0.08 ml, 0.05 ml, 0.025 ml, 0 ml HCI] with a concentration of 1 M respectively. The
pH value was measured with the portable pH meter. Experiment results are shown in

figure 28.
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Figure 28 Emission spectra of BSA-Au,s at different pH value

It can be seen from figure 28 that the intensity of fluorescence falls down as the pH
value goes down. Considering the unfolding of BSA at acidic environment (detailed in
section 3.1.5), especially below pH 3.1, the decrease in emission implies that the

fluorescence of BSA-Au,s is modified by the changing in the microstructure of BSA.

3.1.4 Fluorescence lifetime of BSA-Au,;

As mentioned in the previous sections, early work on the BSA-Au,s found a long
fluorescence lifetime. It was assumed that this is due to the presence of gold core. In
order to prove the concept that this slow decay process is the characteristic of
fluorescence from BSA-Au,s rather than from BSA, a dynamical fluorescence study
has been carried out in this work to compare the fluorescence decay processes from
BSA-Auys and the pure BSA that has the same concentration as in the BSA-Auys

sample.

Figure 29 displays the fluorescence decay curves of BSA-Au,s, BSA with NaOH as
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in BSA-Auys and pure BSA. It is clear that only BSA-Auys has a significant slow
decay process. Thus the long lifetime component is caused by gold core but not by

BSA.
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Figure 29 Comparison of lifetime decay curve between gold cluster sample and reference sample

The fluorescence mechanism and the source of the long lifetime is however not
clear yet. Two mechanisms have been proposed to explain this slow decay process [31].
The first one suggests that this long decay lifetime is due to triplet-singlet intersystem
transition. The other hypothesis considers the existence of oxidation states of gold
atoms on the surface of gold core and suggests that the long lifetime component is
caused by the oxidation state. This hypothesis is strongly supported by Guével’s work.
He found that there is no long lifetime component in the fluorescence process of
BSA-Aug which does not have an oxidation state. In the later assumption, the long
lifetime component is caused by the interaction between Au(I) and thiol, or between
Au atoms. Wu found that the long lifetime fluorescence only exists when there are
electron rich ligands on the surface of the gold clusters. Moreover, when replacing the

ligands of Auys clusters with electron rich ligands such as ligands containing [N] or
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[O], the fluorescence of gold clusters is extremely enhanced [4]. This suggests the
significant influence of gold—molecule interaction and the interface states on the
fluorescence process. More work need to be done to fully reveal the fluorescence

mechanism.

To fit the decay curve of BSA-Au,s, the fitting work is carried out by two steps:
firstly, 2 us rang was set to take the lifetime measurement and the long exponential
decay part was fitted to obtain the value of the long lifetime component. The lifetime
T= 1.2~1.3us was obtained from the first step fitting results. Secondly, 50 ns TAC
range was set for the measurement on the same sample and the short exponential decay
was fitted, where one of estimating lifetime values was fixed to be the previous fitting
result. The results show that the whole decay process is dominated by a slow decay
process, with a lifetime in the micro-second scale, mixed with short decay processes

with short lifetimes ranging from sub-nanosecond to several tens of nanoseconds.

The decay curves obtained in the two-step measurement separately are shown in
figure 30. Subfigure (A) indicates the trend of the long lifetime component. In
subfigure (B), the short component is shown more clearly. In the first step, the long
lifetime decay was fitted by fitting the decay curve in the chosen fitting range as
shown in figure 30 (A). One-exponential had been adopted to fit this long lifetime
decay curve. Lifetime T was figured out in this step. Then, in the second step,
four-exponential was adopted to fit the whole decay with one of lifetime values was
fixed by the one obtained from the first fitting step. The number of exponentials was
chosen to be 4 by considering the goodness of . The first stage one-exponential

lifetime decay is described as:
I(t)=4 + Be™" (7)

The second step four-exponential lifetime decay is described as:
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I(t)=A + Be"""+ Be""*+ Be "’ + Be """ (8)
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Figure 30 (A) The result is obtained with 500 KHz laser 2us TAC range; (B) This one is measured

with 500 KHz laser 50 ns TAC range.

Table 1 List of fluorescence lifetime fitted results of BSA-Au,s (lifetime unit: ns)

A B, T, B, T, B; T; By T4 X

First stage fitting results (The fitting result was affected by the range choice)

2us lexp 406 13192 1.23x10° 0.98

Second stage fitting results

50ns 4exp  1085.5  0.001 125x10°  0.01 102 0.04 197 0.12 025 1.12
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Considering the fitting result in table 1, it is apparently that there is a micro second
range’s long lifetime component T, when the decay is fitted at TAC range 2 ps. This
result is comparable with the result given by Guével [31] and Wu [4]. The first stage
fitted result varies from 1.2~1.3us as fitting range changes. One of them is listed in
table 1. The best value to fit the whole decay was tested very carefully and was
figured out to be 1.25us. The short lifetime components were found to be T,=10.2 ns,

T3=1.97 ns and T4=0. 25 ns when T; was fixed to be 1.25us.

When the decay curve of reference sample (BSA+NaOH) was fitted, the fitted
lifetime values of 3-exponential decay were 0.25 ns, 1.9 ns and 6.8 ns. These
fluorescence lifetimes are comparable to those short lifetimes obtained from
BSA-Au,s samples listed in table 1, implying that the fast fluorescence component in

BSA-Au,s may mainly arise from BSA.

As BSA is a common plasma protein and when its conformation with pH is
changed the BSA-Au,s may be sensitive to pH environment. The investigation on the
dependence of fluorescence intensity on the pH value, as shown in figure 28, has been
described above. Here, the influence of pH on the fluorescence lifetime is investigated.
Figure 31 displays the fluorescence decay curves of BSA-Auys at different pH
environments. It can be seen that there is no obvious change in the region between pH
9.8 and pH 7.0. Change in decay curve is observed at pH 4.7 and becomes significant

as pH further decreases.
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Figure 31 The lifetime of BSA-Auy;s at different pH

These decay curves were fitted with 4-exponential functions as shown in equation
8. All the fitted constants are listed in table 2. As observed from Figure 31, the shape
of the long lifetime component doesn’t change apparently when pH value change, so
the value of long lifetime component was still assumed to be 1.25 ps and then the
possibility of this assumption was justified by considering the value of y*. The
acceptable goodness of y* in table 2 implies the validity of adopted assumption, also
implies that the difference of pH values may not change the instinct lifetime of
BSA-Au,s. Moreover, it is found that the contribution of a long decay component to
the whole decay is falls down when the pH value falls down as shown in figure 32. It
implies that the existing BSA-Au,s remains its microstructure of fluorescence related
parts such as 13 atoms’ gold core, 12 atoms’ oxidized gold shell and combined sulfur
structures. These structures are not been modified when the environmental pH
changes. One possible explanation for the decrease of fluorescence is that the amount
of fluorophores in the solution is decreased as the pH value reduces. The reduction of
fluorophores in the solution is considered to be caused by the fragmentation of gold

cores or detachment of gold core from BSA, resulting from the structural modification
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of BSA as the environmental pH changes.

Table 2 Fitted results for the lifetime decays of BSA-Au,s at different pH value with fixed T1 (lifetime

unit: ns)

pH A B, T, B, T, B, Ts B, T, r

31 -78.90 0.01 1.25x10°  1.04 023 037 182 009 624 1.14
33 -110.69 0.12  1.25x10°  7.64 023 339 174 085 630 1.12
47 -165.08 0.02 1.25x10° 092 026 043 1.78  0.11 6.36 1.04
7.0 23475 0.04 1.25x10°  0.87 025 042 .72 0.12  6.25 1.06
82 -30236  0.05 1.25x10°  0.88 028 040 181 0.13 632 1.07
9.8 -363.77 045 125x10°  6.87 024 344 176 101 640 1.06
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Figure 32 The contribution of long lifetime component to the whole decay.

Furthermore, comparing figure 28 with figure 32, it is apparently that the emission
intensity falls down as the contribution of long lifetime component to the whole decay
falls down when the pH value falls down. This underlying relationship between these
two figures is coincident with the suggestion given in section 3.1.2 and this section that
the red emission and the long lifetime component are both correlated with the

existence of gold core.
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3.1.5 Fluorescence anisotropy of BSA-Au,s

The fluorescence anisotropy is calculated following the equation below:

IVV(t)_GIVH(t)
1, ()+2GI, (1)

r(t) = ©)

Where Iyy(t) and Iyy(t) are the recorded polarized decay curves where the indexes
VV and VH indicate the orientation of the excitation and emission polarizers
respectively. The G factor corrects for different transmission efficiencies of polarized

light though the detection system and is calculated from the equation below:

o [ 1y )t

- (10)
[ 1 )t
The anisotropy curve can be fitted following the equation below:
r(t)=bexp(—t/¢)+b, (11)

Where b is the pre-exponential factor and b, is an infinity value. Symbol ¢
represents the rotational correlation time. BSA-Au,s was assumed to be sphere to

simplify the calculation model.

From the Stokes-Einstein relationship, the rotational correlation time ¢ can be
calculated out simply following the equation below:

_nV _4mR’

?= kT  3kT

(12)

Wheren, k, and T indicates the viscosity of the solution, Boltzmann constant and
absolute temperature respectively. The volume of the fluorophore is indicated by V.

Taken together, the radius of the fluorophore can be calculated from the equation
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below:

347K,

R=(
4n

)]/3 (13)

Following those equations above, fluorescence anisotropy related results at
different temperature have been calculated out and listed in table 3. The experiment is
based on the sample with 0.5mM [Au]. A laser source with wavelength 482nm was
adopted in this experiment. LP530 filter was adopted to block the fluorescence from
BSA, meanwhile, allow the fluorescence from BSA-Auys to access so that it was

affirmative that the fluorescence anisotropy is from BSA-Auys.

Table 3 Fluorescence anisotropy of 20times diluted sample at different temperature

Temp / K n/mPas ¢ /ns R/nm
2717.6 1.54 18.6 4.7
2814 1.37 19.2 5.0
292.3 1.02 16.1 53
297.6 0.90 14.7 5.4
301.0 0.83 15.1 5.6
306.3 0.74 14.8 5.8
311.9 0.66 13.4 5.9

From table 3 the radius of the BSA-Auys cluster is calculated within 4.7~5.9 nm

based on a spherical model.

BSA is widely known having a heart shape super-huge single molecule structure
[42]. The size of the protein is 3x9x9 nm (thicknessxX-axisxY-axis) in Normal (N)
form as shown in Figure 33 [43]. The size of BSA-Au,s calculated based on
fluorescence anisotropy measurement is comparable but slightly larger than the

reported value. It may reflect an increased particle size due to its gold core. The simple
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spherical model also introduces error. Nevertheless, this work demonstrated that the

size of BSA-Auys can be obtained by fluorescence anisotropy measurement.

Figure 33 Microstructure of BSA from different view point and its dimensions. Figure is from

reference [43]

Figure 34 shows the fluorescence anisotropy decay at different pH value. The
fluorescence anisotropy decay changes as pH value changes from 9.8 to 3.3. The
further decrease of pH value to 3.1, however, results in an apparent change, as shown
with black line in figure 34. The big change in the anisotropy value implies the change
of particle size. As shown in table 4, the radius of the clusters increases to around

9.3~11.0 nm, nearly double the size obtained before.

44



Anisotropy

W‘

[l

hh dubi

‘ wmw u WMN\ wi Mm ML‘

100

Time (ns)

Figure 34 Anisotropy comparison of BSA-Au,s at different pH value

Table 4 Fluorescence anisotropy of the sample at pH 3.1

Temp / K n/mPas ¢ /ns R/nm
283.5 1.3 185.3 11.0
290.3 1.1 98.8 9.5
2925 1.0 111.2 10.2
296.1 0.9 86.4 9.7
301.6 0.8 65.9 9.3

This result is in line with the conformation change of BSA. It is reported by Carter
that there are 3 forms of BSA at different pH value, namely normal (N) form at pH
value 8 to 10, fast (F) form at pH 4.3 to 8, and expand (E) form at pH 2.7 to 4.3 [42].
Moreover, recent work carried out by Barbosa in 2010 disclosed that the E form
appears at pH<3.5 [44]. It is said in their works that the BSA expand as the pH value
decreases, this conclusion is coincident with our work in which the sizes of the BSA
coated clusters were doubled as the pH decreased from 9.8 to 3.1. The structural

sketches of three forms were as shown in figure 35 [43].
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Figure 35 Three types of basic form of BSA at different pH value (Drawn by Carson, 1987)

The size of the BSA in F and E form have been found in Lee’s work [45], which are
3 (thickness) %9 (Y-axis) x15 (X-axis) nm and 2.5 (thickness) x10 (Y-axis) x20~25
(X-axis) nm respectively. The calculated radius of BSA-Auys at pH 3.1 is ~11 nm (22
nm diameter), which is consistent with the reported dimension in E form (20~25 nm).
This change in the protein conformation accompanies the significant decrease of
fluorescence intensity and change in lifetime as described above, suggesting a
dramatic change of cluster structure. More researches are required to support this

point.

3.2 Application of BSA-Au,s as metal ion sensor

It is reported that AuNCs can be employed in a lot of occasions. One of the typical

applications of BSA-Au,s is as a bio-sensor to detect metal ions. It 1s reported that it
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can be used to detect mercury ions in the environmental protection field [16, 46]. The
fluorescence quenching due to copper ions has also been reported, suggesting a
potential of ion sensing in live cells [7, 47]. This work investigated the influence

copper ion on the fluorescence of BSA-Auys.

BSA-AuNC is adopted as the sensor to detect copper ions in this project. To extend
the experimental result carried out by other researchers, we compared the lifetime
difference as well as the intensity difference. The BSA-Au,s sample adopted in this
experiment is diluted by 100 times from the original prepared sample in which the
concentration of [Au] is around 5 mM. The reason why a 100times diluted sample
was adopted instead of the former 20times diluted one adopted in previous
experiment is that the BSA-Au25 was used as a sensor in this experiment. The lower
the concentration, the more sensitive it becomes. Cu®" is offered by adding CuSO4
into the BSA-Aujys solution. The fluorescence emission is quenched as shown in figure

36.
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Figure 36 The quenching of the fluorescence emission by adding different quantity of Cu®" ions
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Figure 37 The emission peak intensity against concentration of Cu®” existed in the solution

The emission intensity decreases monotonically as the concentration of [Cu] ions
increases, as shown in figure 37. The relationship between emission peak intensity
and concentration of copper ions suggests the possibility of quantitative ion sensing.
The relationship was represented by equation below:

-C

1=20641 1e[ﬁ) — 44538, (14)

where I represents the intensity, C represents concentration of [Au]. R-Square is

0.95587.

In this project, several different metal ions were added into BSA-Au,s samples to
see whether there was fluorescence quenching. The test was accomplished by adding
Co*" and Zn*" in BSA-Auss solution, shown in figure 38 (a) and (b) respectively. The
concentration of [Au] in the BSA-Au,s solution is 0.05 mM which is the same as at
which the copper ions are tested. From the comparison of figure 36 and figure 38, it is
apparently that the BSA-Auss is very sensitive to Cu”” but not so sensitive to Co>" and
Zn*" which implies that the BSA-Au,s may be a selectivity sensor to Cu®"and Hg*" [16,

46] such harmful ions. Distinction of these two harmful ions may be difficult but it
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offers a method to test whether the environment is polluted by one of these two
harmful ions. More work needs to be done to test whether BSA-Au,s is sensitive to

o1 + + N\T:2+
other potential ions such as Fe’ , Fe’ , Ni*" and so on.
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Figure 38 (A) the quenching of fluorescence emission by adding different quantity of Co ions into
BSA-Auys solution, (B) the quenching of fluorescence emission by adding different quantity of Zn

ions into BSA-Au,s solution

To extend the work accomplished by other researchers, different lifetimes of
BSA-Au,s have been measured to see how the lifetime changes when different
quantities of Cu”*" ions were added into the solution. The measurement results have
been shown in figure 39. Fluorescence lifetimes had been fitted but the * of the fitting
results were extremely high, which means it is impossible to find the numerical model
for this lifetime changing procedure with these obtained results. This may be due to the
extreme dilution of the BSA-Au,s sample. More work need to be done to obtain the
precious fitting results to found the numerical model with which the concentration of

metal ions can be calculated out with measured lifetime value, even though, the
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changing trend of fluorescence lifetime is very apparently as shown in figure 39.
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Figure 39 lifetime change by adding different quantity of Cu" into the BSA-Au,s solution

50



4.Conclusions and Future’s Work

Red emit BSA-Au,s have been synthesized with a “one step” environmentally
friendly wet chemical method. This synthesis method is repeatable. Absorption and
emission spectra of the prepared sample have been obtained. It is confirmed that the
extreme stable red fluorescence results from gold cores in BSA. The dynamical
fluorescence analysis found a long decay lifetime at about 1.2 ps. It is also proved
through the fluorescence anisotropy measurement that the cluster size is around 5~6
nm in radius based on a spherical model when the environmental pH is up to 7. When
the environmental pH falls down to 3.1 the size of cluster extend to 9~11 nm in radius.

Moreover, the prepared BSA-Au,s samples were adopted as a Cu®" sensor.

More work need to be carried out to investigate the mechanism of BSA-Auys’s
fluorescence. The size selected cluster source can produce gold clusters with good
control over size and without coating. Comparing the sample prepared by this method
with that synthesized by wet chemical method should help to understand the
fluorescence mechanism. Although cluster source is employed to deposit AuNC on the
substrate, more improvements need to be done to make the production of large AuNCs
possible. For example, using cooling gas introduces gas condensation thus allows to
generate large clusters. Two-photon fluorescence technique may also be applied to

expand the application of BSA- Auys.

So far, the contribution of gold core and surface bonding in the fluorescence
process is still not clear. Other coating may be used to replace the BSA so that the
mechanism of fluorescent procedure can be clear after comparing the fluorescent

spectrum of coating replaced gold clusters with that of BSA- Auys.

It is worthwhile to investigate the application of BSA-Au,s in bio-science because
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they are nontoxic, super small, sensitive to metal ions, and have red emission and large
stokes shift. The capability of measuring particle size via fluorescence anisotropy,
which was demonstrated in this work, suggests a potential of monitoring protein

binding and conformation change.
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Appendix 1 List of Abbreviation

NC(s): nano-cluster(s)

BSA: bovine serum albumin

AuNP(s): gold nano-particle(s)

AuNC(s): gold nano-cluster(s)

PAMAM: poly(amido) amine dendrimer

THPC: Tetrakis Hydroxymethyl Phosphonium Chloride
DNA: Deoxyribonucleic acid

HTMP: high temperature matrix preparation techniques
XPS: X-ray photoelectron spectroscopy

TA: thioctic acid

TPP: triphenyl phosphine

TCB: thiocholine bromide

MUA: 1-mercaptoundecanoic acid

PVP: polyvinylpyrrolidone

DT: 1-dodecanethiol

DA: dodecylamine

TCSPC: Time-correlated single-photon counting

O.D: optical density

CFD: constant fraction discriminators
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TAC: time to amplitude converter
PGA: programmable gain amplifier

ADC: analog-to-digital converter
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Appendix 2 Production of AuNCs in
Physical Method

A 2.1 Physical method through cluster source

Different from the chemical method, the physical way can more accurately
produce gold cluster in target size. G. Alton developed a cesium based sputter source
which can produce size-selected clusters[48], based on model of “Cluster Source”
developed by Hall [49]. The equipment is shown in Figure 40. Part I is the diffusion
pump which is used to keep the sputtering/ion optics chambers under high vacuum;
while Part II is a turbo molecule pump which is used to keep the wien filter/sample
holder working in a high vacuum environment. Normally, the system works when the

pressure is around 10 torr.

Firstly the vaporized Cs entered into the chamber, and was ionized on the surface
of ionizer. Sputtering process occurred subsequently on the surface of target sample.
Negative charged gold ions went through the ions focusing chamber and then
condensed into a beam. Passing through a Wien filter, the selected ions accessed the

10°-deflection hall and landed on the surface of sample holder finally.
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Figure 40 Sketch of cluster source: A, cesium oven which works based on the thermodynamic
equilibrium surface ionization phenomenon; B, target holder/sputtering chamber; C, ion optic chamber,
two levels lens inside used to focus the beam; D, Wien filter chamber in which mass selection

occurred; E, 10°-deflection hall.
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A 2.1.1 Ionization/Sputtering process

The cesium oven works based on the thermodynamic equilibrium surface

ionization phenomenon. It can be described by the formula below:
Cs+ Energy > Cs" +e~ (15)

Ionization energy of cesium is only 382KJ/mol, which is the lowest one among the
materials. In our cluster source, ionization process occurs on the surface of the
tungsten ionizer. As the surface temperature of the ionizer is up to 1100°C, the cesium
atoms are ionized, then hit on the target sample under 1.5~1.8kV high voltage. Details

about the ionization section can be seen in Figure 41.
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Figure 41 Scheme of the ionization/sputtering chamber, A, cesium oven; B, target holder and bulk
gold target sample; C is ionizer with Mo filament and W shell, D is first lens, E is gas hole through

which Cs vapor goes into the chamber
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Sputtering process is shown in Figure 42. During the process of the incident ions
hitting the surface of target metal, the energy is transferred from primary ion to target
atom. If the energy is high enough, the atom takes off from the surface of target

sample, which achieves the sputtering process.
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Figure 42 The scheme of sputtering process. Red dot represents incident ion (Cs"); blue dots represent

target atoms/ions; black dots represent electrons [50].

In our experiment, Cs' ions are the primary ions. When they hit on the surface of
gold bulk, the Au ) 1ons are sputtered. The number » may vary from one to several

dozens.

A 2.1.2 Mass selection

Wien filter is adopted to achieve the mass selection. A Wien filter as shown in
Figure 43 is a device consisting of perpendicular electric and magnetic fields. The

principle of it is shown in Figure 44.
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Figure 43 (A) The photograph of a Wien filter. (B) The sketch of a Wien filter. Figures are from

homepage of Colutron Research Corporation (http://www.colutron.com/products/kit/kit.html)
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Figure 44 The fundamental principle to illustrate the mechanism of Wien filter. The flying charged
clusters forced by perpendicular electric and magnetic fields. Only the clusters with an equilibrium

force will pass through the aperture.

The clusters with velocity shown in equation below can access the filter without

deflection, while others flying away

E
VOZE (16)
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A 2.1.3 Deposition on the substrate

The deposition process occurs in a few different ways as shown in Figure 45. Soft
landing means that cluster deposits on the surface of substrate relatively slowly
herein can hold its structure. In this deposition method, velocity of cluster should be
controlled. The substrate must be soft enough to hold the cluster gently, meanwhile,
toughness is needed for the substrate so that it can hold the cluster on its surface but
not allow the cluster embedding inside it. Only if the cluster is soft landed on the
surface of substrate can the optical property inspection be carried out. The reflection
means the cluster will be reflected back off the surface of substrate, in this situation,
nothing can be found on the substrate. The plastic deformation means that the
microstructure of cluster changes when the cluster lands on the substrate, then,
subsequent property inspection means nothing. Fragmentation, partial implantation,
sputtering and damage make the microstructure of cluster changes as well, so they all
affect the subsequent inspections. In embedding method, cluster was embedded
under the surface of substrate, which makes subsequent optical inspection

impossible.

In our project, soft substrate is prepared for soft landing. In the future, a bias
voltage may be placed in front of our substrate to slow down the landing clusters so

that soft landing clusters can be achieved.
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expected in this project. The figure is derived from reference [25]

transfered to a mass spectrum based on the equation 17

M =2qV(B/E)
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Figure 45 Schematic graph of different landing process. Soft landing and embedding process was

A 2.2 Generation of size selected AuNCs

To facilitate a size dependent fluorescence study, effort has been made to explore
the experimental condition to generate NCs of designed sizes. In the experiment,

cluster beam current against magnetic field voltage has been obtained. Then it can be



In equation 17, M represents mass of a cluster, q represents the charge of a
cluster, V represents accelerate voltage, B is the strength of magnetic field in Wien

filter, and E is the electrical field in Wien filter.

The mass spectrum thus obtained is shown in Figure 46.

Au (MV=3.7V) Electric Field Voltage: 60V

Au (MV=8.9V)
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Figure 46 Mass spectrum of our cluster source

From the spectrum above, three types of clusters have been obtained. The first point
represents single atom, the second one represents Aus cluster while the last one
represents Aug cluster. The beam current of bigger cluster is beyond the detection limit

in this setup.

Bare Auys is possible to be produced by add cooling system on the equipment to
aggregate separated clusters on their way to the sample holding after they were
sputtered. Once bare Aups clusters are obtained, the investigation of its optical

properties may give the direct evidence to explain many optical phenomena such as

the existence of the long lifetime component.
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