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Abstract 

Protein denaturation is a change in a protein’s structure from its native folded 

state to a non-native misfolded state. Protein denaturation is the cause of many 

diseases. Current methods used for protein denaturation studies have provided 

useful information regarding protein structures, but have limitations, such as their 

inability to detect early aggregation of protein; hence, a new method for detecting 

early aggregation is needed. Lysozyme-encapsulated gold nanoclusters (Lyz-AuNCs) 

have interesting fluorescence properties that can be used in a variety of 

fluorescence measurement techniques and maybe a promising tool for studying 

protein denaturation. So far, studies of the fluorescence characteristics of Lyz-

AuNCs under protein denaturation conditions, and their correlation to protein 

unfolding, have been limited. The goal of this research was, therefore, to discover 

the influence of environmental factors and protein denaturation on the 

fluorescence properties of Lyz-AuNCs and further explore the potential of Lyz-

AuNCs to inhibit human beta-amyloid (1-40) Aβ40 aggregation.  

In our study, changes in pH were observed to alter the fluorescence properties of 

Lyz-AuNCs. At an excitation wavelength 470 nm, the fluorescence intensity of 

AuNCs increased and redshifted when the pH is increased from pH 7 to 12. This 

increase correlated to a decrease in its fluorescence lifetime, suggesting a possible 

mechanism of the enhanced radiative process. Moreover, hen egg-white lysozyme 

(HEWL) was added to Lyz-AuNCs solutions to study the effect of HEWL 

concentrations on their fluorescence properties. Especially, the fluorescence 

lifetime was found to be sensitive to the concentration of HEWL at pH 3, possibly 

due to the aggregation that changed the local environment. Furthermore, unfolding 

of Lyz-AuNCs was induced by urea, sodium dodecyl sulphate and elevated 

temperature. It was found that the fluorescence intensity of Lyz-AuNCs decreased 

due to increased collisional quenching. Finally, the interaction between Aβ40 and 

Lyz-AuNCs was studied. The observed decrease in fluorescence intensity was 

believed to be due to static quenching. Significantly, Lyz-AuNCs was found to inhibit 
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Aβ40 fibre formation. This result suggested Lyz-AuNCs as a promising candidate for 

Alzheimer’s disease (AD) treatment as well as a probe to study Aβ40 accumulation in 

AD pathology. 
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Chapter 1: Introduction 

1.1 Fluorophores Used in Studying Protein’s Structure 

     Fluorescence spectroscopy is a sensitive and powerful tool in bio-applications 

such as imaging and sensing biomolecules. Additionally, monitoring the protein’s 

structure using fluorophores has become an important procedure in the 

pharmaceutical market and clinical diagnosis. The production of protein requires 

assuring protein’s structure is intact during synthesising and storage. Moreover, the 

protein’s structure is subject to change in different conditions leading to many 

diseases.  The change in protein is known as protein denaturation  (1).  

1.2 Protein Denaturation  

The conformation of proteins is essential for their effective functioning. The 

secondary, tertiary, and quaternary protein structures rely on diverse types of 

interactions; for instance, electrostatic interactions, hydrophobic interactions, and 

hydrogen bond formation, which are controlled by distinctive amino acids residues. 

The conformation of proteins changes to ensure optimal functioning and a 

destressed state. In this state, the protein is noted as folded protein. In some cases, 

proteins can misfold as a result of deoxyribonucleic acid (DNA) mutations or 

transcription or translation errors. Additionally, changes in the local environment, 

such as in the ionic strength, pH, and temperature, can unfold proteins, leading to 

the hydrophobic regions of the protein being exposed, forming bonds with other 

proteins, and hence forming an aggregate (2). Misfolded proteins can occur inside 

the body, where chaperone proteins can reverse the misfolding and facilitate 

efficient folding by binding to hydrophobic residues or unpaired cysteines (Cys) 

(2,3). 

The folding and unfolding processes control cellular activity. If the protein fails to 

fold into a native state in the cell, many diseases occur due to the failure of the cell 

to function normally. These diseases are due to misfolded protein caused by a 

mutation (a change in the DNA sequence of nucleotides) leading to a change in the 
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sequence of amino acids in the protein. The sequence of amino acids in a protein 

determines the interaction between amino acids within the protein to form three-

dimensional protein structures and, hence, affects its function; for example, a 

mutation in the cystic fibrosis transmembrane conductance regulator (CFTR) protein 

leads to cystic fibrosis. Another example is a mutation of the α-keto acid 

dehydrogenase complex protein leading to maple syrup urine disease (4). Protein 

aggregation and the formation of fibrils, such as in the mutation of human 

lysozyme, leads to hereditary systemic amyloidosis (5). Cancer also may arise due to 

misfolding of the cellular tumour antigen (P53), since p53 plays a vital role in 

preventing cancer (6). Many researchers believe that amyloid fibrils are related to 

neurodegenerative disease (7–9). Each amyloid disease arises from aggregation of a 

specific protein (e.g. amyloid-beta (AB) aggregation leading to Alzheimer’s disease 

(AD) (7), α-synuclein aggregation to Parkinson’s disease (PD)(8), and huntingtin to 

Huntington’s disease (HD))(9). 

In some cases, protein can misfold into two distinct routes: amorphous 

aggregates and amyloid fibrils. Amorphous aggregations occur when the proteins 

form a highly disordered structure, known as an off-folding pathway. Amyloid fibrils 

occur when the native protein structure changes from its native state to form a 

highly ordered fibrous structure and insoluble protein with cross βeta sheets, which 

is deposited in organs and tissues (10) and is known as an on-folding pathway; for 

example, Concanavalin A, a member of the legume lectin family, can form 

amorphous aggregates via an off-folding pathway at pH 5 and amyloid fibrils via an 

on-folding pathway at pH 9 (11).  

Protein aggregation is a multistage process. As revealed by Waugh et al. (12), this 

includes nucleation, growth of fibrils, and assembly of fibrils. Firstly, the native 

protein (a single molecule known as a monomer) can be destabilised by several 

conditions, such as elevated temperature or mutation. When the monomer is 

destabilised, the structure of the protein partially or completely unfolds, depending 

on the condition. These unfolded monomers then interact with each other, forming 
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an oligomer in the nucleation phase. After that, the secondary aggregation 

structure changes to form cross-β-sheets in the elongation phase. In the next stage, 

these oligomers bind with each other to form amorphous aggregates or micelles, 

which can further aggregate to form fibrillary species with rich cross-β-sheets (13–

15). Mauro et al. studied human insulin and found that, firstly, insulin molecules 

aggregated, changing their state from monomeric and dimeric to oligomer and 

protofibril. Secondly, these oligomers aggregated to form elongated fibrils via 

heterogeneous nucleation, finally forming clusters of fibrils (16). 

A variety of techniques have been employed to study the structure of amyloid 

fibrils. Atomic force microscopy (AFM) and Cryo-electron microscopy provide 

morphological information, while X-ray diffraction permits the three-dimensional 

structure of proteins to be examined. Circular dichroism (CD) provides information 

about the secondary structure of proteins. For example, cryo-electron microscopy 

imaging and AFM shows that amyloid fibrils consist of two to six protofilaments 

twisted around each other to form long unbranching thread-like forms (15, 16). As 

shown by X-ray diffraction, amyloid fibrils are abundant with cross-β sheets. There 

are two diffractions: 4.8 Å, relating to the inter-β strand spacing, and 10 Å, relating 

to the antiparallel β-sheets spacing, as shown in Figure 1.1 (19).  

 

 

 

 

 

Figure 1.1. (A) A schematic showing characterisation of the diffraction pattern of cross-β sheets 
obtained after amyloid fibre being exposed to X-rays image. The distance between arrowheads 
shows the spacing of inter-strand (4.8 Å) and the distance between the vertical arrows show the 
spacing of the inter-sheet spacing reflection (10 Å)(20). (B) The structure of amyloid fibrils using an 
AFM (17). 

B 
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In addition, circular dichroism (CD) can disclose changes in the secondary 

structure of a protein. When a protein forms into amyloid fibrils, the CD shows a 

peak at 219 nm, which is an indication of increased cross-β-sheets (21).  

One of the most powerful tools for detecting changes in protein structure is 

fluorescence. There are two types of fluorophores: intrinsic and extrinsic. Intrinsic 

fluorophores include phenylalanine (Phe), tryptophan (Trp), and tyrosine (Tyr). The 

fluorescence of Trp is more responsive to the polarity of the surrounding area than 

Tyr. Some proteins have more than one Trp in different locations; for example, hen 

egg-white lysozyme (HEWL) has six Trps, four of them (Trp62, Trp63, Trp108 and 

Trp123) surrounded by a solvent. Two Trps (Trp28 and Trp123) are contained inside 

HEWL (22). The fluorescence intensity of Trp, depending on the location and when 

protein unfolds, may increase, due to a decrease of the quenching process of 

neighbouring molecules. In addition, unfolding could make it more exposed to 

solvent and increases collisional quenching. For example, the fluorescence intensity 

of Trp surrounded by solvent decreases in the presence of iodide. In contrast, the 

fluorescence intensity of buried Trps is not affected by iodide. However, these Trps 

may interact with each other through energy transfer (23), leading to a change in 

the fluorescence intensity of Trp, which makes it challenging to study the protein 

unfolding based merely on the fluorescence intensity of Trp.  

Therefore, extrinsic dyes are used to study changes in protein structure. 8-

anilino-1-naphthalenesulfonate (ANS) is one of these dyes that is sensitive to the 

polarity environment (1). Other dyes that can be used to detect amyloid fibrils 

include Congo Red (CR) (24) and Thioflavin T (ThT) (25). However, ThT is highly 

specific to the amyloid fibrils and cannot detect protein unfolding or oligomer 

growth (26). Moreover, both the CR and ThT dyes are polar, with charged 

molecules, and these properties make both CR and ThT unable to pass the blood-

brain barrier (BBB). In other words, ThT and CR cannot be used for fluorescence 

imaging in vivo for diagnosing AD, nor for detecting the therapeutic effect of drug 

trials (27). 
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 Other imaging methods, such as computerised tomography (CT) and magnetic 

resonance imaging (MRI) have limitations, with CT producing low-resolution 

hippocampal formation images. Usually, in patients with AD, the hippocampal 

formation area is damaged. MRI takes a long time to generate an image, during 

which time, the patient must not move; otherwise, artefact in the image will be 

generated. In addition, the cost of an MRI is very high. Early diagnosis cannot be 

achieved by these methods, and they are, therefore, unable to prevent the progress 

of AD. A new technique needs to be developed, and one promising method is to use 

nanotechnology; in particular, gold nanoparticles (AuNPs). 

1.3 Gold Nanoparticles (AuNPs) 

Gold nanoparticles (AuNPs) are gold particles with a size range of 1 nm to 100 

nm (28). Often AuNPs are split into two groups: gold nanoclusters (AuNCs) with a 

size less than 2 nm, and AuNPs with a size of 2 nm to 100 nm. This happens because 

AuNCs have different properties from AuNPs (29). AuNPs have surface plasma 

resonance (SPR), while AuNCs do not. When the size of particles decreases, the size 

of AuNCs is equivalent to the Fermi wavelength of electrons, and the continuous 

energy band breaks down into separate energy levels. As a result, the optical and 

electronic properties of AuNCs differ from those of AuNPs  (30). 

Functionalized AuNCs have received a great deal of attention in the last decades. 

The research in functionalized AuNCs covers a wide range of topics from the 

diversity of the method of synthesis to various applications. Functionalized AuNCs 

have unique fluorescent properties and have been used to detect chemical and 

biological molecules (31); for example, the detection of chemical molecules such as 

Hg2+, Cu2+, Cd2+, (CN−), Pb2+, and (S2−). Increasing the concentration of Hg2+ causes a 

reduction in the fluorescence intensity of AuNCs, possibly because of high-affinity 

metallophilic between Hg2+ and Au+ and affects the electronic structure of AuNCs 

causing the fluorescence intensity of functionalized AuNCs decreases. Different 

stabilised AuNCs have different limits of detection (LOD) of Hg2+; for example, the 

LOD of Hg2+ is 1.9 nM using Poly(N-isopropylacrylamide) microgel-protected AuNCs 
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(PNIPAM MGs-AuNCs), while the LODs of Hg2+ are 50 ± 10 nM and 10 nM using 

Trypsin-AuNCs and Lyz-AuNCs respectively (30,32–34). The detection of Hg2+ 

depends on the pH and ionic strength; therefore, higher stable AuNCs in 

complicated samples are needed. PNIPAM MGs-AuNCs show only a 9 % increase in 

fluorescence intensity with the concentration of NaCl at about 500 mM, due to 

electrostatic repulsion, whereas 11-mercaptoundecanoic acid AuNCs (11-

MUA−AuNCs) show a 55 % decrease in fluorescence intensity due to aggregations of 

11-MUA−AuNCs. GSH−AuNCs is used to determine Cr3+ and Cr6+ since Cr3+ is 

important for human and animal nutrient while Cr6+ ions can cause cancer. The 

emission intensity of GSH−AuNCs reduces when Cr3+ and Cr6+ exist due to the 

complex formation and redox reactions, respectively (34). 

AuNCs have also been used to detect biomolecules, such as glucose, using 

glucose oxidase-functionalised AuNCs. The fluorescence intensity of AuNCs 

decreases in the presence of glucose, because an enzymatic product of H2O2 

interacts with AuNCs, leading to oxidation in the cores of the AuNCs and aggregates. 

Adenosine-5′-triphosphate (ATP) is detected using GSH−AuNCs (34) and chicken egg 

white encapsulated AuNCs CEW-AuNCs-Cu2+ conjugates, and the CEW-AuNCs 

consists of AuNCs prepared by utilising chicken egg white proteins (35). N-acetyl-L-

cysteine (NAC) can be used to prepare AuNCs (NAC-AuNC). NAC-AuNC is used to 

detect urea and urease (36). Urea in blood samples has been detected using urease-

AuNCs (37); folic acid has been detected using BSA-Au25NCs. Increasing the 

concentrations of these molecules causes changes in the fluorescence intensity of 

AuNCs (34). 

AuNCs have also been used for biolabelling and imaging. Protein-encapsulated 

AuNCs are superior for cell imaging and therapy, due to their excellent 

photostability, long fluorescence lifetime, non-toxicity, large Stoke shift, 

biocompatibility, functionality, and facile conjugation. Insulin-AuNCs can locate 

overexpressed cells (C2C12 cells) (34). Lin et al. prepared dihydrolipoic acid 

encapsulated gold nanocluster DHLA-AuNCs particles and used them to label 
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endogenous biotin in human hepatoma cells (HepG2). They also studied the cell 

uptake of DHLA-AuNCs since DHLA-AuNCs is non-toxic to living endothelial cells 

(38). Su et al. used GSH-AuNCs to image thiols in HeLa cell using confocal 

microscopy (39). 

1.4 Synthesis of AuNCs 

There are two approaches for preparing AuNCs; a first approach is a top-down 

approach which involves reducing the size of AuNPs by using thiol components. The 

second approach is bottom-up approach which involves reducing Au+3 to Au atom 

to build up AuNCs through chemical reduction, electroreduction, photoreduction or 

bioreduction. As shown in Figure 1.2. 

 

 

 

 

 

 

 

Figure 1.2. A schematic showing synthetic strategies of fluorescent AuNCs. 

1.4.1 Etching  

AuNPs with a size of 6 nm are prepared in toluene and stabilised using 

didodecyldimethylammonium bromide (DDAB). Next, a gold precursor solution is 

prepared, and the aDDAB-toluene solution is added dropwise to the DDAB-AuNPs 

until the colour of the solution changes from wine red to clear, indicating a 

reduction of the size of the AuNPs and the formation AuNCs in DDAB (DDAB-

AuNCs). Lipoic acid is mixed with tetrabutylammonium borohydride (TBAB) at a 

ratio of 4:1 to produce dihydrolipoic acid (DHLA); this mixture is then added to 
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DDAB-AuNCs in order to change the solvent from toluene to water. The solution 

colour changes from clear to light brown. After the solution is centrifuged to 

separate the supernatant and toluene from the gold particles, the particles are 

dispersed in methanol. Further centrifugation is then performed to remove excess 

DHLA (38). The disadvantages of this process are that it involves several steps and is 

time-consuming (40). 

1.4.2 Chemical Reduction 

The AuNCs are synthesised via reducing the gold precursors, such as 

chloro(triphenylphosphine) gold (I) salt and Chloroauric acid (HAuCl4), to Au atom 

using reducing agents including citrate, sodium borohydride (NaBH4), hydrazine 

hydrate and ascorbic acid. Stabilize agents including DNA oligonucleotides, small 

thiol molecules, polymers, Dendrimers, peptides and proteins are used to prevent 

the aggregation of gold atoms and form AuNPs.  

The AuNCs can be stabilized by DNA oligonucleotides or single nucleotide. For 

example, Thomas et al. prepared AuNCs coated with poly-adenine DNA 

oligonucleotides shows blue fluorescence emission (41). The fluorescence 

properties of DNA-AuNCs depend on the kinds of DNA sequences, e.g. hairpin 

DNAs, single-stranded DNAs (ssDNA) and fully matched DNAs (42). The loop 

sequences affect the fluorescence properties of hairpin DNA-AuNCs. Cytosine loop 

prepares AuNCs highly effective. Multi-coloured fluorescent AuNCs was prepared 

using single cytidine units. The emissions colours of AuNCs depends on reaction 

times and pH environments (43). 

Thiol compounds are used as a stabilize agent due to the strong interaction 

between Au and S and form a covalent bond. Thiol compounds including GSH (44), 

dodecanethiol (45), lipoic acid (46), captopril (47), D-penicillamine (DPA) (48), 

thiolate α- cyclodextrin (49), phenylethylthiolate (50), dihydrolipoic acid (51) and 

mercaptopropionic acid (52) are used to synthesis AuNCs in the presence of NaBH4. 

The fluorescence of the coated AuNCs above have low quantum yields (QYs) nearly 
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0.1% (53). High fluorescence QY of thiol AuNCs are prepared by Luo et al. They 

found that increasing the GSH to Au ratio (1.5:1) the fluorescence QY increase about 

~15% (54). In addition, changing the GSH to Au ratio can produce stabilized AuNCs 

with 600 nm or 800 nm emissions wavelength (55). 

Dendrimers such as Poly (amidoamine) (PAMAM) and poly (propylene imine) 

(PPI) used to synthesis AuNCs in the presence of NaBH4. When the PAMAM-AuNCs 

is excited at a 384 nm wavelength, the emission wavelength is 450 nm with QY is 

about 41% (56). As the molar ratio of PAMAM/Au increased from 1:1 to 1:15, the 

sizes of fluorescent AuNCs increased with verity sizes such as Au5, Au8, Au13, Au23, 

and Au31. The fluorescence shift from UV to NIR with QYs shift from 70% to 10% 

(57). As shown in Figure 1.3. 

 

 

 

 

 

 

 

Figure 1.3. A schematic showing the effect of the size AuNCs on the fluorescence properties on 
AuNCs. 

When the size of the AuNCs becomes comparable to the Fermi wavelength of 

electrons, the strong quantum confinement of free electrons leads to separate the 

electronic states showing optical properties different from AuNPs. The fluorescence 

of AuNCs is affected by their sizes as predicted from free-electron theory. The 

energy level spacing 𝐸𝛿  depends on the number of the Au atom (N) and, this affects 

the fluorescence properties of AuNCs.   

 𝐸𝛿 =
𝐸𝑓

𝑁
1

3⁄
                (1 − 1) 
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With increasing the number of Au atom, the fluorescence emission shifts to 

longer wavelength, as demonstrated in equation (1-1). The fluorescence emission is 

UV (Au5), green (Au13), red (Au23). When the N reach higher than 30, the AuNCs 

does not emit in the visible region  (34,57). 

Polymers poly(acrylic acid) (PAA) (58) and multidentate thioether-terminated 

poly(methacrylic acid) (PTMP-PMAA)(59) were used to prepare AuNCs. The 

fluorescence properties and the size of AuNCs are affected by the molar ratio of 

polymers /Au (60). 

Various of protein have been reported to synthesise AuNCs such as BSA (61), 

pepsin (62), HEWL (40), DNase I (63), horseradish peroxidase (64), egg white (65) 

and insulin (66). The property of the fluorescence of AuNCs depends on several 

conditions (see 1.5 Factors Influencing Fluorescence Properties). The function of 

protein retains after synthesis AuNCs (66). 

When using protein to synthesise AuNCs, the protein serves as a stabilising agent 

due it containing Cys residues, which enable the thiol group to interact with the 

gold strongly, leading stable AuNCs. Furthermore, the Tyr in protein serves as a 

reducing agent; thus, using protein for synthesis of AuNCs eliminates the need for 

an additional reducing agent (67). Using protein to synthesise AuNCs helps to 

reduce the number of the chemicals used and, hence, simplifies the process. In 

addition, some stabilising agents, such as cetyltrimethylammonium bromide (CTAB), 

are toxic to cell (68) or using NaBH4 as a reducing agent is hazardous to health (34). 

This thesis utilised HEWL to synthesise AuNCs and studied how changing the 

environment affected the fluorescence properties of AuNCs. HEWL was chosen for 

several reasons. Firstly, the egg white of hens is rich in lysozyme (about 3.5%) and 

readily available (69). Secondly, HEWL is similar to human lysozyme (about 60% in 

sequence identity) and has been extensively studied. Finally, HEWL has been used 

to examine amyloid aggregation as a protein model because HEWL can self-

assemble (70,71).  
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According to Wei et al., lysozyme AuNCs (Lyz-AuNCs) can be synthesised in basic 

conditions. In his method, lysozyme aqueous solution (10 mg/ml) is added to an 

equal amount of HAuCl4 solution (4 mM). The reaction solution is vigorously stirred 

for 5 min, then NaOH (1 M) is added to adjust the pH to 12. The reaction solution is 

then stored at 37℃ for 8 h (32). After 8 h, the colour of sample changes from yellow 

to brown, indicating the formation of AuNCs. 

1.4.3 Electroreduction   

Electroreduction have been used to synthesise AuNCs in the presence of 

homopolymer, poly (N-vinylpyrrolidone) (PVP). The AuNCs synthesise by this 

method compose about two and three atoms with stable photoluminescent 

properties. Employing these ultrasmall AuNCs in biomedicine or catalysis would 

have to gain a great deal of attention (72). 

1.4.4 Photoreduction  

Photoreduction does not need to add hazardous chemical such as NaBH4. It is 

also eco-friendly methods. AuNCs was prepared using Photo-reduction by Zhang et 

al. (73). Variety of Tridentate thioether terminated polymers such as poly (tert-butyl 

methacrylate) (tBMA), poly (methyl methacrylate) (MMA) and poly (n-butyl 

methacrylate) (nBMA) were used to prepare AuNCs via photo-reduction. The QYs of 

these polymer-AuNCs of 20.1%, 3.8% and 14.3%, respectively. Size and QYs of 

AuNCs depend on the type of polymer and molar ratio of polymer/Au ions (74). 

1.4.5 Bioreduction 

Bioreduction of the AuNCs is synthesised of AuNCs in living organisms.  The 

AuNCs can be synthesised in various cancer cell lines including human 

hepatocarcinoma (HepG2) and leukemia (K562). The Au ions reduce in cell's 

cytoplasms making the AuNCs is good for cell imaging. In particular, cancer cell 

since health cell cannot synthesis AuNCs (75). 
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1.5 Factors Influencing Fluorescence Properties 

Several factors can affect the fluorescence properties of AuNCs, depending on 

the conditions during the synthesis; for example, the temperature during the 

chemical reaction, the pH, the ratio of protein to Au, and the type of protein. The 

first factor is pH during the chemical reaction. pH plays an important role in the 

synthesis of protein-encapsulated AuNCs and determines their fluorescence 

intensity. It was found that, during the synthesis of BSA-Au25NCs, adding NaOH was 

necessary for adjusting the pH to 12 in order to activate the ability of Tyr to reduce 

Au3+ or Au+ ions via their phenolic groups (otherwise the reaction would produce 

large non-fluorescent AuNPs ) (34,61). 

Two types of AuNCs can be synthesised with Lysozyme, depending on the pH. 

Tzu-Heng Chen and Wei-Lung Tseng synthesised Lyz-Au8NCs in acidic conditions at 

pH 3 by adding HAuCl4 to Lysozyme VI. NaOH was added to adjust the pH to 3 at a 

temperature of 37℃ for 12 h (40,76), and the small-sized AuNCs produced a blue 

fluorescence emission. Wei et al. synthesised Lyz-AuNCs at pH 12 (32) providing 

relatively large sized AuNC generated a red fluorescence emission, showing that 

changing the pH affected the size of the AuNCs and, hence, the colour of the 

fluorescence emissions. 

The second factor is temperature; the reaction temperature can influence the 

speed of reaction and the quantum yield (QY) of AuNCs. Xie et al. found that, when 

using BSA to synthesise AuNCs at 25℃, AuNCs did not form after 12 h. At 37℃, the 

AuNCs formed with a QY of ∼6% after 12 h. They also found that, at 100℃, AuNCs 

were formed, with a low QY (∼0.5%), within a few minutes (61).  

The third factor is the molecular ratio of protein to Au (34). Xie et al. found that, 

with a concentration of gold at 5mM and a concentration of BSA protein at 37 𝜇M, 

the reaction produced large non-fluorescent AuNPs. When the concentration of BSA 

was increased to 50 mM, the reaction produced AuNCs with fluorescence emission 

at a wavelength of 690 nm (61). In the case of lysozyme type VI (Lyz VI), when the 
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gold solution was fixed at 10mM and the concentration of Lyz VI protein varied 

from 20–40 mg/ml, the Lyz VI-AuNCs showed absorption bands at a wavelength of 

400 nm and the colour of the sample turned brown, indicating the formation of 

AuNCs. At a concentration of 10 mg/ml, the sample showed two absorption bands: 

one at 400 nm originated from the AuNCs and the second, at 547 nm, originated 

from the AuNPs (77). It is clear that the concentration of protein affects the 

formation of AuNCs. Reducing the concentration of protein leads to a reduced 

number of Cys (78)  which affects the stabilisation of the AuNCs; hence, AuNPs are 

formed.  

The peak wavelength of the AuNCs’ fluorescence redshifted from 628 nm to 636 

nm when the concentration of Lyz VI decreased from 40 mg/ml to 20 mg/ml; this 

redshift was possibly due to the increase in the size of the AuNCs caused by 

lowering the concentration of Lyz VI. The increase in the size of AuNCs led to a 

reduction in the energy gap between the 5d10 band and the 6sp band, leading to a 

redshift of the fluorescence peak (77). The concentration of Lyz VI not only had an 

impact on the fluorescence peak but also on the fluorescence intensity (i.e., the 

QY). The QY increased as the size of the AuNCs decreased. This increase probably 

occurred because, with small-sized AuNCs, the surface-to-volume ratio increased, 

leading to larger numbers of the core atoms of AuNCs bonding with core-capping 

ligands. These surface ligands affected the fluorescence properties of the AuNCs. In 

addition, the fluorescence of AuNCs is weak at a concentration of 10 mg/mL, due to 

the presence of AuNPs statically quenching the fluorescent AuNCs (77).  

GSH-AuNCs show low QYs because of weak GSH reduction. In order to increase 

the QYs of GSH-AuNCs, adding GSH to GSH-AuNCs at a ratio of 1.5:1 leads to an 

increase in QYs of about 15% that can affect the aggregation of the Au(I)-thiol 

complex on the surfaces of the AuNCs’ cores. Increasing the PAMAM: Au molar 

ratio to 1:15 leads to an increase in the size of AuNCs, with different colours and 

QYs, from UV with a QY of 70% to NIR with a QY of 10%  (57). 
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The fourth factor affecting the fluorescence properties of AuNCs is a type of 

protein. Xu et al. studied the fluorescence properties of AuNCs using four types of 

proteins: BSA, trypsin, HEWL, and pepsin. When the ratio of these proteins to gold 

was fixed at 0.04, the peak emission wavelength of BSA-Au25NCs was 705 nm; of 

trypsin-AuNCs, 643nm; of Lyz-AuNCs, 640nm; and of pepsin-AuNCs, 620 nm. Pepsin-

AuNCs showed low fluorescence intensity, because it also formed large AuNPs (67). 

The explanation was that pepsin has as few as four amine-containing, which are not 

sufficient to form a complex AuCl4
−.  

Moreover, a large amount of Tyr and Trp leads to reduced gold ions and the 

formation of large AuNPs. Xu et al. suggested that the blue shift in the fluorescence 

emission of both Lyz-AuNCs and trypsin-AuNCs in comparison to BSA-Au25NCs is 

caused by the small protein and low Cys contents that cannot be unable to stabilise 

AuNCs. They also suggested that the blue shift is due to the interaction of AuNCs 

with surrounded environments (i.e. hydrophobicity or functional groups)(67). 

Changing the type of the protein affects the number of amino acid, in particular Trp, 

Tyr, and Cys. Trp and Tyr reduce Au+3, while the Cys stabilises the AuNCs’ structure 

via the sulphur–gold bond, therefore, affecting the AuNCs formation and their 

fluorescence properties.   

Zhikun Wu and Rongchao Jin found that different ligands produced AuNCs with 

different QYs. They studied AuNC stabilized using four different thiolate ligands 

[Au25(SC2H4Ph)18]-, [Au25(SC6H13)18]- and [Au25(SC12H25)18]-.The QYs were ordered as 

follows: PhCH2CH2 > C12H25 > C6H13. The PhC2H4
- group has strong electron-donating 

capability compared with long-chain alkyl groups. With increasing chain alkyl 

groups, the number of electrons transferred to the sulphur, and then to Au via S–Au 

bonds, increased, causing an increase in the fluorescence intensity of AuNCs. This 

proved that the fluorescence intensity of AuNCs is not only affected by the metal 

core quantisation effect, but also by surface ligands (79). 

Another factor that can affect the QYs of AuNCs is the charge of their cores. 

Zhikun Wu and Rongchao Jin found that, when the AuNCs oxidised to higher 
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charged states, the fluorescence intensity increased in [Au25(SC2H4Ph)18]0; however, 

increasing the electropositivity (or oxidation state) in glutathione-capped 

[Au25(SG)18]- NCs led to reduced fluorescence intensity. The electron-withdrawing 

groups (e.g., the carboxyl and amide groups) were responsible for the decrease in 

fluorescence intensity (79). 

1.6 Effect of AuNCs and AuNPs on Peptide and Protein 

Structure 

Studying the effect of AuNPs and AuNCs on protein structure is important for 

discovering their potentially beneficial applications and their potential risks to 

human health. In this section, three topics will be discussed. Firstly, the effect of 

gold ions on the HEWL structure will be discussed. Secondly, the effect of AuNPs on 

the formation of amyloid fibrils in different proteins will be discussed. Thirdly, 

recent research on AuNCs that has investigated protein aggregation in relation to 

AD treatment and diagnosis will be reviewed. 

Synthesising AuNCs using HEWL affects the structure of HEWL. Ghosh et al. 

studied the effect of the synthesis of AuNCs on the HEWL structure, at an early 

stage of the synthesis of AuNCs, at pH 5.5. They found that synthesising AuNCs 

using HEWL could change the conformation of HEWL when the gold ions increased 

from one to eight. The secondary structure of the protein was modified as a result 

of the breakage of disulfide bonds and binding Cys with gold ions. In addition, 

hydrogen bonds decreased due to the presence of gold ions (80). Baksi et al. found 

that synthesising AuNCs breaks the disulfide bonds; as a result, the helical content 

of HEWL decreased (81). Mudedla et al. found that AuNCs could change the 

structure of HEWL and its internal motions. They found that the change in the 

structure of HEWL was due to the noncovalent interactions of protein molecules 

with AuNCs. Precisely, in their third model, the small 310 helix contained three 

amino acids (Methionine (Met)105, Alanine (Ala)106, and Asparagine (Asn)107) and 

the α helices, from Ala110 to Cys115 and from Ala32 to glutamic acid (Glu)35, 

turned, depending on the interaction of protein molecules with AuNCs (82). 
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Many studies were conducted on AuNPs’ influence in inducing or inhibiting 

fibrils. Barros et al. studied the interaction between AuNPs and HEWL. Increasing 

the concentration of AuNPs can increase the lag phase of the formation of HEWL 

amyloid, leading to a delay in the formation of amyloid fibrils. When AuNPs are 

added to preformed fibrils of HEWL, the beta-sheet structure decreases (83). The 

effects of AuNPs on the aggregation of Aβ40 and other polypeptides are determined 

by the physical characteristics of the AuNPs; for example, their sizes, shapes, 

concentrations, and surface properties. Some researchers found that AuNPs can 

facilitate Aβ40 and polypeptide fibril aggregation; for example, Gladytz, et al. found 

that AuNPs with a size of 20 nm accelerated the aggregation of human islet amyloid 

peptide sequences (NNFGAIL) (84), while others found that AuNPs inhibit amyloid 

formation, as shown in the examples below.  

The size of AuNPs can affect Aβ40 fibrils. Gao et al. found that the size of AuNPs 

could accelerate or inhibit fibril aggregation. They found that AuNPs coated with L-

glutathione (GSH) (Au-GSH-NPs), with sizes of 36.0 ± 3.0 nm and 18.1 ± 3.0 nm, led 

to rapid Aβ40 fibrillation, whereas the Au-GSH-NPs with a size of 6.0 ± 2.0 nm and 

GSH-AuNCs with a size of 1.9 ± 0.7 nm could significantly restrain the assembly of 

fibrils, with concentrations of AuNCs as high as 10 ppm achieving complete 

inhibition. Transmission electron microscope (TEM) measurements showed that 

AuNPs with sizes larger than 18 nm formed a larger number of fibrils bound to 

AuNPs. AuNPs with sizes less than 6 nm bound to Aβ40 and prevented the 

aggregation of the Aβ40, because of their size. AuNPs with sizes less than 6 nm could 

organise GSH motifs on the surface of AuNPs in a way that prevented the formation 

of amyloid fibril aggregation. This ability became stronger when the size of AuNPs 

was less than 2nm. Furthermore, the formation of amyloid fibril aggregation was 

prevented by the perturbation of the nucleation process by AuNCs; therefore, 

AuNCs prevented amyloid fibril formation (85). In addition, Moore et al. found that 

the size of polyacrylic acid-coated gold nanoparticles (PAA-coated AuNPs), at both 8 

and 18 nm, could inhibit Aβ40 aggregation, although PAA-coated AuNPs with a size 

of 40 nm could not do so (86).  
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The charge on the surface of AuNPs can affect Aβ40 aggregation. Liao et al. found 

that bare AuNPs and carboxyl-conjugated AuNPs could inhibit the formation of 

amyloid fibrils, while amine-conjugated AuNPs could not influence amyloid 

aggregation. Furthermore, bare AuNPs were more likely to bind to mature fibrils; as 

a result, the morphology of the fibrils changed into oligomers. Bare AuNPs with 

concentrations of 0.042 to 2.72 nM and size around 30 nm in diameter affected the 

growth of Aβ40 (50 uM), leading to the formation of oligomers in the range of 10 to 

15 nm. They also altered the Aβ40 fibrils’ morphological structure into small 

oligomer structures, ranging in size from ∼ 5 to 8 nm. Negatively charged AuNPs 

can affect the Aβ40 growth, but positively charged AuNPs cannot. 

The rate of Aβ40 growth in the nucleation phase depends on hydrophobic 

interactions, and only hydrophobic nanoparticles can disturb this interaction. In the 

elongation phase, hydrogen formation and electrostatic interactions disturb Aβ40 

growth, leading to the conclusion that electronegative AuNPs can prevent Aβ40 

aggregation. TEM measurements have shown that amine-conjugated AuNPs do not 

affect the growth of Aβ40, but small sizes Aβ40 fibrils and oligomers form in the 

presence of carboxyl-conjugated AuNPs (87). Another study found that the surface 

charges of AuNPs affected the growth of amyloids of Aβ40 (40 μM) at pH 7, with 

CTAB and poly (allylamine) hydrochloride (PAH) having a positive charge and citrate 

and PAA, a negative charge. 200 pM citrate, PAH-coated AuNPs, and CTAB-coated 

NPs with a size of 18 nm reduced the amount amyloid fibril of Aβ40, while 200 pM of 

PAA-coated NPs inhibited amyloid fibril of Aβ40 (86).  

Recent publications regarding AuNCs have studied protein aggregation in 

relation to AD treatment and diagnosis. Gao et al. found that AuNCs could be used 

to treat Parkinson’s disease (PD). They also found that N-isobutyryl-L-cysteine (L-

NIBC)-protected AuNCs could inhibit α-synuclein (α-syn) amyloid fibrils in vitro (88). 

Han et al. found that AuNCs could be used as receptors for detecting the sera of AD 

(89).  
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Despite the various studies on AuNCs, understanding of the fluorescent 

properties of Lyz-AuNCs is far from complete. This gap in the knowledge may limit 

the applications of AuNCs; for example, the possibility of using Lyz-AuNCs for 

protein denaturing has not yet been studied; nor has the interaction between Lyz-

AuNCs and Aβ40. Understanding this interaction could provide further information 

about how the presence of AuNCs affects the functioning of HEWL due to changes 

in its structure. 

1.7 Thesis Summary 

This research aimed to investigate the fluorescence properties of Lyz-AuNCs in 

conditions that lead to protein denaturation. It also aimed to study the interaction 

between Lyz-AuNCs and Aβ40. These aims were achieved using ultraviolet-visible 

(UV-Vis) spectroscopy, steady-state and time-resolved fluorescence spectroscopy to 

disclose changes in the optical properties of Lyz-AuNCs in the denatured condition 

of lysozyme and the presence of Aβ40.  

The purpose of studying the fluorescence properties of Lyz-AuNCs in protein 

denatured conditions was to understand their behaviours under such conditions 

and thus increase knowledge of the fluorescence properties of AuNCs. A possible 

benefit of this knowledge is to increase their applications, such as their use as a tool 

for monitoring changes in protein structure and functioning. The purpose of 

studying the interaction between the Lyz-AuNCs and Aβ40 was to ascertain how the 

presence of AuNCs may affect HEWL’s function as an inhibitor of amyloid fibrils and 

how fluorescence changes in the presence of Aβ40. 

Chapter 2 provides details of the fundamentals of photoluminescence and an 

introduction to protein structures in relation to the relevant research and 

discussions. 

Chapter 3 explains the instruments and their components, usage, and principles. 

The instruments in question are UV-Vis spectroscopy, spectrofluorimetry, 
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photoluminescence lifetime measurement, anisotropy measurement, and scanning 

electron microscopy (SEM). 

Chapter 4 discusses the impact of pH and increased concentrations of HEWL on 

the fluorescence properties of Lyz-AuNCs. The results showed that the fluorescence 

intensity of AuNCs increased and showed redshift with increasing pH or 

concentrations of HEWL at pH 3. In both cases, the long fluorescence lifetime 

component of AuNCs emission decreased. In addition, Time-Resolved Emission 

Spectra (TRES) showed that both AuNC fluorescence components increase in 

intensity and redshift with increasing pH while only the long lifetime component of 

AuNC was observed to change when adding HEWL to solution; indicating that the 

underlying mechanisms for the changes observed are fundamentally different for 

each case. It is possible that the sensitivity of Lyz-AuNCs to HEWL concentration 

could be utilized to study early-stage aggregation. 

Chapter 5 discusses the effect of urea, SDS, and long-term heating at a 

temperature of 65℃ on the fluorescence properties of Lyz-AuNCs. Adding urea and 

SDS to Lyz-AuNCs led to a decrease in the fluorescence intensity of AuNCs at an 

excitation wavelength of 470 nm. This decrease in the fluorescence intensity was 

due to protein unfolding. In addition, there was a redshift of the peak emission 

wavelength of AuNCs in the presence of urea, due to an interaction between Cys 

and urea. There was no change in the peak emission wavelength of AuNCs in the 

presence of SDS. The effect of temperature led to a decrease in the fluorescence 

intensity of AuNCs, with a redshift due to a change in the structure.  

Chapter 6 discusses the interactions of both HEWL and Lyz-AuNCs with Aβ40. A 

large aggregation formed in the presence of both HEWL and Aβ40 as the result of an 

attraction force between HEWL and Aβ40. The fluorescence intensity of Trp 

decreased, with a blue shift indicating a hydrophobic interaction between HEWL 

and Aβ40. By contrast, the interactions between Lyz-AuNCs and Aβ40 did not cause a 

large aggregation, but produced an increase in the absorbance at 350 nm, indicating 

binding occurred between Lyz-AuNCs and Aβ40.  SEM measurements showed that 
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there were no fibrils or large aggregations in the presence of Lyz-AuNCs, although 

there were large aggregations in the presence of HEWL. This result suggested the 

potential of using Lyz-AuNCs as an inhibitor of amyloid fibrils. 
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Chapter 2: Theory 

2.1 Principle of Photoluminescence 

2.1.1 Introduction to Photoluminescence 

Luminescence is the light that is emitted from substances after irradiation. There 

are two types of luminescence. The first type is fluorescence, where the electronic 

transition occurs between the electronic singlet states in which the electrons in the 

ground electronic state have an opposite spin to the electrons in the excited 

electronic state. The second type is phosphorescence, where the electronic 

transition occurs between the singlet and triplet states where the electrons in the 

ground electronic state have the same spin orientation as the electrons in the 

excited electronic state (Figure 2.1 (A)). The Jablonski diagram provides a good 

description of the electronic transition, as shown in Figure 2.1 (B). 

All electrons exist in the electronic ground state at room temperature since the 

thermal energy is less than the energy between the first electronic excited state 𝑆1 

and the electronic ground state 𝑆0. Therefore, there is not enough energy to excite 

electrons to a higher electronic energy level, so a light source is used to excite the 

electrons. 

A substance consists of atoms that have electronic energy levels. Each electronic 

state has sub-levels called vibrational energy levels. After light absorbance, the 

electrons in the 𝑆0 are elevated to higher vibrational energy levels in the higher 

electronic singlet excited states 𝑆1 or 𝑆2. The light absorbance process occurs in 

10−15s (Figure 2.1(B)). In this short amount of time, there is no change in the 

location of the nuclei according to the Franck-Condon principle. The electrons can 

then move from a higher vibrational energy level to a low vibrational energy level in 

the excited electronic states within (10−10 − 10−12 ) 𝑠. As a result of this 

movement, electrons lose energy to the heat. The transition between the 

vibrational energy level in the excited electronic state is known as a vibrational 
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𝑆0 

𝑆2 

𝑆1 

𝑇1 

(B) 

Triplet excited state 

(A) 

Singlet excited state 

relaxation. The electron also relaxes from the lower vibrational levels of the second 

excited electronic energy level to the higher vibrational levels of the first excited 

electronic energy level through a process known as an internal conversion 

within (10−11 − 10−14 ) 𝑠. The electrons in the low vibrational energy states in the 

singlet excited state 𝑆1 return to the electronic ground state 𝑆0 with the light-

emitting process known as fluorescence. This process occurs at about 10−8s in the 

thermal equilibrium (90). 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. (A) The difference in the electron spins at the singlet energy level and triplet energy level. 
(B) The Jablonski diagram demonstrates the process of non-radiative decay rate (dotted line arrow) 
and radiative decay rate (solid line arrow). For example, absorption (purple arrow), vibrational 
relaxation (pink arrow), internal conversion (blue arrow) fluorescence (red arrow) and 
phosphorescence (green arrow), intersystem crossing (black arrow). 
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When an electron is in the first excited electronic state, its spin could be 

orientated by intersystem crossing. If this occurs, the electron in the first excited 

electronic single state 𝑆1 will move to the first excited electronic triplet state 𝑇1. 

When the electron in the electronic triplet state returns to the ground states, it 

emits phosphorescence at a longer wavelength. Generally, this transition is 

forbidden; therefore, the constant rate of this process is very low and occurs at 

about 10−3𝑠 in comparison to the fluorescence process (91). 

 

 

 

 

 

 

 

 

Figure 2.2. The general spectrum of absorbance and fluorescence emission. The separation between 
the peak of the absorption wavelength and the peak of fluorescence emission wavelength is the 
Stokes shift.  

The Stokes shift is a phenomenon in which the photoluminescence energy is 

lower than the energy of the absorbance light as a result of the non-radiative 

process that occurs in the excited state (Figure 2.2). It was first discovered by Sir GG 

Stokes in 1852 (91). Moreover, the redshift can increase due to the interaction 

between fluorophores and the solvent molecules.  

For example, if the fluorophore with a larger dipole moment in the excited state 

in comparison to the ground state is excited to higher excited states, the solvent 

dipoles will interact with the new position of the dipole moment of the fluorophore 

in the excited states by changing their orientation. This process leads to a decrease 
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in the energy of the excited state. This shifts the fluorescence emission peak to a 

longer wavelength (92). Since the process, known as dielectric relaxation (solvent 

relaxation), is complete before the fluorescence emission process occurs, the 

fluorescence emission for some fluorophores is highly sensitive to the polarity of 

the solvent (Figure 2.3). 

 

 

 

 

 

 

 

Figure 2.3. The influence of the dipole moment of the solvent on the dipole moment of a 
fluorophore and its fluorescence emission. Fluorophore (red circle), solvent molecules (blue circle), 
dipole moment (black arrow), absorption (purple arrow), vibrational relaxation (light blue arrow)  
solvent relaxation (green arrow) and fluorescence (red arrow). 

2.1.2 Quantum Yields and Lifetime  

When electrons are excited to higher electronic states, there are two possible 

ways that electrons could return to the ground state: the radiative process in which 

photons are emitted and the non-radiative process in which the electrons do not 

emit photons (Figure 2.1 (B)). The ratio of the number of emitted photons to the 

number of absorbed photons is the fluorescence quantum yield (QY). QY is obtained 

from the following equation: 

𝑄𝑌 =
𝐾𝑟

𝐾𝑟+𝐾𝑛𝑟
            (2-1) 

Where 𝐾𝑟  is the radiative rate and 𝐾𝑛𝑟  is the non-radiative rate. QY is 1 when the 

non-radiative rate is 0 (91). The lifetime (𝜏) is the average time that the electron 
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stays in the excited states before returning to the ground state. The relation 

between lifetime and QY is giving by:  

𝜏 =
𝑄𝑌

𝐾𝑟
=

1

𝐾𝑟+𝐾𝑛𝑟
         (2-2) 

Photoluminescence is a random process. If a fluorophore has single exponential 

decay, 63% of the photons emit before time 𝑡 ≤ 𝜏 and 37% of the photons emit at 

𝑡 > 𝜏. The intrinsic or natural lifetime is the lifetime of fluorophore without the 

non-radiative rate. 

𝜏𝑛 =
1

𝐾𝑟
        (2-3) 

The lifetime and QY of a fluorophore can vary depending on the value of 𝐾𝑟  or 

𝐾𝑛𝑟. For instance, when 𝐾𝑛𝑟  is very high due to the internal conversion process or 

slow rate emission, the molecules become non-fluorescent. The lifetime of a 

fluorophore is shorter when the radiative rate is higher, hence the QY is higher. The 

QY of aromatic substances containing the −𝑁𝑂2 group is very low due to the large 

𝐾𝑛𝑟  value. The QY of a phosphorescence substance is low in fluid solutions at 

ambient temperature since the triplet-to-singlet transition is forbidden by 

symmetry (91). The lifetime measurement will be discussed in Chapter 3 (see 

3.3.Time-resolved photoluminescence measurement). 

2.1.3 Fluorescence Quenching 

The decrease in photoluminescence intensity is called quenching. Many 

processes can cause photoluminescence quenching, including forming complexes in 

the ground state, collisional quenching and energy transfer. Moreover, the optical 

properties of the fluorescent molecules can cause fluorescence quenching; for 

example, a decrease in fluorescence intensity due to turbidity or high optical 

densities. 
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Photoluminescence quenching can be used to determine the location of the 

fluorophore in a macromolecule. For example, if the fluorophore is on the surface 

of a macromolecule, the fluorescence intensity will be lower than the intensity of a 

buried fluorophore. There are two types of photoluminescence quenching. Dynamic 

quenching refers to the collisional interaction between the quencher molecules and 

the fluorophore molecules. Static quenching is the reduction in fluorescence 

intensity resulting from the fluorophore molecules binding to the quencher 

molecules. 

In dynamic quenching, the quencher molecules interact with the excited 

fluorophore molecules without any changes in the molecular structure; depending 

on the interaction, the fluorophore molecules return to the ground state via the 

non-radiation process, as shown in Figure 2.4 (A). In static quenching, the quencher 

molecules interact with the fluorophore molecules and form a non-fluorescent 

complex. The complex can be elevated to the excited states and then returned to 

the ground state without emitting photons, as shown in Figure 2.4 (B) (93). 

 

 

 

 

Figure 2.4. The mechanism of quenching. (A) Static quenching and (B) dynamic quenching. 

As seen below, the Stern-Volmer equation describes the quenching of 

fluorescence: 

𝐹0

𝐹
= 1 + 𝑘𝑞𝜏0 𝑄 = 1 + 𝐾𝐷 𝑄           (2-4) 

𝐾𝑞 =
𝐾𝐷

𝜏𝑜
         (2-5) 
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Where 𝐹0 and 𝐹 are the fluorescence intensity without and with the quencher, 

respectively; 𝑘𝑞 is the bimolecular quenching constant; 𝜏0 is the lifetime of the 

fluorophore without the quencher;  𝑄  is the concentration of the quencher and 

𝐾𝐷 𝑜𝑟 𝐾𝑆𝑉  is the Stern-Volmer quenching constant when the quenching is dynamic 

or static, respectively. The constant 𝐾𝐷 𝑜𝑟 𝐾𝑆𝑉  varies depending on the location of 

the fluorophore and the accessibility to the quencher. It is a high value when the 

fluorophore is on the surface of the molecule or free in a solvent. It is a low value 

when the fluorophore is buried in a macromolecule (91). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Dependence of the fluorescence intensity and lifetime of the fluorophore on the 
concentration of the quencher; (A) dynamic quenching and (B) static quenching. 
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Two methods can be used to determine the type of quenching: time-resolved 

fluorescence measurement and temperature-dependent measurement. The time-

resolved fluorescence measurement is preferred since it is straight forward (91) if 

the dynamic quenching occurs,  the lifetime of the fluorophore molecules decrease 

since the quencher molecules interact with fluorophore molecules in the excited 

states leading to rapidly decay while if the static quenching occurs, the lifetime of 

fluorophore molecules does not change since the non-fluorescent complexes are 

formed and these complexes are returned to the ground state without emitting 

photons. 

An increase in the temperature helps to determine the type of quenching. If the 

quenching is dynamic, then the linear Stern-Volmer will tilt to the y-axis. The 

increase in the ratio of F0 F⁄  is due to an increase in the diffusion of the molecules 

at a higher temperature (Figure 2.5(A)). However, if the quenching is static, the 

linear Stern-Volmer will tilt to the x-axis as the temperature increases. The 

reduction in the ratio of F0 F⁄  is due to the breakdown of the weak bonds of 

complex molecules (Figure 2.5(B))(91). 

Generally speaking, a linear Stern-Volmer plot is used to determine whether it is 

possible for the quenchers to access to all fluorophores. For example, proteins 

could have more than one fluorophore, and not all of them are quenched. Hence, 

the Stern-Volmer plots will deviate from linearity toward the x-axis (91). It also can 

be used to determine the type of quencher. If the 𝐾𝑞 higher than 

2 × 1010𝐿 𝑚𝑜𝑙−1 𝑠−1, as in the case of Lyz-AuNCs, then, the quenching is static 

(91). 

2.1.4 Förster Resonance Energy Transfer (FRET) 

FRET has been used to sense the interaction between biomolecules by measuring 

the energy transfer between two fluorophores. It can be used to detect the 

conformation change in proteins (91). The most interesting protein encapsulated 

AuNCs shows the FRET from proteins to AuNCs where the donor is Trp and the 
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acceptor is AuNCs. Xavier et al. observed that the fluorescence intensity and 

lifetime of Trp decrease after AuNCs synthesis (94). Raut et al. studied the FRET in 

bovine serum albumin (BSA) and human serum albumin (HAS) protected AuNCs in 

order to measure the distance between AuNCs and Trp (95). Russell et al. also used 

FRET to locate the nucleation site of AuNCs (96). 

Figure 2.6.  (A) Spectral overlap for FRET. The blue line is the emission from the donor; the red line is 
the absorbance spectra of the acceptor. (B) FRET process demonstration. 

Theodor Förster explained FRET and its criteria. FRET occurs in the excited state 

when there is an overlap between the donor emission spectrum and the acceptor 

absorption spectrum (Figure 2.6). The interaction between the donor and the 

acceptor is a dipole-dipole interaction. The amount of energy that transfers from 

the donor to the acceptor depends on the distance between them. It also depends 

on the extent of the spectral overlap, as shown in Figure 2.6 (A) (97). 
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The rate of energy transfer 𝐾𝑇(𝑟) and the energy transfer efficiency, E, of the 

energy transfer are given by the following equation: 

𝐾𝑇(𝑟) =
1

𝜏𝐷
(
𝑅0

𝑟
)
6
         (2-6) 

𝐸 =  
𝑅0

6

𝑅0
6+𝑟6

        (2-7) 

Where 𝑟 is the distance between the donor and acceptor and 𝜏𝐷 is the lifetime of 

the donor in the absence of the acceptor. FRET is a very sensitive tool that is used to 

measure the distance between the donor and the acceptor because the rate of 

energy transfer is proportional to the inverse sixth power of the distance. When the 

distance between the donor and acceptor is equal to the Förster distance (𝑅0 = 𝑟) 

and is substituted in equations (2-6) and (2-7), the rate of energy transfer is equal to 

the decay rate of the donor, and the energy transfer efficiency is 50%. Therefore, 𝑅0 

is the Förster distance, defined as the distance at which the energy transfer 

efficiency is 50% as shown in Figure 2.7(A), and it is determined by the following 

equation (91): 

𝑅0
6 =

9000 𝑙𝑛(10)𝑘2𝛷𝑓

128𝜋5𝑁𝐴𝑛4
 ∫ 𝐼𝐷(𝜆)𝜀𝐴(𝜆)𝜆4𝑑𝜆

∞

0
      (2-8) 

Where 𝛷𝑓 is the QY of the donor fluorescence (in the absence of the acceptor); 

𝑁𝐴 is the Avogadro’s number; n is the refractive index of the intervening medium; 𝜆 

is the wavelength; 𝐼𝐷(𝜆) is the donor emission spectrum and 𝜀𝐴(𝜆) is the acceptor 

absorption spectrum. The degree of spectral overlap between the donor emission 

spectrum and the acceptor absorption spectrum is represented by the integral in 

equation (2-8). 𝑅0 is higher when the spectral overlap is higher. Furthermore,  𝑅0 is 

affected by 𝑘2, which is the orientation factor. 𝑘2 is given by the following equation 

(93): 

𝑘2 =  𝑐𝑜𝑠 𝜃𝑇 − 3 𝑐𝑜𝑠 𝜃𝐷 𝑐𝑜𝑠 𝜃𝐴 2       (2-9) 
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The angles are illustrated in Figure 2.7(B). The orientation factor 𝑘2 value ranges 

from 0 to 4. When the orientation of donor and acceptor is random, the average of 

𝑘2 over time is 0.67. In some cases, this presumption is not correct, which has a 

higher negative effect on obtaining information from FRET. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. (A) The correlation between energy transfer efficiency and the distance r between the 
donor and the acceptor. (B) The orientation factor in FRET. The transition dipole moments of both 
the donor and acceptor molecules are 𝜇𝐷 and 𝜇𝐴 , respectively. The separation vector is R. 

The Förster distance can be simplified by substituting the value of the constant 

to become the following: 

𝑅0 = 0.211(𝑘2𝑛−4𝛷𝑓 𝑌(𝜆))
1

6⁄    𝑖𝑛 Å       (2-10) 

Where  

𝑘2 = 1 𝑘2 = 4 𝑘2 = 0 

𝜃𝐴 𝜃𝐴 

𝜇𝐴 

𝜃𝑇 
𝜃𝐷 

𝜇𝐷 

R 

(A) 

(B) 
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 𝑌(𝜆) =  ∫ 𝐼𝐷(𝜆)𝜀𝐴(𝜆)𝜆4𝑑𝜆
∞

0
    𝑖𝑛  𝑀−1𝑐𝑚−1𝑛𝑚4      (2-11) 

The energy transfer efficiency, E, can be determined in the lab by measuring the 

fluorescence intensity of the donor with the acceptor 𝐼𝐷𝐴  and without the acceptor 

𝐼𝐷 and then substituting them into the following equation: 

𝐸 = 1 −
𝐼𝐷𝐴

𝐼𝐷
       (2-12) 

In a similar manner, it is possible to measure the lifetime of the donor with the 

acceptor 𝜏𝐷𝐴 and without the acceptor 𝜏𝐷. 

𝐸 = 1 −
𝜏𝐷𝐴

𝜏𝐷
      (2-13) 

FRET is also known as the third type of quenching fluorescence due to a 

reduction in the fluorescence intensity. However, it is possible to differentiate 

different mechanisms. Fluorescence quenching occurs when there is contact 

between the fluorophore and the quencher; FRET occurs in a through-space 

interaction. While both cause a decrease in the fluorescence intensity, the 

quenching process dissipates the energy as heat while the FRET transfers the energy 

from the donor to the acceptor (91). 

2.1.5 Anisotropy 

Anisotropy is a useful technique in biochemical and medical applications. It has 

been used to measure the size of a protein in order to track the size of the protein 

aggregation. Ravi et al. have used anisotropy measurement to obtain information 

on the size of HEWL aggregations at pH 12 (98). Li et al. studied the size of BSA-

Au25NCs and found that by monitoring the fluorescence anisotropy of AuNCs, the 

BSA size increased as the pH decreased from 7 to 3.1 (99). Soleilhac et al. studied 

the size of BSA-Au25NCs and Lyz-AuNCs and found that the size of BSA and HEWL 

increases after synthesis of AuNCs (100). The interest of these studies is the how 

size of the protein increases due to changes in the protein structure, aggregations 

or after the synthesis of AuNCs. 
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Figure 2.8. Representation of the photon selection process that occurs when fluorophores are 
excited by polarised light (the purple arrow is vertically polarised light). (A) Fluorophores in the 
ground state are randomly orientated. (B) Only fluorophores with a transition moment overlap the 
electric vector light excite (red). The probability of fluorophores to absorb the light is proportional to 
cos2ω, where ω is the angle between the emission moments and the absorption dipole. (C) Brownian 
rotation causes depolarised fluorescence emission. 

As shown in Figure 2.8, fluorophores in the ground state are randomly oriented 

in a homogeneous solution. Their transition moment orientates with the rotation of 

the molecular axis. When they are irradiated by polarised light, the fluorophores 

with absorption transition moments that overlap with the electric vector of the 

polarised light are more likely to elevate to the higher energy level, as shown in 

equation (2-14) (91): 

𝑟 =  
3〈𝑐𝑜𝑠2 𝜔〉−1

2
          (2-14) 

Then, the fluorophore returns to the ground state and emits polarised light with 

transition moments fixed at the molecular axis. However, loss of emission 

polarisation may occur as a result of rotational diffusion. 

The anisotropy (r) is given by the Perrin equation for spherical rotation: 

𝑟 =
𝑟0

1+(𝜏 𝜃⁄ )
 =    

𝑟0

1+(6𝜏𝐷𝑟)
          (2-15) 

Where 𝑟0 is the anisotropy without the rotational diffusion and 𝜃 is the 

rotational correlation time. Presume that 𝑟0 = 0.4, then 𝑟 = 0.2. The anisotropy 

could be lower when the lifetime is long, as can be seen from equation (2-15). A 
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relation between the rotational correlation time 𝜃 and the rotational diffusion 

coefficient 𝐷𝑟  is given as: 

𝜃 =
1

6𝐷𝑟
             (2-16) 

Rotational correlation time 𝜃 depends on the size of the protein, as can be seen 

in the flowing equation: 

𝜃 =
ɳ𝑉

𝑅𝑇
                   (2-17) 

Where ɳ is the viscosity, V is the volume of the molecule, R is the gas constant, 

and T is the temperature in°𝐾. From equation (2-15) and equation (2-17), it is clear 

that the anisotropy measurement can be used in biological applications to provide 

information about the size and shape of macromolecules, such as protein-protein 

aggregation and the fluidity of membranes. When the size of the protein increases 

due to aggregation, it rotates slowly and shows an increase in the rotational 

correlation time (𝜃) and an increase in anisotropy (91). The measurement of 

anisotropy will be described in the measurement techniques in chapter 3 (see 3.3: 

Time-resolved photoluminescence measurement). 

2.1.6 Time Resolved Emission Spectra (TRES) and Decay-

Associated Spectra 

The process that occurs in the excited states during the lifetime of an excited 

molecule could affect the emission spectra. To study these processes, a time-

resolved emission spectra (TRES) measurement is used. Two models are used to 

explain the change in time-dependent spectra. In general, the first model is a 

continuous spectral model (Figure 2.9 (A)); it is suitable to determine the solvent 

effects. In this model, the fluorescent molecules are excited to an unrelaxed state 

known as the Franck-Condon (F) state after pulsed excitation. The solvent dipole 

moment reorients around the excited-state dipole moment of the fluorescent 

molecules. If the lifetime of the fluorescent molecules 𝜏 is longer than the solvent 

relaxation time 𝜏𝑟, the fluorescent molecules return to the ground state from the 
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(A) (B) 

relaxed (R) state. If the lifetime of the fluorescent molecules 𝜏 is shorter than the 

solvent relaxation time 𝜏𝑟, then the fluorescent molecules return from the F state. If 

the lifetime 𝜏 is close to the 𝜏𝑟, then the average emission will be from the R state in 

the process. The shape of the fluorescence emission does not change in this model. 

In some cases, the width of the emission spectra changes (91). 

 

 

 

 

 

 

 

 

Figure 2.9. Types of models illustrate the change in the fluorescence intensity spectra (A) continuous 
spectra and (B) two-state model or excited-state reaction (ESR). 

The second model is a two-state model or excited-state reaction (ESR). In this 

model, there are two excited states and two different emissions that emit from 

different fluorescent molecules, which have different chemical structures (Figure 

2.9(B)). The first emission result is from the F state with lifetime 𝜏𝐹 and the second 

emission result is from the R state with lifetime 𝜏𝑅. These lifetimes are related to 

the rate of constant 𝐾1. If the decay rate of the F state 𝜏𝐹
−1 is higher than the rate 

constant 𝐾1, then the excited fluorescent molecules return from the F state.  If the 

decay rate of the F state  𝜏𝐹
−1 is lower than the rate constant 𝐾1, then the excited 

fluorescent molecules return from the R state. If the rate constant 𝐾1 and decay 

rate of the F state 𝜏𝐹
−1 are similar, each excited state emits photons. In this model, 

the emission spectra show a clear distinctive excited state either in the F state or 

the R state. In some cases, the emission could occur from both excited states, 
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leading to wider emission spectra than is seen with single fluorescence emission 

spectra (91). 

The process that occurs in the excited states leads to complicated decays, as 

illustrated in Figure 2.10. As seen, the continuous black line represents the overall 

intensity decay. If the decay measurement is detected at the short-wavelength part 

of the overall emission, it would only provide the emission from the F state. 

Consequently, this decay is faster than the overall intensity decay since the 

emission occurs from both the F state and the R state. If the decay measurement is 

detected at the long-wavelength part of the overall intensity decay, the excited 

molecules have consumed time to move from the F state to R state; therefore, the 

decay is slower in comparison to the overall intensity decay. This technique is useful 

since it provides information on the R state and it is assumed that all molecules are 

excited to the F state. When these molecules are moved to the R state, there will be 

an increase in the time in the intensity decay (91).   

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Illustration of the change in intensity decays based on interactions in the excited state. 
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The TRES measurement is acquired from time-correlated single-photon counting 

(TCSPC) by detecting the fluorescence intensity decay at a selected range of 

emission wavelengths 𝐼 (𝜆, 𝑡). The fluorescence intensity decay relies on emission 

wavelengths. In comparison to the fluorescence intensity decay at shorter emission 

wavelengths, at longer emission wavelengths, the fluorescence intensity decay 

occurs slowly since all the molecules relax before the emission occurs (91). The data 

analyses of the TRES of the intensity decays are obtained using a multi-exponential 

model. 

𝐼(𝜆, 𝑡) = ∑ 𝛼𝑖(𝜆)𝑒𝑥𝑝 −𝑡 𝜏𝑖(𝜆)⁄  𝑛
𝑖=1          (2-18) 

Where 𝐼(𝜆, 𝑡) are the intensity decays at each wavelength; 𝛼𝑖(𝜆) is the pre-

exponential factor that also can be used to calculate the decay-associated spectra 

(DAS) in the case of the two-state excitation model and 𝜏𝑖(𝜆) is the decay time with  

∑ 𝛼𝑖(𝜆) = 1𝑛
𝑖=1 . For the continuous model, the decay time (lifetime) depends on the 

wavelength; for the two-state model, the decay time does not depend on the 

wavelength. 

Although it is assumed that, in the continuous model, the lifetime depends on 

the wavelength and in the two-state model, the lifetime does not depend on 

wavelength, the data analysis of TRES can be obtained by fitting with the 

wavelength-dependent 𝜏𝑖(𝜆) lifetime or the wavelength-independent 𝜏𝑖  lifetime 

due to the resolution limitation and the parameter correlation (91). 

Another concept that can be calculated from the TRES measurement is 

DAS 𝐼𝑖(𝜆), which is given in the following equation:  

𝐼𝑖(𝜆) =
𝛼𝑖(𝜆)𝜏𝑖 𝐼(𝜆)

∑ 𝛼𝑗(𝜆)𝜏𝑗𝑗
              (2-19) 

Where 𝐼(𝜆) is the steady-state emission spectrum of the total fluorescence 

intensity. The DAS provides information on individual species that can be observed 

in the overall fluorescence spectra (101). 
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Lysine (Lys) or (K) 

Arginine (Arg) or (R)  
Histidine (His) or (H) 

2.2 Introduction to Protein Structure 

2.2.1 Amino Acids  

Proteins are bioorganic molecules that contain one or more polypeptide chains 

with the reiterating structure - (NH-CHR-C=O). Peptides made of α-amino acids bind 

together via peptide bonds (102). An amino acid is a molecule that contains a 

carboxyl functional group (-COOH) and an amino group (-NH2). It is also known as an 

α- amino acid since the carbon atom creates a bond between these four groups, as 

shown in Figure 2.11. 

 

 

 

 

Figure 2.11. Amino acid structure. Blue is the amino group, grey is the α- carbon atom, red is the 
carboxyl group and green is the R group. 

The R group (side chain) is unique for different amino acids. The R group could, 

sulfur-containing groups, a nonpolar and a polar side chain (102). 

 

 

 

 

 

 

Figure 2.12. The structure of amino acids with basic side chains. 
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Figure 2.13. The structure of amino acids with a nonpolar side chain.  

 

Glycine (Gly) or (G) 
Alanine (Ala) or (A) 

Valine (Val) or (V) 
Leucine (Leu) or (L) 

Isoleucine (Ile) or (I) Phenylalanine (Phe) or (F) 

Proline (Pro) or (P) Tryptophan (Trp) or (W) 

Methionine (Met) or (M) 
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Asparagine (Asn) or (N) Glutamine (Gln)  or (Q) 

Serine (Ser) or (S) Threonine (Thr) or (T) 

Tyrosine (Tyr) or (Y) Cysteine (Cys) or (C) 

 

 

 

 

 

Figure 2.14. The structure of amino acids with an acidic side chain. 

 

 

 

 

 

 

 

 

 

 

Figure 2.15. The structure of amino acids with a polar side chain 

 

 

 

 

Aspartic acid (Asp) or (D) Glutamic acid (Glu) or (E) 
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α-helix Β-pleated sheet 

(A) 

(B) 

2.2.2 Protein Structure  

Proteins have a primary structure, a secondary structure, a tertiary structure and 

a quaternary structure. 

2.2.3 Primary Structure 

The primary structure of proteins is described as the arrangement and unique 

order of the amino acid sequence, as shown in Figure 2.16. The primary structure 

determines the properties of the protein, such as catalytic activity and hydrogen 

bonding or folding (103). 

Figure 2.16. The primary structure of a protein.  The circles represent different types of amino acids, 
and the black line is the peptide bond (104). 

2.2.4 Secondary Structure 

 

 

 

 

 

 

 

Figure 2.17. Two types of patterns the α-helix and the β-pleated sheet. The antiparallel β-pleated 
sheet (A) and the parallel β-pleated sheet (B). 

The protein structure can be organised by forming hydrogen bonds between the 

carbonyl C=O oxygen atoms and the amide N-H2  hydrogens. As a result of this 

hydrogen bond, proteins form two types of orderly patterns:  the α-helix and the β-
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pleated sheet. The presence of these patterns in the structure of a protein is called 

the secondary structure (103,105). 

The α-helix structure occurs when a peptide chain twists and forms a helical coil. 

The α-helix contains amino acid residues binding with a hydrogen bond between 

the carbonyl C=O oxygen atoms of amino acid residues n and the amide N-H2  

hydrogens of amino acid residues n+4, as shown on the right-side of  Figure 2.17. 

The β-pleated sheet occurs when the segments of a polypeptide chain, known as β-

strands, lie alongside each other and form hydrogen bonds with the carbonyl C=O 

oxygen atoms on one line and the amide N-H2 hydrogens on the next line. The β-

strands can interact with another β-strands in two ways. The first way is the 

antiparallel β-pleated sheet when the first line of the β-strands is in the opposite 

direction of the second line of β-strands, as shown on the left-side of Figure 2.17(A). 

The second way is the parallel β-pleated sheet, when the first line of β-strands is in 

the same direction as the second line of β-strands, as shown on the left-side of 

Figure 2.17(B). A two-dimensional sheet is formed by these arrangements. 

2.2.5 Tertiary Structure and Quaternary Structures 

The tertiary structure of a protein describes the folding of the protein to form a 

three-dimensional (3D) conformation. This includes the primary and secondary 

structure.  Some parts of the protein may have an α-helix, while other parts have a 

β-pleated sheet (105).  Some proteins, such as HEWL, may have a single polypeptide 

chain, while other proteins with two or more polypeptide chains, such as 

haemoglobin, have quaternary structures. Thus, the quaternary structure of a 

protein is the combination of two different proteins (106). 
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2.2.6 Lysozyme Background 

Lysozyme, also known as N-acetylmuramidase and muramidase, was discovered 

by Alexander Fleming in 1922 (107). He noticed that lysozyme had an antibacterial 

property when he placed a drop of nasal mucus obtained from a patient with coryza 

into an agar plate that contained Miicrococcus lysodeikticus (now referred to as 

Micrococcus luteus). The result showed that the lysozyme inhibited the growth of 

Micrococcus lysodeikticus. Fleming found that the lysozyme can exist in saliva, hair, 

tears, fingernails and skin. Lysozyme can also be found in the egg whites of a hen’s 

egg (HEWL)(108). Lysozyme from various sources serves as a catalyst enzyme due to 

the hydrolysis reaction of the beta (1-4) glycosidic bond between N-

acetylglucosamine sugar (NAG) and N-acetylmuramic acid sugar (NAM) in bacterial 

cell walls, as shown in Figure 2.18 (109). Since its discovery, lysozyme has been used 

as an antibacterial agent. 

 

 

 

 

  Figure 2.18. Illustration of the lysozyme hydrolysis mechanism. 

HEWL is approved as a safe antibacterial agent by the US Food and Drug 

Administration (FDA). Therefore, it has been used in the food industry to preserve 

meat, vegetables, cheese, wine and beer by inhibiting the growth of bacteria in 

these products (110). Lysozyme can kill Gram-positive bacteria, but it cannot kill 

Gram-negative bacteria because the structure of Gram-negative bacteria makes 

them immune to lysozyme. Nevertheless, several studies have modified lysozyme to 

be effective agents against Gram-negative bacteria, e.g. using denatured treatment 

(111) and ultrafiltration treatment (112). In addition to its antibacterial applications, 

lysozyme has been used in drug delivery. Lysozyme is used as a drug carrier for 
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kidney diseases; its small molecular weight (14 kDa) enables it to enter the kidneys 

(113).  

The structure and physical properties of HEWL have been studied. The amino 

acid sequence of HEWL was reported by Canfield and Robert in 1963 (114). The 3D 

structure of HEWL was reported by Blake et al. in 1965 (115). Figure 2.19 shows the 

3D structure of lysozyme obtained from the protein data bank (PDB). HEWL 

contains 129 amino acid residues in a mono-polypeptide chain (14.3 kDa) with four 

disulphide bonds and an isoelectric point (pI) 11.35. HEWL is widely used because it 

is commercially available and effortlessly crystallised, has antibacterial properties as 

discussed above and the ability to self-assembly (116). 

 

 

 

 

 

 

                                    Figure 2.19. Structure of HEWL from PDB files 1HEW. 

In nanotechnology, HEWL has been used in the synthesis of AuNCs, as discussed 

in 1.4 Synthesis of AuNCs in Chapter 1. The interest in the synthesis of AuNCs using 

proteins has increased since the size of the proteins is at the nanoscale, and various 

proteins have different specific bio-functions (117). Moreover, HEWL has been used 

as a model system in many research studies to investigate protein unfolding and 

aggregation (71) due to its ability to self-assembly (70). 
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Chapter 3: Experimental Techniques 

3.1 Ultraviolet-Visible Absorbance Spectroscopy  

Ultraviolet-visible absorbance spectroscopy (UV-Vis spectroscopy) is an 

important technique used in biological laboratories and many research areas. One 

of its uses is measuring the concentration of biomolecules, such as protein and DNA 

(118). Helmfors et al. used UV-Vis spectroscopy to measure the concentration of 

HEWL in cerebrospinal fluid obtained from patients with AD (119). Another use of 

UV-Vis spectroscopy is measuring the turbidimetry of a sample to determine the 

aggregation of proteins. For instance, Khan et al. measured the turbidity of HEWL 

with SDS at a pH two points below pI, which indicated the aggregation of HEWL with 

SDS at this pH (120). Additionally, since the discovery of AuNCs and AuNPs, UV-Vis 

spectroscopy has been used to differentiate them (77). 

 

 

 

 

 

 

 

 

 

Figure 3.1. Schematic diagram of the UV-Vis instrument. 
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Figure 3.1 shows the components of a typical UV-Vis spectrometer. The 

instrument consists of two light sources; one is a deuterium lamp (or hydrogen 

lamp) with a wavelength in the UV range, and the second is the halogen, which has 

a wide range of wavelengths in the visible light. Two plane mirrors are needed to 

reflect the light. Mirror [1] is used to select the range of the light wavelength. For 

example, to obtain light in the visible range, mirror [1] will block the light from the 

deuterium lamp and reflect the light of the halogen to mirror [2] simultaneously. 

The light source switches automatically during the measurement, and the rotational 

position of the filter wheel is synchronized with a monochromator. The emission of 

light passes the optical filter then passes the entrance slit [1] of the 

monochromator. 

The monochromator used in the present work contains a holographic concave 

grating with 1053 lines/mm in the centre. Light is diffracted by the grating, 

generating a spectrum. The monochromator specifically chooses a portion of the 

spectrum and then sends this portion to exit slit [2] with a bandpass 1 cm to mirror 

[3]. The mirror then reflects light to the beam splitter, which splits the light into two 

equal beams. One beam (𝐼0) is reflected by mirror [4] and then passes through the 

reference (e.g., water, buffer), continuing through a convex lens and then to the 

photodiode detector. The second beam is reflected by mirror [5] and then passes 

through a sample of interest. Some of the light is absorbed, and the remaining light 

is transmitted (𝐼𝑡). Continuing its path through a convex lens to the photodiode 

detector. Finally, the data are analysed by computer software that connects to the 

instrument (118). 

The ratio of the light intensity entering the sample (𝐼0) to the light exiting the 

sample (𝐼𝑡) at a particular wavelength is defined as the transmittance (T), which is 

given as follows: 

𝑇 =  
𝐼0

𝐼𝑡
 ×  100 %         (3-1) 
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The absorbance (A) is the negative logarithm of the transmittance, as follows: 

𝐴 =  − 𝑙𝑜𝑔 𝑇            (3-2) 

The absorbance (A) increases linearly as the concentration of the sample 

increases in an ideal solution. This is known as the Beer-Lambert law, as follows: 

𝐴 =  𝜀 𝑐 𝑑          (3-3) 

Where 𝜀 is the decadic molar extinction coefficient in M−1 cm−1, 𝑐 is the 

concentration of the sample in M, and 𝑑 is the light path through the sample in cm 

(118). 

3.2 Spectrofluorimetry 

Spectrofluorimetry is a technique used to measure the fluorescence intensity of 

a sample of interest. It has been employed to monitor protein conformation 

changes by detecting the change in the fluorescence wavelength of Trp (121). 

Additionally, it has been used to detect the presence of beta-amyloid fibrils by 

monitoring the rise in the fluorescence intensity of ThT (122).  

Changes in the fluorescence intensity of AuNCs has been used to sense different 

biomolecules (123) and toxic metals (77). As shown in Figure 3.2, the components 

of spectrofluorimetry include a light source, particularly a Xenon Arc lamp, which 

has a high intensity at wavelengths ranging from 250–800 nm. This lamp is better 

than a halogen lamp, which has a low intensity at wavelengths below 400 nm; 

therefore, the halogen lamp is not suitable for fluorescence study.  

In spectrofluorimetry, the light passes through the excitation monochromator. 

Monochromators are used to separate the white light into various colours with 

diffraction gratings or prisms. Diffraction gratings are the most common; the 

concave gratings are used because the gratings reduce stray light. These 

monochromators are programmed to the scrutinizing wavelength mechanically. 



48 
 

Next, the light passes through the sample to excite the fluorescent molecules in 

the sample. The fluorescence emission is detected using the L-format configuration 

to avoid detecting excitation light. The fluorescence emission from the sample 

passes through an emission monochromator, followed by a photomultiplier tube 

detector that converts the photon to an electronic signal (current). This current 

increases with an increase in light intensity.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Schematic diagram of the spectrofluorimetry instrument. 

The steady-state anisotropy can be measured by adding polarisers. Two 

polarisers are used; one is an excitation polariser that is placed next to the source, 

while the second emission polariser is placed next to the detector. The polarisers 

can be used for measuring steady-state or time-resolved anisotropy, and they are 

also removable. Finally, the data are analysed using origin software in a computer 

(91). 
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3.3 Time-Resolved Photoluminescence Measurement 

Time-resolved photoluminescence measurement has been used in 

bioapplications like cellular imaging, and this measurement provides more 

information than steady-state spectroscopy (spectrofluorimetry). For example, the 

lifetime measurement can determine the type of fluorescence quenching, as 

described in chapter 2 (see 2.1.3 Fluorescence quenching). Two types of time-

resolved fluorescence measurement have been developed: the time-domain and 

frequency-domain methods. In the time-domain method, the sample is excited with 

a pulsed light source. The time-dependent intensity I(t) is detected and presented in 

a histogram. The ln (I[t]) is plotted on the y-axis, and time is plotted on the x-axis; 

then, lifetime is calculated from the slope. In the frequency-domain or phase-

modulation method, the sample is excited with an intensity-modulated light, which 

results in fluorescence with a modulation frequency and a delay due to the lifetime. 

The lifetime is then calculated from the phase shift (91).  

3.3.1 Time-Correlated Single Photon Counting (TCSPC) 

For this thesis, lifetime measurement was performed using time-correlated 

single photon counting (TCSPC). In TCSPC, The light source is used to excite a sample 

as shown in Figure 3.3. Simultaneously, another light signal passes to a detector to 

generate an electronic signal (this known as a reference signal). This signal then 

goes through a constant function discriminator (CFD) to measure the arrival time of 

the excitation pulse precisely. Any undesired value arising from amplitude is 

removed, thus providing sub-nanosecond resolution. Then, the signal passes across 

a time-to-amplitude converter (TAC) and generates a signal to start a voltage ramp. 

Second, the light passes across the fluorescent sample, thereby emitting photons. 

These photons are detected by the second detector, causing a signal to be 

generated. This signal passes across the second CFD to measure the arrival time of 

the photons precisely and generates a signal to stop the voltage ramp in the TAC. 

The value of voltage is linearly proportional with the time difference between the 

start and stop signals. Then, the signal passes through an analogue-to-digital 
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converter (ADC). In ADC, the TAC output pulse is converted from analogue pulse 

into digital timing value.  

 

 

 

 

 

 

Figure 3.3. Schematic diagram of an instrument for measuring lifetime using TCSPC. The components 
are a light source (shining sun), sample chamber, photomultiplier tube detector (PMT), constant 
function discriminator (CFD), electrical delays (DEL), time-to-amplitude converter (TAC), amplifier, 
analogue to digital converter (ADC) and digital memory (MEM). 

In other words, the output signal of the TAC is collected in different time bins, 

commonly known as channels. The width of the channel is the ratio of the full-time 

range (the TAC range, nanoseconds) to the time resolution of the ADC in 

nanoseconds/channel (124). The output of ADC is used to generate a histogram and 

stored in digital memory (MEM). Generally, the time between the exciting pulse and 

the emission is measured and plotted in a histogram that shows the intervals of 

time on the x-axis and the number of photons correlated to the x-axis on the y-axis. 

This histogram is produced by repeating this process until 10,000 photon counts are 

accumulated; this provides good statistical data precision (91). Then the 

fluorescence decay is analysed using computer software as discussed in (3.3.2 

Analysis of TCSPC Data). To measure the lifetime at a specific fluorescence emission 

wavelength, a monochromator is used. Polarizers are also used to remove the effect 

of anisotropy on lifetime by setting the emission polarizer at the angle of 54.7𝑜 

(92,125).  

TCSPC is adjusted to detect one photon per 100 excitation pulses. At high photon 

counts, the histogram is biased to shorter decay times as only the first photons are 
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measured and both the detector and electronics experience an event known as 

“dead time”, during which any delayed photons will not be detected. The dead time 

occurs around a nanosecond after the first photon is detected. When the photon 

counts exceed one photon per 100 excitation pulses, it is called a pile-up effect 

(126). To avoid the pile-up effect, the average detector count rate was set below 2% 

for all experiments in this thesis. 

A TCSPC system can be operated in either forward mode or reverse mode. In 

forward mode, the TAC is started by the light source signal and stopped by the 

emission signal. This mode is used when the rate of a light source is not sufficiently 

high, and there is no need for using shifting delay since the fluorescence photons 

have appeared at longer time intervals. Due to the development of light sources 

and their higher rates, though, most TCSPC systems are operated in reverse mode. 

In reverse mode, the signal of the emission triggers the start of the TAC, and the 

light source signal stops the TAC (124). Using a light source with a higher pulse rate 

is not preferred in the forward mode for two reasons. First, the TAC cycles will start, 

but the stop signal will not be received. Therefore, the TAC will reset at overflow. 

Second, it takes a finite time to reset the voltage ramp, and if the TAC were to be 

started by each laser trigger, many counts would be lost while the TAC was being 

reset. Therefore, the reverse mode is used with light sources with higher rates 

(124).  

3.3.2 Analysis of TCSPC Data 

The data obtained from single-photon counting are shown in Figure 3.4. The 

instrument response function is represented as 𝐿(𝑡); this is known as the prompt. 

The measured data is 𝑁(𝑡), and the calculated decay is 𝑁𝑇(𝑡). The photon counts 

are grouped into channels. The channels have a specified time (𝑡) and width (∆𝑡); 

therefore, the curves are a function of discrete times (t). The instrument response 

function (IRF) is the reaction of the instrument to light from the scattered and non-

fluorescent sample. The width of the IRF is determined using the timing electronics 

and the detector. The measured data 𝑁(𝑡) are collected using the sample of 
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interest. Calculated decay 𝑁𝑇(𝑡) is the fitted function in which those measured data 

are convoluted with the IRF (91). 

 

 

 

 

 

 

 

Figure 3.4. Data analysis of the time-domain of measuring time-resolved fluorescence from ref (125). 

The light intensity of an exciting light source is not a δ-function. As a result, one 

assumes that 𝐼(𝑡 − 𝑡𝑘), an excitation pulse is a group or set of δ-functions with 

various amplitudes. All individual δ-functions create a signal from the sample, and 

the signal’s intensity increases with an increase in the δ-function pulse as described 

as follows: 

𝐼𝑘(𝑡) = 𝐿(𝑡𝑘)𝐼(𝑡 − 𝑡𝑘)∆𝑡              (𝑡 > 𝑡𝑘)   (3-4) 

Each δ-function creates a signal from a sample at time 𝑡𝑘 . The amplitude of the 

signal created at 𝑡𝑘  increases with increasing intensity of the light source 𝐿(𝑡𝑘). If 

the light source emits a pulse at time 𝑡𝑘 , the sample is excited to a higher energy 

state and spends some time before returning to the ground state and emitting a 

photon. For this reason, (𝑡 − 𝑡𝑘) is the period during which the fluorophore is 

excited, and no fluorescence exists from the prior sample excitation. The fitting 

function 𝑁(𝑡𝑘) is the sum of fluorescence signals from the sample following the 

excitation from each δ-function pulse at time 𝑡𝑘  (6), as follows: 

𝑁(𝑡𝑘) = ∑ 𝐿(𝑡𝑘)𝑡=𝑡𝑘
𝑡=0 𝐼(𝑡 − 𝑡𝑘)∆𝑡                        (3-5) 
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When ∆𝑡 is extremely small, the alternative equation is written as an integral, as 

follows: 

𝑁(𝑡) = ∫ 𝐿(𝑡𝑘)𝐼(𝑡 − 𝑡𝑘)𝑑𝑡𝑘
𝑡

0
             (3-6) 

𝑁(𝑡) is the total of the signal intensities generated by a pulsed light until time t. 

The 𝑡𝑘 = 𝑡 − 𝜇 was substituted in equation (3-6), where 𝜇 is the time delay from 

the starting point when a fluorescence signal is produced by the δ-function signal. 

𝑁(𝑡) = ∫ 𝐿(𝑡 − 𝜇)𝐼(𝜇)𝑑𝜇
𝑡

0
            (3-7) 

The purpose of lifetime analysis is to fit the experimental data with impulse 

response function I(µ). The best-fitting function is determined using nonlinear least 

squares (NLLS) to examine the consistency of the model with the experimental data. 

In lifetime measurement using TCSPC, the experimental data are 𝑁(𝑡), and the 

theoretical data 𝑁𝑇(𝑡) are tested by reducing the goodness-of-fit parameter 𝜒2, 

which is described as follows (91,93): 

𝜒2 = ∑ [
𝑁(𝑡)− 𝑁𝑇(𝑡)

√𝑁(𝑡)
]
2

𝑛
𝑡 = 1            (3-8) 

Where 𝑁(𝑡) − 𝑁𝑇(𝑡) is the actual deviation (residual) at each giving point, 

√𝑁(𝑡) is the expected standard deviation, and n is the number of channels. For a 

good fit, 𝜒2 should range from 0.97–1.28. Another possible method to test for a 

good fit is the weighted residuals 𝑊𝑡, a follows: 

𝑊𝑡 =  
𝑁(𝑡)− 𝑁𝑇(𝑡)

√𝑁(𝑡)
                    (3-9) 

The weighted residuals show randomly distributed points around zero if the fit is 

good (91). 

The number of fluorophores in excited electronic states after illumination is 

denoted as 𝑛0 at time t = 0. The following equation gives the decay rate of the 

fluorophores population: 
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𝑑𝑛(𝑡)

𝑑𝑡
= − (𝐾𝑟 + 𝐾𝑛𝑟 )𝑛(𝑡)            (3-10) 

Where n(t) is the number of fluorophores in excited states at time t, 𝐾𝑟  is the 

radiative rate, and 𝐾𝑛𝑟  is the non-radiative rate. The integration of the equation 

results in an exponential decay, as follows: 

𝑑𝑛(𝑡)

𝑛(𝑡)
 =  

1

𝜏
 𝑑𝑡               (3-11) 

Where 𝜏 =
1

𝐾𝑟+𝐾𝑛𝑟
 is the lifetime. 

𝑛(𝑡) = 𝑛0𝑒𝑥𝑝 (−
𝑡

𝜏
)            (3-12) 

The number of fluorophores in excited states at time t cannot be measured in 

the lab; instead, the fluorescence intensity I(t) is measured as follows: 

𝐼(𝑡) =  𝐼0𝑒𝑥𝑝 (−
𝑡

𝜏
)                 (3-13) 

Where I0 is the intensity at time t = 0. 

For fluorophores have more than one lifetimes, multiple exponential fit is used, 

as determined by the following equation: 

𝐼 (𝑡) = ∑ 𝛼𝑖 𝑒𝑥𝑝 (
−𝑡

𝜏𝑖
)𝑖           (3-14) 

Where 𝛼𝑖  is a pre-exponential factor or amplitudes that show the fractional 

amount of species with ∑𝛼𝑖 = 1 (91). 

3.4 Anisotropy Measurement 

Anisotropy measurement was developed from the concept of photoselective 

excitation, which states that only fluorescent molecules with a transition moment 

analogous to electric vectors of exciting photons will be excited. Therefore, two 

polarisers are added to the spectrofluorimetry (to measure steady-state 

fluorescence anisotropy) or time-resolved emission spectroscopy instrument (to 

measure time-resolved anisotropy). There are two types of anisotropy 
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measurements. One is the L-format method, in which only one path of light extends 

from the source to the sample and from the sample to the detector, as shown in 

Figure 3.5 (A) (91). 

The second is the T-format method, in which polarized light excites the sample, 

and emission is detected in two paths (Figure 3.5 (B)) (91). One of these paths is 

used to detect vertically polarised fluorescence emission, while the second is used 

to detect horizontally polarised fluorescence emission. The most common method 

is the L-format, as maintaining the balance between the two sets of detectors used 

in the T-format method is difficult (127). Thus, only the L-format was used and is 

described further in this thesis. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Schematic of the measurement of fluorescence anisotropies (A) using the L-format and 
(B) using the T-format. 

For anisotropy measurement, the sample of interest is first irradiated using 

vertically polarised light. Then, the vertically and horizontally polarized emission of 

(A) 

(B) 
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the sample is detected by adjusting the emission polariser in the vertical and 

horizontal positions (usually, this polariser is automatically changed after 30 or 60 

seconds). This emission is donated as 𝐼𝑉𝑉 and 𝐼𝑉𝐻, respectively. Then, both 𝐼𝑉𝑉 and 

𝐼𝑉𝐻  are substituted in the following equation to obtain fluorescence anisotropy (r): 

𝑟 =
𝐼𝑉𝑉−𝐼𝑉𝐻

𝐼𝑉𝑉+2𝐼𝑉𝐻
                  (3-15) 

Polarisation (P) is calculated using the following equation: 

p =
𝐼𝑉𝑉−𝐼𝑉𝐻

𝐼𝑉𝑉+𝐼𝑉𝐻
              (3-16) 

Where I is the fluorescence intensity, and VV and VH are descriptions of the 

polarizer’s orientation. The first letter represents the orientation of the excitation 

polariser, while the second letter represents the orientation of the emission 

polariser. V indicates the vertical position, and H indicates the horizontal position. 

Fluorescence anisotropy (r) can be related to polarisation (P), and vice versa, as 

follows: 

P =
3r

2+r
                     (3-17) 

r =
2p

3−p
                     (3-18) 

Polarisation (P) is not as common as fluorescence anisotropy (r) since the 

anisotropy difference intensity (𝐼𝑉𝑉 − 𝐼𝑉𝐻) is divided by the total fluorescence 

intensity of sample (𝐼𝑇 = 𝐼𝑉𝑉 + 2𝐼𝑉𝐻) (127). 

Next, the anisotropy measurement is repeated, and the average anisotropy �̅� is 

calculated as follows: 

�̅� = ∑ 𝑓𝑖𝑟𝑖𝑖                 (3-19) 

Where 𝑓𝑖  are fractional intensities, and 𝑟𝑖 are the anisotropies of the molecules. 

Equation (3-19) is used for steady-state measurements of fluorescence anisotropy. 

The time-resolved measurement is utilized to obtain the rotational diffusion and 

association reactions, as follows: 
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𝑟(𝑡) = 𝑟0 𝑒𝑥𝑝 (
−𝑡

𝜃
)          (3-20) 

Where 𝑟(𝑡) is the anisotropy decay at time t, θ is the rotational correlation time, 

and 𝑟0 is the anisotropy at t = 0. For a large protein or a fluorophore binding to a 

large molecule, the rotational correlation time is high. In some cases, the sample 

possibly contains a mixture of a single protein, which is known as a monomeric 

sample, and associated proteins that are identified as tetrameric proteins. The 

anisotropy decay of a mixture of two proteins of different sizes is two exponentials. 

𝑟(𝑡) = 𝑟0𝑓𝑀 𝑒𝑥𝑝 (
−𝑡

𝜃𝑀
) + 𝑟0𝑓𝑇 𝑒𝑥𝑝 (

−𝑡

𝜃𝑇
)     (3-21) 

Where the 𝑓𝑀  is the fraction amount of monomeric proteins corresponding to 

rotational correlation time 𝜃𝑀 , and 𝑓𝑇  is the fraction amount of tetrameric proteins 

corresponding to rotational correlation time 𝜃𝑇, 𝑓𝑀  + 𝑓𝑇  =  1 (91). In more 

complex cases, the anisotropy decay is expressed as follows: 

𝑟(𝑡) =  ∑ 𝑟𝑜𝑗𝑗 𝑒𝑥𝑝 (
−𝑡

𝜃𝑗
)            (3-22) 

Where 𝑟𝑜𝑗 is the decay of the fractional anisotropies that corresponds to 

correlation time 𝜃𝑗. 

In the L-format method, the polarized fluorescence emission passes through a 

monochromator. A monochromator can cause artefact because vertically polarised 

light may transmit through the monochromator with an efficiency different from 

that of horizontally polarised light. Therefore, the measurement must be corrected 

using the G factor. The G factor is the ratio of responsiveness detection of vertically 

polarised emission 𝑆𝑉 to responsiveness detection of horizontally polarised 

emission 𝑆𝐻  (91,125,127). 

𝐺 =
𝑆𝑉

𝑆𝐻
       (3-23) 

To measure the G factor, a horizontally polarized light source is used to detect 

the horizontally and vertically polarized emissions 𝐼𝐻𝐻  and 𝐼𝐻𝑉 , respectively. The 
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change in these values arises from the detection system (91,125,127). The G factor 

is calculated as follows:  

𝐺 =
𝐼𝐻𝑉

𝐼𝐻𝐻
=  

𝑆𝑉

𝑆𝐻
         (3-24) 

Then, the anisotropy is corrected with the G factor using the following equation:  

𝑟 =
𝐼𝑉𝑉−𝐺𝐼𝑉𝐻

𝐼𝑉𝑉+2𝐺𝐼𝑉𝐻
              (2-25) 

3.5 Scanning Electron Microscopy  

Scanning electron microscopy (SEM) is employed to examine the morphology 

and topography of the sample. For example, SEM is used to study protein 

aggregation and amyloid formation (84). Additionally, SEM has been utilised to 

investigate the morphology and size of AuNPs (117).  

In this microscope, an electron beam is used to probe the sample. The spatial 

resolution limitation of SEM refers to the instrument’s ability to measure the 

minimum distances of separation and differentiate two objects. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Schematic of the component of an SEM obtained from (128). 
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The components of SEM are an electron source, lenses, scanning coils, a 

specimen, a detector and a display unit (Figure 3.6). The electron source generates 

electron beams, which pass through magnetic lenses. These lenses include a 

condenser lens and an objective lens and are used to prevent the electron beam 

from straying and helping focus the beam onto the specimen surface. The scanning 

coils are utilized to move the electron beam from one area to another area on the 

specimen. The specimen chamber contains the specimen stage and the specimen 

holder; the sample is prepared on the copper grid and then placed on the specimen 

holder on the stage. The stage allows the sample to be moved to select the area of 

interest before imaging (129). 

 

 

 

 

 

 

 

 

Figure 3.7. Representation of a variety of signals produced after the electron beam interacts with the 
sample (129). 

The basic principle of SEM is that the electron beam interacts with the sample in 

the specimen. This interaction generates a variety of signals, such as secondary 

electrons, backscattering electrons (BSEs), X-ray or Auger electrons and 

cathodoluminescence (Figure 3.7). These signals depend on the accelerating voltage 

and atomic number. The high accelerating voltage leads to the electrons penetrate 

deep into the sample bring about missing the information of the samples’ surface. 

At fixed accelerating voltage, the electrons penetrate deeper on the sample with 

low atomic number compare with the sample with the high atomic number because 



60 
 

a large number of atoms prevent electron penetration. The BSEs also depends on 

the atomic number. BSEs signal is high in samples with high atomic numbers 

because these samples have high amount of positive charges on the nucleus causing 

high electrons backscatter producing atomic contrast in SEM images (129). 

Most SEM is operated under a higher vacuum system to prevent scattering of the 

electron beam and contamination of the electron guns due to the discharge of the 

gun. Bioorganic nanomaterials and colloidal AuNPs suspension must be completely 

dry, as the fluids will degas and contaminate the SEM. Biomolecules also need 

staining since they contain low atomic numbers elements, such as carbon, hydrogen 

and oxygen, which have low imaging contrast. A stain with higher atomic number 

atoms, such as uranyl acetate (UA) is employed for the imaging of protein 

aggregation. As shown in Figure 3.8, UA in solution comprises acetate ion and 

uranyl ion. The UA binds to the protein, providing a higher contrast due to the 

higher atomic number of uranium-238 (130). 

 

 

 

 

 

 

Figure 3.8. Chemical structure of uranyl acetate dihydrate UO2(CH3COO)2 ·2H2O. 

 

 

 

 



61 
 

Chapter 4: Lyz-AuNCs for Studying HEWL 

Aggregation 

4.1 Abstract 

Protein aggregation leads to many diseases. The aggregation of protein can be 

induced by modifying the pH, protein concentration and temperature, or by adding 

chemicals such as urea. A well-known protein that is used for investigating protein 

aggregation is HEWL because of its ability to self-assemble. Despite the variety of 

methods used to study protein aggregation, the detection of the oligomer is a 

difficult task due to the fact ThT is not sensitive to detect protein unfolding or 

oligomers. Therefore, a new method of detection is needed. One new invention is 

Lyz-AuNCs, which have not been previously used in the study of protein 

aggregation. This chapter discusses the fluorescence properties of AuNCs at 

different pH and concentration of HEWL. Under these conditions, the optical 

properties of Lyz-AuNCs are monitored using UV-Vis absorbance spectroscopy and 

fluorescence techniques. The measurement showed an increase in fluorescence 

intensity and wavelength but a decline in the fluorescence lifetime when the pH 

increases. The decrease in the fluorescence lifetime indicated that an increase in 

the fluorescence emission is not due to a decrease in the quenching process. The 

redshift is due to an increase in the fluorescence intensity associated with a short 

lifetime emission. The above result does not apply at a pH range of 4 to 6 due to an 

aggregation of Lyz-AuNCs, which leads to a decrease in the fluorescence intensity. 

At pH 3, the fluorescence intensity of Lyz-AuNCs increased linearly with a redshift 

alongside a decrease in the contribution of long lifetime component, but no change 

was observed in the short lifetime component with an increasing concentration of 

HEWL. In the case of pH 12, the fluorescence intensity increased at 5 mg/ml of 

HEWL without further change in both the intensity and wavelength of Lyz-AuNCs. 

This result shows that Lyz-AuNCs are sensitive to the concentration of HEWL at pH 3 
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compared to pH 12. The exact interaction between Lyz-AuNCs and HEWL is still 

unknown and requires further examination. 

4.2 Introduction 

Protein aggregation causes numerous diseases, as discussed in Chapter 1 (see 

1.1: Protein denaturation). Many studies show that the majority of proteins can 

misfold and aggregate depending on the conditions. Among these proteins, HEWL 

has been widely used for studying protein aggregation due to its ability to self-

assemble, an excellent solubility in water and small size (129 residues) (see 2.2.6 

Lysozyme background in Chapter 2) (131). It has been found that HEWL aggregates 

under different conditions, such as an increasing the concentration of HEWL (132), 

changing its pH (98), a high temperature (133,134) or when adding chemicals such 

as urea. In this chapter, the effect of changing the pH and increasing the 

concentration of HEWL will be discussed, and the effects of temperature and 

denatured chemicals will be discussed in Chapter 5. 

It has been found that pH plays an important role in the aggregation of HEWL. 

The change in the pH leads to a change in the surface charge of the protein. Each 

protein has an isoelectric point (pI), where the total surface charge of the protein is 

zero. At a pH level higher than pI, the surface charge of the protein is negative. 

Likewise, the surface charge of the protein is positive at a pH lower than pI (135). 

These surface charges prevent protein from aggregation due to strong repulsive 

forces. For example, HEWL aggregates and precipitates at pH 11.35 because of low 

repulsive force. The effect of changing the pH on HEWL has been studied. At a fixed 

HEWL concentration (1 mM), the carboxylate group in Glu 35 in HEWL monomers 

becomes deprotonation at a pH range of 5 to 10 causing the formation of HEWL 

dimer. At a pH higher than 10, higher-order oligomers and amorphous precipitates 

form (71). At a pH of 12.2, the formation of amyloid fibrils rapidly occurs at room 

temperature due to weak repulsive forces (98,136–138). At pH 2, the surface charge 

of HEWL is positive; leading to the prevention of aggregation due to strong 

repulsive forces. Therefore, a higher temperature is needed to form amyloid fibrils 
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at pH 2 (139). The pH is important to the stability of the protein. The change in the 

pH to be close to the pI of proteins leads to the neutral surface charge and reduce 

the protein stability. As a result, a protein aggregates. 

Many researchers have studied the effect of HEWL concertation on aggregation. 

Ravi et al. report that high concertation of HEWL induces HEWL aggregations (98). 

Burnett et al. found a range from 10 to 100 mgml-1 concentrations of HEWL forms 

aggregate species at 55℃, without stirring (132). It is also possible amyloid fibrils 

forms at low concentration of HEWL. Sian-Yang Ow and Dave E. Dunstan found that 

at an acidic pH,  concertation of 2.5 mgml-1 yielded a higher number of amyloid 

fibrils at 65℃ at magnetically stirred (550 rpm) (134). 

The amount of concentration can affect the type of aggregations either 

amorphous aggregate species or amyloid fibrils. Burnett et al. found at pH ~3, 

amyloid fibrils are formed at HEWL concentrations below 70 mgml-1, while 

amorphous aggregates species occurs in a pH range from 4 to 12 within a range 

from 10 to 100 mgml-1 of HEWL concentrations. They also found that the formation 

of the amyloid fibrils is a slower process in comparison to the amorphous 

aggregates species (132). They also reported that amorphous aggregates do not 

grow to form amyloid fibres after 3 months. Proteins monomers interact with each 

other forming amorphous aggregates. The change in the structure of the protein in 

amorphous aggregates may be more difficult and energy comparing with proteins 

monomers (132). However, Homchaudhuri et al. found that at a pH 12.2, HEWL 

molecules aggregate and forms amyloid fibrils at room temperature at a 

concentration of HEWL below 3 μM (98).  

They also reported that the aggregation size of HEWL relies on the concentration 

of HEWL. Increasing the concentration of HEWL yields aggregates species with 

larger sizes (136). The structure of HEWL changes at pH 12.2, leading to expose the 

hydrophobic amino acid to solvent. The monomer of these unfolded HEWL interacts 

with each other via non-covalent interactions causing protein aggregations. The 

HEWL monomers interact with oligomers or other monomer and leading to an 
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decrease in the concentration of HEWL monomer with time. At low concertation, 

the interaction event reduces, leading to form the small size of aggregation. With 

increasing the concertation of HEWL monomers, interaction event increases leading 

to form large size of aggregation (98). 

Thioflavin T (ThT) is a dye which is used to detect the presence of amyloids fibrils. 

The fluorescence of ThT enhances when ThT molecules bind to amyloids fibrils. 

Although traditional method such as ThT has been applied to study protein 

aggregation in particles amyloid formations, detection at an early stage 

aggregations such as oligomers is challenging because ThT cannot detect protein 

unfolding or oligomers (26). As a result, tracking protein aggregation is not an easy 

task.  

The detection of the aggregation of protein in the early stages is necessary for 

several reasons. First, early diagnosis of amyloid diseases, such as AD, provides 

effective and lower-cost treatments (140). Second, oligomers are more toxic to cells 

in comparison to amyloids fibrils (141). One possible method that has not been fully 

explored is the application of AuNCs. 

AuNCs have gained a great deal of attention due to their properties. In order to 

employ the photoluminescence properties of AuNCs to study protein aggregation, it 

is essential to comprehend the photoluminescence properties of AuNCs and their 

behaviours in certain conditions. In the previous study, the photoluminescence 

properties of AuNCs have been studied using different methods. These include 

time-resolved photoluminescence spectroscopy, and temperature dependence 

(142). Other methods used to characterize protein encapsulated AuNCs include 

(UV-Vis) absorbance measurement and TEM (143–145). These methods help to 

provide some insight into the photoluminescence properties of AuNCs. 

The structure of the AuNCs is commonly noted as their exact formula. In other 

words, it is represented as Aun(SR)m, where n and m are the numbers of the gold 

atom and thiolate ligands, respectively. For example, glutathione-capped [Au25 

(SG)18]. It is preferable to use a formula for AuNCs since the number of Au atoms 
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and ligands are an extremely crucial factor in the photoluminescence properties of 

AuNCs. There have been several attempts to propose theories to understand the 

photoluminescence mechanism for AuNCs. The free-electron theory explains a 

fundamental concept of the photoluminescence properties of AuNCs. At the size of 

nanoparticles, AuNPs exhibit plasmonic optics due to the free electrons in the 

surface of AuNPs. However, when the sizes of AuNPs are reduced to the Fermi 

wavelength, the energy band splits into an independent energy state. As shown in 

the following equation: 

𝐸𝛿 = 𝐸𝐹 𝑁
1

3⁄⁄             (4-1) 

Where 𝐸𝛿  is the numeric size of the energy level spacing (the value of AuNCs), N 

is the atom number of Au, and Ef is the Fermi energy. 

According to the equation (4-1), the photoluminescence emission wavelength 

depends on the size of AuNCs (57). When the size of AuNCs increases their 

fluorescence emission wavelength also increases as seen in the PAMAM-AuNCs 

(57).  Moreover, it has been found that the property of the fluorescence can be 

impacted by the ligand. In the case of thiolate - AuNCs, the outmost Au (Au+) binds 

to the thiolate ligands on the shell. It has been found that the shell of AuNCs emits 

light. The photoluminescence of the shell arises from the charge transfer from 

ligands to metal (LMCT or LMMCT). In particular, the charge transfer is from 

sulphite to gold (146). 

The AuNCs become stable by forming strong covalent bonds between gold and 

sulphur. This bond significantly influences the electronic structure of AuNCs that 

cannot be interpreted using free-electron theory only. Therefore, it is proposed that 

the fluorescence of AuNCs arises from the core of AuNCs and the shell. The second 

mechanism is reasonable in explaining the QY of AuNCs. It has been found that the 

QY of AuNCs is dependent on ligands. Some ligands can transfer higher electrons 

from sulphur to gold compared with other ligands that result in higher fluorescence 
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intensity (79)  as discussed in Chapter 1 (see 1.5: Factors influencing fluorescence 

properties). 

The information contained within photoluminescence properties, such as red 

emission origination, a bandwidth of photoluminescence intensity and the 

photoluminescence lifetime of AuNCs, has stemmed from studying BSA-Au25NCs 

and glutathione Au28NCs. The origination of their red emission is still debated. Some 

suggest that red emission arises from the transition from the intraband’s lowest 

unoccupied molecular orbital (LUMO) to the highest occupied molecular orbital 

(HOMO) (147). In contrast, others suggest that it arises from the electron transfer 

from the interband’s 6sp conduction band to the filled 5d band (79,148). Both BSA-

Au25NCs and glutathione Au28NCs show two photoluminescence bands. In BSA-

Au25NCs, the first band (band I) is at 1.76 eV arising from the electron transition in 

icosahedral core and the second band (band II) is at 1.94 eV arising from the 

electron transition in Au-residue shell (142). One of the bands of glutathione 

Au28NCs is at 1.5 eV which is ascribed to fluorescence and the second band is at 

1.15 eV which is ascribed to phosphorescence (147). The difference can be 

contributed to different ligands. 

Wen et al. found that the BSA-Au25NCs have two lifetimes. One is a prompt 

fluorescence in a nanosecond time scale with a primarily dominant wavelength 

range of 550 nm to 600 nm. The second is delayed fluorescence in a microsecond 

time scale with a primarily dominant wavelength range of 650 nm to 800 nm. 

Delayed fluorescence has two explanations. One explanation is attributed to the 

excited triplet state (E-type), where the electron transitions from a triplet state to a 

singlet state through thermal activation. Hence, the lifetime of the delayed 

fluorescence is equal to the phosphorescence since both the singlet and triplet 

states are in balanced temperatures. Another possible explanation for the delay in 

the fluorescence is due to triplet−triplet annihilation (P-type). The lifetime of 

delayed fluorescence is shorter than the phosphorescence due to the biphotonic 

process. Wen et al. found that the delayed fluorescence is thermal activation. In 
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other words, the delayed fluorescence can be ascribed to an excited triplet state (E-

type) since the lifetime does not change with excitation fluence, as seen in 

triplet−triplet annihilation (P-type). In Au25(SR)18, the band l arises from an electron 

transition from LUMO + 1 to HOMO (6sp, delocalized in core) with three 

degenerated states since the bandwidth of band l is 253.5 meV, whereas band ll 

arises from LUMO + 2 to HOMO (Au(I)−thiolate complex with 5d electron structure) 

with one state (142). The increase in the bandwidth of band l is derived by the 

thermal population through reverse ISC (149). 

The long lifetime can arise due to the presence of Au-S bonds. It was found that 

Au(I) can form complex and triplet states; therefore, BSA-Au8NCs does not show 

long lifetimes since the formation of Au(I)-S semirings does not occur in BSA-Au8NCs 

(150). Despite the fact that the transition in the triplet is forbidden, the strong 

metal-induced spin−orbit coupling helps to increase intersystem crossing efficiency 

by reducing the effect of the spin-forbidden transition occurring in the relaxation of 

the triplet (149). 

Understanding the fluorescence properties of Lyz-AuNCs allows for the extension 

of their application. In this chapter, the fluorescence properties of AuNCs will be 

studied under two conditions. The first condition is the different pH. The second 

condition is the different concentrations of HEWL. This research aims to test the 

sensitivity of the Lyz-AuNCs to environmental changes and protein aggregations to 

understand the behaviours of AuNCs. The finding shall shine a light to their 

applications in future studies of protein aggregations. 

4.3 Experimental 

4.3.1 Sample Preparation 

Lysozyme from chicken egg whites (L-6876) (>99.0%), gold (III) chloride 

trihydrate (>49.0%), phosphate buffered saline (PBS) and sodium hydroxide (NaOH) 

solution (1.0M) were purchased from Sigma-Aldrich. Hydrochloric acid (HCl) 

solution (0.5M) was purchased from Fluka.  



68 
 

pH = 12 

T= 37℃ 

Before the synthesis of Lyz-AuNCs, all glassware was soaked in decon 90 

overnight. Methanol and deionized water were then added, and the glassware was 

cleaned with a brush. After that, the glassware was washed twice using methanol 

and deionized water. Next, they were rinsed with deionized water. Finally, the 

glassware was left to dry. 

 

 

 

 

 

 

 

Figure 4.1: Illustration of the synthesis of Lyz-AuNCs. 

The preparation of the Lyz-AuNCs was done according to studies by Hui Wei et 

al., with slight modifications (32,77). A 5ml HEWL solution (10 mgml-1) was mixed 

with a 5ml HAuCl4 solution (4mM) and stirred strenuously by a stirrer bar at 37℃. 

Five minutes later, 0.5ml NaOH (1M) was added to the mixture, causing an increase 

of the pH up to 12. The solution was kept at 37℃ overnight. The final product is 

stock Lyz-AuNCs solution (0.33 mM, 10.5 ml) with pH 12. Figure 4.1 shows the steps 

in the synthesis of the Lyz-AuNCs. After mixing HAuCl4 solution with HEWL, the 

colour of solution changed from yellow to light brown. The yellow solution does not 

show red fluorescence emission under UV light (33).  However, the light brown 

solution shows red fluorescence emission under UV light after 12 h which is a 

characteristic of Au25NC as shown in fig 4.2. The peak fluorescence intensity of Lyz-

AuNCs at 700 nm at excitation 470 nm. In the previous study, the peak fluorescence 

intensity of Lyz-AuNCs at 657 nm at excitation wavelength 360 nm (32), 636 at 657 

nm at excitation wavelength 400 nm (77). Possibly the different in our result is due 
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to using a different concentration of both HEWL and  HAuCl4 solution. In the 

literature, The peak fluorescence emission is the  characteristic of AuNC can be in 

range from 640-700 nm (151). In particular, it was observed in the synthesis of BSA-

Au25NCs (96,150). 

After 12 hours, the next step was to perform the dialysis of the Lyz-AuNCs in 

order to remove excess chemicals. A 3-12 ml cassette size with a membrane 

molecular-weight cut-off (MWCO) of 10,000, as obtained from Thermo Fisher 

Scientific, was selected to perform dialysis of 10 ml of Lyz-AuNCs. The dialysis 

procedure of Lyz-AuNCs was performed according to Thermo Fisher Scientific (152) 

recommendations as follows. The buffer for the solution was prepared by dissolving 

nine tablets of phosphate buffered saline (PBS) in 1.8 litres of distilled water in a 20 

litres glass beaker. According to the procedure of dialysis, the volume of the buffer 

should be 200-500 times higher compared to the sample volume. The dialysis 

cassette was removed from a plastic bag and then attached to a buoy. Then the 

dialysis cassette was immersed into the buffer for two minutes. Next, the dialysis 

cassette was removed from the buffer and tapped gently on paper towels to 

remove any excess solution.  

The next step in the dialysis process was to fill the dialysis cassette with Lyz-

AuNCs. The needle was attached to the syringe and then filled the dialysis cassette 

with Lyz-AuNCs and a small amount of air. Next, the syringe was inserted on a top 

corner of the dialysis cassette to fill it with Lyz-AuNCs. After emptying the syringe 

from the Lyz-AuNCs, all the air was removed from the dialysis cassette. Then the 

dialysis cassette was slipped into the buoy and immersed the dialysis cassette in the 

buffer solution. A long magnetic bar stirrer was used to stir the dialysis cassette in 

the buffer. Every two hours, the buffer was changed, and upon the third immersion, 

the dialysis cassette was stored overnight. The final stage was to remove the Lyz-

AuNCs from the dialysis cassette using a syringe. The syringe was filled with a small 

amount of air, then inserted the syringe in the top corner of the dialysis cassette 

and injected air slowly into the cassette. After that, the dialysis cassette was turned 
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until the syringe is in the bottom corner. In this position, the sample was collected 

in the corner of the dialysis cassette, and it was easy to pull all the Lyz-AuNCs and 

place them in the 30 ml bottle to be ready for use. The pH of Lyz-AuNCs was 

changed from pH 12 to 7.4 dialysis 

Assuming that the concentration of Lyz-AuNCs did not change after the dialysis.  

For measurement purposes, the Lyz-AuNCs was diluted to final concentration 33 

μM and filled to 3 ml in 1 cm X 1 cm in a quartz cuvette since a plastic or glass 

cuvette absorbed UV light. Its pH was varied by adding hydrochloric acid and 

sodium hydroxide. The pH was measured using a F-51 pH meter purchased from 

HORIBA. The concentration of Lyz-AuNCs did not change when hydrochloric acid 

(sodium hydroxide) was added because the volume of hydrochloric acid (sodium 

hydroxide) is small volume in μM compared to the volume of Lyz-AuNCs. For 

studying the effect of adding HEWL on fluorescence properties of Lyz-AuNCs, HEWL 

was dissolved in 3 mL of Lyz-AuNCs solution. The weight of HEWL was varying from 

15 mg to 105 mg with increments were 15 mg. All the sample measured at room 

temperature. More detail is added in a appendix 1. 

4.3.2 Spectroscopic Measurements 

All the UV-Vis measurements were done using the PerkinElmer UV/VIS 

spectrometer Lambda 25. The UV/VIS range of the electromagnetic spectrum 

covered the range of 250 – 700 nm with a speed scan of 480 nm/minute. The data 

were analysed using the spectrograph version 1.2.7. 

All fluorescence emissions of the Lyz-AuNCs were measured by using Fluorolog-3 

spectrometer (Horiba, UK). The experimental design used excitation wavelength 

was 470 nm, and slit widths were 6 nm, and the emission wavelength was 

measured at a range of 500 to 850 nm with 6 nm increments. Data were analysed 

using Origin Pro software version 9.6.5169. 

The Time-Resolved Fluorescence spectrometer with the time-correlated single-

photon counting (TCSPC) technique in a Horiba Jobin Yvon IBH was used to measure 
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fluorescence lifetimes, emission spectra and the anisotropy decay of Lyz-AuNCs. 

The instrument contains a DeltaFlex hybrid (Horiba Scientific), motorised polarisers 

and a Horiba TBX-580c photon-detection module. The excitation source was a 

pulsed Delta Diode of 482 nm, with a temporal width of 50 ps (full width at half 

maximum) and a repetition rate of 100 MHz, operating with a delay of 10 ns and a 

coaxial delay of 95 ns. The excitation polariser was kept at angle 00 and the 

emission polariser at a magic angle 550 to avoid anisotropy effects during the 

lifetime measurement and time-resolved emission spectra (TRES). A decay curve 

was accumulated until 10,000 counts, and the tag range was 13 𝜇𝑠. TRES was 

obtained by using a single excitation wavelength at 482 nm and selecting the range 

of emission wavelength from 500-800 nm. Increments were 20 nm and the fixed 

time interval was 20 minutes. Data were analysed with Horiba Scientific DAS6 

version 6.8.16. 

The fluorescence intensity decays for the Lyz-AuNCs was analysed with the 

following formula: 

𝐼(𝑡) = ∑ 𝛼𝑖𝑒
(
−𝑡

𝜏𝑖
)𝑛

𝑖=1       (4-2) 

Where 𝛼𝑖  denotes the amplitudes, and 𝜏𝑖  is the lifetime.  

The amplitudes was calculated using Equation (4-3). 

∑ 𝛼𝑖𝑖 = 1       (4-3) 

4.4 Results and Discussion  

After 12 hours, the colour of the reaction changed from light yellow to a light 

brown, indicating synthesis of the AuNCs. Figure 4.2 shows the Lyz-AuNCs under 

light and UV-Vis light. 
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Figure 4.2:Photographs of Lyz-AuNCs (A) visible and (B) UV light. 

4.4.1 Effect of pH on Lyz-AuNCs 

The effect of pH on the optical properties of the Lyz-AuNCs is studied at various 

pH from 1.6 to 12. Figure 4.3 (A) shows the UV-Vis spectra of Lyz-AuNCs at different 

pH. There was no peak around 520 nm, indicating that there are no AuNPs formed 

during the synthesis of AuNCs.  There was no change in the absorption of Lyz-AuNCs 

at pH from 1.6 to 3 and from 7 to 12. An increased absorbance was observed at pH 

6, and decreased absorbance was found at pH 4 and 5. 

These observed changes were due to the fact that the pH was near the 

isoelectric point (pI) of Lyz-AuNCs that was found to be 5.5 (67). The pI is the pH of 

the protein solution at which the total charges on the protein’s surface are zero. As 

a pH below pH 5.5, a repulsive interaction occurs between proteins due to the 

positive charges on the protein’s surface. In a similar manner, above pH 5.5, 

negative charge on the surface of protein increases as pH increase, leading to a 

repelling action in each protein (135). These repulsive forces decrease as pH 

approaching pI. At the pH closes to pI, near neutral net surface charge results in 

aggregation and precipitation that reduces the concentration of Lyz-AuNC in 

solution and its absorbance. The aggregation of protein in suspension also results in 
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an increase in scattering, thus increases the absorption as seen for Lyz-AuNC at pH 

6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: The change in (A) Absorption spectra and (B) Fluorescence emission spectra of Lyz-AuNCs 
with an increase in the pH at excitation wavelength is 470 nm.  

Figure 4.3 (B) shows the fluorescence spectra of Lyz-AuNCs at an excitation 

wavelength of 470 nm at different pH. A single peak centred at 700 nm at pH 7 is 

due to the emission of AuNCs. 
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Figure 4.4: pH dependence of (A) peak fluorescence emission and (B) peak emission wavelength. 
Measured at an excitation wavelength is 470 nm.  

Figure 4.4 (A) shows the peak fluorescence intensity of AuNCs at 700 nm as a 

function of pH. The peak fluorescence intensity of AuNCs increase with increasing 

the pH. As the pH increase from 1.6 to 3, the fluorescence intensity of the AuNCs 

increase by 66%. As the pH increase from 3 to 5, the fluorescence intensity of the 

AuNCs decrease by 85% of the fluorescence intensity at a pH of 7 consistent with 

the decreases of absorbance observed in Figure 4.3 (A). As the pH increase from 5 

to 7, the fluorescence intensity of the AuNCs increase by 83 %. As the pH increases 
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from 7 to 12, the fluorescence intensity of the AuNCs fluctuates. In Figure 4.4 (B) 

there is no change in the peak emission wavelength of the AuNCs as the pH 

increases from 1.6 to 5. The peak emission wavelength then increases around 17 as 

the pH rises from 5 to 12. 

The effect of pH on the fluorescence properties of the AuNCs has been studied in 

by Cao et al. (153). They found that at an excitation wavelength of 500 nm, the 

fluorescence intensity of the AuNCs increases when the pH rises from 2 to 11, while 

the peak emission wavelength slightly changes from 2 to 9. There are significant 

increases around 12 nm from a pH of 9 to 12 (153). 

The large redshift in fluorescence emission due to pH has also previously been 

observed for BSA-Au25NCs by Wen et al. (154). The redshift in the fluorescence 

emission wavelength can be due to a Quantum Confined Stark Effect (QCSE). QCSE 

is the shifting of electrons in a quantum well to lower discrete energy in the 

presence of an external electric field while increasing the discrete hole states of a 

system to higher energies (154). 

Due to the polar nature of the Lyz-AuNCs molecules and the highly negative zeta 

potential of Lyz-AuNCs previously reported being greater than negative 60mV 

below pH 11 (155). It is possible the redshift is governed by the polar characteristics 

of QCSE which have been observed arising in similar fluorescence quantum dot 

systems (156–158). However, the fluorescence intensity would be expected to 

decreases if QCSE was the reason for the observed fluorescence redshift for Lyz-

AuNC. It has been shown that the fluorescence intensity of the InGaN quantum dot 

decreases as the external lateral electric field increases (157). 

Wen et al. have also observed a two-band fluorescence emission from BSA-

Au25NCs, describing the AuNC with a “core/shell” fluorescence model derived from 

thiolate-protected Au25 in which the core and shell are each responsible for a 

fluorescence band which makes up the red fluorescence peak (54,142,159). This 

core/shell structure originates from the metal core state and surface states of the 

SR – Au – SR – Au – SR staples, respectively. AuNC in BSA binds to sulphur (S) atoms 
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(via cysteine) but with a much-reduced number than that in thiolate-protected Au25 

(96). Although the exact atomic structure is unknown, S-Au bonds (and possible 

bonds of gold to other neighbouring amino acids) form a motif that stabilizes the 

gold core. It is plausible that two emission bands have different structural 

characteristics and different sensitivity to local environmental changes. 

In terms of exploring the effect of pH on the fluorescence properties of Lyz-

AuNCs, the lifetime measurement of Lyz-AuNCs as a function of pH was performed 

at an excitation wavelength of 470 nm and an emission wavelength of 650 nm. The 

fluorescence decay of Lyz-AuNCs was fit to an exponential of three. The good fit was 

tested by chi-squared goodness of fit parameter and the values of amplitudes. The 

figure 4.5 shows the fluorescence decays curve of Lyz-AuNCs (red decays curve) and 

fit with three exponential (black line). A non-random weighted residuals for 3 

exponential fitting to a fluorescence decay curve of Lyz-AuNCs is shown below the 

fluorescence decay curve. The results are shown in Table 4.1.  

 

 

 

 

 

 

 

 

 

Figure 4.5: The fluorescence decay of Lyz-AuNCs at pH 7 was analysed using DAS6 and fit to an 
exponential of three. The prompt (blue), fluorescence decay (red) and the solid (black) line is a fitting 
function. 
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Table 4.1. Fluorescence lifetimes of AuNCs emission τ and amplitudes 𝛼 as a function of pH. 
Measured at an excitation 482 nm. 

 

The fluorescence lifetimes of protein encapsulated AuNCs are 2 exponential in 

nature (96,143,160,161), which compares well to the idea of a two band 

fluorescence emission model. Due to the structure of protein encapsulated AuNCs 

which consists of icosahedral core and  Au-residue shell, the fluorescence emission 

is ascribed from both icosahedral core with a short lifetime and Au-residue shell 

with long lifetime. Therefore, the fluorescence decay of Lyz-AuNCs was fit with 

three exponential using equation (4-2). The third lifetime in our measurement can 

be attributed to the light scattering from the sample. The long lifetime of 2057±7 ns 

arises from band ll (the shell), while the short lifetime of 723±23 ns arises from 

band l (the core), similar to BSA-Au25NCs at a pH of 7 (96). 

It was found in figure 4.6 and table 4.1 that as the pH is increased from 1.6 to 12, 

the long lifetime τ1 decreases from 2.4 to 2.0 𝜇𝑠, while the short lifetime τ2 slightly 

increases but remains within the uncertainty associated with the measurement. 

This has been previously observed in BSA-Au25NCs (96) where changing pH results in 

protein unfolding, thus changing the local environment of the AuNCs. HEWL is more 

pH τ1  (ns) 𝛼1  τ2  (ns) 𝛼2 τ3  (ns) 𝛼3  𝜒2  

1.6 2222 ± 12 0.76 647 ± 31 0.21 96 ± 5 0.03 1.10 

2 2314 ± 14 0.72 746 ± 31 0.24 103 ± 4 0.04 1.07 

3.5 2069 ± 7 0.75 681 ± 24 0.21 124 ± 4 0.04 1.05 

7 2057 ± 7 0.72 723 ± 23 0.24 128 ± 4 0.04 1.06 

8 2117 ± 8 0.73 804 ± 35 0.24 139 ± 5 0.03 1.07 

9 2074 ± 8 0.74 721 ± 27 0.23 102 ± 5 0.03 1.07 

10 2048 ± 8 0.73 763 ± 29 0.23 133 ± 5 0.04 1.05 

11 2046 ± 8 0.71 808 ± 27 0.25 139 ± 4 0.04 1.09 

12 2037 ± 9 0.70 851 ± 32 0.27 148 ± 5 0.03 1.03 
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rigid than BSA, but AuNC is more exposed to the solvent in comparison to that in 

HSA and is, therefore, more sensitive to pH variation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: The fluorescence lifetime of AuNCs in the Lyz-AuNCs at an excitation wavelength 470 nm, 
emission wavelength of 670 nm. Long lifetime τ1 originated from the shell (A) and short lifetime τ2  
originated from the core (B) as a function of pH. (The error bars are 3*S.dev). 

Only one fluorescence lifetime component is observed to be significantly 

affected by changing pH. The increase in the fluorescence intensity correlated to 

the decrease of fluorescence lifetime suggests that this is not due to a reduced 
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collisional quenching effect but possibly a mechanism of enhanced radiative process 

arising in a basic environment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: The TRES measurement of Lyz-AuNCs at pH 3 (A) and pH 12 (B) compared with pH 7. 

To further understand the correlation between the two fluorescence 

components and the overall increase in intensity and redshift previously observed, 

TRES measurements were taken of Lyz-AuNCs emission at pH 7, 3 and 12, as shown 

in Figure 4.7. The structure of HEWL changes at both the pH of 3 and the pH of 12. 

The pH of 7 is chosen as a reference because HEWL maintains its natural structure. 
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Interestingly the TRES show both components increase in intensity and redshift as 

pH change from 3 to 7, despite the decrease in fluorescence lifetime for the longer-

lived fluorescence component. Previously, changes in the relative intensity of the 

two bands at different pH were observed (96). TRES of BSA-Au25NCs has shown two 

emission bands of 650 nm and 680 nm corresponding to τ1 = 2.40 𝜇𝑠 and 

τ2 = 1.17 𝜇𝑠 at pH 12, and emission bands at 620 nm and 640 nm with 

corresponding to lifetimes of τ1 = 4.46 𝜇𝑠 and τ2 = 1.94 𝜇𝑠  (96) at pH 3. 

Figure 4. 7 (B) shows that two components increases in intensity and redshift as 

the pH goes up from 7 to 12. The fluorescence intensity at pH 3 is lower compared 

to that at pH 7 and pH 12. This finding coincides with lifetime measurements of the 

Lyz-AuNCs, where lifetime at pH 3 is longer than that at pH 7 and pH12. It is possible 

that a decrease in the lifetime leads to an increase in the radiative rate, hence 

increasing the fluorescence intensity.   

4.4.2 Effect of HEWL Concentration on Lyz-AuNCs 

To test the sensitivity of Lyz-AuNCs fluorescence to native protein interactions, 3 

mg of HEWL was added to 3 ml of diluted 10% Lyz-AuNCs at different pH, as shown 

in Figure 4.8. 

It was found that the samples at pH range between 11 and 4 were not stable as 

precipitation observed as shown in Figure 4.8. Moreover, the structure of HEWL 

does not change as the pH level increases from 4 to 11. It has two transition points. 

One point is at an acidic pH level below 4 (162,163) and the second point is at an 

alkaline pH level above 11 (164). Both transition points cause the protein to unfold. 

Therefore, we conducted the experiment at pH 12.5 and 3 not only because 

samples are stable but also because HEWL changes its structures and aggregation 

states at these pH conditions. 
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Figure 4.8: HEWL dissolved in Lyz-AuNCs with final concentrations of 1 mg/ml and 0.47 mg/ml, 
respectively. (A) and (B) illustrate the sample after one hour and 24 hours of adding HEWL. pH of 
samples from 1 to 5 are pH 10, pH 9, pH 7, pH 2.5 and pH 3. 
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Figure 4.9: Lyz-AuNCs at different concentrations of HEWL from 0 to 35 mg/ml at pH 12.5 (A) and pH 
3 (B).  

Figure 4.9 (A) shows that the sample of Lyz-AuNCs after dissolve HEWL at pH 

12.5 did not change until the concentration of HEWL reaches 30 mg/ml (sample 

number 15). Figure 4.9 (B) shows that sample of Lyz-AuNCs after dissolving HEWL at 

pH 3 changes at the concentration of HEWL reach 10 mg/ml (sample number 12). As 

the concertation of HEWL increases the aggregation increases.    
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The surface charge on the Lyz-AuNCs and HEWL plays a significant role in 

stabilizing the sample and preventing aggregation. Sample with a high net negative 

(positive) charge on the surface presents large negative (positive) zeta potential and 

repulsive forces. These repulsive forces prevent the formation of aggregation (135). 

The sample is soluble when the zeta potential is higher (lower) than +30 mV (-30 

mV) (165).  

The zeta potential of both HEWL and Lyz-AuNCs was studied by Russel et al. 

(166). It was found that the zeta potential of HEWL and Lyz-AuNCs are around 30 

mV and 20 mV at pH 3. The isoelectric point of HEWL is 11.35 (98), and the 

isoelectric point of Lyz-AuNCs is 5.5 (67,155). When increasing the pH up to 11, the 

surface charge of HEWL becomes close to zero, and the surface charge of Lyz-AuNCs 

becomes approximately -60 mV (155). Therefore, the interactions between HEWL 

and Lyz-AuNCs are different at pH 3 and pH 12.5. At pH 12.5, no aggregation occurs 

at a concentration below 30 mg/ml due to the large repulsive force between HEWL 

and Lyz-AuNCs. At a pH 3, aggregation occurs at HEWL increases from 10 mg/ml, 

since the repulsive forces between HEWL and Lyz-AuNCs are weak. 

The fluorescence emission characteristics were monitored upon introducing 

increasing concentrations of HEWL to the solution. The Lyz-AuNCs were excited at 

470 nm, and small increments of HEWL were added; the results are shown in Figure 

4.10.  

A small and gradual increase in fluorescence emission was observed at pH 3. A 

red-shift in fluorescence emission wavelength was observed upon first adding 5 

mg/ml HEWL to solution from 673 nm to 678 nm. Further increases in HEWL 

concentration in solution yielded no clear further changes in fluorescence 

wavelength. No clear trend was evident for changes observed with the sample at 

pH 12.5. Clearly, fluorescence emission intensity characteristics were not as 

sensitive or as unambiguous a method of probing protein/protein interactions 

where precipitation due to the formation of large aggregates results in changes in 

particle concentration. Therefore, fluorescence emission lifetimes were studied 
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upon adding HEWL to Lyz-AuNCs to determine any sensitivity of Lyz-AuNCs to 

protein/protein interactions at both pH 3 and pH 12.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: Fluorescence emission maximum intensity of Lyz-AuNCs (A) and fluorescence emission 
maximum wavelength (B) at different pH (pH 3 indicated in black, pH 12.5 indicated in red) as a 
function of HEWL addition in solution. Measured at an excitation wavelength is 470 nm.  
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Figure 4.11: Fluorescence lifetime of Lyz-AuNCs as a function of HEWL concentration at an excitation 
wavelength of 470 nm. (A) and (B) represent long and short lifetimes at pH 3. (The error bars are 
3*S.dev ). 
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Table 4.2. Fluorescence lifetimes of AuNCs emission τ and amplitudes 𝛼 as a function of HEWL 
concentration at pH 3. Measured at an excitation wavelength of 482 nm. 

 

The lifetimes of Lyz-AuNCs as a function of HEWL concentration was measured at 

both pH levels of 12.5 and 3. At a pH level of 3, HEWL concentrations higher than 25 

mg/ml were avoided since large aggregations cause precipitation, leading to 

complications in lifetime measurement. Fluorescence lifetimes were estimated 

using three exponential models, as shown in Table 4.2 and Table 4.3. Figure 4.11 

and Figure 4.12 depict the two lifetime components of AuNCs emission as a 

function of HEWL concentration at pH 3 and pH 12.5. 

It was found that at pH 3 the longer fluorescence lifetime,τ1, linearly decreased 

from 2.13 μs to 1.88 μs between 0 and 25 mg/ml added. No changes in τ2 at pH 3 as 

lysozyme is added to the Lyz-AuNCs solution were detected within the 

measurement error, as shown in Figure 4.11, and table 4.2. At pH 12.5, both 

fluorescence lifetimes were observed to be unaffected by the addition of HEWL to 

the Lyz-AuNCs solution, as shown in Figure 4.12, and table 4.3.  Again, it is the long 

lifetime component which is sensitive to environmental changes at pH 3. The lack of 

sensitivity at pH 12.5 suggests that the interaction between Lyz-AuNCs and HEWL 

does not affect the micro-environment in which the AuNCs is located within the Lyz-

AuNCs complex. 

 

 

[HEWL] 
(mg/ml) 

τ1  (ns) 𝛼1  τ2  (ns) 𝛼2 τ3  (ns) 𝛼3  𝜒2  

0 2127 ± 7 0.71 677 ± 16 0.25 100 ± 3 0.04 1.04 

5 2099 ± 6 0.74 677 ± 17 0.23 101 ± 3 0.03 1.00 

10 2073 ± 8 0.62 649 ± 13 0.33 110 ± 3 0.05 1.07 

15 1965 ± 9 0.59 603 ± 16 0.35 110 ± 4 0.06 1.01 

20 1936 ± 9 0.52 632 ± 12 0.41 113 ± 3 0.07 1.12 

25 1878 ± 9 0.47 616 ± 12 0.45 114 ± 3 0.08 1.14 
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Figure 4.12: Fluorescence lifetime of Lyz-AuNCs as a function of HEWL concentration at an excitation 
wavelength of 470 nm. (A) and (B) represents long and short lifetimes at pH 12.5. (The error bars are 
3*S.dev). 
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Table 4.3. Fluorescence lifetimes of AuNCs emission τ and amplitudes 𝛼 as a function of HEWL 
concentration at pH 12.5. Measured at an excitation wavelength of 482 nm. 

 

Time-resolved fluorescence anisotropy of the Lyz-AuNCs at pH 3 and pH 12.5 in 

the presence and absence of HEWL was carried out to observe whether aggregation 

took place. Previous studies reported a loss of alpha helicity after the synthesis of 

encapsulated AuNCs in HEWL (161) and the formation of the dimmer (67). The 

hydrodynamic radii of the Lyz-AuNCs were found to be 3.73 ± 0.8 nm at pH 3 and 

3.84 ± 0.52 nm at pH 12.5; comparing well with previously reported values (155). An 

increase in the hydrodynamic radii to 6.49 ± 1.28 nm was observed upon adding 25 

mg/ml of HEWL to Lyz-AuNCs at pH 3. Interestingly, an increase in hydrodynamic 

radius to 5.86 ± 1.37 nm at pH 12.5 was also observed. The difference in 

hydrodynamic radii indicates that the Lyz-AuNCs and HEWL begin to form small 

initial aggregates of 2–4 protein molecules in size at pH 3 and pH 12.5 in different 

conformations. This perhaps is not too surprising since Lyz-AuNCs and HEW  have a 

similar positive zeta potential at pH 3 whereas in highly basic conditions HEWL has a 

weak negative zeta potential and Lyz-AuNCs have a very strong negative zeta 

potential (155). It has been previously shown by Burnett et al. that environmental 

conditions affect the aggregate morphologies of HEWL and as such supports the 

theory that the differences observed in fluorescence lifetimes for Lyz-AuNCs under 

different pH conditions may arise from different aggregation forms (132). It is 

possible that the reason for a decrease in τ1  at pH 3 is due to the binding of HEWL 

to Lyz-AuNCs near the AuNC nucleation sites and shielding of AuNC from the acidic 

environment, thus resulting in enhancement of the radiative rate. 

[HEWL] 
(mg/ml) 

τ1  (ns) 𝛼1  τ2  (ns) 𝛼2 τ3  (ns) 𝛼3 𝜒2  

0 2074 ± 10 0.68 802 ± 29 0.28 138 ± 5 0.04 1.08 

5 2122 ± 10 0.77 777 ± 36 0.20 118 ± 6 0.03 1.08 

10 2031 ± 10 0.69 812 ± 35 0.27 145 ± 6 0.04 1.03 

15 2036 ± 11 0.70 800 ± 38 0.26 136 ± 6 0.04 1.02 

20 2069 ± 11 0.70 789 ± 28 0.27 119 ± 5 0.03 1.03 

25 2041 ± 9 0.73 773 ± 31 0.24. 116 ± 5 0.03 1.02 
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To better understand the fluorescence mechanism when adding lysozyme to Lyz-

AuNCs at pH 3 and 12.5, the TRES of AuNCs was measured in the presence and 

absence of HEWL in solution, as shown in Figure 4.13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13: Time-resolved emission spectra of Lyz-AuNCs at an excitation wavelength of 482 nm in 
the presence and absence of HEWL in solution at pH 3 (A) and pH 12.5 (B). 
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From Figure 4.13 (A) at pH 3, we can see that the longer lifetime τ1 emission 

increases and redshifts, while the emission from τ2  remains unchanged; confirming 

that the smaller fluorescence increase and redshift seen previously in Figure 4.10. 

Figure 4.13 (B) shows that there is no obvious change in emission wavelength for 

both lifetime contributions while the longer lifetime τ1 emission increases 

consistent with Figure 4.10. 

It can be directly attributed to the changes in the fluorescence emission of τ1. 

Comparing this to the previous TRES measurements of Figure 4.7 (A), we can see 

that while the changes in the fluorescence emission spectra and fluorescence 

emission lifetimes are similar for increasing pH and adding HEWL to solution, the 

underlying mechanism for these observations is different. In the case of increasing 

pH, we observe a large intensity increase and redshift for both fluorescence 

components whereas upon adding HEWL to solution only τ1 undergoes a slight 

increase in intensity and redshift. Previously we have observed that the diameter of 

Lyz-AuNCs remains quite consistent at 8.0 nm across a pH range of 2–11 (with the 

exception of aggregates forming around the isoelectric point of Lyz-AuNCs at pH 4 

and 5)(155). Therefore, we can rule out the formation of aggregates as the reason 

for the observed fluorescence changes. It is more likely that the observed changes 

to both τ1 and τ2 are caused electrostatically since the Lyz-AuNCs complex has been 

observed to become more negatively charged at higher pH. However, in the case of 

adding HEWL to the Lyz-AuNCs solution, it is more plausible that the observed 

changes in fluorescence characteristics are due to the formation of small initial 

protoaggregates of 2–4 proteins in size. Previously Siddiqui et al. have shown the 

increase and redshift of intrinsic hemagloblin fluorescence upon macromolecular 

crowding and aggregation caused by bovine serum albumin (BSA) interaction (167). 

Initial aggregate formation alone, however, did not result in changes to the 

fluorescence characteristics of AuNCs at pH 12.5 when adding HEWL, only at pH 3, 

therefore the aggregation morphology must play an important role since the 

morphology at pH 3 and pH 12.5 can be expected to be different due to changes in 

protein surface charge and interaction of HEWL (167). Therefore, it seems likely that 
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the changes to τ1 only arise from a physical interaction of the AuNCs with the 

surrounding microenvironment due to initial aggregate induced conformational 

changes. 

4.5 Conclusions 

Here we have presented the environmental induced effects of Lyz-AuNCs 

fluorescence characteristics including fluorescence emission intensity, peak 

emission wavelength, fluorescence lifetime and time resolved emission. It was 

found that the fluorescence emission intensity and peak fluorescence wavelength of 

Lyz-AuNCs increases and red-shifts upon changing pH from acidic to basic conditions 

when exciting the AuNCs directly at 470 nm. The longer fluorescence lifetime 

component τ1 was also seen to decrease in highly basic conditions. We have also 

reported the interaction between Lyz-AuNCs and varying concentrations of HEWL at 

different pH. Clear changes to the fluorescence characteristics of Lyz-AuNCs were 

observed at pH 3, as the concentration of HEWL increases the fluorescence 

emission intensity increase with a small redshift in peak wavelength and a decrease 

in the long lifetime τ1. Conversely, no clear trend was observed at pH 12.5 for Lyz-

AuNCs fluorescence. This is thought to be due to differences in the small aggregate 

morphology at pH 3 and pH 12.5 as Lyz-AuNC-native lysozyme proto-aggregates 

begin to form. Further studies are needed to determine the exact nature of Lyz-

AuNCs-native lysozyme proto-aggregate formations; however, these initial results 

show the sensitivity of Lyz-AuNCs to environmental changes and early aggregation, 

which may be utilized in the future as a means of studying and modelling lysozyme 

aggregation. 
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Chapter 5: Lyz-AuNCs for Studying Lysozyme 

Unfolding 

5.1 Abstract 

The unfolding of proteins leads to a variety of diseases due to aggregation or loss 

of protein function. Monitoring the fluorescence properties of Lyz-AuNCs in such 

cases is highly valuable because the quantity of published research on this topic is 

low. The most common method for unfolding proteins is to use urea, sodium 

dodecyl sulphate (SDS), and a denaturation temperature of 65 °C for hen egg-white 

lysozyme (HEWL). The fluorescence properties of Lyz-AuNCs were studied in the 

presence of urea, SDS, and at 65 °C using steady-state and time-resolved 

fluorescence spectroscopies. The absorption and structure of Lyz-AuNCs were 

studied using UV-Vis and CD measurements. It was found that as the concentration 

of urea and SDS increased, the fluorescence intensity of Lyz-AuNCs decreases at an 

excitation wavelength of 470 nm. At an excitation wavelength of 295 nm, the 

fluorescence intensity fluctuated in the presence of urea and significantly decreased 

as the concentration of SDS increased up to 1 mM. The CD measurements showed 

that the ellipticity reduced without changing the wavelength in the presence of 

urea, while in the presence of SDS, the signal increased, indicating a variation in Lyz-

AuNCs structure. This change affects the FRET mechanism at an excitation 

wavelength of 295 nm, leading to a decrease in the fluorescence intensity of AuNCs. 

Long-time incubation of Lyz-AuNCs at 65 °C leads to a continued decrease in the 

fluorescence intensity of AuNCs, possible due to the formation of amyloid. In 

addition, fluorescence lifetime measurements confirmed quenching to be collisional 

via oxygen dissolved in a solution which increases as the AuNC was exposed to the 

solvent during unfolding. Moreover, the longer decay component 𝜏1 was observed 

to decrease as the protein unfolded, due to the increased collisional quenching. It is 

suggested that AuNC sensitivity to solvent exposure might be utilised in the future 
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(A) 

(B) 

as a new approach to studying and possibly even detecting amyloidosis type 

diseases. 

5.2 Introduction 

The function of a protein is dependent on its three-dimensional structure. Any 

change in the protein structure can lead to many diseases due to changes in the 

function of cells (see 1.2 Protein Denaturation in Chapter 1). The structure of 

lysozyme can be changed by altering the surrounding environment, including the 

pH, higher protein concentration (see 4.2 Introduction in Chapter 4), altering the 

concentration of urea, SDS or expose to elevated temperature as will be discussed 

below. 

Urea consists of two amide groups bound to a carbonyl functional group, as 

shown in Figure 5.1 (A) (168). Urea is used to induce protein unfolding (121,169). It 

has been found that urea interacts with proteins through two methods. One 

method is known as direct interaction where urea binds to a protein via non-polar 

interactions or attractive (repulsive) interactions. The second method is known as 

indirect interactions, where urea interacts with water near the protein, reducing the 

hydrophobic structure of the protein and allowing the water to penetrate to the 

protein centre (170). 

 

 

 

 

 

Figure 5.1. (A) urea structure, (B) sodium dodecyl sulphate (SDS) structure 

The effect of urea on HEWL has been studied using several methods. In 

particular, Raman spectroscopy can be used to study the amide I band region and 
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monitor changes in the α-helix, β-sheets, and random structures (i.e. change in the 

secondary structure). It has been found that in the presence of urea, there is no 

major change in the secondary structure. Low-frequency Raman spectroscopy can 

also be used to show changes in hydrogen bonding in the sample. When urea bind 

to the water near the protein leads to reduce the intensity of low-frequency Raman 

spectroscopy. This result shows that urea is indirect interact with protein and cause 

this protein unfolding. Studying the change in HEWL activity provides an indication 

of the change in the structure of HEWL. It has been found that HEWL activity 

decreases by about 15% in the presence of 8 M of urea (171). Most previous studies 

have focused on the unfolding of HEWL at 8 M urea concentration because urea is 

not as strong a denaturing agent as guanidine hydrochloride GuHCl (171). Urea at a 

concentration of 7.4 M is sufficient to denature 50% of HEWL (172). The minimum 

required urea concentration to change the conformation of HEWL is 8 M (173). 

The second condition is sodium dodecyl sulphate (SDS). SDS is a negatively 

charged surfactant molecule containing 12 carbon atoms as a non-polar 

hydrophobic tail bound to a sulphate group as a polar head (Figure 5.1 (B)). SDS has 

been used for studying HEWL aggregation (21), unfolding (22), and the formation of 

amyloid (174). The SDS interacts with proteins through attraction interactions and 

hydrophobic interactions. Proteins have a positive charge when the pH is below 

their isoelectric point (pI). In order to induce aggregation, it is important to increase 

the attraction force and hydrophobic attraction by using SDS and protein at a pH 

two units below their pI. It has been shown that SDS induces aggregation and 

formation of amyloid for 25 proteins in different classes at a pH two units below the 

pI. In contrast, at a pH two units above the pI, no aggregation was observed due to 

the negative charge on the surface of protein increasing the repulsion force and 

preventing aggregation (120,174). The formation of the amyloid occurs when the 

secondary structure shows a higher content of β-sheet and a lower content of the 

α-helices. In the presence of SDS, there is an increase in β-sheet content that 

indicates the formation of amyloid fibrils (174). 
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The third condition is temperature. The temperature can change the structure of 

a protein by affecting the hydrophobic interactions and the formation of hydrogen 

bonds. The structure of a native protein is stable by a variety of interactions. Among 

these interactions, hydrophobic interaction is significantly important for stabilizing 

the protein folds. The strength of these interactions is highly dependent on 

temperature and can be weak at low temperatures (cold denaturation) or high 

temperatures such as 65℃ (175). Hydrogen bonds are also affected by 

temperature; it has been found that the length of the hydrogen bond increases with 

increasing temperature (176). Changing the hydrophobic interactions and hydrogen 

bond leads to changes in the secondary structure of a protein. For example, the 

effect of temperature on the secondary structure of HEWL has been the focus of 

many studies. At higher concentrations of HEWL (200 mg/ml), using a Fourier-

transform infrared (FTIR) measurement shows a decrease in the α-helix and β-sheet 

intensity at higher temperatures, indicating the unfolding of HEWL (177). At pH 1.6 

and at low concentrations of HEWL, the change in the secondary structure of HEWL 

as the temperature increases from 35 to 55 °C is a decrease in the α-helix structure 

and an increase in β-sheet structure. Furthermore, increasing the temperature from 

55 to 90 °C produces a slight change in the secondary structure, indicating that 

unfolding is completed at 55 °C (134). As the temperature is increased towards the 

denaturation temperature (i.e., 65 °C) HEWL aggregates due to a decrease in the 

intermolecular repulsive forces accompanied by a change in the secondary 

structure, in particular, a decrease in α-helix structure and increase in β-sheet 

structure (134). It has been found that the higher temperature induces the 

formation of amyloid at acid pH (133,139).  

The Thioflavin T (ThT) is a cationic benzothiazole dye which has been used to 

detect amyloid fibrils. The fluorescence intensity of ThT in aqueous solution is low 

due to an increase in the non-radiative rate while the fluorescence intensity of ThT 

enhances in the presence of amyloid fibrils (178,179). Several models have been 

proposed to explain the increase in ThT fluorescence intensity in the presence of 

amyloid fibrils such as  ThT forms micelles (180) or dimers (181). The long axis of 
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ThT monomer bind into the long axis of amyloid fibrils (182). The binding of ThT to 

amyloid fibrils proposal has been proven by experimental and theoretical works 

(183,184). 

Several researchers have studied the effect of the temperature of the 

fluorescence properties of AuNCs. This research showed a decrease in the intensity 

and a redshift in the peak emission wavelength of the BSA-Au25NCs with increasing 

temperature from 77 to 300 K (142). The decrease in fluorescence intensity is due 

to thermally activated defect/surface trapping. Redshift in the peak emission 

wavelength due to an increase in electron−phonon and electron−defect/surface 

scattering interaction (142). The fluorescence lifetime of BSA-Au25NCs decreases 

from 4.85 to 1.55 µs, with increasing temperature from 77 to 300 K (150). Other 

research found that increasing the temperature from 20 to 80 °C, the fluorescence 

intensity and the lifetime of AuNCs decreases (185). Increasing the temperature 

from 22 to 55 °C resulted in a decrease in the fluorescence intensity of AuNCs, but 

for three types of proteins (BSA, HEWL, and trypsin) the fluorescence intensity of 

the AuNCs was recovered by decreasing the temperature from 55 to 22 °C. In 

addition, a redshift is observed in the peak emission of Lyz-AuNCs around 20 nm 

(67). A redshift was observed in previous research (67,185) that is believed due to 

electron-phonon interaction and surface scattering (142).  

Nevertheless, exploring the fluorescence properties of Lyz-AuNCs in the presence 

of urea and SDS, and the effect of long time incubation at 65 °C has not been 

reported. This motivates us to explore the fluorescence properties of Lyz-AuNCs 

under these conditions. It is vital to understand the effect of unfolding protein on 

the fluorescence properties of AuNCs. Since the unfolding of the protein leads to 

many diseases due to changes to the function and aggregation, it is important to 

determine the change in Lyz-AuNCs structure before using them in biological 

applications, such as an antibiotic, since HEWL can act as an antibiotics agents 

against bacteria (111) and AuNCs also have Antibiotics properties (145).  It is also an 

important industrial product since HEWL has other applications in preserving food 
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(110). In this chapter, the effect of chemical denaturants (urea), chemical surfactant 

(SDS), and an elevated temperature at 65 °C on the fluorescence properties of Lyz-

AuNCs are studied. This study shows that fluorescence properties of AuNC can be 

used as an indicator for protein unfolding.   

5.3 Experimental 

5.3.1 Sample Preparation 

The Lysozyme from chicken egg-white (L-6876; > 99.0%), gold (III) Chloride 

trihydrate (> 49.0%), phosphate buffered saline and sodium hydroxide (NaOH) 

solution (1.0 M), urea (> 99.0%), sodium dodecyl sulphate (SDS) (> 99.0%), 

Thioflavin T (ThT) were purchased from Sigma-Aldrich. 

To study the effect of urea and SDS on the Lyz-AuNCs, Lyz-AuNCs was 

synthesized using a similar method to that described in Chapter 4 (see 4.3.1: Sample 

Preparation). A stock solution of urea was freshly prepared by dissolving 7.3 grams 

of urea crystals in 13.50 mL of water at room temperature yielding Urea (8.5 M, 

13.50 mL) and then diluting and mixing with Lyz-AuNCs to yield a final concentration 

of Lyz-AuNCs of 33 μM. The urea concentration was changed from 0 to 8 M. To 

prepare stock SDS solution, 92.63 mg of SDS powder was dissolved in 1.07 ml of 

water; the final concentration was 0.3 M. This was then mixed with Lyz-AuNCs to 

yield a final concentration of Lyz-AuNCs 33 μM, and the concentration of SDS was 

changed from 0 to 9 mM. More detail is added in the appendix see (3. Preparing 

Mixture of The urea and Lyz-AuNCs and 4. Preparing Mixture of the SDS and Lyz-

AuNCs) 

To study the effect of persistent heating at 65 °C, the Lyz-AuNCs was diluted to a 

concentration of 33 μM and measured at room temperature and 65 °C for 16 h. The 

measurement was done automatically by setting the software of the fluorolog 3 

spectrofluorometer to measure every 30 mins for 16 h. A stock solution of ThT was 

mixed with Lyz-AuNCs to yield a final concentration of ThT of 66 μM and 33 μM of 
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Lyz-AuNCs. The fluorescence of ThT was studied in the HEWL and Lyz-AuNCs 

measured for 10 h. 

5.3.2 Spectroscopic Measurements. 

All UV-Vis measurements were performed using PerkinElmer UV/VIS 

spectrometer Lambda 25. The UV/VIS range of the electromagnetic spectrum 

covers the range 250–800 nm with a scan speed of 480 nm/minute. The data were 

analysed using the spectrograph version 1.2.7. 

All fluorescence emission of Lyz-AuNCs was measured using Fluorolog-3 

spectrometer (Horiba, UK). The experimental setup is as follows: using an excitation 

wavelength of 295 nm with a slit width of 6 nm, emission wavelengths were 

measured from 300 to 850 nm with 6 nm increments; using excitation wavelengths 

of 440 and 470 nm with a slit width of 6 nm, emission wavelengths were measured 

from 450 to 850 nm with slit widths at 6 nm. Data were analysed with Origin Pro 

software version 9.6.5169. For studying the effect of temperature on the Lyz-

AuNCs, the Fluorolog-3 spectrometer was equipped with a temperature controller 

model lfi 3751. 

Time-resolved fluorescence spectrometry with the time-correlated single-photon 

counting (TCSPC) technique in a Horiba Jobin Yvon IBH was used to measure the 

fluorescence lifetimes, emission spectra, and anisotropy decay of Lyz-AuNCs. The 

instrument contains the delta flex hybrid (Horiba Scientific), motorised polarisers, 

and a Horiba TBX-580c photon-detection module. The excitation source was a 

pulsed Delta Diodes of 482 nm having a temporal width of 50 ps (full width at half 

maximum) and a repetition rate of 100 MHz and operating with a delay of 10 ns and 

a coaxial delay of 95 ns. The excitation polariser was kept at angle 0° emission 

polariser at a magic angle of 55° to avoid anisotropy effects during the lifetime 

measurement. The decay curve was accumulated for 10,000 counts, and the tag 

range was 13 𝜇𝑠. Data were analysed with Horiba Scientific DAS6 version 6.8.16 

software.   
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5.4 Results and Discussion 

5.4.1 Effect of Urea on Lyz-AuNCs  

The effect of urea on Lyz-AuNCs structure was studied by varying the 

concertation of urea from 0 M to 8 M and measuring the optical properties of Lyz-

AuNCs. The first optical property is the absorbance of Lyz-AuNCs, as shown in Figure 

5.2. 

 

 

 

 

 

 

 

Figure 5.2. Absorption spectra of Lyz-AuNCs as a function of urea concentration at pH 7.4. 

The peak at 280 nm is due to the presence of amino acids (i.e. Tyrosine (Tyr), 

Tryptophan (Trp), and Phenylalanine (Phe)). There is no change in absorbance with 

increasing urea concentration. In addition, there is no change in the colour of the 

sample and no increase in the absorbance at wavelength 350 nm, which indicates 

that there is no aggregation. 

To understand the photophysics of lysozyme unfolding via AuNC fluorescence, 

we increased the concentration of urea in a solution of Lyz-AuNCs in steps of 1 M 

and measured the changes in the Lyz-AuNCs emission spectrum when exciting at 

295 nm and 470 nm, as shown in Figures 5.3 (A) and 5.3 (B), respectively.   
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Figure 5.3. Fluorescence emission spectra of Lyz-AuNCs with increasing concentration of urea added 

to the solution at pH 7.4, (A) an excitation 295 nm and (B) an excitation 470 nm. 

From Figures 5.3 (A) we can see two peaks; the first peak centred at ~350  nm 

corresponds to the emission from Trp, and a second larger fluorescence peak 

centred at ~700 nm originates from the AuNCs. To better understand the protein 

tertiary structure with increasing concentration of urea, we observed the Trp peak 

fluorescence emission intensity and wavelength as a function of urea concentration, 

as shown in Figures 5.4. 

 

(A) 

300 350 400 450 500 550 600 650 700 750 800 850 900

0E+06

1E+06

2E+06

3E+06

4E+06

5E+06

F
lu

o
re

s
c
e
n
c
e
 i
n
te

n
s
it
y
 (

a
.u

.)

Wavelength (nm)

 0 M urea

 1 M urea

 2 M urea

 3 M urea

 4 M urea

 5 M urea

 6 M urea

 7 M urea

 8 M urea

500 550 600 650 700 750 800 850 900

0E+06

2E+06

4E+06

6E+06

8E+06

10E+06

F
lu

o
re

s
c
e
n
c
e
 i
n
te

n
s
it
y
 (

a
.u

.)

Wavelength (nm)

 0 M urea

 1 M urea

 2 M urea

 3 M urea

 4 M urea

 5 M urea

 6 M urea

 7 M urea

 8 M urea

(B) 



101 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. (A) Peak emission intensity and (B) peak emission wavelength of Trp in Lyz-AuNCs as a 
function of urea concentration. 

To better understand the change in the fluorescence intensity and wavelength of 

Trp, it is important to locate the Trp in HEWL to understand the unfolding dynamics 

and hence the fluorescence properties of AuNCs. HEWL has four Trps (Trp 62, Trp 

63, Trp 108, and Trp 111) that are surrounded by solvent and located in the helix-

loop-helix domain. Trp 28 is located in helixes 25 to 28, and Trp 123 is located in 120 

to 125 residues, which are both buried in the hydrophobic side (22).  The emission 

maximum can be seen to increase consistently (apart from a small dip at 6 M) as a 

0 2 4 6 8

348

349

350

351

352

P
e

a
k
 E

m
is

s
io

n
 W

a
v
e

le
n

g
th

 (
n
m

)

Concentration of Urea (M)

(B) 

0 2 4 6 8

0.8E+07

1.0E+07

1.2E+07

1.4E+07

1.6E+07

1.8E+07

F
lu

o
re

s
c
e
n

c
e
 i
n

te
n

s
it
y
 (

a
.u

.)

Concentration of Urea (M)

(A) 



102 
 

function of urea concentration as well as a redshift of 4 nm in the peak emission 

wavelength from 0–4 M of urea and no further changes in the concentration range 

of 4–8 M of urea, suggesting that Trp is already water exposed during the partial 

unfolding at concentrations between 0 and 4 M. This agrees with Kurtin et al., 

suggesting reduced quenching from neighbouring residues for the increase in 

fluorescence intensity and Trp becoming exposed to the polar water environment 

of the solution for the redshift in the peak emission wavelength (186). 

To illustrate the changes in fluorescence emission of AuNCs during lysozyme 

unfolding, the peak emission intensity and wavelengths of AuNCs fluorescence as a 

function of urea concentration in solution when excited at 295 and 470 nm were 

noted as shown in Figures 5.5 and 5.6, respectively.  From Figures 5.5, it can be seen 

that the fluorescence emission intensity of AuNCs fluctuates when excited at 290 

nm but decreases linearly when excited at 470 nm as a function of urea 

concentration in solution. 

The decrease in emission intensity observed as the protein unfolds when excited 

at 470 nm is most likely due to increased collisional quenching of the AuNCs as it 

becomes more exposed to the surrounding solvent (96). The minimal change in 

emission intensity, when excited at 295 nm, implies that while increasing collisional 

quenching and decreasing the FRET efficiency as a result of a possible increase in 

the separation between Trp and the AuNCs as the lysozyme unfold results in a 

decrease in emission, another effect modifies the emission of AuNCs. 
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Figure 5.5. Fluorescence emission maximum intensity of AuNCs emission from Lyz-AuNCs, as a 
function of increasing urea concentration in solution; (A) an excitation wavelength 295 nm and (B) an 
excitation wavelength 470 nm. 

Figure 5.6 shows that the AuNCs maximum emission wavelength redshifts as the 

urea concentration increases. The redshift of AuNCs emission and decrease in 

intensity were also reported in solvent-exposed AuNCs encapsulated in different 

proteins than lysozyme (185). However, an apparent difference in the redshift 

across the urea concentration range was observed when excited at 295 nm and 470 

nm, 16 nm vs. 4 nm, suggesting that different excitation routes lead to different 
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inter-system crossing pathways. In addition to conformational effects, the changes 

in AuNCs characteristics may also arise due to the interactions between urea and 

cysteine residues. Previously, it has been shown that urea preferentially binds to 

cysteine residues (30, 80 and 94) leading to changes in the structure at the 

disulphide bonds present in lysozyme (170,172). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Fluorescence emission maximum wavelength of AuNCs emission from Lyz-AuNCs, as a 
function of increasing urea concentration in solution; (A) excitation wavelength 295 nm and (B) 
excitation wavelength 470 nm. 

 

0 2 4 6 8

690

695

700

705

710
P

e
a
k
 E

m
is

s
io

n
 W

a
v
e
le

n
g
th

 (
n
m

)

Concentration of Urea (M)

(A) 

0 2 4 6 8

690

691

692

693

694

695

696

P
e

a
k
 E

m
is

s
io

n
 W

a
v
e

le
n

g
th

 (
n
m

)

Concentration of Urea (M)

(B) 



105 
 

It is well known that sulphur–gold bonds are present within all protein 

encapsulated AuNCs, measured via X-ray photoelectron spectroscopy (XPS), acting 

as a critical stabilizing agent which is needed to form clusters within the protein 

(67,142,187). Therefore, it is reasonable to assume that urea may modify the 

binding of the AuNCs to the protein, altering the fluorescence characteristics in the 

process. Further study is needed to disclose the mechanism. 

To further explore the characteristics of AuNCs emission during protein 

unfolding, the fluorescence lifetimes of AuNCs as a function of urea concentration 

were measured. Fluorescence lifetimes were measured using a 482 nm pulsed light 

source over a measurable time of 13 𝜇𝑠. The resulting fluorescence decay curves 

were analysed using a 3-exponential model. The results of the analysis are shown in 

Table 5.1. The three exponential models is shown to be a good fit to the 

fluorescence decay curve using the least-squares method of goodness of fit analysis 

with a 𝜒2 value between 1.00 and 1.13 for all the data. 

Table 5.1 Fluorescence lifetimes of AuNCs emission τ with amplitudes 𝛼 with different 
concentrations of urea added. Measured at an excitation wavelength of 482 nm. 

[urea] 
(M) 

τ1  (ns) 𝛼1  τ2  (ns) 𝛼2 τ3  (ns) 𝛼3 𝜒2  

0 2264 ± 6 0.71 795 ± 17 0.25 121 ± 3 0.04 1.09 

1 2136 ± 5 0.73 728 ± 15 0.24 109 ± 3 0.03 1.05 

2 2091 ± 5 0.73 706 ± 17 0.23 102 ± 3 0.04 1.12 

3 2168 ± 6 0.71 760 ± 17 0.25 119 ± 3 0.04 1.08 

4 2045 ± 6 0.73 717 ± 19 0.23 110 ± 3 0.04 1.09 

5 2016 ± 5 0.73 697 ± 16 0.24 97 ± 3 0.03 1.11 

6 2014 ± 6 0.72 720 ± 17 0.25 106 ± 3 0.03 1.10 

7 1975 ± 5 0.73 679 ± 15 0.24 92 ± 3 0.03 1.13 

8 1922 ± 8 0.75 617 ± 26 0.22 89 ± 5 0.03 1.08 

 

The two major lifetime components of ~2000 ns and ~700 ns compare well 

with the previously reported lifetime values for protein encapsulated AuNCs 

(96,188,189). The shorter lifetime component is probably the result of scattered 

light from the sample. 
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 From Table 1, we can see a clear decrease in the longer lifetime value τ1  of 

2264 ± 6  ns at 0 M of urea to 1922 ± 8 ns at 8 M of urea, whereas the decrease in 

the second shorter lifetime τ2 is much smaller. This decrease in lifetime for τ1  

suggests that as the protein unfolds, the AuNCs undergoes increased collisional 

quenching due to increased solvent exposure. To show the effect of added urea in 

solution with Lyz-AuNCs on the encapsulating protein’s structure, CD spectroscopy 

was carried out on Lyz-AuNCs with increasing urea concentration, as shown in 

Figure 5.7. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. CD spectra of: (A) lysozyme (green) and Lyz-AuNCs (blue). (B) Lyz-AuNCs with increasing 
urea concentration obtained from (161). All CD spectra were recorded in PBS buffer solution at pH 
7.4. (Courtesy of Dr. Barbara Jachimska of Jerzy Haber Institute of Catalysis and Surface Chemistry, 
Polish Academy of Sciences). 

 

The CD spectroscopy has been used to study the secondary structure of many 

proteins. The far-UV CD spectra provides information on the secondary structure of 

many proteins because the electron transition 𝑛 − 𝜋∗  results in a signal between 
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215–230 nm, the α-helix structure shows the negative bands at 222 nm, and the β-

sheet shows negative bands at 216–218 nm (190). HEWL contains two domains: α 

domain in the range of residues 1–36 and residues 87–129 and β sheet in the range 

of residues 37–86. The far-UV CD spectra show two negative peaks at 222 nm and 

208 nm in water at pH 7 (164). 

Figure 5.7 (A) shows the CD spectra of HEWL and Lyz-AuNCs. The signal at 

wavelength 208 nm decreased and shifted to a shorter wavelength at 204 nm after 

the synthesis of AuNCs, indicating a reduction of the α-helix content. The effect of 

the synthesis of AuNCs on the structure has been studied in a variety of proteins. 

For example, it has been found that native lactoferrin (NLf) has two negative bands 

at 208 and 222 nm due to the α-helix content. After the synthesis of AuNCs the 

band at 208 nm shifts to 202 nm, indicating a decrease in the α-helix that was 

accompanied by an increase in the β-sheet and random coil structures (94). Russel 

et al. found a decrease in HEWL at the band at 208 nm after the synthesis of AuNCs 

due to a decrease in the α-helix content (166). The change in the structure of HEWL 

was due to the breaking of the disulphide bonds between Cys and the binding of 

Cys to Au. As a result of this binding, the α-helix content decreases (80). 

Upon increasing the urea concentration in solution with Lyz-AuNCs, we observe 

that the spectral trough position does not change but decreases slightly in 

magnitude, as seen in Figure 5.7 (B). This small decrease in magnitude is attributed 

to urea having a small effect on the Lyz-AuNCs conformation, resulting in further 

loss of the native structure. From this study, we can ascertain that the AuNCs 

fluorescence of Lyz-AuNCs is sensitive to the partial conformational changes 

induced using urea despite the impact of urea on the structure of Lyz-AuNCs being 

small. The urea binding may be partially responsible for changes in the AuNCs 

emission, especially in the case of 295 nm excitation wavelength due to 

conformational changes increasing the separation between Trp and AuNCs resulting 

in a decrease in the FRET efficiency between the two fluorophores. 
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5.4.2 Effect of SDS on Lyz-AuNCs 

The influence of SDS induced lysozyme unfolding on the fluorescence 

characteristics of AuNCs was also studied in a similar fashion to urea. SDS was 

added to a solution of Lyz-AuNCs at concentrations between 0 and 9 mM and the 

optical properties of Lyz-AuNCs. The first optical property is the absorbance of Lyz-

AuNCs (Figure 5.8). 

 

 

 

 

 

 

 

 

Figure 5.8. Absorption spectra of Lyz-AuNCs as a function of SDS concentration at pH 7.4. 

The peak at 280 nm is due to the presence of amino acid Tyr, Trp, and Phe. There 

is no major change in absorbance with increasing the concentration of SDS. 

Moreover, there is no change in the colour of the sample and no increase in the 

absorbance at wavelength 350 nm, which indicates that there is no aggregation. 

The fluorescence spectra of Lyz-AuNCs with different concentrations of SDS 

added were measured at both 295 nm and 470 nm excitation wavelength, as shown 

in (Fig. 5.9A, B). 
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Figure 5.9. Fluorescence emission spectra of Lyz-AuNCs with increasing concentration of SDS added 
to the solution, (A) an excitation wavelength 295 nm and (B) an excitation wavelength 470 nm. 

From Figures 5.9 (A) we again see the characteristic 2 peak fluorescence 

emission spectra of Lyz-AuNCs when excited at 295 nm, with the first peak 

originating from Trp and the second from AuNCs. Figures 5.9 (B) shows the 

fluorescence emission spectra of Lyz-AuNCs when the AuNCs are directly excited at 

470 nm. Interestingly, in both spectra, the peak maximum wavelength of AuNCs 

does not shift upon adding SDS; however, a small blue shift of 2 nm was observed 

for the peak emission wavelength of Trp. This 2 nm blue shift agrees well with Sun 

et al. who also observed a 2 nm blue shift for Trp emission when lysozyme and SDS 
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were in solution with the same ratio of SDS to lysozyme (22). At this SDS/lysozyme 

ratio, the same group reported a decrease in the α-helix content of the protein. This 

suggests that SDS does cause a change in the protein conformation at these 

concentrations but does not alter the binding of AuNCs to protein as urea does and 

that surface Trp becomes buried within the hydrophobic structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. (A) The peak emission intensity and (B) The peak emission wavelength of Trp in Lyz-
AuNCs as a function of the concentration of SDS. 

To better display the effect of SDS on the fluorescence intensity of Trp and 

AuNCs, the maximum fluorescence intensities of both were plotted as a function of 
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SDS concentration, as shown in Figure 5.10 and Figure 5.11. From Figure 5.10., we 

can see that the maximum fluorescence intensity of native Trp initially increases 

before levelling off as a function of SDS concentration. Between 0 and 3 mM of SDS 

concentration in solution, the fluorescence maximum of native Trp fluorescence 

rises linearly with SDS concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. Fluorescence emission maximum intensity of AuNCs emission from Lyz-AuNCs, as a 
function of increasing SDS concentration in solution; (A) an excitation wavelength 295 nm and (B) an 
excitation wavelength 470 nm. 
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This rise could be due to the fact that Trp is less exposed to water resulting from 

the protein conformational change introduced by SDS binding to lysozyme (191). It 

is also possible that this increase arises from a reduced energy transfer due to an 

increase in Trp/AuNCs separation. From Figure 5.11, we can see that the AuNCs 

fluorescence emission maximum has a rapid linear decrease between 0 and 1 mM 

of SDS in solution and then a slower linear decrease between 1 and 9 mM of SDS in 

solution when exciting at both 295 nm and 470 nm. 

The same initially fast decrease for both excitations wavelength indicate that the 

decrease is not governed by a decrease in FRET efficiency due to increased 

Trp/AuNCs separation. However, the magnitude of the fluorescence maximum 

intensity decrease is slightly larger when excited at 295 nm compared with 470 nm 

indicating the contribution from a reduced FRET. Due to the rapid decrease, it is 

most likely that the protein undergoes major unfolding at the location of the AuNCs 

between concentrations of 0–1 mM SDS, resulting in increased collisional quenching 

of the AuNCs in solution. Further increase in SDS does not cause a significant 

decrease in the AuNCs emission intensity maximum, suggesting no major alteration 

in the local environment around the AuNCs. 

In order to determine that the change in AuNCs emission is due to collisional 

quenching as lysozyme unfolds rather than the interaction with SDS, we studied the 

fluorescence lifetimes of Lyz-AuNCs, focussing on directly exciting the AuNCs at 

different concentrations of SDS in solution. The results of this experiment are 

shown in Table 5. 2.  As in previous studies with urea, we use a 3 exponential 

function to fit the measured fluorescence decay curves, with a 𝜒2 value between 

1.05 and 1.15, indicating that the data description is of good quality. Again, we find 

that only the longer decay time,τ1, is sensitive to the increasing SDS concentration 

in solution, with τ2 fluctuating but remaining within error and τ3, the scattering 

proportion of the fitted decay curve.  
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Table 5. 2.  Fluorescence lifetimes of AuNCs τ  with amplitudes 𝛼  with different concentrations of 
SDS added. Measured at an excitation wavelength of 482 nm. 

[SDS] 
(mM) 

τ1  (ns) 𝛼1 τ2  (ns) 𝛼2 τ3  (ns) 𝛼3 𝜒2  

0 2159 ± 8 0.70 825 ± 28 0.26 160 ± 5 0.04 1.05 

1 2049 ± 8 0.70 755 ± 22 0.27 125 ± 5 0.03 1.10 

2 2057 ± 10 0.68 824 ± 31 0.28 146 ± 5 0.04 1.14 

3 2037 ± 9 0.68 802 ± 34 0.28 148 ± 5 0.04 1.11 

4 2015 ± 9 0.68 758 ± 26 0.28 127 ± 5 0.04 1.15 

5 1979 ± 9 0.68 757 ± 31 0.28 140 ± 5 0.04 1.14 

6 1962 ± 8 0.70 723 ± 23 0.27 108 ± 4 0.03 1.14 

7 1973 ± 7 0.72 714 ± 23 0.25 114 ± 5 0.03 1.09 

8 2078 ± 10 0.66 821 ± 32 0.30 147 ± 5 0.04 1.13 

9 1909 ± 8 0.68 742 ± 18 0.28 143 ± 10 0.04 1.14 

 

The long fluorescence lifetime was seen to decrease by ~100 ns between 

concentrations of 0 and 1 mM SDS in solution and then only a further decrease by 

150 ns between concentrations of 1 and 9 mM, indicating that collisional quenching 

takes place and that the biggest local environmental change due to unfolding 

happens within the 0–1 mM SDS concentration range, agreeing well with the 

fluorescence emission spectra data as shown in Figure 5.10. Due to the lack of 

redshift in the fluorescence peak emission wavelength for AuNCs excited at both 

295 nm and 470 nm, the changes in the fluorescence emission maximum and 

fluorescence decay time can be attributed to the effect of solvent exposure and 

increased collisional quenching as a result.  
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Figure 5.12. CD spectra of Lyz-AuNCs with increasing SDS in solution obtained from (161). The Lyz-
AuNCs spectrum is shown in green, while Lyz-AuNCs with SDS added spectra are shown in blue. All 
measurements were taken in PBS buffer at pH 7.4. (Courtesy of Dr. Barbara Jachimska of Jerzy Haber 
Institute of Catalysis and Surface Chemistry, Polish Academy of Sciences). 

To show the effect of added SDS in solution with Lyz-AuNCs on the encapsulating 

protein’s structure, CD spectroscopy was carried out on Lyz-AuNCs with increasing 

SDS concentration, as shown in Figure 5.12. From Figure 5.12, we can see that 

initially upon adding 2 mM of SDS to Lyz-AuNCs in solution, an increase in the α-

helix content is observed, and upon further increasing the SDS concentration, no 

clear further changes are observed in the Lyz-AuNCs structure. The initial increase in 

the disordered structure feature seen as a trough at 203 nm further lends weight to 

the idea that the dramatic initial decrease in AuNCs fluorescence observed results 

from a major unfolding of the encapsulating protein. 

5.4.3 Effect of Elevated Temperature on Lyz-AuNCs  

In order to remove any effects caused by interactions between the protein and 

denaturants, temperature-based experiments were carried out to better 

understand the response of AuNCs fluorescence to the unfolding and exposure of 

AuNCs to the solvent. To this end, samples of Lyz-AuNCs were heated and stabilised 

at 65 °C and the fluorescence emissions of Trp and AuNCs were monitored over a 
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period of 16 hours, exciting at 295 nm and 470 nm. This temperature was selected 

as Venkataramani et al. previously showed that lysozyme begins to lose its tertiary 

structure at this temperature (177). The fluorescence emission maximum of Trp as a 

function of time spent at 65 °C is shown in Figure 5.13. Interestingly, Trp emission 

decreases in two steps, similar to the AuNCs emission decreases, as seen in Figure 

5.11. The fast decrease in Trp emission in the first hour of heating indicates that the 

protein undergoes a major unfolding event resulting in Trp becoming solvent 

exposed and undergoes increased collisional quenching. The peak emission 

wavelength was also red shifted during this time by 4 nm and then remained 

unchanged for the duration of the experiment. From 1–16 hours, the fluorescence 

maximum emission intensity continues to decrease linearly but at a slow rate, 

indicating that the protein undergoes further unfolding, exposing the Trp to higher 

rates of collisional quenching. 

 

 

 

 

 

 

 

 

Figure 5.13. The peak emission intensity and of Trp in Lyz-AuNCs as a function of time length at 65 °C 
at an excitation wavelength of 295 nm. 

 

The fluorescence emission maximum of AuNCs was also recorded during heating, 

exciting at 295 nm and 470 nm. The results are displayed in Figure 5.14  
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Figure 5.14. The peak emission intensity of AuNCs in Lyz-AuNCs as a function of time length at 65 °C 
(A) at an excitation wavelength of 295 nm and (B) at an excitation wavelength of 470 nm.  

Figures 5.14 show the effect of temperature on the fluorescence intensity of Lyz-

AuNCs is measured at 65 °C for 16 h at both excitation wavelengths 295 and 470 

nm. The fluorescence intensity of AuNCs decreases about 60% and 58% at 

excitation wavelengths 295 and 470 nm, respectively. 

The previous study showed that HEWL is stable at low temperatures. As the 

denaturation temperature increases, HEWL aggregates due to a decrease in the 

intermolecular repulsive forces that accompany changes in the secondary structure, 

in particular the decrease in α-helix structure and increase in β-sheets structure. As 
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the temperature increases from 35°C to 55 °C, there is a decrease in the α-helix 

structure and an increase in β-sheets. There is a slight change in the secondary 

structure with a further increase in the temperature from 55 to 90 °C, indicating 

that the unfolding is complete at 55 °C. At pH 1.6, the decrease in the α-helix 

structure and increase in β-sheets structure occurred first 40  °C, while at pH 5.9, 

this change occurs at 60 °C (134).  From previous research, HEWL does not show 

any change in secondary structure at pH 7 until reaching 65 °C (177).  

Exposure of protein to elevated temperature can lead to disordered or ordered 

aggregation depending on the temperature. For example, at pH 1.6, no fibrils are 

formed below 55 °C, whereas the fibrils are longer and present in higher quantities 

between 65 and 70 °C. Higher amounts of short fibrils are formed above 80 °C (134). 

Therefore, Thioflavin-T (ThT) is used to detect amyloid formation (more discussion 

in Chapter 6).   

 

 

 

 

 

 

 

Figure 5.15. The fluorescence intensity of ThT in HEWL (black circles) and in Lyz-AuNCs (red circles) 
as a function of time length at 65 °C at an excitation wavelength of 440 nm. 

Figure 5.15 compares the fluorescence intensity of ThT in HEWL and in Lys-AuNC 

as a function of time under 65 °C. It was found that the fluorescence intensity of 

ThT decreases by about 69% and 83% in HEWL and Lyz-AuNCs, respectively after 1 

h. The low ThT fluorescence intensity due to charge transition from locally excited 

(LE) state to twisted internal charge transfer (TICT) state at elevated temperature 
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leads to non-fluorescence emission (192). There is no change in the peak emission 

wavelength of ThT. After 10 h, the fluorescence intensity of ThT increases about 1.8 

fold and 2 fold in HEWL and Lyz-AuNCs, respectively. The higher intensity in Lyz-

AuNCs is possible due to the presence of the AuNCs, which leads to changes in the 

structure of lysozyme. This may result in an increase in the simplicity of lysozyme to 

form β-sheets content at a higher temperature.  Ow and Dunstan found that the 

fluorescence intensity of ThT is high at 65 °C, which indicates the formation of 

amyloid at this temperature (134). This change in the structure may cause a change 

in the fluorescence intensity of AuNCs.  

5.4.4 Effect of Oxygen on Lyz-AuNCs 

In solution, oxygen is well known to act as a collisional quencher of numerous 

fluorescent molecules and dyes (193–195) due to its triplet ground state inducing 

intersystem crossing.  

To confirm the effect of collisional quenching on the fluorescence characteristics 

of Lyz-AuNCs, oxygen was removed by bubbling nitrogen into the Lyz-AuNCs 

solution, a commonly used technique for the removal of dissolved oxygen in water 

(196). Nitrogen gas was bubbled through the solution of Lyz-AuNCs for 20 minutes, 

and fluorescence spectra and fluorescence lifetime measurements were 

immediately carried out, as shown in Figure 5.16 and Table 5.3.  
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Figure 5.16. UV-Vis spectra and fluorescence emission spectra of Lyz-AuNCs was exposed to nitrogen 
gas for (0, 10, and 20) min. (A) UV-Vis spectra of Lyz-AuNCs, (B) Fluorescence emission of Lyz-AuNCs 
at an excitation wavelength 295 nm, (C) Fluorescence emission of Lyz-AuNCs at an excitation 
wavelength 470 nm. Lyz-AuNCs before exposure to nitrogen gas (black), Lyz-AuNCs after exposure to 
nitrogen gas for 10 mins (red), and for 20 mins (blue). 
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From Figure 5.16, it is clear that while Trp emission is not affected by the 

removal of oxygen possibly due to FRET with AuNCs and its faster decay time, the 

AuNCs themselves have a large increase in the fluorescence emission intensity due 

to a reduced non-radiative relaxation resulting from oxygen collisional quenching. 

Upon excitation wavelength at 470 nm, the same effect can be seen. As previously, 

a 3 exponential fitting was used to fit the fluorescence decay curve and results are 

shown in Table 5.3. No change in 𝜏3 was found as might be expected for scattered 

light. An increase in fluorescence decay time indicates that collisional quenching has 

been reduced upon the removal of dissolved oxygen, resulting in the AuNCs 

remaining in the excited state for a longer period of time on average. 

Table 5.3.  Fluorescence lifetime τ and amplitudes 𝛼 of Lyz-AuNCs before (zero) and after bubbled 
for nitrogen gas (20 mins). 

 

The effect of oxygen on the fluorescence of BSA-Au25NCs has been studied by 

Tarasankar Das et al. (197). They reported the fluorescence intensity of BSA-

Au25NCs decreases by 41% in the presence of oxygen due to the diffusion-controlled 

processes, with a decrease in the lifetime of Au25NCs in the presence of oxygen 

(197). The increase of lifetime of AuNCs in the removal of oxygen observed here 

indicates the quenching due to oxygen is dynamic in nature. 

5.5 Conclusion  

The sensitivity of AuNCs to lysozyme unfolding induced via urea, SDS, and 

elevated temperature has been elucidated via steady-state, time-resolved 

fluorescence and CD spectroscopy. It was found that in all three cases the major 

factor of reduced fluorescence emission was due to the exposure of the AuNC to 

the surrounding solvent and subsequent collisional quenching by dissolved oxygen. 

Time 
(mins) 

τ1 (ns) 𝛼1 τ2  (ns) 𝛼2 τ3  (ns) 𝛼3 𝜒2  

Zero 2357 ± 20 0.33 1021 ±45 0.33 199 ± 7 0.40 1.07 

20 2647 ± 25 0.32 1100 ± 43 0.32 184 ± 7 0.40 1.10 
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In the case of urea and SDS induced quenching, tryptophan emission was initially 

recorded to increase, however, the mechanism is believed to be different; for urea, 

the observed increase was attributed to reduced quenching and FRET from 

neighbouring residues, while for SDS the Trp becomes less solvent exposed and thus 

collisional quenching decreases. In the case of SDS and elevated temperature, an 

initial fast linear decrease of AuNCs maximum fluorescence intensity was observed 

followed by a long, slow linear decrease. For SDS, it was seen that the CD spectra 

rapidly change upon initial addition of SDS, with subsequent increases in SDS 

concentration having less of an effect on the protein structure. We believe that the 

initial fast decrease is due to a rapid change in the protein structure at the location 

of the AuNCs, resulting in solvent exposure, followed by further unfolding of the 

protein which did not significantly affect the AuNCs location in terms of further 

solvent exposure. The fluorescence decay components of AuNCs, when excited at 

482 nm, were found to be partly sensitive to protein unfolding. The longer decay 

component 𝜏1 was observed to decrease as the protein unfolded, due to the 

increased collisional quenching. The shorter decay component 𝜏2 was found to be 

less if at all sensitive to the protein unfolding. Oxygen removal studies found that 

AuNC fluorescence emission is highly sensitive to dissolved oxygen in solution. 

Therefore, oxygen is the most likely reason for quenching upon protein unfolding. 

This study highlights the possibility of using AuNCs as a useful probe for protein 

unfolding studies. It is envisaged that further studies on the location of AuNCs 

within each protein would shed light on employing AuNCs to study protein 

unfolding dynamics. 
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Chapter 6: Interaction between Human Beta 

Amyloid (Aβ40) and Lyz-AuNCs 

6.1 Abstract  

Accumulations of abnormal proteins called amyloid fibrils (e.g. beta-amyloid 

(Aβ40) fibrils) can cause a variety of diseases such as Alzheimer's disease (AD). Thus, 

to develop a therapy, it is important to identify candidates to inhibit the 

aggregation of Aβ40. This chapter reported the study on the effect of HEWL on Aβ40 

aggregations. Furthermore, it investigated the interaction between Lyz-AuNCs and 

Aβ40 as well as the effects of the former on amyloid fibril formation. These 

interactions were studied using UV–Vis spectroscopy, steady-state and time-

resolved fluorescence spectroscopy and SEM. It was found that the fluorescence 

intensity of Thioflavin T (ThT) in Aβ40 remains low in the presence of HEWL, 

indicating that HEWL can inhibit amyloid fibril formation. Moreover, blue shift and 

decrease in the absorbance at the 280 nm suggested the formation of large 

aggregation after adding HEWL to Aβ40, possibly due to electrostatic interaction 

between HEWL and Aβ40. A decrease in the fluorescence intensity of tryptophan 

(Trp) in HEWL with a blue shift further confirmed the interaction between Aβ40 and 

HEWL. 

In the case of the Lyz-AuNCs, the absorbance at 350 nm increased slightly after 

adding them to Aβ40, possibly due to binding between the AuNCs and Aβ40. The 

fluorescence intensity of ThT did not change after two weeks, indicating the 

absence of fibrils, as confirmed by SEM. The decrease in the fluorescence intensity 

of Trp in the Lyz-AuNCs was accompanied by a redshift of 2 nm, suggesting that a 

change in the local environment occurred due to the binding of the Lyz-AuNCs to 

Aβ40. Moreover, the increase in the concentration of Aβ40 from 6–16 μM decreased 

the fluorescence intensity of the AuNCs. Both the lifetime measurement and Stern–

Volmer plots showed that the decrease in the fluorescence intensity was due to 

static quenching. This study demonstrated that Lyz-AuNCs efficiently inhibited the 
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aggregation of Aβ40 in vitro as native lysozyme; furthermore, they did not form large 

lysozyme-peptide particles as native lysozyme did. Thus Lyz-AuNCs could be a 

promising candidate for AD treatment as well as an ideal probe to study Aβ40 

accumulation and neuroinflammation in AD pathology. 

6.2 Introduction  

Misfolding in amyloid fibrils and the aggregation of these insoluble proteins into 

assemblies can lead to many diseases depending on the protein types (10). For 

example, hereditary systemic amyloidosis results from human lysozyme gene 

mutations (5). Another well-known disease associated with high levels of beta-

amyloid (Aβ) in the brain is Alzheimer's disease (AD) (140). Aβ is formed as a 

cleavage product by two proteases, ß-secretase and γ-secretase. These products are 

known as beta-amyloid precursor proteins (198). Their number of amino acid 

residues varies up to 43 (199). Aβ40 and Aβ42 are the predominant peptides in 

neuritic plaque (141,200). 

AD leads to a reduction in brain function. It is mostly diagnosed in the elderly 

population worldwide (140,201) An estimated 5.7 million people have been 

diagnosed with AD in the US (140), while the corresponding numbers are 50,000 in 

the Kingdom of Saudi Arabia (202) and more than 1,000,000 in the UK (203). The 

mortality of AD increased, whereas those of heart disease, stroke and prostate 

cancer decreased from 2000–2015 (140). Therefore, it is crucial to identify inhibitors 

to prevent the aggregation of amyloid-β species. 

Several methods have been used to inhibit Aβ40 aggregations. Examples include 

using chaperones, namely molecules that help to restore misfolded protein 

structures (15,204). When proteins are misfolded in the body, chaperones such as 

Hsp70 interact with them to regulate their folding (15). 
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Various non-chaperones can also help to regulate the folding of proteins in vitro,  

such as clusterin, a2-Macroglobulin (a2M), pyruvate kinase, lactoglobulin β-

lactalbumin and human lysozyme (119,205). However, efficient inhibition of Aβ40 

amyloid formation occurs at only suitable non-chaperone: Aβ40 ratios. For example, 

low concentrations of clusterin, a2M or human lysozyme can induce the formation 

of Aβ40 amyloids (15). 

However, the above mentioned biomolecules suffer from limitations and can 

cause side effects. It was found that clusterin cannot refold non-native enzymes 

that have lost its structure due to heat. The ability of clusterin to bind to Aβ40 and 

prevent amyloid formation is highly specific in the early stages of aggregation. This 

ability decreases with the ageing of Aβ40 amyloid aggregations, following which 

clusterin cannot restore the structure of Aβ40 peptides. a2M can prevent proteinase 

K from destroying prion proteins, leading to prion disease pathology (15). 

Therefore, developing a new Aβ40 inhibitor using nanotechnology, including AuNPs 

or AuNCs, has attracted great interest in recent years. 

The effects of the size, shape and surface chemistries of AuNPs on polypeptide 

aggregations have been studied (86,206). These studies found that AuNPs can 

inhibit the formation of amyloid fibrils depending on their size and surface charge. 

Liao et al. found that bare AuNPs and carboxyl-conjugated AuNPs inhibited Aβ40 

amyloid fibril aggregations (87). Gao and co-workers found that the size of the 

AuNPs determines whether they accelerate or inhibit amyloid fibril aggregations. 

They observed that while AuNCs can inhibit Aβ40 amyloid fibril aggregations, large-

sized AuNPs hasten Aβ40 amyloid fibril aggregations (85), as discussed in Chapter 1 

(see 1.6: The Effect of AuNCs and AuNPs on Peptide and Protein Structure). 

AuNCs are beneficial in brain imaging and therapy due to their fluorescence, 

non-toxic and biocompatible properties (31,59,207). In addition, AuNCs can cross 

the blood-brain barrier in contrast to Thioflavin T (ThT) (88,208). This feature is 

most desirable in medical applications since most drugs are unable to pass through 
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the blood-brain barrier without disruption. Previous works show that AuNCs can be 

used as a drug or imaging tool for AD (209,210).  

AuNCs can be synthesised using different proteins, including the hen egg white 

lysozyme (HEWL). Lysozymes are of varied types (e.g. human lysozyme and HEWL). 

HEWL is typically chosen in this study because it is non-toxic, easily available for 

commercial use and inexpensive. More importantly, it is similar to human lysozyme, 

which serves as an antimicrobial agent (see 2.2.6: Lysozyme Background in Chapter 

2). A considerable amount of human lysozyme is found in human saliva, spleen, 

tears, and the liver, and crucially, it is also present in cerebrospinal fluid (CSF). 

Increased levels of human lysozyme have been reported in the CSF of patients with 

AD, suggesting that it acts as a defence against amyloid-β species aggregation (119). 

Previous studies have found that human lysozyme inhibits the aggregation of Aβ40 

and Aβ42 (70,205,211).  

This chapter presents the study on the interactions of Lyz-AuNCs with Aβ40 in 

comparison with the interaction of HEWL with Aβ40. Three questions were 

investigated: first, can HEWL inhibit the aggregation of amyloid fibrils, similar to the 

human lysozyme? Second, can Lyz-AuNCs inhibit the aggregation of Aβ40? Third, 

how do Aβ40 monomers affect the fluorescence properties of Lyz-AuNCs? Studying 

the interaction between Lyz-AuNCs and Aβ40 could lead to an alternative AD 

treatment method and serve as a potential tool to detect amyloid-β species 

simultaneously, using the fluorescence properties of AuNCs. Moreover, the results 

of this work could lead to potential drug discoveries, with the inexpensiveness of 

the protein and its great abundance. 

6.3 Thioflavin T 

Thioflavin T (ThT) is a positively charged aromatic heterocyclic compound and is 

used as a sheet-sensing dye. ThT has been applied in the detection of amyloids 

since the interactions between it and amyloid fibrils are highly specific; in other 

words, the fluorescence properties of ThT do not change when a protein folds, 
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(1) (2) (3) 

unfolds or folds partially. Moreover, the fluorescence intensity of ThT does not 

increase in amorphous aggregates (another type of aggregation which does not 

have the amyloid fibril (β sheet) structure). Therefore, ThT is considered to be a 

convenient diagnostic tool (212).  

In order to appreciate the mechanism behind the detection of amyloids by ThT, it 

is important to understand the chemical structure of ThT and its relevant physical 

properties. Figure 6.1 shows that the ThT structure is made up of three parts: a 

benzothiazole ring, a benzene ring and the dimethylamino group. The benzothiazole 

ring is polar because it has two polar atoms, N and S. These atoms have high 

electronegativity, while the benzene ring is hydrophobic (non-polar) because the C 

and H atoms of the ring have low electronegativity and bind to the dimethylamino 

group which is characterised by low electronegativity and contains two methyl 

groups at the end (180,192). 

 

 

 

 

 

 

 

Figure 6.1. Structure of Thioflavin T (ThT), comprising the benzothiazole ring (red), benzene ring 
(blue) and dimethylamino group (black). 

The fluorescence intensity of ThT is still not well understood; nevertheless, 

several researchers have attempted to explain its fluorescence mechanism. Khurana 

et al. suggested that ThT molecules can exist as micelles in water, and the positively 

charged N in molecules interact with water, while the hydrophobic region in the 

interior avoids interactions with water. The formation of micelles leads to an 

increase in the fluorescence intensity of ThT at concentrations higher than critical 
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micellar concentrations (approximately 4 ± 0.5 μM). Compared with monomer ThT 

binding to amyloid fibrils, the micelles of ThT provide higher fluorescence intensity 

in the presence of amyloid fibrils. This is possibly due to the hydrophobic 

interactions between the ThT micelles and amyloids (180). 

Stsiapura et al. argued that the micelles model suffers from a drawback; ThT has 

a positive charge that acts as a repulsive force and prevents the formation of 

micelles, specifically in the hydrophobic region surrounding the fibrils. Therefore, 

another model was proposed, wherein the fluorescence intensity of ThT increases 

when the microenvironment becomes highly viscous or rigid as a result of binding 

to amyloid fibrils. ThT is a molecular rotor; the bonds between the benzothiazole 

and aminobenzene rings undergo rotation. The fluorescence intensity varies 

depending on the angle between the benzothiazole and aminobenzene rings. When 

ThT is excited, two decay processes are possible. The first is a radiative transition, 

wherein the electron transfers from the locally excited (LE) state to ground state; 

the angle shifts from 37°–21°, as an example. The second decay process involves a 

non-radiative transition, wherein the electrons transfer from the LE state (known as 

planar conformation) to the twisted internal charge transfer (TICT) state (known as 

non-planar conformation), before transferring to the ground state. This transition 

occurs when the angle is shifted from 37°–90°. When ThT binds to amyloids forming 

a rigid planar conformation, its fluorescence intensity increases due to the 

reduction in the TICT state. The surrounding environment (e.g. higher viscosity and 

temperature) can also affect the fluorescence intensity of ThT (192,213). 

6.4 Experiment 

6.4.1 Sample Preparation 

HEWL, ThT, hydrochloric acid (HCl; 1 N), sodium hydroxide (NaOH; 1 N) and gold 

(III) chloride trihydrate (HAuCl4·H2O; ≥ 99.9%) were purchased from Sigma-Aldrich 

Chemicals. Amyloid β-Peptide (1–40) (human) was purchased from Tocris, Bio-

Techne. 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP ≥ 99.5%) was purchased from 
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Acros Organics. (Hydroxymethyl) aminomethane (Tris base ≥ 99.8%) and uranyl 

acetate (UA ≥ 98%) were purchased from Thermo Fisher Scientific and Agar 

Scientific, respectively. 

To prepare Aβ40 for an experiment, 1 mg of Aβ40 was dissolved in 2.310 mL of 

HFIP solution. The solution was sonicated for 10 min to dissociated the aggregations 

form of Aβ40 (214,215), as shown in Figure 6.2. Then, the solution was divided into 

several Eppendorf® LoBind microcentrifuge tubes and dried (the HFIP was 

evaporated at 25 ℃). In order to remove the HFIP completely, the samples were 

dried under the hood and then stored at −20°C (216). 

  

 

 

 

 

Figure 6.2. Preparation of Aβ40 for the experiments 

For the ThT fluorescence assay, 3 mM ThT stock solution was diluted in 50 mM 

Tris-HCl buffer (pH 7.4) to final concentration 10 μM. HEWL 1 mg was dissolved in 

Tris-HCl buffer (50 mM, 1 mL) to final concentration 70 μM at (pH 7.4). Then HEWL 

was mixed with Th T diluted in 50 mM Tris-HCl buffer (pH 7.4) to final concentration 

25 μM of HEWL and 10 μM of ThT. Then, 100 μL of this solution was added to 5 
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nmol Aβ40 in an Eppendorf® tube to yield a mixture containing 10 μM ThT, 50 μM 

Aβ40 and 25 μM HEWL. 

Lyz-AuNCs were synthesised, as explained in Chapter 4 (see Section 4.3.1. titled 

Sample Preparation) and dialyses against 50 mM Tris-HCl buffer (pH 7.4). The Lyz-

AuNCs was mixed with Th T diluted in 50 mM Tris-HCl buffer (pH 7.4) to final 

concentration 25 μM of Lyz-AuNCs and 10 μM of ThT. Then, 100 μL of this solution 

was added to 5 nmol Aβ40 in an Eppendorf® tube to yield a mixture containing 10 

μM ThT, 50 μM Aβ40 and 25 μM Lyz-AuNCs. It has been reported that 10 μM ThT is 

the effective concentration for amyloid formation studies (217). The mixture in the 

Eppendorf® tube was sonicated for a few minutes. The sample was placed in a micro 

cuvette for measurement. All the samples were measured at 37°C. 

To study the effect of Aβ40 on the fluorescence of Lyz-AuNCs, the Lyz-AuNCs 

were diluted in 50 mM Tris-HCl buffer (pH 7.4) and then mixed with different 

concentrations of Aβ40 to yield mixtures containing 0–16 μM Aβ40 and 25 μM Lyz-

AuNCs. The mixture in the Eppendorf® tube was sonicated for a few minutes. The 

sample was placed in a micro cuvette for measurement. The quenching parameters 

ware calculated using the Stern–Volmer equation to interpret the type of quenching 

(91). 

𝐹0
𝐹

= 1 + 𝑘𝑞𝜏0 𝑄 = 1 + 𝐾𝑆 𝑄          (6-1) 

Where 𝐹0 and 𝐹 are the fluorescence intensity without and with the quencher, 

respectively; kq and Ks are the bimolecular quenching constant and the Stern–

Volmer constant, respectively; [Q] is the concentration of Aβ40 during the 

experiment and 𝜏0 is the average lifetime of the AuNCs in the absence of Aβ40.  

6.4.2 Spectroscopy Measurements  

Each sample was placed in a 100 μL micro quart cuvette and measured using UV–

Vis spectroscopy. The absorption spectra were recorded on a PerkinElmer Lambda 

25 UV/Vis spectrometer. The fluorescence spectra were performed on a Fluorolog-3 

spectrometer (Horiba, UK). ThT emissions were obtained by exciting the sample at a 



130 
 

wavelength of 440 nm and detecting emissions between 450 and 850 nm. The 

emissions from Trp in both HEWL and the Lyz-AuNCs were obtained by exciting the 

sample at a wavelength of 295 nm and detecting the emissions in the wavelength 

range of 300–850 nm. The emissions of the AuNCs were obtained by exciting the 

sample at 470 nm and detecting the emissions from 500–850 nm. 

The lifetime measurements were performed using the time-correlated single-

photon counting technique in a Horiba Jobin Yvon IBH equipped with a delta diode 

excitation wavelength source of 482 nm and a light emitting diode of 435 nm. All 

the decays were collected at a magic angle polarisation and analysed using IBH 

DAS6 software version 6.8.16 provided with the instrument.  

The fluorescence intensity decays for the Lyz-AuNCs and ThT were analysed with 

the following formula: 

𝐼(𝑡) = ∑ 𝛼𝑖𝑒
(
−𝑡

𝜏𝑖
)𝑛

𝑖=1       (6-2) 

Where 𝛼𝑖  denotes the amplitudes, and 𝜏𝑖  is the lifetime.  

The average lifetime was calculated using Equation (6-3). 

τ̅ =
α1τ1

2+α2τ2
2

α1τ1+α2τ2
       (6-3) 

Scanning electron microscopy (SEM) was used to study the morphology of the 

aggregations. Amyloid fibril formations were assessed by applying 10 µL of the 

sample to holey carbon films on 300 mesh copper grids. A filter paper was used to 

remove excess fluid after 2 min. After that, the grids were negatively stained with 

2% (w/v) uranyl acetate. All the samples were incubated overnight before recording 

the images. The samples were observed by an FEI Quanta 250 FEG-SEM. 
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6.5 Results and Discussion 

6.5.1 Effect of HEWL on Aβ40 

The UV–Vis measurements were used to assess the absorption of the sample for 

96 hrs in order to study the interaction of Aβ40 with HEWL. Figure 6.3 shows the 

absorption spectra of HEWL–ThT in the absence and presence of Aβ40. Three peaks 

were observed. The peak at 415 nm was the peak of ThT absorption, while that at 

273 nm was the peak of the aromatic amino acids (Trp and Try). 

 

 

 

 

 

 

 

Figure 6.3. Absorption spectra of 25 μM HEWL and 10 μM ThT in the absence and presence of 50 μM 

Aβ40 at pH 7.4 over 96 h. 

Figure 6.3 shows an increase in the absorption of the amino acids by 

approximately 68% with a blue shift of about 7 nm in the presence in Aβ40 at 30 

min. After 24 h, the absorption of the amino acids decreased by approximately 39% 

at 273 nm, following which no changes in the absorption of the amino acids were 

observed after 24 h. In addition, an increase in the absorption of ThT by 

approximately 28% was noted in the presence of Aβ40 at 30 min, followed by a 

reduction to its initial value after 24 h. No change in the absorption of ThT was 

observed after 24 h.   
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The increasing absorption of ThT and the amino acids after 30 min could be due 

to the binding of HEWL to Aβ40, leading to the formation of a large HEWL–Aβ40 

complex. These large particles scatter light, resulting in higher attenuation. The blue 

shift in the absorption of the amino acids was due to the increases in the 

hydrophobicity around them. A blue shift in the absorption of the peak at 275 nm 

was also observed in previous studies (e.g. a blue shift was noted in the absorption 

peak of haemoglobin at 270 nm after binding to paraquat (218)). After 24 h, a 

decrease in the absorption of the amino acids occurred in the presence of Aβ40 

possibly due to HEWL binding to Aβ40 and the resulting large aggregations followed 

by precipitation. The precipitation of large aggregations was observed at 24 h after 

the commencement of the experiment. Luo et al. noticed a decrease in the signal of 

circular dichroism measurements after 24 h. They ascribed the reduction in the 

signal to the formation of the complex (211), and their results coincide with our 

finding. The formation of the complex is shown in Figure 6.12 (B and E).  

The ThT fluorescence in the Aβ40–HEWL complex was studied to detect the 

formation of amyloids. Figure 6.4 shows the fluorescence intensity of ThT in three 

samples (Aβ40, HEWL, and the combination of Aβ40 and HEWL), measured over 12 h 

and 96 h each. The fluorescence kinetic assays of the amyloid formation of Aβ40 

over 96 h showed no major change in the fluorescence intensity of ThT before 24 h. 

The fluorescence intensity of ThT increased to approximately four-fold after 48 h. A 

slight drop was observed in the fluorescence intensity of ThT after 96 h. The 

fluorescence of ThT did not change in the HEWL sample. For the sample containing 

both HEWL and Aβ40, the fluorescence intensity of ThT decreased to approximately 

85% of the initial value after 4 h. Then, from 4 to 6.5 h, the fluorescence intensity of 

ThT increased to about twice the value at 4 h. From 6.5 to 72 h, no change was 

noted in the ThT fluorescence intensity. From 72 to 96 h, the fluorescence intensity 

of ThT decreased further. 
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Figure 6.4. Effect of the HEWL on Aβ40 amyloid fibril formation and the associated enhance in 
fluorescence intensity of ThT. ThT fluorescence assays of solutions of fresh native Aβ40 (50 μM) 
incubated at 37 ℃  at pH 7.4 in the absence (blue) and presence (green) of HEWL (25 μM). HEWL (25 
μM) without Aβ40 was also monitored as control (red) (A) over 12 h and (B) over 96 h. Measured at 
an excitation wavelength of 440 nm. 

The assays were conducted over 12 and 96 h to monitor the changes in the 

fluorescence intensity of ThT in detail. Luo et at. analysed the changes in the 

fluorescence intensity of ThT over 12 h only, since they only studied the rapid 

growth rate of the amyloid fibrils. Higher aggregation rates have been attributed to 

stirring the sample for 12 h (86,211). 
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As per Figure 6.4 (B), in the presence of Aβ40, the kinetic fluorescence assays of 

Aβ40 amyloid formation over 96 h indicated three stages of amyloid formation. The 

first stage was the lag phase, defined as the time needed to form nuclei from 

monomers in the solution. During this stage, the fluorescence intensity of ThT did 

not change. The second stage involved growth or elongation (known as the 

transition zone), wherein the monomers bind together to form small aggregates 

(e.g. dimers, trimers and oligomers) depending on their numbers. This stage 

occurred after 24 h and was marked by a linear increase in the fluorescence 

intensity over time until the intensity reached approximately four times the initial 

value (after 48 h). The final stage was the plateau phase, wherein the concentration 

of the monomers was at equilibrium with their numbers. This stage was marked by 

the formation of amyloid fibrils (14). The fluorescence intensity of ThT dropped 

slightly after 96 h. 

Figure 6.4 (B) shows the lag phase at approximately 24 h, and no change in the 

fluorescence intensity of ThT was observed. It is expected that at the start of the 

experiment, Aβ40 exists in the monomer form, and aggregation of the amyloids is 

absent. The use of HFIP (100%) during the preparation of Aβ40 helped disrupt the 

hydrophobic interaction in the aggregated species, leading to the removal of pre-

existing aggregations (214,215). After that, a growth phase from 24–72 h was 

noted, wherein the fluorescence intensity of ThT increased until it equalled four 

times the initial value. This increase in the fluorescence intensity was due to the 

formation of amyloids. Finally, no change in the fluorescence intensity of ThT was 

observed after 72 h. Our results show that the complete formation of Aβ40 took 3 

days, which coincides well with a previous report (122).  

A different method can be applied to shorten the time period for Aβ40 amyloid 

fibril formation. For instance, the solution can be shaken or stirred, as shown by Luo 

et al. in ref (211); in this case, the amyloid formation starts after 2 h. Aβ40 

aggregates rapidly at pH 5 compared to pH 7.4 (219).  
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The drop in the fluorescence intensity of ThT after 96 h was due to precipitation 

of mature amyloid fibrils. This drop was also observed in Figure 6.3 and in a 

previous study (205). The decrease in the fluorescence intensity was attributed to 

the aggregation of large particles and their subsequent precipitation, leading to a 

reduction in the number of excitable ThT molecules. 

The fluorescence of ThT did not change in the sample containing only HEWL. 

Homchaudhuri et al. found that HEWL does not aggregate at pH 7 and a 

concentration of 40 μM at room temperature (136). Luo et al. noted that human 

lysozyme did not form amyloids in the absence of Aβ40; therefore, the fluorescence 

intensity of ThT did not increase (211).  

Figure 6.4 (A) shows that the initial fluorescence intensity of ThT was higher in 

the presence of both HEWL and Aβ40 than that with HEWL alone. This was due to 

the presence of Aβ40. A previous study showed that the fluorescence intensity of 

ThT increased with the rise in the concentration of Aβ40 (217).  

In the presence of both HEWL and Aβ40, the fluorescence intensity of ThT was 

the same as that of ThT in the presence of Aβ40. The decrease in the fluorescence 

intensity of ThT from 30 min to 3 h was possibly due to the formation of large 

aggregates between HEWL and Aβ40 followed by precipitation. After 3 h, the 

molecules reached the equilibrium state and were distributed uniformly in the 

solution. Thus, the fluorescence intensity of ThT did not decrease further. 

Luo et al. found that human lysozyme inhibits Aβ40 aggregation when the ratio of 

lysozyme to Aβ40 is 2:1 or higher (211). No increase in the fluorescence intensity of 

ThT was observed in the presence of both HEWL and Aβ40 after 96 h, suggesting 

delayed or inhibited the formation of amyloid fibrils. This indicates that lysozyme 

from hen egg white interacts with Aβ40 in a manner similar to human lysozyme 

(119,205,211). 
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Figure 6.5. Kinetic assays of Trp fluorescence intensities in 25 μM HEWL in the absence (red line) and 
presence (green line) of 50 μM Aβ40 over 12 h (A) and 96 h (B). Measured at an excitation 
wavelength of 295 nm. 

The fluorescence properties of Trp in HEWL in the presence and absence of Aβ40 

were studied to monitor the change in the surrounding environment of Trp due to 

the modified structure of HEWL or binding to Aβ40. 

Figures 6.5 (A) and (B) show the fluorescence intensities of Trp in HEWL in the 

absence and presence of Aβ40 measured over 12 and 96 h, respectively. In the 

absence of Aβ40, the fluorescence intensity of Trp decreased by approximately 50% 
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at 12 h, and it does not change after that. In the presence of Aβ40, the fluorescence 

intensity of Trp decreased to approximately 77% of the initial value after 12 h, and 

then gradually decreased until 96 h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6. Kinetic assays of Trp fluorescence emission wavelengths in 25 μM HEWL in the absence 
(red line) and presence (green line) of 50 μM Aβ40 over 12 h (A) and over 96 h (B). Measured at an 
excitation wavelength of 295 nm. 

Figures 6.6 (A) and (B) show the fluorescence emission wavelengths of Trp in 

HEWL in the absence and presence of Aβ40. The wavelength of Trp changed from 

335 to 340 nm in the absence of Aβ40. In the presence of Aβ40, a shift from 335 to 

328 nm was observed after 96 h. 
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The change in the fluorescence intensity and emission wavelength of Trp in the 

absence of Aβ40 was probably due to the modification in the structure of HEWL over 

time. It is possible that Trp was surrounded by polar amino acids, as discussed in 

Chapters 5.  

In the presence of Aβ40, the decrease in the fluorescence intensity of Trp was 

possibly due to electrostatic interaction between HEWL and Aβ40. At pH 7.4, the 

surface charge of HEWL is positive, and that of Aβ40 is negative since the isoelectric 

points of both HEWL and Aβ40 are approximately 11.35 and 5.3, respectively 

(71,220). As a result of this interaction, a higher reduction was observed in the 

fluorescence intensity of Trp in the presence of Aβ40 compared to its absence. It is 

more likely that the decrease in the fluorescence intensity of Trp resulted from the 

formation of large aggregates and their subsequent precipitation, as confirmed by 

the UV–Vis measurement (see Figure 6.3). 

The fluorescence emission wavelength of Trp was sensitive to surrounding 

environments, as shown in Figure 6.6. A redshift was noted when Trp was exposed 

to the polar molecules, whereas a blue shift was observed when Trp was near the 

non-polar (hydrophobic) molecules (221). According to Luo et al., the hydrophobic 

interaction between Aβ40 and human lysozyme prevents Aβ40 from forming beta-

amyloids at a human lysozyme: Aβ40 ratio of 1:1 (205,211). 

The binding of Aβ40 with human lysozyme was studied via computer simulation 

by Luo et al. (211). Three sites, A, B and C, play a role in this phenomenon. At site A, 

the phenylalanine (Phe 4), arginine (Arg 5) and histidine (His 6) amino acids of Aβ40 

bind to form the arginine (Arg 62), tyrosine (Tyr 63) and tryptophan (Trp 64) amino 

acids of human lysozyme. At site B, the glutamine (Gln 15) to valine (Val 24) and 

isoleucine (Ile 31) to valine (Val 40) ranges of Aβ40 peptides interact with the α-helix 

range from aspartic acid (Asp 102) to arginine (Arg 107) and the loop range from the 

glutamine (Gln 117) to arginine (Arg 122) amino acids of human lysozyme. At site C, 

the isoleucine (Ile 31) to valine (Val 40) amino acids of Aβ40 interact with the 

arginine (Arg 119) and serine (Ser 24) amino acids of human lysozyme (211). Luo et 
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al. also show that phenylalanine, tyrosine and tryptophan are affected by changes 

in the interactions between Aβ40 and human lysozyme. Since the structures of 

human lysozyme and HEWL are similar, the results suggest that HEWL binds to Aβ40, 

leading to the blue shift in the peak emission wavelength of Trp due to hydrophobic 

interactions. 

6.5.2 Effect of Lyz-AuNCs on Aβ40 

Figure 6.7 shows the absorption spectra of Lyz-AuNCs without and with Aβ40. An 

increase of approximately 23% in the absorption of Lyz-AuNCs was observed after 

adding Aβ40. After 12 h, no change was noted. Furthermore, an increase of 

approximately 23% in the absorption was noted at 350 nm. The increase in the 

absorption of Lyz-AuNCs in the presence of Aβ40 can be ascribed to the binding of 

Aβ40 to Lyz-AuNCs. The change in the absorbance peak at 350 nm was used to 

measure turbidity. A rise in turbidity indicates an increase in the size of the proteins 

as a result of protein-protein aggregation (21,120,174). 

 

 

 

 

 

 

 

Figure 6.7. Absorption spectra of 25 μM Lyz-AuNCs in the absence and presence of 50 μM Aβ40 at pH 
7.4 over 96 h.  

Similarly, the fluorescence intensity of ThT was monitored to detect the 

formation of amyloids in the three samples (Aβ40, Lyz-AuNCs, and the combination 

of Aβ40 and Lyz-AuNCs). 
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Figure 6.8. Effect of the Lyz-AuNCs on Aβ40 amyloid fibril formation and the associated enhance in 
fluorescence intensity of ThT. ThT fluorescence assays of solutions of fresh native Aβ40 (50 μM) 
incubated at 37 ℃  at pH 7.4 in the absence (blue) and presence (pink) of Lyz-AuNCs (25 μM). Lyz-
AuNCs (25 μM) without Aβ40 was also monitored as control (black) (A) over 12 h and (B) over 96 h. 
Measured at an excitation wavelength of 440 nm. 

Figures 6.8 (A) and (B) show the ThT fluorescence kinetic assays of amyloid 

formation in Aβ40, with and without Lyz-AuNCs together with Lyz-AuNCs control 

over 12 h and 96 h. The fluorescence intensity of ThT in Lyz-AuNCs remained stable 

over 96 h. In the case of Aβ40 with the presence of Lyz-AuNCs, the intensity of ThT 

did not change significantly over 48 h, followed by a slight decrease after 96 h.  This 

is in significant contrast to what observed in Aβ40 without Lyz-AuNCs where the 
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fluorescence intensity of ThT in Aβ40 increased to four times of the initial value after 

72 h. This indicates that Lyz-AuNCs inhibited the formation of amyloid Aβ40. 

It is noted that the initial fluorescence intensities of ThT in the presence of both 

Aβ40 and Lyz-AuNCs were higher than that in other samples. One of the hypotheses 

suggests that the increase in ThT fluorescence intensity is due to the prevention of 

the bond rotation between the benzene and benzothiazole rings, causing a 

reduction in the non-radiative pathway and thereby increasing the radiative 

emission (213). Therefore, the higher intensity is attributable to the fact that ThT 

becomes more rigid in the presence of the complex formed between Aβ40 and Lyz-

AuNCs. It is less likely that this intensity increase is due to amyloid formation since 

the amyloids would need to be highly ordered aggregated, which requires a 

considerable amount of time. 

The initial value of the fluorescence intensity of ThT was found lower in Lyz-

AuNCs compared with that in Aβ40 or Aβ40 with Lyz-AuNCs. It is possible that the 

fluorescence intensity of ThT increased due to the presence of a higher 

concentration of Aβ40 (similar to Figure 6.4, where the fluorescence intensity of ThT 

in the presence of HEWL was very low).  

 

 

 

 

  

 

 

Figure 6.9. The fluorescence intensity of 10 μM ThT in the absence (black) and presence (red) of 25 
μM HEWL. The fluorescence intensity of ThT and 25 μM Lyz-AuNCs in the absence (green) and 
presence (blue)  of ThT. Measured at an excitation wavelength of 440 nm.  
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Table 6.1. Average lifetimes 〈𝜏〉 of ThT in the presence of HEWL and Lyz-AuNCs calculated from 

triple-exponential fits of ThT emission decay curves. 𝜒2  is the Chi-Square goodness-of-fit test. All 
samples were in 50 µM Tris-HCl buffer at pH 7.4 and 37°C measured at the excitation wavelength of 
435 nm 

Sample 〈𝜏〉 𝜒2 

HEWL + ThT  0.7432507 1.20 

Lyz-AuNCs + ThT 0.8102064 1.19 

 

It is possible that the fluorescence intensity of ThT may be affected by the 

presence of AuNCs, therefore, the emission spectra of ThT in HEWL and Lyz-AuNCs, 

as well as the emission of AuNCs with and without ThT, were compared in Figure 

6.9. The fluorescence intensity of ThT was found higher in the presence of Lyz-

AuNCs compared with their absence. In addition, the intensity of AuNCs emission at 

690 nm doesn’t increase in the presence of ThT. This suggests that there was no 

FRET between ThT and AuNCs. In fact, the average lifetime of ThT increased in the 

presence of AuNCs, as shown in Table 6.1, confirmed the absence of FRET, 

consistent with the intensity analysis. 

In a similar manner, the fluorescence properties of Trp in the Lyz-AuNCs were 

monitored in the absence and presence of Aβ40 to study the effect of Aβ40 binding 

on the structure of Lyz-AuNCs. 

Figures 6.10 (A) and (B) show the Trp fluorescence intensities in the Lyz-AuNCs 

with and without Aβ40 over 12 h and 96 h, respectively. In the absence of Aβ40, the 

fluorescence intensity of Trp in the Lyz-AuNCs did not change after 96 h. Once the 

Lyz-AuNCs and Aβ40 were mixed, the fluorescence intensity of Trp decreased by 

approximately 49% and 82% of the initial value after 12 h and 96 h, respectively.  
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Figure 6.10. Kinetic assays of Trp fluorescence intensities in 25 μM Lyz-AuNCs in the absence (black) 
and presence (pink) of 50 μM Aβ40 over 12 h (A) and 96 h (B). Measured at an excitation wavelength 
of 295 nm.  

Figure 6.11 (A) and (B) show the kinetic assays of the Trp fluorescence emission 

wavelengths in the Lyz-AuNCs with and without Aβ40 over 12 h and 96 h, 

respectively. The fluorescence emission wavelengths of Trp in the Lyz-AuNCs in the 

absence of Aβ40 showed a redshift of approximately 2 nm. A similar wavelength shift 

was observed in Lyz-AuNCs in the presence of Aβ40 suggests no influence of Aβ40 on 

the emission wavelength of Trp.  
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Figure 6.11. Kinetic assays of Trp fluorescence emission wavelengths in Lyz-AuNCs in the absence 
(black) and presence (pink) of Aβ40 over 12 h (A) and 96 h (B). Measured at an excitation wavelength 
of 295 nm. 

The decrease in the fluorescence intensity of Trp in the presence of Aβ40 was 

possibly due to the binding of the Lyz-AuNCs to Aβ40. It has been reported that the 

fluorescence intensity of Trp decreases when the negative charge is closer to the 

indole ring or the positive charge is closer to the electron acceptor due to 

stabilisation of the charge transfer state (191). Evidence of Aβ40 binding to Lyz-

AuNCs was provided by the UV–Vis spectra shown in Figure 6.7. The decreases of 

Trp emission in Lyz-AuNCs with Aβ40 are comparable to HEWL with Aβ40. However, 
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the wavelength changes are different. The wavelength of Trp in HEWL changed 

from 335 to 340 nm over 96 h, while 2 nm redshift from 340nm was observed in 

Lyz-AuNCs over the same time period.  Moreover, a blue shift from 335 to 328 nm 

was observed after 96 h in HEWL with Aβ40, in contrast to 2nm redshift in Lyz-AuNCs 

with Aβ40. The fluorescence emission wavelength of Trp is sensitive to the polarity 

of the surrounding environment. This suggests that interaction of Lyz-AuNCs with 

Aβ40 can prevent amyloid formation as HEWL does but generates complexes 

different from that of HEWL with Aβ40. 

 

 

Figure 6.12. Scanning electron microscope (SEM) images of (A) and (D) Aβ40 Amyloids. (B) and (E) 
Aβ40 + HEWL (C) and (F) Aβ40 + Lyz-AuNCs. All images are in negative stain (2% (w/v) uranyl acetate). 
Images were taken after two weeks of incubation. 

To confirm that HEWL and Lyz-AuNCs inhibited the formation of amyloid fibrils 

from Aβ40, SEM was performed on Aβ40, Aβ40 with HEWL and Aβ40 with Lyz-AuNCs 

after ageing for 2 weeks. Formation of amyloid fibrils from Aβ40 was evident in 

Figure 6.12 (A) and (D). A large aggregation of Aβ40 and HEWL was observed in 

images (B) and (E). The aggregation was much smaller and less in Aβ40 with Lyz-

AuNCs as per images (C) and (F). These results coincide with the absorbance 
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measurements shown in Figure 6.4 and 6.7 where a decrease of absorbance 

indicated precipitation due to the formation of large aggregator from Aβ40 with 

HEWL while a small decrease was found in Aβ40 with Lyz-AuNCs. It was reported 

that growth of AuNCs within HEWL changed its isoelectric point from 11 to 5.5 (67). 

Therefore Lyz-AuNCs has a negative surface charge at pH 7.4 similar to Aβ40, and 

this negatively charged surface could have prevented the formation of large 

aggregations due to repulsion. 

6.5.3 Effect of Aβ40 on Fluorescence of Lyz-AuNCs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13. (A) Absorption spectra of 25 μM Lyz-AuNCs at different concentrations of Aβ40. (B) 
Absorption at 350 nm as a function of the concentration of Aβ40. (Measured in 50 µM Tris-HCl buffer 
at pH 7.4 and 37°C.)  
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To explore the possibility of employing AuNCs as a potential tool for Aβ40 

detection, the effect of Aβ40 on the fluorescence properties of the AuNCs was 

studied by varying the concentrations of Aβ40 from 0 to 16 μM. Figures 6.13 (A) and 

(B) show the effect of the Aβ40 concentration on the absorption of the Lyz-AuNCs. A 

rise in the absorption at 350 nm as a function of Aβ40 concentration indicates an 

increase in the size of the Lyz-AuNCs due to the formation of Aβ40–Lyz-AuNCs 

complexes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.14. Peak fluorescence intensities of (A) Trp and (B) AuNCs in Lyz-AuNCs at different 
concentrations of Aβ40 in 50 µM Tris-HCl buffer at pH 7.4 and 37°C. (Measured at the excitation 
wavelength of 295 nm.)  
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Figure 6.14 shows the fluorescence intensities of Trp and AuNCs at the excitation 

wavelength of 295 nm as a function of Aβ40 concentration. Both did not change 

when the concentration of Aβ40 increased from 0 to 6 μM. At Aβ40 concentrations 

exceeding 6 μM, the fluorescence intensities of Trp and AuNCs decreased linearly 

and dropped by approximately 58% and 57% at 16 μM, respectively.  The decrease 

in fluorescence intensities of Trp and AuNCs was due to the interaction between 

Aβ40 and Lyz-AuNCs, as discussed above. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.15. Effect of the Aβ40 concentration on the fluorescence intensity of Lyz-AuNCs at pH 7.4 
and 37°C (A) emission intensity of Lyz-AuNCs as a function of Aβ40 concentration. (B) Stern–Volmer 
plot for Lys-AuNCs in the presence of different concentrations of Aβ40. The error bars indicated the 
relative standard deviation of three repeated experiments. Measured at the excitation wavelength 
of 470 nm. 
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Figure 6.15 (A) shows that the fluorescence intensity of the AuNCs at the 

excitation wavelength of 470 nm. The fluorescence intensity of the Lyz-AuNCs was 

not sensitive to Aβ40 concentrations below 6 μM. At higher Aβ40 concentrations, the 

fluorescence intensity decreased and was approximately 35% of initial intensity at 

16 μM.  

To understand the type of quenching, we showed the Stern-Volmer plot (F0/F 

versus Aβ40 concentration) of the interaction between the Lyz-AuNCs and Aβ40 (0–

16 μM) at the excitation wavelength of 470 nm in Figure 6.15 (B).  The values of kq, 

the bimolecular quenching constant, and Ks, the Stern–Volmer constant can be 

calculated from Equation (6-1). 

𝐹0
𝐹

= 1 + 𝑘𝑞𝜏0 𝑄 = 1 + 𝐾𝑆 𝑄        (6-1) 

The estimated values of kq and Ks are shown in Table 6.2.  

Table 6.2. Estimated values of kq and Ks of AuNCs  

Ks 106M−1 Kq 1012M−1S−1 

0.03394 = 0.034 × 2.03102 = 6.91 × 10−2 

 
Table 6.3.  Fluorescence lifetimes of AuNCs emission τ and amplitudes 𝛼 at different concentrations 
of Aβ40. Lyz-AuNCs was in 50 µM Tris-HCl buffer at pH 7.4 and 37°C measured at the excitation 
wavelength of 482 nm. 

 

 

[Aβ40]
 (μM) 

𝜏1 (ns) 𝛼1  𝜏2 (ns) 𝛼2 (%) 𝜏3 (ns) 𝛼3 (%) 𝜒2  �̅� (ns) 

0 2267 ± 12 0.67 826 ± 30 0.28 147 ± 4 0.05 1.00 2077 

2 2365 ± 15 0.65 888 ± 37 0.28 159 ± 4 0.06 1.05 2018 

4 2303 ± 13 0.68 801 ± 42 0.27 143 ± 5 0.05 1.07 2035 

6 2268 ± 13 0.69 780 ± 32 0.26 138 ± 5 0.05 1.09 2048 

8 2337 ± 15 0.67 832 ± 40 0.28 139 ± 5 0.05 1.06 2027 

10 2365 ± 18 0.67 847 ± 44 0.28 150 ± 6 0.05 1.11 1988 

12 2359 ± 21 0.66 872 ± 45 0.28 165 ± 6 0.06 1.10 2012 

14 2264 ± 17 0.70 743 ± 37 0.26 122 ± 7 0.04 1.12 2045 

16 2341 ± 21 0.67 811 ± 52 0.28 142 ± 7 0.05 1.08 2029 
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Table 6.2 shows that the quenching constant of the biomolecules was 

 6.91 × 1010 × M−1 × S−1. This value is higher than the diffusion constant of 

biomolecules in the environment in the presence of dynamical quenching (namely, 

2 × 1010M−1S−1) (222,223), implying a nature of static quenching. 

Further lifetime measurement was conducted at an excitation wavelength of 482 

nm to confirm the type of quenching. The fluorescence lifetimes of the AuNCs were 

analysed using the three-exponential model seen below. 

I(t) = ∑ αie
(
−t

τi
)n

i=1               (6-2) 

Where 𝛼𝑖  is the amplitude, and 𝜏𝑖  is the lifetime.  

In order to ensure a good fit for the fluorescence decay curve, we conducted the 

goodness of fit analysis with the least-squares method using weighted residuals 

between 1.00 and 1.12 for all the decay curves (Table 6-3). 

The average lifetime was calculated using Equation 6-3. 

𝜏̅ =
𝛼1𝜏1

2+𝛼2𝜏2
2

𝛼1𝜏1+𝛼2𝜏2
                 (6-3) 

It is clear that the lifetimes of AuNCs did not change as the concentration of Aβ40 

increased. This indicated that the quenching was static rather than dynamic. In the 

former, the quencher binds to the fluorophore, forming a non-fluorescent complex. 

This contrasts to collisional quenching, wherein the quencher interacts with a 

fluorophore in the excited state without forming a complex, leading to a reduction 

in a lifetime (91). 

The fluorescence intensity of the AuNCs in the Lyz-AuNCs was monitored both in 

the absence and presence of 50 μM Aβ40 and 10 μM of ThT in a similar manner (as 

shown in Figure 6.5) in order to study the effect of Aβ40 on the kinetic fluorescence 

intensity of the AuNCs. Studying this effect can provide additional information on 

the binding between Aβ40 and Lyz-AuNCs. This information can aid the use of the 

fluorescence properties of the AuNCs in imaging applications. 
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Figure 6.16.  Kinetic assays of the fluorescence intensities of AuNCs in Lyz-AuNCs and 10 µM ThT in 
the absence (black) and presence (pink) of Aβ40 in 50 µM Tris-HCl buffer at pH 7.4 and 37°C  over 12 
h (A) and 96 h (B). The sample was measured at the excitation wavelength of 295 nm. 

Figures 6.16 (A) and (B) show the kinetic fluorescence assays of Lyz-AuNCs in the 

presence and absence of Aβ40 over 12 h and 96 h at an excitation wavelength of 295 

nm, respectively. In the absence of Aβ40, no change was noted in the fluorescence 

intensity of the AuNCs over 96 h. Once the Lyz-AuNCs and Aβ40 were mixed, the 

fluorescence intensity of AuNCs decreased and was approximately 44% of the initial 

value after 4 h. The fluorescence intensity of the AuNCs remained stable from 4 h to 
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48 h. After 48 h, the fluorescence intensity decreased and reached to approximately 

71% of its initial value.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.17. Kinetic assays of the fluorescence intensities of AuNCs in Lyz-AuNCs and 10 µM ThT in 
the absence (black) and presence (pink) of Aβ40 over 12 h (A) and 96 h (B) The sample was measured 
at the excitation wavelength of 470 nm. 

Figures 6.17 (A) and (B) show the kinetic fluorescence assays of Lyz-AuNCs in the 

presence and absence of Aβ40 over 12 h and 96 h at an excitation wavelength of 470 

nm, respectively. In the absence of Aβ40, no change was noted in the fluorescence 

intensity of the AuNCs after 96 h. In the presence of Aβ40, the fluorescence intensity 

decreased slightly in the first 4 h. After a stable period between 4 and 48 h, the 

fluorescence intensity decreased to approximately 41% of the initial value at 72 h. 
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It is possible that Aβ40 binds to Lyz-AuNCs, resulting in decreased fluorescence 

intensity. However, the reduction in the fluorescence intensity of the AuNCs at the 

excitation wavelength of 295 nm was more than that at the excitation wavelength 

of 470 nm. This can be attributed to the FRET from Trp to the AuNCs at the 

excitation wavelength of 295 nm. The fluorescence intensity of Trp decreased in the 

presence of Aβ40, as shown in Figure 6.10 (A) and (B). This suggested that 

fluorescence of AuNCs in Aβ40-LyzAuNCs complex excited at 470 nm was stable for 

about two days and was sensitive to concentration of Aβ40 between 4-16 μM.  

6.6 Conclusion  

Aβ40 aggregation was studied in the presence of either HEWL or Lyz-AuNCs. It 

was found that both HEWL and Lyz-AuNCs can inhibit the formation of amyloid 

fibrils, as confirmed by fluorescence spectra of ThT and SEM images. The UV-Vis 

spectra suggested that HEWL could bind to Aβ40 and form large HEWL–Aβ40 

complexes. The changes in Trp fluorescence intensities and wavelengths provided 

further evidence of HEWL binding to Aβ40. Furthermore, the steady increase in the 

absorbance at 350 nm with time and Aβ40 concentration indicated that Aβ40 was 

bound to Lyz-AuNCs.  

Moreover, the decreases in the fluorescence intensity of Trp in the presence of 

Aβ40 provided additional evidence for the binding of Aβ40 to Lyz-AuNCs. 

Significantly, the fluorescence wavelength of Trp in HEWL and Lyz-AuNCs in the 

presence of Aβ40 showed different shift, indicating the structural difference 

between Aβ40-HEWL and Aβ40-Lyz-AuNC. Indeed, SEM imaging disclosed that HEWL 

formed large aggregators with Aβ40 while small complexes were formed between 

Lyz-AuNCs and Aβ40. This is believed due to different isoelectric points between 

HEWL and Lyz-AuNCs.  

In addition, the interaction of Aβ40 with the Lyz-AuNCs in the absence of ThT 

showed a decrease in the fluorescence intensity of AuNCs when the Aβ40 

concentration varied from 6 to 16 μM. At Aβ40 concentrations below 6 μM, the 



154 
 

fluorescence intensity of the AuNCs did not change. The results of the lifetime 

measurement showed that the decrease in the fluorescence intensity was due to 

static quenching. This chapter presented our findings on the effect of Lyz-AuNCs 

and HEWL on Aβ40 Ageing and suggested that Lyz-AuNCs could be a potential 

candidate to prevent/reduce amyloid fibre formation.   
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Chapter 7: Conclusions and Future Work 

7.1 Conclusions 

This thesis represents a study on the fluorescent properties of Lyz-AuNCs when 

lysozymes are denatured by changing the pH, increasing the concentration of 

HEWL, elevated temperature and adding chemicals such as urea and SDS. The study 

was conducted to understand the fluorescent properties of Lyz-AuNCs in these 

conditions and, hence, to enhance our knowledge of applying the fluorescent 

properties of Lyz-AuNCs as a tool for studying protein structures. In addition, it 

represents the effect of HEWL and Lyz-AuNCs on inhibiting the formation of the 

amyloid fibril Aβ40. The purpose of this study was to develop a new inhibitor to 

prevent Aβ40 aggregation and to use the fluorescent properties of Lyz-AuNCs as a 

detector of Aβ40. 

The study demonstrates that the fluorescent properties of Lyz-AuNCs are 

sensitive to changes in pH, as discussed in Chapter 4. It was found that the 

fluorescent intensity of Lyz-AuNCs at an alkaline pH is higher than that at an acidic 

pH. A time-resolved fluorescence spectrum revealed two-lifetime components and 

fluorescence contribution arising from long lifetime component decreases in 

alkaline pH. A redshift in the peak emission wavelength was also observed when 

increasing the pH, possibly due to the increased contribution of the fluorescence 

from the short lifetime component at pH 12. The change in the fluorescent 

properties of Lyz-AuNCs due to changes in pH may imply the possibility of 

employing the fluorescent properties of Lyz-AuNCs in the study of protein 

structures.  As discussed in Chapter 4, Protein’s structure changes due to changes in 

the pH, for example, HEWL has 2 transition stages. One point is at an acidic pH level 

below four (162,163) and the second point is at an alkaline pH level (164). 

Moreover, the influence of the HEWL concentration on the fluorescence of Lyz-

AuNCs at pH >11 and <pH 4 was studied. In cases of an acidic pH, we found that the 

fluorescence intensity increases linearly, and a redshift occurs with the increase of 
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HEWL. In addition, the long lifetime component decreases as the concentration of 

HEWL increases. The TRES measurement disclosed a redshift in the emission 

associated with the long lifetime component after adding HEWL at pH < 4. This 

finding shows that the fluorescent properties of Lyz-AuNCs sensitive to protein’s 

concentration, therefore it can be used to study and model lysozyme aggregation. 

We have investigated the unfolding lysozyme introduced via urea, SDS and 

temperature and its influence on the fluorescent properties of AuNCs. It has been 

shown that fluorescence intensity is sensitive to the unfolding of the protein (as 

seen in Chapter 5). Adding urea and SDS to Lyz-AuNCs leads to a decrease in the 

fluorescent intensity of AuNCs at an excitation wavelength of 470 nm. This decrease 

is due to the quenching resulting from the unfolding of the protein and subsequent 

exposure of AuNCs to the oxygen in the solvent. There is a redshift in the peak 

emission wavelength of AuNCs in the presence of urea, possibly due to the 

interaction between urea and cysteine, while the SDS does not change the peak 

emission wavelength of AuNCs. At 295 nm excitation wavelength, the fluorescent 

intensity of AuNCs fluctuated in the presence of urea but decreased dramatically in 

the presence of SDS. This indicates a FRET process between Trp and AuNCs in the 

presence of urea and SDS that affects the fluorescent intensity of AuNCs, in addition 

to quenching intruded by oxygen. The interaction of SDS on HEWL is different from 

urea, as shown in CD measurements, the SDS leads to increase the α-helix while the 

urea leads to reduce the α-helix. Therefore, Different changes in the Lyz-AuNCs 

structure leads to an effect on the FRET process and hence on the fluorescent 

intensity of AuNCs. 

Prolonged exposure of Lyz-AuNCs to a temperature of 65℃ leads to a continuing 

decrease in fluorescence intensity. This change in intensity is due to a change in the 

structure of Lyz-AuNCs and forms amyloid. ThT is used to confirm the formation of 

amyloid in both Lyz-AuNCs and HEWL. These studies highlight the possibility of 

using the fluorescent properties of AuNCs as an indicator for protein unfolding.   
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This thesis documents the effect of HEWL and Lyz-AuNCs on inhibiting the 

formation of the amyloid fibril Aβ40. The purpose of this study was to develop a new 

Aβ40 inhibitor and to use the fluorescent properties of Lyz-AuNCs as a detector of 

Aβ40. The Aβ40 aggregation in the presence of either HEWL or Lyz-AuNCs was 

studied in Chapter 6. The ThT assay and SEM confirm that both HEWL and Lyz-

AuNCs prevent the formation of amyloid fibrils. Moreover, the fluorescent 

properties of Lyz-AuNCs are sensitive to the presence of Aβ40. This study shows that 

both HEWL and Lyz-AuNCs can be used as an inhibitor of Aβ40. 

7.2 Future Work 

It has been shown that HEWL can control the growth of gram-positive bacteria, 

but does not affect the gram-negative bacteria. Another study has been done by 

Rubén Vilcacundo et al. found that, when the native HEWL is denatured, it cannot 

affect the growth of gram-positive bacteria, but it can control gram-negative 

bacteria (224). The impact of denaturing Lyz-AuNCs on both gram-negative and 

gram-positive bacteria remains an open question. In previous research, Kaiyuan 

Zheng et al. found that AuNCs can kill both gram-negative and gram-positive 

bacteria. Once the AuNCs is uptaking by bacteria, AuNCs cause a metabolic 

imbalance. As a result, a greater amount of reactive oxygen species produce 

bacteria, leading to bacteria death (145). Studying these functional properties of 

AuNCs would probably broaden the application of Lyz-AuNCs in the food 

preservation and pharmaceutical industries. 

As we report that Lyz-AuNCs inhibit the amyloid formation of Aβ40 in Chapter 6, 

further studies should investigate the ability of Lyz-AuNCs to cross BBB. Studying 

the ability of Lyz-AuNCs to cross BBB is essential for imaging and treatment. In 

previous studies, an adult mouse and brain endothelial cells (bEnd.3) can be used to 

evaluate the impact of AuNCs on BBB model in vivo and vitro, respectively. bEnd.3 

acts similar to BBB in mammals where only selective and specific biomolecules can 

cross BBB. This method has been used by Nair et al. to test the glutathione (GSH-

AuNC) with L-Dopa enter the cell. They found that the GSH-AuNCs with L-Dopa can 



158 
 

enter and clean from the cell faster compared with GSH-AuNCs in vitro. Their study 

shows that GSH-AuNCs has a long time in the cell around 3 h. In vivo, they also 

found that  GSH-AuNCs with L-Dopa can be used for brain imaging (210). Lai et al. 

also studied the possibility of using AuNCs for imaging of Alzheimer's disease in 

vivo. They found that HAuCl4 cross the BBB of the AD mice and form AuNCs in the 

hippocampus. These AuNCs provide fluorescence emission that can be used for 

imaging in contrast to the health mice (209). These previous researches suggested 

AuNCs can be used as brain imaging. Hence, provide a new method for diagnosing 

and treatment of Alzheimer disease. 
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Appendix 

1. Preparing Mixtures of The HEWL and Lyz-AuNCs  

The preparation of Lyz-AuNCs as shown in chapter 4 is the following : 

A 50 mg of HEWL was dissolved in 5 ml of water. HEWL (5 ml, 10mg/ml)  was mixed with 

HAuCl4 solution (5 ml, 4 mM). After 5 mins 0.5ml NaOH (1M) was added to the mixture. The 

final concentration of Lyz-AuNCs is 50 mg/(10.5 ml X 14.3 kDa) = 0.33 mM. where the 

molecular weight of HEWL is 14.3 kDa 

The Lyz-AuNCs (10.5 ml, 0.33 mM) assume that the concentration of the final product 

after dialyses did not change. Assuming that all HEWL molecules are attached with AuNCs 

and the remain Au ion are removed through dialyses.  

Explain the concentration of HEWL  

Then 0.3 ml of Lyz-AuNCs was dissolved in 2.7 ml of water yield the final volume is 3 ml 

The final concentration of Lyz-AuNCs is obtained using the following equation  

𝐶2 =
𝐶1 × 𝑉1

𝑉2

       (1) 

𝐶2 =
𝐶1 × 𝑉1

𝑉2

= 
0.33 𝑚𝑀 × 0.3 𝑚𝐿

3 𝑚𝑙
= 0.033 𝑚𝑀 = 33 𝜇𝑀 

[Lyz-AuNCs]  

𝐶1 (mM) 

The volume of  

Lyz-AuNCs  𝑉1 

(mL) 

The weight 

of HEWL 

(mg) 

The volume of  

Lyz-AuNCs + 

HEWL 𝑉2  (mL) 

[HEWL] 

(mg/ml) 

[Lyz-AuNCs]  

𝐶2 (µM) 

0.33 0.3 15 3 5 33 

0.33 0.3 30 3 10 33 

0.33 0.3 45 3 15 33 

0.33 0.3 60 3 20 33 

0.33 0.3 75 3 25 33 

0.33 0.3 90 3 30 33 

0.33 0.3 105 3 35 33 
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2. The absorbance of HEWL concentration  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1 Absorbance spectra of Lyz-AuNCs as a function of HEWL concentration (A) at pH 12.5 and 
(B) at pH 3. 

Figure A.1 shows the UV-Vis spectra of Lyz-AuNCs with various concentration of 

HEWL at pH 12.5 and pH 3. At pH 12.5, the absorption at 350 nm does not change 

with the increases of HEWL until it reaches 30 mg/ml. On the other hand, 

absorption at 350 nm increases as a HEWL increases as shown in Figure A.1 (B).  
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3. Preparing Mixtures of The Urea and Lyz-AuNCs 

The Lyz-AuNCs is prepared as shown in chapter 4 and explained above.  The Lyz-

AuNCs (0.33 mM, 10.5 mL). A stock solution of urea was freshly prepared by 

dissolving 7.3 grams of urea crystals in 13.50 mL of water at room temperature 

yielding Urea (8.5 M, 13.50 mL) and then diluting and mixing with Lyz-AuNCs to 

yield a final concentration of Lyz-AuNCs of 33 μM. The urea concentration was 

changed from 0 to 8 M. The volume of water and urea solution are changed in order 

to maintain the concentration of Lyz-AuNCs. The table below shows the amount of 

water and urea solution are needed to obtain the desire  concentration of both Lyz-

AuNCs and SDS 

The volume of  
Lyz-AuNCs  𝑉1    

(mL) 

The volume 
of  urea 𝑉1    

(mL) 

The volume of  
water (mL) 

The volume 
of  mixture 
is 𝑉2    (mL) 

[urea] 𝐶2  
(M) 

[Lyz-AuNCs]  
𝐶2 (µM) 

0.3 0 2.7 3 0 33 

0.3 0.33 2.37 3 1 33 

0.3 0.66 2.04 3 2 33 

0.3 1 1.70 3 3 33 

0.3 1.33 1.37 3 4 33 

0.3 1.66 1.04 3 5 33 

0.3 2 0.70 3 6 33 

0.3 2.33 0.37 3 7 33 

0.3 2.66 0.04 3 8 33 
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4. Preparing Mixtures of The SDS and Lyz-AuNCs  

To prepare stock SDS solution, 92.63 mg of SDS powder was dissolved in 1.07 ml 

of water; the final concentration was 0.3 M. This was then mixed with Lyz-AuNCs to 

yield a final concentration of Lyz-AuNCs 33 μM, and the concentration of SDS was 

changed from 0 to 9 mM. The volume of water and SDS solution are changed in 

order to maintain the concentration of Lyz-AuNCs. The table below shows the 

amount of water and SDS solution are needed to obtain the desire  concentration of 

both Lyz-AuNCs and SDS 

The volume of  
Lyz-AuNCs  𝑉1    

(µL) 

The volume 
of  SDS 𝑉1    

(µL) 

The volume of  
water (µL) 

The volume 
of  mixture 
is 𝑉2    (ml) 

[SDS] 𝐶2  
(M) 

[Lyz-AuNCs]  
𝐶2 (µM) 

300 0 2700 3 0 33 

300 2 2698 3 0.2 33 

300 4 2696 3 0.4 33 

300 6 2694 3 0.6 33 

300 8 2692 3 0.8 33 

300 10 2690 3 1 33 

300 20 2680 3 2 33 

300 30 2670 3 3 33 

300 40 2660 3 4 33 

300 50 2650 3 5 33 

300 60 2640 3 6 33 

300 70 2630 3 7 33 

300 80 2620 3 8 33 

300 90 2610 3 9 33 

 


